i
i

 CANADIAN THESES ON MICROFICHE

i

THESES CANADIENNES SUR MICROFICHE

\Y(

I* National Library of Canada
Collections Development Branch

Canadian Theses. on

Microfiche Service sur microfiche

Otlawa, Canada -
K1A ON4 '

NOTICE

.The quality of this microfiche is heavily dependent upon the
quality of the ofginal thesis submitted for mrcrofulmmg/évery

tion possrble

effort has been made o ensure the\hrghest quallty of reproduc-

- It pages are missing, contact the umversuty which granted the
degree : N

Some pages may have indistinct print especially if the original
pages were typed with a poor typewsiter ribbon or if the univer-
sity sent us an inferior photocopy

Prevrously copynghted matenals (journel articles, published
tests etc.) are not filmed.

Reproduction in'full orin bart of this film is governed by the
Canadian Copyright Act, R.S.C. 1970, c. C-30. Please read
the authorization fofths which accompany this thesis.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL 339 (r. 85/09)

Bibliothéque nationate du Canada
Direction du développement des collections

Service des théses canadiennes

AVIS

La qualité de cette microfiche dépend grandement de la Qalité
de la thése soumise au microfilmage. Nous avons tout fait pour
assurer une quelité supérieure de reproduction.

‘Sl manque des pages, veuillez com\munlquer avec I'uniyer-

sité qui a conféré Ie grade.’

La qualité d'impression de certaines pages peut laisser &'
désirer, surtout si les pages originales ont été dactylographiges
a l'aide d'un ruban usé ou si I'université nous Uatt parvenlr
une photocopie de Qqualité inférieure.

Les documents' qui font déja I'objet d'un droit d'auteur (articles
de revue, examens publiés, etc.) ne sont pas microfilmés.

La reproduction, mé&me partielle, de ce microfilm est soumise -
4 la Loi canadienne sur le droit d’'auteur, SRC 1970, ¢. C-30.
Veuillez prendre connaissance des formules d’ autonsatron qui

accompagnent cette thése.

:

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L’AVONS REGUE

. . Canadd



[N R S N L T

l* National Library . \ Bibliotheque nationale
of Canada du Canada

ﬁ * Canadian Theses Division  Divisior’des théses canadiennes

Ottawa, Canada °

‘K1A0N4>,_\\ - »67552 . o

| PERMISSION TO MICROFILM — AUTdRISATION DE MICROFILMER

" o Please print or type — Ecrire en lettres moulées ou dactylographier

Full Name of Author — Nom complet de l'auteur

wilan  Toceph  bntuller

s

?

Date of Birth — Date de naissance ‘ Country of Birth — Lieu de nalssance
—_ 72
_'B-\,\l\/, % [9s O Canacla
Permanent Address — Résidence fixe

24 [/\/\ov&morenuu)
) (L.M(‘/-FO&/\ C)m'fou'“ac C&vux&((x |

L-¢IK 5H3 a ,

Title of Thesis — Titre de la thése

/J(@J Y3 ;(0 din @ ad«l‘L(()w 1,{/\0( 3 ( ¢ /AWV\(D

. :
University — Université : : hY ‘

- a R}
(L\Z uurwe{(‘lLy av A'b@ t
% Degree for which thesis was presented — Grade pour quuel cette thése fut préseéntée

Plr, D.

Year this degrée conferred — Année d obtention de ce-grade “Name of Supervisor — Nom du directeur de these

1q¢s B ’D(. HP Qaer

. . /
Permission is hereby granted to the NATIONAL LIBRARY OF L’'autorisation est, par la présente, accordée a la BIBLIOTHE-
CANADA to microfilm this thesis and to lend or sell copies of | QUE NATIONALE DU CANADA de microfilmer cette thése et de
the film. \ préter ou de vendre des exemplaires du film.
The author reserves other publication rights, and neither the L'auteur se‘réserve les autres droits de pubhcanon ni la these
thesis nor extensive extracts from it may.be printed or other- ni de longs extraits de celte-ci ne doivent atre imprimés ou
wise reproduced without the author's written permission. autrement reproduits sans l'autorisation écrite de l'auteur.

Date , ,“\;/ ;; T signaure -
- Noy 10 10 | /mufﬂwd&/ |

\
\
v




THE UNIVERSITY OF ALBERTA

&

ADENOSINE ACTION AND CYCLIC AMP IN SMOOTH MUSCLE

|
s

\by'

MILAN J. MULLER -

A THESIS
SUBMITTED 10 THE FACULTY OF GRADUATE STUDIES AND RESEARCH

AN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

~ DOCTOR OF PHILOSOPHY

DEPARTMENT OF PHARMACOLOGY

“ L)

'EDMONTON, .ALBERTA
SPRING, - 1985

T



THE UNIVERSITY OF ALBERTA

RELEASE FORM - -

NAME OF AUTHOR  Milan J. Muller | w

TITLE OF THESIS  Adenosine ;ctioﬁ and cyclic AMP in smooth‘musclel-

DEGREE FOR WHICH THESIS WAS_PRESENTED  Doctor of Philosophy

YEAR THIS DEGREE WAS GRANTED 1985 |

© permission is hereby grénted te THE UNIVERSITY OF

ALBERTA LIBRARY.to reproduce single copies of this

thesis and tb'lehd or sell such copies for private,

‘scholarly or scientific research purposes only. /
The author reserves}gther publication rights, éﬁd

neither the thesis nor gxten51ve extracts from it may

be printéd or otherwiéé repfoduced.without‘the author's

written permission.

PERMANENT ADDRESS: .
319 Montmorency Dr.,

---------------------------



- THE UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCH

The undgrsigned certify that they havé‘read, and
recommend to the Faculty of Graduaté Studies and Research,
“for'acceptancé, a thesis entitled "Adenosine action and

cyclic AMP in smooth muscle", submitted by Milan J. Muller

in partial fulfillment of the requirements for the degree of

Doctor of Philosophy in Pharmacology.

Date December 19 1984



4

For: Valeria, Milan, MAaryland Andy.

v



ABSTRACT | | | - ~—
i - N

. Although cycllc AMP appears to be the second messenger: respon-
'51ble for’ many of the blologlcal effects of aden051ne the mechanism
of adenoslne receptor-mediated relaxaclon of smooth mogcle remains
COntroversiaI In iight of this concroversy and of our current .under-
, standlng at the molecular level of the adenylate cyclase complex we '
' have examlned the hypothes1s that cyclic AMP is 1nvolved in the actlon
of aden051ne 1n smooth muscle Also, the unique oropertles (discussed
below) of the dlterpene forskolln allowe& us to examlne the dlrect ‘s\,
effects~of cycllc\AMP on the c0hcract111ty‘of sﬁooth muscle.

We found that at a high concentration (1 mM) adenosine inCreased
cyclic AMquevels in strips of“beef coronary arteries obtained from
branches of the left descending coronary artery.' At a lower concen-

_ tration~(0.1‘mM); adenosine caused,altrend towards increasihg cyclic
AMP levels‘aBde basal levels; however, this“trend was not Significant
This approach proved ‘to. be unfru1tful anq/nelther supports nor refutes
the findings of others

| In broken cell preparatlons from the gu1nea pig taénia caeci and |

. the longltudlnal muscle of the rabbit small 1ntest1ne adenylate cyclase
actlvxty was 1ncreased by GIP, Gpp(NH)p, NaF and forskolln Therefore
the guanlne nucleotlde bxndlng site.and the catalytic unit of the -
adenylate cyclase comolex were present and functional 1ﬂ‘these systems.
On the other hand, isoproterenol and adenosine or adenosine analogs
did not alter or decrease b sal adenylate oyclase activity Aden051ne

receptor medlated stimulatipn of adenylate cyclase act1v1ty was not

demonstrated despite a number of measures which were taken to-opt1m1ze_i



| the,conditions; Thus, deoXy-alpha—[32P]-ATP was used as substrate

“in the assay syStem. Preparations were, treateJrQith adenosine

deaminase.- GTP or Gpp(NH)p were used io Combination'with adenosine

or ‘analogs of the nucieoside. Finally, the longitudinal muscle from
“the rabbit small intestine-was fractionated In addition, our results

from tissue bath studles w1th adenosxne analogs also support'ﬁhe

‘conclus1on that aden051ne receptors in smooth muscle differ from those

known to be coupled to adenylate cyclase in other cell types.

Forskolin causeq a concentration-dependent relaxation of beef
and dog &oronary arterie3{ rat aorta, guinea pig taenLo caeci ano\\'
rabbit small intestine; ‘Also; the diterpene caused a concentrationf
depenoent increase in adenyléte cyclase activity in broken cell
preoarations from the intestinal smooth muscles. - These data suggest -
that forskolln medlated relaxatxon of smooth muscle occurs via cycllc
AMP.  Thus cyclic AMP per se can cause smooth-muScle relaxation
We observed inconsistent effects of phosphodlesterase inhibitors™
‘\f'aoents which relax smooth muscle' Thus forskolin action Was:
significantly potentiated by Ro 20-1724 in the guinea oig taenia caeci_
and rabbit small intestine but by MIX in the latter tissue only. ‘
Neither phosphodlesterase inh®itor altered the relaxatlon by forsko]zn
of beef coronary;arteries. These data are difficult to interpret and
exembli?y}the problem of using phosphodiesterase inhibifors to
. _ .

d :investigate the role of cyclic AMP in <hgoth musele.
. N : .

vi
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1 INTRODUCTIDN R

1.1 OVERVIEW _ v \
‘ \ : S ' o . » - \“ .
In this dissertation the smooth muscle relaxant action\of adeno—

sine is explored with partlcular reference to the suggestlon of |
'Sutherland and Rall~%1960 tﬁtt receptor- medlated relaxatlon of smooth
muscle occurs via a mechanlsm involving cyclic AMP (adenosine 3':5'- .
cyclic monophoéphate). Experimental oroof of thls haé to be concerned
~with two aépects. Firstly,:the interaction of hormones or mediators
with.recepfbrs must eleVate Eyclic AMP levels. Secondly, cyclic AMP_
must dause relaxation.
In the first part of the lnlroduction the current understanding

of reoeptor—adenylafe cyclase interactions a;d also the regulation of
smoé%h muscle contractility by cyclic AMP are reviewed. Two things
betome apparent. First, we are beginnina to understand the Intricacies .
_of the hormone receptor/adenylate cyclase complex, albeit in systems
other than smooth muscle. Second the molecular events comprising
cyolie AMP-mediated smooth muscle relaxation remain speculatlve. The
remainder of the introductlon deals with the evidence that two hormones
in oerticular, adrenaline and adenosine, relax smooth muscle via a
cyclic AMP mechanism. In additioh, the unique properties of forskolin

which make it a useful tool to study the role of cyclic AMP ir

biological systems are discussed.
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1.2 MOLECULAR ASPECTS OF HORMONE-MEDIATED ALTERATION OF CYCLIC AMP

AND SUBSEQUENT SMOOTH MUSCLE RELAXATION»

The molecular components . and kipefics of adényiate cyclase wpich ﬁﬁgg
cataiyse the conversion of AfP (adenosine 5'3triphpsphate)-to‘cycLic

~ AMP and PP, have been the subject of intensive research in‘retént o
years. It shpuld be'poted phat these studies have invplved¥systems «

other than smooth muscle. A‘échematic representation, of ihe adenylate

cyclase complex and the possible mechanisg(s) by which cyciic AMP

could cause smooth muscle relaxation, is shown in figure 1.

1.2.1. COMPONENTS OF THE ADENYLATE CYCLASE COMPLEX

Classically, the adenylate tyclaée compléx has been envisioned
as consisting of two cpmponepts within the cell membrane:'thé hormone
recéptdr and thé catalytic site (cf. Perkins, 1973). It is now gener:
ally accepted that thére are at Jeast three distinct componepts; the
hormone receptor»(R), the catalytic site (C) and the guanine nucleotide
binding,site_(N or G/F) (cf. Rodbell, 1980). Since)spme hormones
stimulaté while others inhibit adenylate cyclaée activity, and in
“both cases R or N units are required which show distinct properties,
Rodbéll (T980) has deSigpated the functional stimulatory- and in-
hibitory- receptor/guahine nucleotide'binding site units as RsNs and
RiNi,'reSpectivély. o | |

Rosé and Gilman (1980) have reviewed the biochemical data used
to resolve R and C. Support for the concept that R's are proteins

distinct from the C comes from kinetic studies (cf. Perkins, 1973),
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observations of their independentfontogenetic regulation (Charness.
et al., 1976; Bilezekian et al., 1977; Harden et al:, 1977; Harden et

al.; 1979), and studies utilizing chemical (Schramm and Naim, 1970; = §
.- Schramm, 1976) or genetic‘(lnsel gt;al,, 1976) manipulations. The
cell‘tusion experiments of Orly,-Schramm and coworkers (Orly and
Schramm, 1976; Schramm et al., 1977; Schulster gt.al., 1978; Schramm,
1979)_provided nore direct evidence. Sendai virus was used to fuse-
| Friend erythroleukemia cells to turkey erythrooytes. The former have C
but lack R, while the latter were treated with N-ethylmalemide to in-
activate C and thus only contained R. Fusion of the Friend cells with
turkey erythrocytes resulted'in cells which displayed catecholamine—
stlmulatable adenylate cyclase act1v1ty Finally,'with the physical sep- g
aratlon and molecular characterlzatlon of adenylate cyclase andiheta—
adrenoceptor,‘utlllzlng detergentlsolublllzotlon and separation by gel
exclusion chromatography and sucrose density gradient centrifugation
(haga et_al.,'1977§ Limbird and Lefkowitz, l977) or a beta-adrenoceptor
affinity matrlx (Vauquelin et al , 1977) ‘there is llttle doubt that ‘
these components of the adenylate cyclase complex are separate prote1ns

Two approaches have been used to demonstrate that Nis a proteln _

Ll
-

'distlnct from'e1ther R or C. Pfeuffer (Pfeuffer and Helmrelch 1975
Pfeuffer, 1977; Cassel and Pfeuffer, 1978; Pfeuffer, 1979) solubilized
adenylate cyclase,from pigeon erythrocyte_membranes with Lubrol PX and
separated the components by passing the extract over a column of GTP-
substituted agarose (guanosinei5'—triphosphate substituted agarose).
Using‘the photoaffinity ligand GTP-gamma—azidoanllide, Pfeuffer showed

.that N was a heat stable 42 000 molecular welght protein. Ross and
Gilman (1577 ana 1978) showed that'C and N cyClsse units were separate R

]



prqteiﬁs by utilizing their differential'heat-stabilities»and somatic
* cell variants that were genetically deficient in oné or the other
‘protein (Ross and Gilman, 1977 Ross et al., 1978). It is now thought
that N in its native state'is oligomeric with a molecular weight of
| ,v90,000f130,000 (Ross and Gilman, 1980). _Thé subunits have moltcular
weights of 42,000 and 55,000 with the latter acting as a substrate for
ADP-ribosylation (adenosine 5'- diphesphate).-'Av35,0Qp dalton component, .
that appears'td'be'essential for. transduction buf-is not ADP-ribosylatéd

by C, has also been isi®ated (Sternweis et al., 1981).

-

<

1.2.1.1 INTERACTION OF THE COMPONENTS OF THE ADENYLATE CYCLASE COMPLEX

Several”models have beén proposed to explain the interaction Qf the -
cgmponents of the adenylate cyclase complex. The ”mobile receptor :
hypoth951s" states that receptors which can dlffuse 1ndependently in \
_the plane of the membrane, reversibly assoc1ate with effectors to reg—
ulate their activity. Furthermore, the affinity for the effector is
greater'when the réceptor is.occupiéd,by hormone (Jacobs aﬁd Cuatrecasas,
.1976.) ,Berbman and Hechter (1978) proposed a "random-hit matrix moqél“
to éxpk@in thé dynamic and:sgeady state relat{bnships between occupatioQ
of bovine renal megullary receptors by (Lys-Bi,vasopressin and neuro-
hypdphyseal hormones\énd.activation“of adenylate cyclase. Although
“these models‘merit attention and explain many of the experimental ob~
servations concerning receptor-mediated adenylate cyclase activation,

neither takey into account the N component of the'g}clase complex.

wa modelfs have emerged which account for the interaction of R, N

and C: the "disaggregation- coupllng model" of Rodbell (1980) and the

exchange collision-coupling model” of Levitzki (1982).



| Rodoell (1980) reviewed ev1dence -obtained by the technlque of
target size analysis in liver membranes (Schlegel et al., 1979, Rodbell
1980)}»to suggest an assoc1atxon between R and N under steady state con-
'ditions. The B/N_Unitsvare.thoﬁght to exist as oligomers,"constituting
a domain distinCt from C The “turn on" process inyoives hormone— and :
GTP b1nd1ng to R and N, respectlvely - The primary event 1s the dlSp:
aggregat1on of R/N oligomers to R/N monomers which can then 1nteract w1th'a
C. The R/N/C complex is the active form which converts ATP to cyclic o
-AMP and PPi In this model, the "turn off" reaction was suggested:to
be the reaggregation of the R/N units into ollgomers as oppossed to
GTP-ase activity (cf. Rodbell, 1980).
In turkey erythrocyte membranes, data obtained by target size an-1
Suggests that_R/N,unifs‘do'not exist as oligoners (Rodbell, 1980).

.2

this~system thetbeta-adrenoceptor/adenylate cyclase compiex,has been
 studied in detail by Levitzki and coworkers (Cassel et al. 1977;
‘Tolkovsky and Levitzki, 1_9784; Ara¢ and Levitzki, 1979). They made the
>following’obserVa€30ns’ the rate constants-"kéon“ and "k-off* follow
»fxrst order k1net1cs, neither GTP nor GDP (guanosine.5'-diphosphate) are.
rate 11m1t1ng, the b1nd1ng of regulatory llgands (hormones and GTP) is
random and 1ndependent and "k-on" appears to be 11nearly/gependeﬁf////
the receptor concentration. Accordlng to Levitzki (1982) the™exchange
collision- coupllng model" is the only model which could account for these.
- data. The model statgs that, when hormone and GTP are added to the
system there is a tran51ent encounter between an actrVated\iorm of R/N
, and an 1nact1vated form of N/C. The N components are- exchanged to

. yield an activated form of N/C which then catalyses the conversion of

ATP to cyclic AMP and PPi. The exchangevof N'units. between R and C.



therefore constitutes the prlmary event in the “turn on" reactlon
‘, Although hydroly51s of GTP to GDP by GTP-ase dep1cts the “turn of f"
~ reaction 1n this model,‘evldenceefor this is lacking (cf.'Rodhell,
1980; Lev1tzk1 1982). | o o o

In summary, although the components of the adenylate cycfyse
complex (R, N and C) may be 1dent1cal in all cell types, the struc- |
Atural arrangement and the interaction.of'these‘COmponents may differ
considerablyaamong'cell ‘types. In the author 5 oplnlon both of the
"above models of the interactign of the components of the adenylate
vcyclase complex may be correct depending on the cell type concerned;

nelther model 1s necessarlly appllcable to smooth muscle cyclase

1.2.2 POSSIBLE MECHANISM(S) OF CYCLIC AMP-MEDIATED SMOOTH MUSCLE
RELAXATION. ' ‘ ”

Actlvatlon of cycllc AHP dependent proteln klnases by cycllc AMP
}1s the common primary event in any mechanlsm involving the second
messenger. _Phosphorylat1on of spec1f1c protelns by cycllc AMPfdepen- k +
‘*dent protein'kinase'constitﬁtes the common secondary event. » Since there

is.little doubt that theylntracellular'Calcium concentration and
smooth muscle contractxllty are assoc1ated (for rev1ew see: /Zomlyo and
Somlyo 1968) the posslble mechan1sms by which cycllc AMP causes
'smooth muscle relaxatlon must elther describe regulatlon of calc1um ,
levels or sens¥{1v1ty of .the contract1le apparatus to calcium by some
R phosphorylatlon process

Scheid et al. (1979) studled the mechanism of beta- aérene&g,c

relaxation of .isolated smooth muscle cells from the stomach of'Bufa
| B : ) _—



marinus. Their mOdel (see figure'1) is based on actlvafﬁon of sodtum-

- e

pota551um ATPase by phosphorylatlon of an assoc1ated protexn resulting

:1n ;ncreased 1ntracellular concentration of potassium and decreased
1ntrace11u1ar concentratlon of -sodium. The ‘increased sod1um gradient

| would accelerate the rate of sodium/calcium exchange at the plasma I

| membrane, sarcoplasmic reticUtum,and/or mifochondrial membranes,
resulting‘in.increased efflux of calcium from the'cvtoplasm .Ultimately,
the change in free 1ntracellu1ar calclum would decrease contractlon

Models of cyc11c AMP mediated smooth/musc}e relaxatlon whlch do -

3 not'depend,on the,control of the 1ntracellular calc1um concentratxon

~ but rather on the phosphorylathn of the contractile proteins;}myosin'

| and actin are as follows, aThe biochemical events, hy which phosohoryé'
lation of myosin kinase by cyclic AmPcdependent protein kinase caniieadj
‘to smooth muscle relaxatlon are shown in flgure K (Adelsteln et al
1980) Inherent in thls model the reversxble phosphorylatlon of '
my051n is thought to be the domxnant regulatory system controlllng

’ actln-my051n 1nteract10ns in smooth muscle,vand the ca1c1umfb1nd1ng
brotejn plays a major roIe in this regard (for review see: Adelstein B
and'Eizenberg,'tgéo)s‘:Finally,'itdhas been suggested by Wallach §t_al.
(1977} that fiiamin, angactin—btnding protein which is phosphorylated
by protein kinase and is fOund in a variety of smooth musc135§ may be
1nvolved 1n cycllc AMP- medlated smooth muscle relaxatlon However, 3

the blo‘hemlcal events leadlng to smooth muscle relaxatlon via filamin

have t been studled

yThus, evidence and theorles ex1st to suggest that cycllc AMP—

) 'medxated relaxatlon of smooth muscle occurs via mechanisms 1nvolv1ng

k1



calcium, actin and myosin. There is insufficient evidence to accept

one mechanismvand reject the others. The possibility, that all of®

these mechanisms co-exist to varying degrees in different smooth muscles,

cannot be ruled out; the relative importance of these mechanisms in a

particular smooth muscle remains speculative.

1.3 EVIDENCE FOR THE INVOLVEMENT OF CYCLIC AMP IN HORMONE-MEDIATED

SMOOTH MUSCLE RELAXATION

Sutherland et al

. (1968) suggested four criteria which must be
éatiSfied to establish cyclic AMP involvemént in hormone-mediated
smooth muscle relaxation. Thus, in a cell free system the hormone
‘shou1d stimulate the adenylate cyclase enzyme. Celj free systems and .
broken"cell preﬁarations are terms used to designate that the tissues
or cells have been homogenized. An exogenous cyclic nucleotide or
phqsphodiesteraée inhibitor should cause relaxation of the smocth
muscle. Phosphodiesterase . inhibitors should Potentigte the relaxant
effect of the hormone, and finally, hormdngs should increaée cyclic‘AMP
levels in intact cells in a dose- an 1hé-depéndent manner consistent

with the dose- and time-dependence of relaxation.

1.3.1 MECHANISM OF ACTION OF éETAvAGONiSTS IN SMOOTH MUSCLE

To catalogue ‘the observations that support or refufe cyclic nuc-
leotide involvement in beta—agohist—induced smooth muscle relaxation
is beyond the scope of this intrdduction. Fortunately, this area has
been reviewed extensivelyv(for review see: Baer, - 1974; Andersson et al.,

1975; Namm and Leader, 1976; Schultz and Hardman, 1976; Andersson and
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Nilsson, 1977; Hardman et al., 1977; Diamond, 1978; Kramer and Hardman,

1980% Hardman, 1981). At best, reviewers “have concluded that evidence
does exist to at least "superficially" satiSfy the four criteria for
lmplicating a role for cyclic AMP in smooth muscle relaxqtion'caused by
_;beta—agonists,(cf. Hardman,‘1981x A more definite conclusion is not
possible since many conflicting reports have been published. Q

It has hecome obvious that technical problems exist both at the
level of the broken cell preparation and the intact cell when attempting
to sétisfy the criteria in the case of smooth muscle. The lack of hor-
mone-sensitive adenylate cyclase in broken cell preparatlons is often
thought to result from an uncoupllng of the cyclase complex In this
regard, addltlon of GTP to some cell free systems has been-shown to
restore cyclase act1v1ty which can be stimulated by beta- agon1sts
(cf. Hardman, 1981). The pharmacological tools used to exam1ne cycllc
AMP-mediated relaxation of smooth muscle, phosphod1esterase 1nh1b1tors
and. cycllc nucleotldes, lack specificity and thus 1nterpretat10n of the
data is complicated (Hardman, 1981). The question of whether cyclic AMP
can cause smooth muscle relaxation is dealt w1th separately below. |
Questions have arisen concernlng the validity of using cycllc AMP levels
in intact cells as a measure of adenylate cyclase activity. ‘Some in- |
vestigatohs claim that measurement of cyclic AMP-dependent protein kinase
activity‘is more meaningful (cf. Kramer and Hahdman, 1980; Hardman, -
1981). Cell homogeneity and the postulate of specific pools of cyclic
AMP-dependent protein kinase forther complicate interpretation of data

obtained in intact cells (cf. Hardman, 1981)f
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1.3.2 MECHANISM OF ACTION OF ADENOSINE IN SMOOTH MUSCLE

Adenosine has béen shown to alter cyclic AMP levels in a variéty
of ceil types including guinea pig cerebral cortex slices (Sattin and
Rall, 1970; Shimizu and Daly, 1970), neuroblagtoma cells (Schultz ang>
"Hamprecht, 1973; Blume\gz.gl., 1973); astrocytoma cells (Clark g;_gi.,

1974), bone cells (Peck et al., 1974), thrombocytes (Mills and Smith,
19715 Haslam and Rossom, 1975) and rat lung (Palmef?’1971$. These ob-
servations coupled with the initial suggestionsAby Sutherland and Rall
(1966), that hormone-induced relaxatioh of smboth muscle may result

from increasing infracellular levels‘of cyclic AMP, have'prbvided the
impetus for a relatively small number of inVestigators to address them-
selves to the hypothesis that cyclic AMP'is involved in adenosine
receptor4medfated relaxation of smooth-muscle. 'Othérs have examined the
effects of adenosine on the intracellular concéntfétion of calcium.
Since these studies on the role of cyclic AMP and/or calcium in adeno-

sine-mediated smooth muscle relaxation-are of primary_importance to this

thesigiathey are examined in some detail below.

1.3.2.1 CYCLiC‘AMP INVOLVEMENT IN ADENOSINE-MEDIATED SMOOTH MUSCLE

. .

RELAXATION
——— “

In 1979 Kukovetz and\tqyorkers compiled and reviewed their studies

\\\;(Hurm ot l.; 1976: Kukovetz ;ifélf’ 1977; Kukovetz et al., 1978; Rinner

.

and Wurm, 1978) which provide evidéﬁcekto support the hypothesis that
- cyclic AMP mediates adenosine recebtor-induced relaxation of smooth
muscle. Increases in cyclic AMP level$ and the relaxant effects mediated

by adenosine, in beef and pig'c0ronary arteries cdntracted by potassium,

- i -
N,
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were dose- énd time-dependent with the f&fmer.preceeding ihellatter.
Theophylline antagonized both adenosine-mediated relaxations and in-
creases in cyclic AMP levels, suggesting that both of these adenosine
effects were mediated via the adenosine receptor. Adenosine had a
biphasic effect on adenylate cyclase from broken cell preparations

of beef coronary arteries, ie. stimulatory at low concentrationé |
(1-100 nM) and inhibitory at higher concentrations. Theophylline
antagonized 'on1y~the stiﬁulatory action. This is consistent'with the
suggestion that the }Ormer is a r;ceptor—mediated event while the lat-
ter is a "P site" interaction.of adenosine. Kukovetzfand cowbrken§
went one step fuhther and showed that solubilizétion of adenylate
cyclase with dlgltonln or polyoxyethylene abolished only gﬁe Atlmulatory
effects of aden051ne, and this could be partially restoréd by addition
of phospholipids w1th phosphatldylserlne appearlng to be the most
potent in this regard (1978) .

Herlihy‘gz'gl, (1976) have ‘also examined the role of cyclic,AMP
in the_adehosine-induced relaxation of vascular smooth muscle. This
group repofted that adenosine caused relaxafion 6f hog carotid median
strips contracted with norepinephrine and potassium. Adenosine up to
- 100 pM did not alter the cyclic AMP content of these strips or of dog
coronary artery. Higher concentrations of adenosine (1 mM) did in-
Crease cyclic AMP levels significantly. Herlihy et al. (1976) con-
cluded that cyclic AMP was not involved in'adenosihe-mediated

reldxation of vascular smobth muscle. This group's findings "and those

of VerhaedRe (1977) on'calcium‘involvement in adenosinelrelaxatjons in

'smooth muscle are discussed below. ‘ )



Verhaeghe- (1977) also fpund that adenosine did not after~5ntrai"‘/
.cellular cyclic'AMP fevels in vascular smooth muscle, althoqgﬁ the
nucleoside did relax in a dose-debenaent manner tﬁe dog~saphenous vein
strfbs which were contracted with acetylcholine. He concluded that the
~depression of .smooth muscle reactivity by‘adéhosine was not mediated by

‘the 3'5'-cyclic-nucleotide system.

_Interestingly; Schror and Rosen (1979) found that adenosine-induced

relaxation in isolated bovine corohary artery strips was accompanied
by a decrease in.cyclié.AMP. A lodeoée of agenOSine (0;2 yM) which
produced minimal relaxation of the,cofonary‘arferie§-was found tQ;
reduce cyclic AMP ‘levels by 68 percent of the,control value. By way
of a control experiment, Schror and Rosen (19}9)‘showed thaténorepine-
phrine relaxed the coronary artery strips and incr?ased the cyclic AMP
content of‘these strips.

There has been only‘one report (McKenzie g}!gl,, 1977), concerhihg
the involvement of cyclic AMP in adenosine aciidn¢inf5mootp muscle
other fhan vascﬁiaf&smooth muscle. In the l&ngitudinal muscle of the
rébbit small intestine, McKenzie et-al. (1977) found thaf adenosine
and various adenosine 'analogs caused inhibition of smooth muscle
spontanéous_aCtivity. However, adenosine did not alter cyclic AMP
lévels in intact tjssués. Furthermore, adenylate cyclase which was pre-
pared by gentle homogenization of a smooth muscle frac{ion isolated by
collagenase treatment was inhibited by adenosine and various adenosine

analogs. Since-the relaxant effects of adenosine and analogs was not

related to their inhibition of adenylate cyclase, ihese authors con-

cluded that cyclic AMP was not related to the mechanism of adenosine-

e
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~mediated smooth muscle relaxation.
Huang'and Drummond (1979) havé isolated microvessels which presum-
ably consist of capillaries and arterioles from guinea pig cerebral cor-

tex and found that Gpp(NH)p (guanosine 5'-imido diphosphate).activated
adenylate cyclase in broken cell prepafations. Furthér,.thé.rate of
Gpp(NH)b activation was enhanced by adenosine, various adenosine analogs
and a varietjfof other hormones. Activation by adenosine or analogs ..
occurred only when adenosine deaminase was added to destroy éndogenously.
generated adenosine.; Huang and Drummond (1979) conc}uded»that‘af'pre~
sent ii is not known whether the stimulation of adenylate cyclase by

any of the agents tested relates to their action on véscularltone.‘

Recently, Anand-SrivaStaya'gE gl.‘(1983) have been able to demon-

\.strate stimulation of adenylate cyclase aétivity in cultured vascular

Jg_

‘-smooth muscle from rat aorta by adenosine and. a number'ofvanalogs. ;-
This stimulation was dependent on guanine nucieotides'and,magnesium
concentratioﬁ and could be blocked by MIX (3—isobutyl-1-me£hylxanthine).
Adenosipe and ?-chloroadeﬁosine stimulated adénylate cyclase at low
concentrations and inhibited at higher concentrétions,'while 2'-déoxy—
adenosine only inﬁiéited the cyclase. These investigators concluded -
that‘vascuiar smooth muscle contains both Ra and "P site" with theq
aformer'béing responsible for stimulation of'adenylate cyclase and
hence probably was responsible for smooth‘musCIe relaxation.

Thus, experimentaluevidence which supports the hypothesis that
cyclic AMP mediateé adenosine-iﬁduced smooth muscle relaxation has:
been found in bovine and porcine coronary arteries (Kukovetz et al.,

1979). Furthermore, stimulatioh of adenylate cyclase~attivity by

[ 3
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adenosine has been demonstrated in microvessels from guinea pig cerebral
cortex (Huaﬁg and‘Drummond, 1979) and cultured smooth muscle from rat
aorta (Anand-Srivastava et al., 1983). However,. the hypothesis‘remains

controversial due to the contradlctory fxndlngs of a number of inves-

tigators (Herlihy et al., 11976; Verhaeghe, 1977; Schror and Rosen, 1979)-

- The sole study dealing with thls hypothesls'ln smooth muscle‘other than
vascularvsmooth mustle (McKenzie et al., 1977) found no support for a

role for cyclic AMP in the relaxant effects of adeHOjﬁne.

1.3.2.2 CALCIUM INVOLVEMENT IN ADENOSINE- MEDIATED SMOOTH MUSCLE

71

RELAXATION

EvidenCe to suggest that adenosine hediates smooth muscle relaxation
via alteration of calcium flu*es has come from a'number}of different
tybes of studiés including mechanical studies with coronary arterieé
(Herlihy et al., 1976; Schnar and Sparks, 1972) and dog saphenous vein
(Verhaeghe, 1977). Schnar and Sparks (1972) compared the mechan1cal res-
ponses of large and}small}canine coronary arteries:to adenosine and var-
ious other Smooth muscle relaxant agentss and found that adehoéine in-
duced a greater relaxation of'smail than large cOronary:arteriesAwhile
the reverse was the case with nitroglycerin. From experiments with high
’,potassiﬁm solutions and variation 6f calcium concentrations, Schnar and
Sgarks,(1§72) concluded that relaxation to. adenosine occurred without
‘ changes‘in the electrical state;of‘the membréne and that the nucleoside
acted via alteration of calcium fluxes. Since norepinephrine is thought

to primarily release intracellular-bound calcium and potassium primaril&

. effects extracellular-bound calcium (Van Breeman et al., 1973) and

15



Hertihy et al. (1976) found that adenosine relaxed arteries contracted
to noreplnephrine better than those contracted’to potass}Lm these
authors suggested that adenos1ne to some extent inhibited calcium 1nflux
However their data w1th arteries contracted to potassxum w1th varlous

,calc1um concentratlons suggested that aden051ne also had an effect on
1ntracellular calc1um stores Verhaeghe (1977) also found evidence to
suggest that aden051ne affects bothvlntracellular and extracellularc
calcium pools in dog saphenous veinsj This author suggested that the
main effect of adenosine was on 1ntraceIIUlar calcium pools on the basis
of the follow1ng evidence: 1) Verapamll blocked spontaneous contractlons
of ‘the preparatlon while adenosine did not. 2) Adenosine relaxed !
norepinephrine-induced .contractions in both the presence and'abSence of
~calcium and after inhibition of calc1um flux by verapamll 3) Adenosine

' antagonlzed calc1um induced contractlon in depolarlzed strlps after
alpha -noradrenergic blockade in a non competltlve manner. 4) Flnally, |
adenosine relaxed barium- 1nduced contractlons Askar and Mustafa (1982)
have also found that adenosine-induced relaxatlon of beef coronary
arteries contracted to KCL was not ‘altered by calc1um antagonlsts D- 600,
n1fed1p1ne verapamil or diltiazem. In contrast Merrill et al. (1982)
stud1ed the 1nteract10n of adenoslne and nifedipine, a calcium antagonist
known to block calcium uptake in vascular smooth muscle (Nayler and’

‘Pool-Wilson, 1981), in intact dog heart. jThey found that nifedipine'
attenuatedtexcess coronary flow production by intra-coronary infusion of
adenosine and}markedly decreased reactive hyperemia following-the release
of a 30 s.interval of left anterior coronary artery occlussion;

+

Early studies(on electrical activity in guinea pig taenia caeci

/
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using-sucrpse gap demonstrated that ‘inhibition of spontaneous spike
discharge ahd hyperpdlarization by adenosine amongst othér compounds

’were-assbciated with theirvrelaxant effects. These effec@s have been
attributed to a décrease in sod{um permeability (Imai and Takeda, 1967)
or a decrease in calcium influx(Axels$oh and Holmberg, 1969). Harder et

'.gl.(1979) used intracellular microelectrodes to gtudy'the electrical |

broperties of isolated lgrge}and small cofbnaryvarteries bf'the dog.

Action pétentials were ihducéd by electrical stihulatioh of the arteries

in the presence of tetraethylammonium (TEA) and they found that caltium

carries most of the inward current since the amplitude of the ‘action

- potential increaéed as a function of log extracéllplar calcium cohcen;

trations the slope of the curve being 30 mV/decade. These action poten;

. tials have also been ,shown to depend mainly on the inward célcium cur-

rent in guinea pig mesenteric artery (Hardér ahd Sperelakis, 1978).and

rabbit ear artery(proogmans et al., 1977). Adenosine blocked the cal-
cium inward current preferentially 'in small coronary arteries and nitro-
glycerin blocked the célciumuinward current preferentially in iarge
coronary arteries(Harder'gg al., 1979). Verapamil blocked the calcium
inward currentvin both large and small coronary arteriestardergE_gl.;’

1979).

) Fenton et al. (1982) have studied thé effects of adenosine on up-
take of 45-calcium in primary vascular smooth muscle monolayers from rat
aorta‘apd porgine Carotid aktery strips. In both'preparations, adenosine
reduced the calcium uptake in celis stimulated with 25 mM potéssium and

~had no apparent effect on the efflux of intracellular 45-calcium. This

is the only direct evidence in smooth muscle for inhibition of calcium

influx by adenosine. These authors also found evidence that adenosine
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has the potentlal to reduce 1ntracellular free calcium levels by enhan—
cing the- blndlng of calcium 1ntracellularly, since adenosine 1nduced an—
increase in cellular exchangeable calclum levels under conditions that
would not promote vascular smooth muscle contractlon

In summary , alteratlon of calcium fluxes'by adenosine have been
reporteo in. smooth muscle. Evidence obtained- from Contractility studiea,
electrophyslologlcal studies and tracer studies with 45-calcium suggest
'l‘thac extracellular and intracellular pools of calcium are affected'by |
the nucleoside. These investlgations do not exclude the possibility of -
cyclic AMP lnvOlvement-in adenosine action. Furthermore,.if cyclic AMP
Is involved in adenoSine action, the above studies would suggest that
the 1ntracellular mediator acts via an effect on calc1um levels as-
"opposed to phosphorylatlon of proteins which constitute the‘contractlle

| apparatus of Smooth‘muscle.

1.3.3  ADENOSINE ACTION IN BIOLOGICAL SYSTEMS

a

In 1929 Drugx and Szent -Gyorgi orlglnally described the hypo-

l tenSlve, sedat§v:e,>éntlspasmod1c and vasodllatory actions of adenosine.

_ Berne'$(1963) éuggest*on that adenoslne may serve as the phy51olog1cal
mediator of autoregulaf%on of coronary flow renewed interest in the
nucleoside. In 1970 Burnstock et al. proposed the "purinergic" nerve
hypothesis which postulated an‘inhibitory_neurotransmitter role for
adenosine,and/or ATP in nap-cholinergic,.noneadrenergic inhibitory
nerves (for review see: Burnstock;-1972).'SinCe_then, adenosine has been
shown to‘affect‘cellvfunctlons in many cell types other than smooth :

muscle. These have recently been tabulated in a review by Daly (1982)

and include: centrally mediated relaxation of striated muscle (Buckle



and Spence, 1981), andvsed%tion (Snyder et gl.,1981),vnegative chrono-
tropic'and inotropic effects in heart (Prasad et él;;1980), inhibition
of lipolysis in adipocytes (Trost and Stock, 1977; Londos et al., 1978),
inhibition of platelet aggregetidn(Born et al., 1975;5Agarwal and Parks,

1980), stimulation of steroidogenesis in adrehaIS‘(Londos g}_gl}, 1980),

'inhibition of lymphocyte function(wolberg 33 91,,1978),-potentiatiqn-of

glucagon release in pancﬁ%as Petrack ei_gl,, 1981), potentiation of

.hlstamlne release in mast cells (Fredholm, 1980) ‘inhibition of'central

neurons(Ph1llls et al., 1979) and finally 1nh1b1t1on of neurotransmitter

irelease (HedQUist»et al. 1978' Kuroda,v1978' Paton' 1981; Stone, 1981).

-

~In general, -the blologlcal effects of adenosine can be antagon1zed
by theophy111ne (see refs cited above).  In addition, numerous studies
with adenosine am\\xanthlne analogs and der1vat1ves support the exls—
tence of spec1f1c adenosine receptors which are respon51b1e for media-
ting various biological effects elicited by adenosine. Two lines of
evidence support the'view that the Iigand binding site for adenosine on
this receptor faces the external surface of the cell membrane First
adenosine uptake inhibitors such as dlpyrldamole and n1trobenzy1th10— jf%
guan051nefusua11y potentiated the effects of aden051ne (Ebert and ;
Schwabe, 1972; Haslam and Rossen, 1975 Wolff and Cook, 1977 Marquardt \

et al., 1978; Okwuasaba e}_gl.,1978, Muller and paton, 1979). Secondly, %

~ adenosine has been‘finked,to stacchyose (Olsson et al., 1976; Fain and

Shepherd, 1979), polylysine (Olsson et al., 1977) or carbonic anhydrase .

(Sehrader El.il-’1977) 1o yield high molecular weight adenosine analogs

}which do not readily cross the cell membrane. - The effects of these

. X ‘
compounds are qualitatively and’ quantitatively similar to that of

adenosine in blood vessels, cardiac cells and fat cells.
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Adenbsine haé been shown to alter cyclic AMP levels in many cell
types (see section 1;3f2) and in some~cdses this abpeérs to be related ~
1o the biologicai effect of the nucleoside (see reviews: Daly, 1982;

Londos et al., 1983).’ It can have différent effects'on‘adénylate cyc-  —
- lase, such as stimulation and inhibitibn via extracellular rebeptors and

inhibition via the so called "P site".
: » .

1.3.4 CLASSIFICATION OF ADENOSINE RECEPTORS COUPLED TO ADENYLATE CYCLASE |

‘Adénosine receptors have been classified, in systems where they aﬁé_

' coupled‘to adenylate cyclasé; as Al and A2 receptors by van‘Calker‘g3 il.
(1979) or as Ri and -Ra receptors by LBhdos et al. (1980). A1/Ri re-

ceptors inhibit adenylate’cycléﬁe acfivity‘while.AZ/Ra féceptorg-stimu—“

'“fjate cyclase activity. The Ri/RaAnomencLapure of Londos and

~

b111 be adopted for the purposes of this thegisk‘ In addition
EfRa,recepfors, adenosine';an act at a so'calied»”P site"

hibits adenylate cyclase and is not considered to be a retéDthl

~
~

~

DISTINGUISHING Ra OR Ri RECEPTORS FROM THE P SITE"

‘Haslam and Lynham (1972) were the}fifst tbvdemdnstrate adenosihe
fec or—mediéted stimulétion_df adehylate cyciase in a Rroken cell |
préggratl;n. Adenylate Eyclése from platelets was stimuﬁated by low
concentrat:ons of adenosine and “inhibited by raising the kon;ehtration
of;the'nucleosidel Only the stimulatory effectQQas blécked by.cafféine.
Cﬁnsequént}y, similar observations have beéh repo;ted by a number of
groups3w1;h a variety of adenylate cyclase preparations (Birnbaumer -

- gl974; Clark and Sehey, 1976; Cooper and Londos, 1979; Jakobs.

§ L o
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et al., 1979; Londos and Wolff, 1977; Peck gga_i;, 1976; Penit 9_;3;
1976). Thus,,adenosinetappeared‘to have tuo sites of:action. More

: recently, the stimulatory R Site and the inhibitory !'"P site" have been
discriminated by using adenosine analogs. Nith the exception 6f NECA

(SF-N-ethylcarboxamide adenosine) the receptor accepts a w1de varlety

of N-6- and 2- substltuted adenosine analogs but few compounds modlfled,f

in the rlbose m01ety To the contrary, the "p site" accepts a wide ¢

H,Lvarlety of modifications in the r1bose moiety but few substitutions in

‘the purine ring (cf. Londos and WOlff 1977, Londos;et_al., 1978;
Londos et al., 1979). | |
Theltask/of distinguishing between-“P site"- and R siteftmediated
inhibition of adenylate cyclase4aCtivity was met by the group of Londos
and'coworkers (1978 and t979). They‘found that, if background adenosine '
was reduced by either adenosine deaminase or with the‘use of dery;ATP |
-as substrate and,GTP_uas added to purified rat fat cell membranes, |
adenosine analogs which stimulate Ravreceptors‘would inhibit adenylate Y
cyclase activity vThis effect"uas'blocked by‘methylxanthines while the -
’1nh1b1t10n of cyclase’ produced by 2",5' d1deoxyaden051ne thCh is "P |
slte“ spec1f1c was not- affected Adenos1ne-and 2-chloroadenos;ne which
activate both(R apd. "P 51te“ produced.biphasic inhLbitory curves:(Cooper‘
and tondos, 1979; Londos et 51"-1978) Only the initial 1nh1bxtory :
phase whlch occurred at agonlst concentratlons in the nanomolar range
was blocked by methylxantnxnes. F1nally, N—6-subst1tuted aden051ne,
analogs sucn as PIA'(phenyIisopropyladenosine) which have been shown by
Trost"and Stock (1977) to. 1nh1b1t lipolysis and decrease cycllc AMP

levels in 1ntact fat cells were potent 1nh1b1tors of - adenylate cyclase |

. 4
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in the membrane preparation (Londos et al. ; 1978 Londos e al » 1979).

To date the 1solated fat cell membrane is the only system where the ex-

1stence of Ri receptors for adenosine has been flrmly establ1shed

1.3.4.2 SIMILARITIES,AND DIFFERENCES BETWEEN Ra AND Ri RECEPTDRS FOR

- ADENOSINE

Ra'and Ri receptors have a number of common properties. First;

they appear to be located on the outer cell surface of the plasma mem-

brane. Evidence for the location of Ra and Ri receptors comes from,

~studies in intact cells w1th blockers ‘of adeno$ine- uptake. (Clark et al.
~ ]974 Fredholm et al., 1978; Green and Stanberry, 1977 Haslam and
//Rosson 1975; Huang and Daly, 1974; Huang and Drummond 1976 and 1978;

Marone’ et _l.; 1978) ‘and a study with a stacchyose—aden051ne compound

(Fain and Shepherd, 1979). Second, methylxanthines which*have long been
. known to block Ra receptors. (Haslam and'Lynham 1972; Sattin and Rall, "

1970) also block Ri recep&ors in fat cells (Londos et al., 1978; Cooper .

and_Londos,,1979). Thlrd;;Ra and Ri receptors both'appear to require'

GTP for expression of adenylate'cyclase activity (Londos et al., 1978;

, Cooper and Londos, 1979). o R T

There are a number'of differences_in the properties of Ra and Ri |

“receptors for adenosine which necessitate such a classlfication. The -
most obvious difference,is that stimulation of Ra receptors mediates

'stimulation'of‘adenjlate cyclase activity (Haslam and Lynham, 1972) and

stlmulatlon of Ri receptors mediates 1nh1b1t1on of adenylate cyclase

' act1v1ty (Londos et al. 1978) Two aden051ne analogs in partlcular

NECA and PIA, have been found to be useful for d1scr1m1natlon between

22
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L) Ra and 51 receptors. NECA has been shown to be more potent than PIA

with respect to stimulation of adenylate cyclase activity from:rat
Jiver;"Leydig tumor cells, turkey erythrocytes and adrenal Y-1 tumor
cells as well as stimulation of steroidogenesis in Leydig and adrenal
tumér cells (Londos et al., 1980). On the other hand, PIA has been

shown to be more potent than NECA with respect to inhibition of adenyiate
cyclase from fat cells as well as iphibition of isoproterenol-stimulated

Iiﬁolysis (Cooper et al., 1980; Lendos et al., 1980) and reduction of . W

cyclic AMP levels in intact adipocytes {(Fain and Malbon, 1979; Trost and

Stock, 1977). Therefore, NECA and PIA appear to show selectivity for Ra K
anthi receptors, respectively. These two adenosine analogs are thought
not to i efggt with thb‘“P site". ‘There Is an apparent difference in

the affinity of Ra and Ri receptors for adenosine. Ri receptors appear

to have a high affinity for adenosine in the 15 to 100 nanomolar range
(Cooper and Londos, 1979; Marquardt et al., 1978; van Calker et al.,

1979).  On the other hand, Ra receptors appear to have an affinity‘to-
wards adenosine in the 0.5 t0°20 micromolar rangeé Qéﬁgun and Levitzki,
1979, Clark and Seney, 1976; Cooper and Londos, 1979;ghaslam and Rosson,
1975; Peck et al., 1976). Finally, Londos et al. (1981) have found that

sodium greatly enhances the magnitude of adenosine receptor-mediated in-
hibition of adenylate cyclase activity in rat fat cells. They suggested
that this "sodium effect" may‘be common to all hormone-mediated inhibi-

tion of adenylate cyclase. In this regard,fhormone—mediated inhibition

of adenyiate cyclase activity has been‘demonstrateq'wigh alpha-adrenergic

agents in platelets (Jakobs et al., 1978) and neuroblastoma x glioma

hybrid cells (Sabol and Nirenberg, 1978), as well as with opiates in

\



the former system (Blume et al., 1979). Furthermore, Blume et al.

(1979) found that sodium enhanced the inhibition of adenylate cyclase

activity by opiates.

1.3.4.3 "P SITE"

3

The "P site" has been shown to be distinct from qdénosine recep-
tors in a number of ways. It is thought to be located on the cyto-
plasmic surface of the cell membrane, unlike adenosine receptors which
appear to face the extracellular space. Evideﬁce for the 1ocatipn of
the "P-site" comes from studies by the group of Haslam and colleagues
(Haslam and Rossen, 1975; Haslam et al., 1978;‘Haslam et al., 1979).
{hey‘found that adenosine decreased cyclic AMP levels in intact
piatelets and that inhibitors of the transﬁort of adenosine into cells
blocked thfs effect of adenosine. Furtﬁermore, 2'gdeoxyadenosine
3'-monophosphate, whi;g‘is assumed th to Cross thé membrane, did not

alter cyclic AMP leﬁeis in the platelets. Also adenosine or analogs

have been shown to compéte with the substrate for adenylate cyclase in -

a non-competitive mannér (cf Londos g}fgl., 1981). Therefore, Londos
et al. (1981) conclude that the "P site” is not the catalytic site

on the catalytic component of the adenylate cyclase complex, énd the
exact location of the "P site" remains unknown.

Stimulation of the "P site" invariably results in inhibition of

adenylate cyclase activity, and unlike Ra/Ri receptors the "P site"

appears to be present in all adenylate cyclase systems studied to.daté.

The agonist specificity of the "P site" has been mentioned
above. Generally, many ribose-modified analogs of adenosine are

agonists while purine-modified analogs particularly at the N-6

J

£

-



position are poor effectors at the "P site". Examples of analogs of

adenosine which do zotfreact with adenosine receptors but inhibit

A
©

adenyléte cyclase activity via "P site" interactiqn include 2',5'-
dideoxyadenosine (Fain and Weiser, 1575; Fain et al., 1972, Londos
and Wolff, 1977; Haslam et al., 1978), 9-beta-D-arabinofuranosyladenine
(Londbs and Wolff, 1977),»9-beta—D—xylofuranbsy1adenine (Londos and
Wolff, 1977), 9-(tetrahydrofuranosyl)-adenine (Weinryb and Michel,
1974), and 2'-deoxyadenosine, 3'-monophosphate (Sahyoun et al., 1976a
and 1976b). |
Methylxanthines have been shown to be competitive antagonists
at Ra/Ri recebtdrs, bﬁt these compounds do not antagonize the inphibition
of adenylate cyclase by adenosine or analogs at the "P site" (Londos
and Wolff, 1977). To date no compound ‘has been found which specifically
blocks the "P- site" (cf, Londos et al., 1981). |
Another unique property of the "P site" is that divalent cations
such as magnesium and manganese increasg expression of this site but
reduce expression at adenosine receptoré! This has been demonstrated
with adenylate cyclase from lﬁng (weinryb and Michél, 1974), liver
(Londos and Preston, 1977), thyroid (Wolff et al.,1978) and.lLeydig
tumor Cells (Londos et al., 1979b). |
Finally, the "P site" has a much lower affinity for adenosine
than do Ra/Ri‘receptorgg,in the 25 to 1 millimolar range. Phosphory-
lation, deamination (for review see: Arch and Newsholme, 1978; Fox and
Kelly, 1978), and entry into the S-adenosyl homocysteinevpathway (cf.
Usdin et al., 1578) maintain a low intracellular concentration of

adenosine. €;hus, Londos et al. (1981) concluded that a physiological

/
/

s
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role for the "P site" as a regulator of adenylate cyclase activity

remains tenuous.

- 1.3.4.4 BINDING STUDIES

Early binding studies utilizing radicactive adenosine failed to
characterize binding sites which .could be class;fied as Ri or Ra recep-
tors (Malbon et gl.,z1978; Schwabe et al., 1979; Dutta and Mustafa,
1980; Newman et al., 1981). Binding studies to brain membranes have
been attemptéd with adenosine analogs-such aS'é—cﬁloroadenosine,
L—N-6—pheny1150pfopy1adenosine and Ne67tyc10hexyladenosine which were
rendered radioactive with tritium (Bruns g}_gl,, 1980; Schwabe and
Trost, 1980; Williams and Risley, 1980; Wu and Phillis, 1980; Wu et al.,
1980). The data obtained with the various ligands in these}Studiés
generally agree with each other and appear to characterize Ri receptors,
| (cf. ﬁaly, 1982).

Recently, twovgrOUps simultaneously describe the successful radio-
iodination of the adenosine analog hydroxy-PIA and characterized binding
sites in rat brain (Munshi and Baer, 1982} Schwabe et al., 1982). It
remains- to be seen whether a radiocactive adenosine analog of high
specifié activity will be useful in characterization of binding sites
in cells with low densities of adenosine receptors.

Binding studies with an adenosine receptor antagonist 1,3-diethyl-
8-[3H]-phenylxanthine and a "P site" specific adenbsine analog
2'5'-dideoxy[3HJ—adenésine have been attempted (Bruns et al., 1980;

" cf. Daly, 1982). The significance oF the sites characterized with

these ligands remains obscure.

26



1.4 EVIDENCE THAT CYCLIC AMP CAN CAUSE SMOOTH MUSCLE RELAXATION

The last part of the intrdduction deals with the question of
whether cyclic AMP can cause smooth muscle relaxation. Usually this
question is ndt‘asked and, despite the lack of convihcing experimental
evidence, it is-widely assumed. that- cyclic AMP can cause relaxation

Phosphodlesterase inhibitors and nuc1e051de derlvatlves such as

dlbutyryl- cyclic AMP have been used as tools to investigate this

hypothesis. \Multlple'forms of phosphodiesterase are known to catalyze "

the hydrdlysis of cyclic AMP to 5'-AMP (for review see: Wells and
Hardpan, 1977). " A wide variety of chemical compounds inhibit
phOSphodiesterage (reviews see: Amer and Kreighbaum, 1975; Chasin and
Harris, 1976). Furthermore, the inhibftors are not specific at the
, cohcentraiions used (cf. Kramer and Hardman, 1980; Hardman, 1981).
Dibutyryi—cyclic AMP, which has been used extenéively Ed study the
direct effetts of cyclic AMP on smooth muscle contractfiity, breaks
* down to butyrate and adenosine and both of these have direct effects
on smooth muscle (cf. Baer, 1974; Kramer and Hardman, 1980; Hardman,
1981). Few properly controlled studies using dibutyryl-cyclic AMP.
have been published (cf. Baer, 1974; Hardman, 1981). Thus; the inter-
aﬁ pretation of the data obtained with the available pharmacological tools
to study the role of cyclic AMP on smooth muscle contractility have
nct been conclusive.

In this regard much interest has been generated by the discovery
of forskol . This diterpene appears to possess several unique proper-

ties which suggest that it will be useful as a specific pharmacological

A LY _ _
tool in the study of cyclié AMediEZSEXQmEﬂt in smooth muscle

s

YA
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contractility.

1.4.1 FORSKOLIN

~

The diterpene forskolin was isolated in 1977 by Bhat et al. from -

the roots of Coleus forskohlii, a plant which was used in ancient
Hindu and Aurvedic medicine and is still used in'India in folk medi-
cines as remedies for sﬁch ailments as heart diseases, abdominal éolic,
respiratory disorders, paihful micturition, insomhié and convulsions
(cf. Seamon’and Daly, 1981). Shortly following its isolation, forskolin - -
was shown to possess positive inotropﬁc and chronotfopic actions. in
_isolafed guinea pig heart and positive inotropic actions in guinea pig
atria and\papillary musﬁle (Lindner et al.,1978). Besides the cardiac’
effects, forskolin also caused hypotension in various species including
dogs, cats, renal-hypertensive rats and spontaneous-hypertensive rats
%Lindner g;_gl.,1978).\ The cardiac and hypotensive effects of for-
skolin could not be attributed to stimulation of beta-adrenoceptor or
_effects on sodium-potassium ATPase or cyclic nucleotide phosphodies-
terase (Lindner g}_gl;, 1978). Furthermore, unlike thé depolarizing -
agent, veratridine, the effect of forskolin was not alte}ed by the
local anesthetic tetracaine.‘ In addition, calcium-magnesium ATPase
of sarcoplasmic reti;ulum, actomyosin ATPase and soluble or membrane
bound guanylate cyclase were not,a%%ected by forskolin (cf. Seamon and
Daly, 1981).

The first report suggesting that forskolin acted via stimulation
of adenylate cyclase was by Meizger and Lindner (1981). In rabbit
heart slices forskolin activated endogenous cyclic AMP-dependent

protein kinase not directly but via stimukgtion of” adenylate cyclase
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aﬁy

and. the latter waé correlated with forskolin-mediated augmentation
of contractile force in gu1nea pig atria. |
Slmultaneously and independently Seamon et al. (1981) found that

forskolin stimulated adenylate cyclase from many dlfferent mammalian .
tissues. The forskol1n medlated stlmulatlon of adenylate cyclase was
rapid and rever51b1e and desen51t12at10n d1d not occur upon repeated
admlnlstratlon of the diterpene. Seamon g}_al,v(1981) showed that
. forskolin-mediated increaées in cyelic AMﬁ’IeQels_in rat braln slices
were not inhibited'by phentolamine, propranoiol, 8-phenyltheophylline,
cimetidine or diphenhydramine; thus suggesting that forskolin did not
interact with these extracellular hormohe receptors.. In.this same
study, Seamon et al. (1981) suggested that forskolin acts via a site

distinct from the site of action of GTP or “NaF. GDP, GDP-beta$S and

mangahese inhibited Gpp (NH)p-induced stimulation of adenylate cyclase ~

but these compounds did not alter the action of-forskolin. Therefore,

forskolin appeared to act on a site different from that of GTP. Since
forskolin and NaF had different temperature‘dependencies and GDP-betaS
inhibited the activity of NaF, forskolin did not act on the same site
as NaF. | | |
A later study by Seamon and Daly (1981) provided evidence to sug-
gest that forskolin- mediafed activation of adenylate'cyclase resulted
from 1nteractxon of forskolin with the cyclase unit dﬁrectly For-
skolin stimulated adenylate cyclase in the mutant cells of murine S49
lymphoma cell line, cyc- which did nof contain a functional guanine
nucleotide b1nd1ng subunit and are not stimulated by 1soproterenol

NaF, GTP or cholera toxin. In addition, water soluble adenylate

L ]
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cyclase from rat téstes,_lackiﬁg‘the'guanine nucleotide binding subunit,
was stimulated by forskolin up to 3.5 fold but noi by Gpp(NH)p or NaF.

Insel et al. (1982) have confifmed the stimulation of adenylate

cyclase in the cyc- S49 lymphoma'déllfline by forskolin. In ram sperm

membranes which also lack the guanine nucledtideﬂbinding'site but

‘Eontain a functional cyclase (Cooper and Ahern, 1979) forskolin did

not stimulate the cyclase. The following evidence obtained by Insel
g}_;l. (1982) suggest that forskolin may have;an_éffect on the gUanine
nuéleotidé bindiﬁg subunit in human platelet membranes; 1) The forskolin
response was enhanced by GTP to a greater extent than could be éxplained
by GTP aione. 2) The dose—responée patterns for‘NaF and Gpp(NH)p were -
changed by farskolin. 3) They'observed'a blunting in inhibition by
epinephrine of adenylate cyclase activated by forskolin and}prostaglandin
E-1. Therefore, there is evidence to suggest that forskolin activatés
adenylate cyclase directly or at least via a prbtein‘which‘is closely
asso;iated'with cyclase and is different from the sites of action of
hormones; NeF, GTP or cholera toXin. However, there is also evidence
that forskolin can enhance the ability of the cyclase éubunit fd-in{ér-
act with the guanine nucleotide binding subunit.

Low‘concentrations of fdrskolin can potentiate incréase§ in cyclic?
AMP elicited by certain hormonés. In brain slices, forskolin'increased

the magnitude of increases in cyclic AMP levels elicited by histamine

énd noradrenaline, while the potency of prostaglandin E-2 and vasoactive

intestinal peptide were increased by forskolin (Seaman et al., 1981).

Similar results have been reported in human platelets and rat

adipocytes where the‘increases'in cyclic AMP levels mediated by
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forskolih'have been-correlated with the physiological effects, ie.,
inhibition of platelet aggregation and lipolysis, respectively (cf.
Seamqnfand Daly, 1981). There is one demonstration that:?orskolin can“'
augment hormone-induced stimulation of adenylate‘cyclése in broken
cells; in rat striatal membranes forskolin potentiated dopamine—mediated.
stimulation of adenylate cyclase (Seamon et al., 1981). |

In summéry, forskolin is a potent énd specific activator of
adenylate cyclase in all mammalian cell types tested both in broken cell
preparations and in»intact cells. This effegt of forskolin is rapid,
reversible, and appears not to require the hormone receptor'or the
gﬁénine nucleotide reguiatory sﬁbunit. Thus, forskolih probably‘acti-
vates adenylate cyclase via an interaction with’the'cyclase‘subuﬁitu
Low concentratiohs of forskolin, which.haye‘minimal direct effects,
potentiate increases in cyclic AMP levels elicited by various hormones
in a number of intact cells asvweil'as in rat striatal brbken cell
preparations. As stated by Seamon and Daly (1981), these unique
properties suggest that forskolin i§ an igﬁaluable tool for the examina-
tion of the rbIe of cyclic AMP in physioldﬁical responses to

hormones.



1.5 RESEARCH OBJECTIVES

-

In the overviewvof4this thesis it was stated that experimental
proof of the suggestion of Sutherland and Rall (1960) concerning
the role of cytlic AMP in hormone-mediated relaxation of smooth
mugcle‘deals with two questions. 1) Do hormones elevate cyglic AMP

levels? 2) Does cyclic AMP per se cause smooth muscle relaxation?

The objectives of this thesis are to address these two questions

albeit in a limited manner. The limitations involve the receptors
and the smooth muscles investigatéd. Thus, to differihg degrées
’thé involvemént of cyclic AMP in’beta—receptOﬁs and adenosine- ‘
_receptors—mediéted'relaxation of beef'corqnar; artery, guinea pigv
taenia caeci and rabbit small intestine were ihvestigated.
Speéiffcally, the effects of adenosiné on the levels of cyclic AMP ~
in intact cells of beef corbnary aftery weré investigated. This |
was investigated in light of the controversy existihg in the
literature concerning the effect thét adénosine has on cyélic AMP
levels 1in intact tissués (see Introduction). The effects of isopro-
terencl, adenosine or analogs of adenosine on adenylate cyclase
activity in ﬁroken cell prepérations of guihea pig taenia éaeci'and

the longitudinal muscle of the rabbit small intestine were inves-

tigated. This investigation involved a number of manipulations of

the system to optimize the assay conditiong and was based on the =

discoveries of Rodbell (1980) and Londos and coworkers (1982). The

1N
question of the usefulness of forskolin as a tool to investigate the

effect of cyclic AMP on smooth=musc1e contractility is also addréssed.
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Finally phoéphodiesferase inhibitors, MIX and Ro 20-1724, were used
to investigate the role of cyclic AMP in forskolin-mediated relaxation

of smooth muscle. -
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" PREPARATIONS

f ;hearts were obtained from Galners packlng plant immediately
“fugnter of the an1ma1 placed in ice-cold physiological salt
,é/gnd transported to the_idﬁdratory.-‘Branches of thé'descenf
;onary artery were carefd}qy removed and'cleared of adhering
‘ﬁ}d kept in oxygenated, phy51oloF1cal salt solut1ons (see

- : 2.4) at 4 degpeeg/;/prlor to mounting in an organ bath.

’ They were cut into 2 3 mm wide rlngs according to the method of
ﬂ¢1981). cTwo thin wires were 1nserted through the lumen of |
the corgjl ter§ segments. One wire ancﬁored the tissue segment.to
* the bo g-ﬁ of the organ bath while the other wire was;cdnnected via
4thread to a force displacement}transducer. For description of redor—
: ding of responses from all the tissue prepératidd; see below.

Adult mongrel dogs of elther ‘sex were killed by intravenous
admlnlstratlon of. pentobarbltol and the hearts removed and placed in .
ice-cold phy51ologlcal salt solution. These hearts were kindly sdpf
plied by Cristel Krueger Descending coronary arteries were excised,
cleared of adhering tlssue and cut. into sp1ra1 strips of 1-2 mm w1dth
~and 15-20 mm length. The tissue strips were kept in oxygenated physio-
logical salt'solution'at 4 degrees C for less than 15 minutes prior to

. [
mounting in organ baths.

¥

Wistar rats of either'sex weighing from 200-300 g were killed by

a blow to the head and;decapitation. The aortée were removed, cleared
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- of adhering tissue and kept in physiological salt sblutidn~at 4 degrees

C until mounting in én organ bath. The aortae were cut into spiral

strlps of 1 2 mm by 15 20 mm.
- Guinea pigs of elther sex and welghlng between 400-600 g were
killed by decap1tat10n. Taenia caeci were removed, cut into strips-of

10-15 mm and kept in oxygenated physiological salt solution at 4

degrees C until mounting in organ béths. , . -

Adult New Zealand white rabbits of either sex were killed by a

blow to the headﬁand/exSanguination. The jejunum was removed, cut into

10-15 mm -long segments and cleared of any adhering tissue. As_with

the other preparations, these tissue segments were kept in oxygenated
physiological salt solution at 4 degrees C prior to mounting in organ

baths

2.1.2 RECORDING, OF RESPONSES TO DRUGS INZAPREPARATIONS

transducers by wire springs (0.3 g/em). All preparations'were set to

- All the tlssue‘preparatlons were sus§23U66}1n 10 ml" organ baths

tontaining physiological salt Solution (for composition see materlals)

which was -equilibrated w1th 95% O /5% CO2 and kept at 37 degrees C.
Isometric contractions and relaxatxons were recorded w1th force dis- B

placement transducers (Grass FTO3C) and d}splayed on a polygraph -

“(Grass-Model 7D). Guinea pig taeniae caeci'were attached to the

Y

a resting tension of 1 g and allowed to stabilize for a period of at
X . : N

least 60 min pridr to addition of drug (Burnstock §§.§l°’ 1970;

McKenzie et al., 1977; Kukovetz et al., 1979; Furchgott, 1981).

9
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- 2.1.3 EVALUATION OF THE EFFECT OF RELAXANT DRUGS ON SMOOTH MUSCLE

‘CONTRACTILITY

Guinea pig taeniae caeci, beef coronary arteries and rat aortae |

\had very low inherent tone and thus - were contracted with 20 mM KCl

'»with dog coronary arteries 40 mM KC1 was used to contract this tissue

since 20 mM KCl often did nct apprec1ably contract the preparation.

_ The time required to reach maximal contraction of these tissues with

KCl varied between 10 and 30 min, after which the contracted state p

- was maintained for at least 90 minutes. This t1me was suff1c1ent 1o

| construct concentration response curves to various drugs The con-

| centrations of KCl_Which were utilized caused submax1mal contractions

in the respective tissues. Rabbit small intestine displays inherent

tone in the form of spontaneous rhythmic twitch- like contractions

Thus KCl was not needed for development of tone to study the actions -

of relaxant drugs ‘
Cumulative .concentration- response curves were obtained to relaxant

drugs in al¥l tissues when maxxmal relaxation of the tissue was ob- |

'tained with a certain concentration usually within 5 min of drug

addition, the next higher concentration was ﬁdded to the organ bath

’Upon achieVing max1ma1 relaxation with each drud” completion of the ,

‘concentration response curve) NaNO2 (10 mM) was addggfto the bath to

achieve 100% relaxation of the respective smooth muscle. Responses

-

_obtained to forskolin and other relaxant drugs were expressed as a

percentage of this max1mumaach1eved with NaNO2



37

4

' 3 17
©2.1.4 EVALUATION OF THE EFFECT OF PHOSPHODIESTERASE INHIBITORS ON

RELAXANT DRUG ACTION

\

Phosphodiesterase inhibitors caused smooth muscle relaxation‘in
all the preparations studied. As described in.the results, these
compounds were employed in concentratiqns“deyoid of ﬁdirect” effects.
| In all cases, exﬁerimentalfsmooth{mu§éle preparations were treated with
the ihhibitors, MIX or Ro 20-1724, for 30 min prior to addition of
other drugs. 'Cumﬁlative concentrétioﬁ-respbnse curves to the relaxant
agen£s were performed in the presence of the phosphodiesteraSe
»ﬁinhibitors. Eéch experimental tissue had a paired control from the
same animal. bhosphodiesterase inhibitor effects were evaluated by
comparing the concehtration—effect éufves of relaiant drugs from the

control and experimental groups on a péired basis.

2.1.5 STATISTICAL ANALYSIS OF DATA

\Responses of tissue experiments were expreééed és.the mean *
standard error of the mean (S.E.M.). The Eng values Were_extrapolated
from each experiment and geometric means with 95% confidence limits
were calculated. Significant levels for the difference bgtween groups
were”estimated using StUdentfs paired "t" test (Hili, 1971)

and the difference between groups was considered significant when

P <0.05.



2.2 MEASUREMENT OF CYCLIC KMP LEVELS IN BEEF CORONARY ARTERIES

2.2.1 PREPARATION AND TREATMENT OF TISSUES WITH ADENOSINE

As with the measurement of mechanical responses; beef hearts were
obtained from Gainers packing plant immediately after slaughter of the
animal, placed in ice-cold physiological salt solution and transported \
fo the laboratory. Large and small descending coronary arteries were
excised, cleared of adhering tissue and kept in oxygenated physio-
logical salt solution at 4 dégrees C. Tissue samples obtained from
the main descending artery were classified as large while tissue
samples obtained from branches of this artery were classified as
small. Only arteries located from thé midline to the apex of the
héarts were used. The classification of these arteries cofresponds
~ to that of Harder et al. (1979). The arteries were cut into strips
about 2 cm wide and 10 cm long with a piece of thread attached at
one end.

The arterial strips‘rere then submerged‘in test‘tubes containing
5 ml physiological salt solution and oxygenated at 15 min‘intervals for
60 min. fhe experiment was initiated by adding adenosine at various
concehtrations to half the arterial strips with the other half serving
as controls. After 10 min the sthips‘were removed from the test tubes
and immediately frozen by clamping them between brass tongs precoolea
In liquid nitrogen (cf. McKenziéJ thesis). The frozen strips were
placed in 1.5 ml centrifuge tubes (Eppendorf) and stored in liquid

nitrogen until, homogenization.
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2.2.2 PREPARATION OF SAMPLE FOR CYCLIC AMP MEASUREMENTS

The homogenization procgduré'used.was essentially identical to
that described by McKenzie (1975, thesis) for longitudinal muscle of
rabbit small intestine. Briefly, the frozén arterial‘strip, 0.3 ml
5% TCA (trichloroacetate) and a tungsten carbide ball were placed into
a Teflon capsule and.cooled in liquid ni;fogen before being vibratéd
in a Mikro-Dismembrator (Braun Melsungen) to pulverize the tissue. |
The vibrétibn parameters were 60 Hz with an amplitude of about 5 hm
for 30 seconds. _Thé resulting powder was transferred to-1.5 ml
centrifuge tubes kEppendorf), capped and pIaCed in quuid'ni{rogen
for storage pribr to measuriné tissue cyclic AMP levels.

The homogenate was thawed and [BH]4cyc1ic AMP (adencsine 3':5'-
[3H]-cyclic monophosphate) (0.1 pmole, approximately 2000 cmp, specific
“acfivify of 24 Ci/mmol) was added for an estimation of recovery bf
cyclic-AMP. Aliquots from the supernatant of the neutralized TCA :
extract (see below) were added to Aquasol and counfed in a Beckman )
scintillation counter. The values were e*ﬂﬂ!polated from a quench
correction curve_anq the recovery of [3H]—Cyc$ft AMP was greater than
'80%. The homogenate was then centrifuged for 1 min in ah Eppendorf
3200 bench centfifuge and‘gﬁgtpellet and supernatant were separéted.
The pellet was washed'one'tfhe with 0.1 ml 5% TCA and the supernatants
pooled. It was’solubilized with 0.2 ml of 0.5 N NaOH and used for
protein determination by the method of Lowry et al. (1951) while
cyclic AMP levels were determined in the:superqatant.

"~ The TCA extract was first neutralized by addition of small amounts

of calcium carbonate and cehtrifugation accbrding to the method



40

outlined by Tihon et al. (1977). Calcium carbonate powder was added

to each tube in small amounts until further addition did not produce

bubBling of the solution (cf. Tihon et al., 1977). Aliquots were then

taken from the supernatant and used for the measurement of cyclic AMP

by radioimmunoassay (RIA) according to the method of Steiner et al.

(1972).

ih ]

2.2.3 PREPARATION OF [12°17-2'-0-SUCCINYL CYCLIC AMP TYROSINE METHYL

ESTER ([ '2°17-TME-ScAMP)

The radioactive cyclic AMP derivative [125

1]-TME-SCAMP was prepared
éccording to the method of Hunter and Gfeenwood (1962) uSing chlor-
amine-T and Na-metabisulphite. The product was pﬁrified according to
the method of Steinér et al. (1972) by applyiﬁg the reaction mixture to
.a Sephadex G-10 column (1x25 cm). The eluting buffer was 0.2 mM Na-
acetate, pH 5.8. The fractions (4-5 ml) were collected by a Golden—'
Retriever Fraction Collector (Mode} 1ZOQ PUP). Aliquots (10 ul) were
taken from‘eaﬁh fraction and scahned for [12513 in a gamma counter (Beck-i
man ModelGAM 8000) after each iodination and separatiéﬁ.' A typical
elution profile of radioactivity is shown in figure 2. As can be seen
three peaks of [12511‘are present.'Accofding to Sieiner et al., (1972),
what is contained in peak one is unknown while.beak two contains free
[12511 and peak three contains [1251]-TME—ScAMP. The contents of three
fractions from peak three ie., ffactions 56, 57 and 58, were podled |

and stored frozen for use in the RIA of cyclic AMP.
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2.2.4  IMMUNOASSAY PROCEDURE

Cyclic AMP immunoassay was performed in a final concentration of
50 M Na-acetate buffer, pH 4.75.. Each tube (Eppendorf 1.5 ml capacity)
contained 100 pl of 1od mM Na-acetate buffer, pH 4.75, 80)J1'of samplé
(or water or cyclic AMP or acetylated cyclic AMP), 20 pl of [1251j-
TME-SCAMP (about 10,000 cpm) and 100 ul of antiserum which was diluted
in 50 mM Na-acetate buffer, pH 4.75, with 3@ mg/ml of bovine serum
élbumin (BSA). The dilution and specificity of the rabbit antisera to
éyclic AMP as welltas the optimal incubation;pefiod are discussed belqw.
Routinely the immunoassay mixtures were incubated at 4 degrees C over-
night before separation of the freé and boupd label which was accom-
plished by adding 100 ul Of‘pig-gamma—globUIin (5 mg/ml) in 100 mM Naf ’
phosphate buffer, bH 7.0 and 400 pl of 25% polyethyleneglycol (PEG) |
6000 in the same buffer to each tube. The tubes were then centfifuged
for four min at full speed. The supernatant was decanted and the pel-

let washed with ZOO}JI of PEG at least once which was found to be suf- N

ficient. The pellet was then counted in a gamma counter.

2.2.5 ANTISERA TO CYCLIC AMP

éera céntaining antibodies against TME-SCAMP  were obtained}from
3 rabbits by .Dr. Baer according to standard immunoiogical proceduréé.
The ahtibédy titre was checked in the antisera from the 3 rabbits
and is shown in figure 3. From these results, 1/1000 diiution of the |
%ntisera appeared to give about 40-50% b;nding of [12511-TME-ScAMP-

which is optimal for RIA purposes. tr

A study was also performed tbAfind the optimal time of incubation

2



FI1G. 3 Plot of ahtigen radioactivity ([1251]-TME—SCAMP) bound vs
,dilution 6f antisera from three different rabbits (A, B and
C). Results are exbressed ag the mean of triplicate deter-
minations. Standard error of thelmeans (S.E.M.) of the
t(iplicate.determinations are not shown. They are less

than 10% of the mean values shown.
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for the RIA. As can be seen in figure 4, overnight incubation of the

i o _
reaction mixture at 4 degrees C resulted in optimal binding of [12513

TME-ScAMP to the antisera. Therefdre, this period of incubation was
routinely used for RIA of cyclic AMP in tissue Samples.

The specificity of the antisera was also testgd by examiﬁing the
ability of ATP, ADP, AMP and adenosine as cqmpared to cyclic AMP to

displace [125

I]-TME-ScAMP and is shown in figure 5. Antisera from
rabbits 1 énd‘3 were about 100,009;times more sénsitive to cold
cycliC’AMP'thah to-adendsine‘oru%he adenine nuclebfides. Antisera
from rabbit 2 were greater than 10,000 times more sensitive to cyclic
AMP than to thé¢ other compounds. Antisera from rabbits 1 and 3 were
also found to be greater than 50,000 times more sensitive to cyclic AMP
than to éyclic GMP while ahtisera from rabbit 2 were only 5,000 times

more sensitive (data not shown). Therefore, the antisera-were all -

selective for cyclic AMP and could be used for RIA pUrposes;

2.2.6 EFFECT OF ACETYLATION ON SENSITIVITY OF RIA FOR CYCLIC AMP

Acetylation of cold cyclic AMP standards and tissue samples has
been shown by Harper and Bréoker (1975) to greatly increase the sen-
sitivity of the RIA for cy&lic AMP. Triethyiamine and_?hen acetic |
anhydride are added to the purified tissue sample or to the cold cyclic |
AMP standard in.a ratio of 1O‘pi/5‘pl/5001p1. Acetic anhydride was
added immediately after triethylamine as suggested by the authors to
minimize the time that the sample was exposed to basic cohditidns. As
can be seen in figure 6, acetylation of the cold cyclic AMP standards
resulted in a 10 fold shift to the left of the dose-response curves

' ] : .
indicating an increase in Q%FSitiVity of the immunoassay.. Cyclic AMP,

‘e

o
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FIG. 4 Histogram of the amount of radioactive antigen ([12511—TME-
ScAMP) bound to antisera from three different rabbits (A, B 4
and.C) -with increasing piMe of incubation of thevassay. |
Results are expressed as the mean of triplicdte determin-
ations.  S.E.M. of the triplicate determinations are not

shown. They are less than 10% of the means showh.
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FIG. 5 Study of the specificity of antisera from three different
rabbits (A, B and C) to radioactivé antigen ([12511—TME—
ScAMP). Competition curves between radioactive‘antigen?and
cold ATP (O) , ADP (M) , AMP ('D‘)' , adenosine (‘A )
“and cyclic AMP ( @) are shown. Results are expressed as

the mean of triplicate determinations. S.E.M. are not

shown. They are less than 10% of the mean values shown.
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FIG. 6 Effect of acetylation of cold cyclic'AMP (O) on the:
standard RIA cur‘ve to 'cyclic AMP (@) . The cu,rv'és‘v show

([‘ZSIJ-TME-ScAMP)

competition between radioactive anfigeh
and cold cyclic AMP or acetyl—cAMP for anti§era from’threé
different rabbits (A, B and C). Resulﬁs are eXpréssed as the
meah of triplicate determinations.. S.E.M. are not §h6wh.

They are 1ess-than,10% of the mean values shown.
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standards and cyclic AMP in tissue extracts were thus routinely acety-
fﬁlated when measuring cyclic AMP levels in beef ‘coronary arteries. ’
The_data dealing with measurement of cyelic AMP in beef coronary
grtery strips was expressed as the mean * standard error of the mean
(S.E.M.), n=3. Significance levels for the dif%eéence betdeen adenosine ‘
treated and control tissues were estimated using Student's paired
“t"-test and the difference between groups was considered diffefent

when PL0.05.

2.3 MEASUREMENT OF ADENYLATE CYCLASE ACTIVITY IN SMOOTH MUSCLE

2.3.1 SMOOTH MUSCLE PREPARATIONS EMPLOYED

" Guinea pig taenia caeci and rabbjt small intestine were obtained
as described above. The former was‘used as such while only the
longitudinal muscle of the rabbif‘small intestine was used for
adenylate cyclase studies. The longitudinal muscle was obtained by\
inserting a 5 ml pipette through the luden'of a segment of smell
intestine and lightly passing a §calpe1 blade along the length of the
tiesue segment. The}longitudinqi muscle was then teased away from the
‘ circular muscle with a cotten—tfpped applicator stick. To assure
muscle viability, the muscle was frequently soaked in physiological
salt solution. In this way, about 1 g of longitudinal muscle was
obtained from the small intestine of one rabbit while‘5-6 guinea pigs

were required to obtain about 1 g of taenia caeci.
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2.3.2 PREPARATION OF ADENYLATE CYCLASE FROM THE 10,000 g PELLET OF

-

SMOOTH MUSCLE

The longitudinal muscle of the small intestine from 1 rabbit or
the taenia caeci from 6 guinea pigs were minced finely with scissors
and homogenized in ten volumes of 20 mM TRIS-HCI (Tris(hydroxymethyl)-
aminomethane) pH 7.5, andlcontaining 1 mM MgCl2 at 4 degrees C using
a. glass homogenizer and a motor-driven'teflon pestle. The hbmogenate
was filtered through glass wool and cheese cloth and then centrifuged
in a Sorvall (RCZ-B§ centrifuge at 4 degrees C for 20 hin at 10,000 !
x g. The résulting pellet was washed and resﬁspended in a small
volume of the same buffer; Aliquots of 200 pl were frozen and stored
under iiquid nitrogen dntil use. Perein determfhations were carried

out by the method of Lowry et al. (1951).

2.3.3 FRACTIONATION OF THE LONGITUDINAL MUSCLE FROM RABBIT SMALL
JINTESTINE ™ |

~.In some experiments, the longitudinal muscle of £he rabbit small

~ intestine was prepared by a.differential centrifugation method de-
scribed byéi Kidwai (1975), see figure 7. The tiséue was minced finely
with scissors and then homogenized in tén volumes‘of‘O,ZS M sucrose
solution at 4 degrees Q using a Polytron generator PT10 at a setting.
of.6 for three 10 secobd bursts. The homogenate was filtered through
glass wool and cheese |cloth and centrifuged in the Sorvali at 4 degrees

i
|

C for 10 min at 1,200/x g. The pellet (P-1) was resuspended in buffer
. | P
and 200 pl aliquots were stored under liquid nitrogen. The supernatant

-

(S-1) was centrifuged in the Sorvall at 4 degrees C for 15 min at
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S — B
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Resuspend & P3 Resuspend & freeze aliquots
freeze aliquots
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FIG. 7 Schematic fepresentation of fractionation»of the longitudinal
muscle from rabbit small intestine by a differential cent-
rifugation method described by Kidwai (1975). P-1, P-2, P-3
and S-3 denote resuspended pellets frovaractions 1, é and 3

and the final supernanant, respectively,
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13,000 x g. - The résulting pellet was resuspended in buffer anq ZOO;pl
aliquots stored under liquid nitrogen. The superngtant kS42) was
centrifuged in a Beckmanﬁ?Model L3-40) ultracentrifuge at 4 degrees C
for 60 min at 105,000 x g. Both the supernatant (S-3) and the pellet
((P-3), which was resuspended in a small volume of buffer, were stored
under liquid nitrogen in 500 ul and 200 p1 aliquots, respectively.
All- protein determinations were by the method of towry et al. (1951).
Adenylate cyclase activity was determined in the various fractions.
Accofding to Kidwai (1975), P-1 contains sediméntal nuclei and some
unbroken celis and connective tissue. P-2 contains sédimeﬁtal
mitochondria and P-3 contains microsomes which consists of smooth and
rough‘endoplaémic reticulum and fragments of plasma membrane. S-3
supposedly is the soluble fraction consisting of the cytoplasmic
components. Any other variations in the method of broken cell pre-

paration will be ‘specified.

2.3.4 ASSAY.OF ADENYLATE CYCLASE

The assay of adenylate cyclase was carried out accordfng to the
method described by Baer (1975). The total volume of the assay mix-
 tures was 0.05 ml and contained the following: 25 mM sodium
N—2-hydroxymethylpiperazine—N—Z—ethanesquhonate (pH 8), 5.mM MgClz,
1 mM sodium cycllc AMP, 0.2 mg/ml sodium creatine kinase, 20 mM
sodium creatine phosphate, 0.1 mM alpha- [32P] ATP (about 500,000 cpm,
specific activity of 25 Ci / mmol), enzyme and other additions as

indicated. For example, in some experiments EDTA (ethylenediamine

tetraacetic acid) and DTT (dithiotheiotol) were added to the reaction
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mixture to complex‘divalent caiioﬁé and stabilize disulfide bonds,
respectively (éf..Anand-Srivastava et al., 1983). Incubations were
carried out at 30 degrees C and for 20 min unless otherwise specified.
The assay was initiated by addition of either enzyme or alphgl[3291-
ATP and was terminated by addition of a "STOP" solution at 4 degrees
C (125 mM EDTA and 25 mM of the following: ATP, 5'-AMP and cyclic AMP
with the pH adjusted to 7 with sodium bicarbonate). [32P]-cyclic AMP
was isolated from theAréaction mixture by chromatography on prewashed'
polyethyleneimihe-impregnated'cellulose thin layer plates 10x20 cﬁ

“ from Macheréy-Nagel/Brinkman. About 5 ul of each reaction mixture was
applied (along a 1.5 mm line) to the plate which was then developed
lin 0.25 mM LiCl. Spots containing ATP plus-S'QAMP and cyclic AMP
Weré visualized and isolated under ultraviolet light, placed into
scintillation vials and counted in 10 ml toluene containing
PPO_(2,5—diphenyloxazole) (4g/1) and POPOP (1,4-bis[2-(5-phenyl-

. okazolyl)] benzene) (0.2g/1). The ratio of counts/min invthe two
spoigf%calculated by computer) provided a measure of the percentage
conversion of ATP to cyclic AMP.

Results were expressed as the mean pmoles cyclic AMP/mg protein/

=

. of triplicate determinations from one
Y

n all cases the experiments shown were

Y

min plus and minus the S.E

y e

—t

broken cell preparation.
performed in at least 3 different broken cell preparations. Thus,
one broken cell preparation coﬁsisted'of the resuspended 10,000 g
pellet obtained from the tissues of 6 guinea pigs or 1 rabbit.
Whether the results éhown'are répresentétive of those obtained in the

3 different broken cell preparations is stated in the text of the
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results section. 10 mM NaF was used in each experimept as a control
agent to test the résponsiveness of the preparation (cf. Perkins,

1973). It invariably stimulated adenylate cyclase activity.

Statistics were not performed on this portion of the thesis which’

deals with broken cell preparations. Statisical analysis of data
dealing.with evaluation of the means of a small number of observa-
tions has two basic assumptions (cf. Hill, 1971). Neither of these
assumptions are valid with respect to this section. The first assump-
tion states-that wé have some appreciation of the standard deviation
that occurs in the real universe. However, there is a lack of re-
producibility of some results in this section which is real but the ..
reason(s) for this remain unknown (see section 4.2). The second
assumption stafes that the differences between means of samples are
distributed in the shape of the normal cufve etc. Again, the lack of

reprod&%ibility of some results in this section precludes our making

such an assumption. Therefore, the results in this section are neces-

sarily descriptive in nature.

2.4 MATERIALS

The physiological salt solution had the following: composition:

116 mM NaCl, 5;4 mM -KCl, 2.5 mM CaClz, 1.2 mM MgClZ, 1.2 mM NaHZPO4

22”mM NaHCO3 and 11.2 mM'glucose. The buffer solution was aerated
with 95%VO2 / 5% CO2 and kept at 37 degrees C. These chemicals were
obtained from Fisher Scientific on, Edmonto$ Alberta orASigma; St.
Louis MO. USA. |

The remaining chemicals used in this study and their sources were
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as follows: Acetic anhydride from J.T. Baker Chemical Co., N.J. USA;
adenosine, adenosine 3':5'-cyclic mondphosphate (cyclic AMP), adenosine
deaminase, adenosine 5'-diphdsphate (ADP), adenosine 5'—mon0ph;sphate
(AMP) and adenosine 5'-triphosphate (ATP) from Sigma, USA; Aquasol,
New England Nuclear, Boston, Mass., USA; bovine serum albumin (BSA),
Sigma, USA; 4~(3—Butoxy-4—methoxybgnzy1)-2—imidazolidine~(Ro 20-1724)
from Hoffman—LaRoche Inc., calcium carbonate (CaCO3) from J.T. Baker
Co., USA; Chloramine T from Eastman Kodak Co., Rochester, N.J., USA;
2—chloroadenosihe from Sigma, USA; copper sulphate (CuSOA.SHZO) from
Fisher Scientific Co., USA; creatine kiﬁase and creatine phosphatate
(sodium salts) from Boehringer Mannheim BmbH, w—Gerﬁany; 2'-deoxy-
adenosine 3':5'-cyclic monophosphate (deoxy-cyclic AMP) and 2'-deoxy-
adenosine 5'-monophosphate (deoxy—é'-AMP) and 2'-deoxyadenosine 5'-
triphosphate (deoxy-ATP) from Sigma, USA; dithiotheiotol (DTT) from
Calbiochém—Behring San Diego C:A., USA; ethylenediamine tetraacetate |
acid (disodium salt) (EDTA) from Fisher Sciénfif}c Cb., USA; forskolin
from Calbiocﬁem-Behring, LSA; folin-ciOcaTtean (phenol reagent) from
Fisher Sc?entific Co., USA; 1—methyl-3—isobutyl§eg§hine (MIX) from
Aldrich Co., Milwaukee, WI.)USA; 5!'-N-ethylcarboxamide adeanine
(NECA) from Dr..Sthotensack; N-2—hydroxyéghylpiperazine-N'-2-ethane- '
sulphonic acid (HEPES) A grade from Calbiochem, USA; N-6-{L-2-phenyl-
isopropyl)-adenosine (PIA) from Research Biochemicals Inc., Wagland M.
A., USA: Polyethylene Glycol 6000 (PEG) from J.T. Baker Chemical Co.,
USA; POPOP (1,4-bis[2-(5-phenyloxazolyl)] benzene) from Amersham/

Searle Corp., Des Plaines 111., PPO (2,5-diphenyloxazole) from Eastman

Kodak Co., USA; Sephadex G-10 from Pharmacia, Upsala, Sweden; sodium



D

acetate, sodium fluoride (NaF) and sodium hydroxide from Fisher Scien-
tific Co., USA; sodium metabisulphite from J.J. Baker Chemical Co.,

USA; sodium nitrate, sodium/potassium tartrate and sodium phosphate

~ from Fisher Scientific Co., USA; toluene and trichloroacetic acid (TCA)

from Fisher Scientific Co., USA; TRIS(HC1) (Tris(hydroxymethyl)-
amindmethane) from Sigma, USA; tyrosine—methyl—estéerf succinyi-
cyclic AMP (TME-ScAMP) from Boehringer-Mannheim, W-Germany; Verapamil
(Isoptin) Knoll Co., Ludwigshafen, FRG. N
All chemicals were of reagent grade and dissolved in deionized

distilled water except forskolin and Ro 20-1724. Sfock éolutions
of these compounds were prepared in dimethylsulfoxide (DMSO) and
syored at -20 degrees C. Subsequent dilutions were made with deion-
ized distilled water. DMSO alone, in the concentratio;s resulting
from drug addition, did.not alter any.of the parameters studied.

| The radiochemicals embloyed and their sources wefg as follows:
[3H]-adenosine 3‘:5'-cyc1fc monophosphate (25 Ci/mmole) from Amersham

125

International, UK; [ ““13}-Na from Edmonton Radiopharmaceutical Co.,

Edmonton, Canada; alpha—[32P]—adenosine 5*-triphosphate and alpha
[32P]—2'-deoxyadenosine'5'—triphosphate both at (25 Ci/mmole) from

ICN, Irvine C.A., USA.



2.5 ABBREVIATIONS

The abbreviatiohs which were used in this thesis are as fOIlows:

.alpha—[32P]—ATP
51 -AMP

deoxy—alphél[BzP]—ATP
DMS0 |
DTT
ED

50
EDTA

g o . .
60p

Gpp (NH)p

GTP

[3H]—cyclic AMP

HEPES .

i |
(1251 TME-ScAMP

&

alpha-[BzP]-adenosine 5'-triphosphate
Gy, .

adenosine 5'-monophosphate
ATP adenosine 5'-triphosphate
BSA bovine serum albumin
C catalyfic unit
Ci/mmol‘ curie/millimole
cm - centimeter 7
| o counts per minﬁter
ktijEE\KMP aaenosine 3':5'-éyclic monophosphate
| degrees C degrees celéius

deoxy-alpha4[32P]—adenosine 5'-triphosphate

dimethylsulfoxide

dithiotheiotol

concentration causing half maximal effect -
ethylenediamine tetraacetate |
gram

guanosine 5'-diphosphate
guanosine 5'-imidodiphosphate *

guanosine 5¢-triphosphate

[3H]—adenosine 3':5'-cyclic monophosphate

- N-2-hydroxyethyl-piperazine-N'-2"'-

ethanesuphonic acid

[1251’J-tyrosiné rﬁ@h’yl @ster of succinyl
adenosine 3':5'-cyclic monophosphate
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}mg/ml
min
MIX
ml
mm
mM

mv

NECA
Ni
nM

Ns
[32

Ri

/

RIA
Ro 20-1724

miligtliter .

Pl-cyclic AMP

61

milligram/milliliter
minute

a

1-methyl-3*isobutylxanthine

millimeter

millimolar

millivolts

guanine nucleotide binging site
5'-N-ethylcarboxamide adenosine

inhibitory guanine nucleotide binding site

nanomolar

, stimulatori quanine nucleotide'binding site

[32P]-ade jne 3':5'-cyclic monophosphate

polyethylene glycol 6000
percent |
phenylisopropyladenosine

picomole: y

1,4-bis[2-(5-phenyloxazolyl)] benzene

inorganic diphosphate
2,5-diphenyl-oxazole 2
receptor

sfimulatory adenosine receptdr
ighibitory adenosine feceptor
radioimmﬁnoastay

4-(3-butoxy-4-methoxybenzyl)-2-imidazolidine



S.E.M.
TCA

TEA
TRIS(HC1)
P

o

X g

standard error of the mean
tetrachloroacetic acid
tetraethylammoniuhf
Tris(hydroxymethyi)-am&nomethane
microliter

micromolar

times gravity
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3 RESULTS

3.1 MEASUREMENT OF CYCLICIAMPVLEVELS IN BEEF CORONARY ARTERIES:

EFFECT OF ADENOSINE

Cyclic nucleotide levels were measured by .the RIA teéhn}que
developed by Steiner et al. (1972). Since the antisera used in the
immunoassay were developed in our lab ratory, control experiménts 10

“and antibody specificity were conduc-

ensure proper assay conditi

~ ted, and are described in the methods.

Basal levels of cyclic AMP varied as much as 100 fold in tissues

obtained from one beef heart. Thus strict control of experimental

. conditions.was necessary. - Each arterial segment was cut in half,

parallel to the longitudinal muscle and cutting through the circular
muscle of the blood vessel. The two halves either served as control

tissues.for measurement of basal levels of cyclic AMP or adendsine was

. applied to one half and the other served as a control tissue. In this

way, identical péired tissUés,were obtained with‘respect'to both -
long&tudinal and cjrcu1ar smooth muscle. Furthermore,aattempts were
made to standardize procedural factors such’as time and tissue hand-
ling. The variability in basal levels of cyclic AMP was not reduced.
despite'these precautions. ”

'Thé effects of adenosine (1 mM and 0.1 mM) on cyclic AMP levels

~in large and small beef coronary arteries are shown in figure 8 (see

methods for definition of large and small coronary arterigg).
Adenosine (1 mM) caused a significant increase in tissue levels of

cyclic AMP in large and smali?Eoronary arteries. To the contrary,

T - 9
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FIG. 8

cbntrol and treated tissues; P< 0.05.

| pmol cycic AMP / mqg proten’

T
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Elevation of basal tissue lgvefé of cyclic¢ AP ([

by 1 mM and 0.1 mM () adenosine. in Strips of large and D

small;bééf coronary arter@ in .10 mih} ¢Re5u1ts a?e ekpres_

sed as the mean + S.E.M. (n=3) of determinations from:

8 - 13 tissues (coronary artery obtained from three beef

hearts, n=3). In'oné case the S.E.M. is written, (5.3).

Asterisks represent ‘a signrficént difference'between
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0.1 mM adenosine did not significantly increase tissue levels of
' cyélic AMP in the arteries. However, a trend towards higher levels
of cyclic AMP was apparent in smail arteries treated with 0.1 mM °

IR . .
{ adenosine.

¢

3.2 STUDIES ON ADENYLATE CYCLASE IN SMOOTH MUSCLE BROKEN CELL

 PREPARATIONS

3.2.1 EFFECTS OF VARIOUS COMPOUNDS OF ADENYLATE CYCLASE ACTIVITY

IN GUINEA PIG TAENIA CAECI

The effect of “various compounds including 10 mM NaF and 1 mM of
4the following, GTP, forskolin, adénosine, 2-chloroadehosine, NECA, PIA
; 'énd isoproterenol was examined with resbect to stimulation of adeny-
N '  late Cyclase activity from the 10,000 g pellet.from/gUinga pig taenia
S caeci (see figure 9a and b}. NéF and,forskolin stimulated adenylate
cyclase écfivity;: No stimulation of eﬂzyme gctivity was seen with
‘any of the ofher compounds tested. These reéults were obtaihéd frém
.1 broken cell preparatibn consisting of taenia caeci from 6 guinea

pigs. They are representative of results obtained in 3 different

broken cell preparatibns (see section 2.3.4).

1

‘*'3{2.2 EFFECT OF VARIQUS CONCENTRATIONS OF DRUGS ON ADENYLATE CYCLASE

ACTIVITY;IN GUINEA PI1G TAENIA gAECI\

P

The effect of various concentrations of adenosine, 2-chloro-
‘adénoéineiahd tsoproterenol with respect to adenylate cyclase activity
in guinea pig taenia caeci are shown inifigure'10. No 'stimulation

!
)



FIG. 9
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Histogrém of the ef{ecis of various compounds on adenylate

cyclase activity in the 10,000 glpellet from guinea pig

. taenia caeci. Basal cyclase activity (1) and the effect of

1 mM adenosine (2),{1 mM 2-chloroadenosine (3), 1mM isopro-

terenol (4), 1 mM GTP (5), 1 mM forskolin (7), 1 mM'NECA (8),

1 mM PIA (9), and 10 mM NaF (6) are shown. Results are

expressed as mean % S.E.M. of triplicate‘determinations.

e R ,
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FIG. 10 Lack of effect of various concentrations of adenosine
(A), 2-chloroadenosine kB) and isoproterenol (C) on
adenylate cyclase a&tivity in the 10,000 g pellet from
guinea pig taenia caeci. Results are expressed as mean
+ S.E.M. of triplicate determinatioﬁs. Error bars are

not shown when the S.E.M. are contained Qithin the symbol.
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over basal adenylate cyclase activity was observed with these
compounds at any concentration tested. The results shown in figure
10 were obtained from 1 broken cell preparation and they are repre-

sentative of results obtained in 3 different broken cell preparations.

3.2.3 EFFECT OF VARIOUS CONCENTRATIONS OF FORSKOLIN ON ADENYLATE

CYCLASE ACTIVITY IN GUINEA PIG TAENIA CAECI AND THE LONGITUDINAL

MUSCLE OF THE RABBIT SMALL INTESTINE

The effect of/various concentrations of forskolin on adenylate
cyclase act1v1ty from guinea plg taenia caeci and the longitudinal
muscle of the rabbit small intestine are shown in figure 11. In both
broken cell preparations, forskolin in the range 1‘pM to 1 mM caused
a concentration- dependent stlmulatlon -of adenylate cyclase activity.
~ These results ‘complement the contractlllty studies congerning the

1mechanlsm of forskolin-induced relaxation of.smooth muscle (see beioW).
In both preparations forskoggn Caused greaferfstimulation of the
enzyme thah~did NaF. Thus, 10 mM NaF caused 670 and 158% stimulation,
and 1 mM forskolin 1085 and 4587 stimulation, in the guinea pig
taenia caeci and rabbit small intestine, respectively. The results
shown in figure 11 were obtained from 1 broken cell preparation
. of longitudinal muscle of the rabbit small ihtestine‘aﬁd 1 broken
ceil‘preparation of guinea pig taenia eéecj. They are representative

of those obtained from 3 different broken cell preparations in each

case.
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act1v1ty in the 10,000 g pellet from guinea plg

caeci (@, and the longitudinal muscle’ AReg
rabbit small intestine ( O LD .
as mean % S.E.M, of triplicate determindtidns. Er%or bars
are not shown when the 'S.E.M‘. are contained within thé-

sy}r\bol .



3.2.4 EFFECT OF VARIOUS CONCENTRATIONS OF GTP AND Gpp(NH)p ON

ADENYLATE CYCLASE ACTIVITY IN THE LONGITUDINAL MUBCLE OF THE RABBIT

SMALL INTESTINE AND THE GUINEA PIG TAENIA CAECI

| S .
The effect of various concentrations of GTP on adenylate cyclase

activity from guinea pig taenia caeci is shown in figué% 12. GTP
displayed a bell-shaped effec; causing concentration-dependent
stimulation of adenylate cyclase activity between 1)m4and 100 pM.
However, 1 mM GTP caused less stimulation of the enzyme than a 10 fold
lower cohcentréticn (figure 12). Similar results were obtéined with
Gpp(NH)p, a stable anélog of GTP (figure 12). Adenosine deaminase

(5 U/ml, see below{éﬁid not alter the concentration-response curve

to the GTP analog. :fhus, the stimulation;of adenylate éyclase by
Gpp(NH)p was not altered by endogenous adenosine. The maximum
increase over basal adenylate cyclase activity was 143 and 561% by GTP
and Gpp(NH)p, respe&tively. The results shown {n figure 12 were ob-
tained in 1 broken cell preparation and they are representative of
those obtained in 3 different preparations.

The concentration effect of Gpp(NH)p on adenylate cyclase from

a 10,000 g pellet of the longitudinal mus;le of the rabbit small |
intestine is shown in figure 13. In this preparation, Gpp(NH)p in
%he range of 100_nM to 1OQ‘uM caused a .concentration-dependent
stimulation of adenylate cyclase. A 10 fold higher concentration
“of Gpp(NH)p did not cause further stimulation of the enzyme. The
results shown in figure 13 were obtained from 1 broken cell prepara-

tion and fhey are representative of those obtaihed in 3 different

Y
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FIG. 12 Concentration-effects, of GTP (A) and Gpp(NH)p (B) in the
presence ( ) and absence ( ) of adenosine deaminése,
(5 U/ml) on adenylate cyclase activity in the 10,000 g
pellet from guinea pig taenia caeci. Results are
expressed as mean + S.E.M. of triplieatg\ggterminations.

Error baré are not shown when the S.E.M. are ébntained__‘

]

within the symbol.
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FIG. 12 Concentration-effects, of GTP (A) and Gpp(NH)p (B) in the ——

‘preselgce (O ) and absence ( ® ) of adenosine deaminase,

(5 U/m1) on adeny]éte cyclase activity in the 10,000 g

pellet from guinea pig taenia c@éi} ,Résuits‘ are

expregsed as mean + S.E.M. of triplicate determinations.

Efjror bars are not s.lh‘o_wn when the S.E.M. are contained %
within the symbol. | |
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preparations. N

3.2.5 SUBSTITUTION OF DEOXY-alpha-[%PJ-ATP FOR alpha-[32p]-ATP
IN THE ADENYLATE CYCLASE ASSAY IN GUINEA PIG TAENIA CAECI.

Investigaﬁqrs have eliminated the possibility of endogenous
adenosine obscuring hormone-mediated stimulation of adenylate’cycleSe
In a broken cell breparation in the following two ways: substitutien
of deoxy—alpha-[ P] ATP for alpha [32P] ATP in the cyclase assay and~
hyéYoly51s of adenosine to inosine, which is 1nact1ve at adenosine. .
receptors, by addition of aden051ne deaminase to the enzyme prepara-
tlon In this manner, aden051ne medlated stimulation of adenylate
‘cyclase has been demonstrated in a nymber; of different cell types
(Londos et al., 1981). |

The effect of»substituting deoxy-alpha-[32PJ-ATP for alpha-

[32P] ATP in the assay of adenylate cyclase from gu1nea plg taenia

caeci with respect to stimulation of adenyle}e cyclase activity by
various agents is shown in figure 14. NaF (10 mM) s%imulated the»
enzyme-bj 451 and 489% in the deoxyfalpha-[qu]-ATP and alpha-[32P]—
ATP asséys,‘respectively. Forskolin (1 mM) stimulated the enzyme by
1,013 and 1,008% in the deoxy-alpha-[32P1-ATP ad alpha-[32p]-ATP
assays, respectively. Thus NaF and fofskolin ?timulated adenyfafe
cyclase from guineé pig taenia caeci to the samekexfent whetﬁer
deoxy- alpha [32P] ATP or alpha- [32P] ATP was used as substrate in the
assay. Also, no stlmulatlon of adenylate cyclase activity was seen in
.

this preparatlon with 2- chloroaden051ne or isoproterencl when elther

deoxy-alpha- [ P]tATP or alpha-[32P]—ATP were used as substrate,

74
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FIG. 14  Effect on bééal (1{ adenylafe cyclase acfivity in the
| 10,000 g péllet‘fme guinea_pjg taenia_caegi‘of 1.mM
’”  forékdlih;(Bj, 1 mM ZéchlbroadenoSine.(4), :‘mM/isdproé
‘terenol (5)(and,103mM NaF (2) using alpha-[szP];ATP
(%) or ‘deoxy-a'l'phé-(32P]i_ATP" (’D)l as substrate ain
the assgywsystem.‘ Results a}e'shown as meén:+vS.E.M. of

~triplicate determinations.



- We also attempted to stimulate adenylate cyclase from guinea pig
taenia cae/T with adenosine in ‘the absence and presence of GTP( 100(pM
or forskolln 100 FM and using deoxy- alpha [32P] ATP instead of
alpha-[ P]-ATP in the assay system. The concentra&ion-effect curves
for adenosine under these conditipns are‘shown in figure 15. No stimu-
latlon of adenylate cyclase act1v1ty was found at any concentration of
adenosxne fzsted In the presence of forskolln, adenosine 1nh1b1ted

adenylate cyclase act1v1ty 1lpM and 1bﬂpM forskolin stimulated t
enzyme by 128 and -536%, respectlvely (see flgure 16). Under these

conditions, no further stimulation of the: enzyme was seen with NECA at o

iany concentratlon tested (see flgure 16). Thus, receptor medlated ?‘““

stlmulatxon of adenylate cyclase in smooth muscle was not observed

[32

- under any condition tested using deoxy-alpha- P] ATP as substrate

LY

in the enzyme assay.‘ The results shown in‘flgures 14, 15 and 16 "o
were obtalned from 1 broken cell preparation of guinea pig taenia.

caec1 and they are representatlve of those obtalned in 3 dlfferent
enzyme preparations. . o\k - : o ;@

7
e

3.2.6 EFFECTS OF GTP AND ADENOSINE DEAMINASE ON THE ACTION OF NECA

* ON_ADENYLATE CYCLASE ACTIVITY IN THE LONGITUDINAL MUSCLE OF THE

RABBIT SMALL INTESTINE AND GUINEA P1G TAENIA CAECI

The effects of concentrations of NECA with respect to adenylate

i
"cyclase activity from guinea pig'taenia caeci and the rongitudinal

muscle fron rabblt small 1ntest1ne in the presence of aden051ne
deamlnase (5 U/ml) and GTP (50}ﬂ4 are. shown in figures 17 and 18,

respectlvely This amount of adenosine deamlnase widl metabollze

1
t
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‘ FiG. 17 ‘Lack of stimulatién,by various concentrations ofJNECA
( @) of adenylate cyclase activity in the 10,000 g
pellet‘from guinea pig ﬁaenia caeci. The adenylate \
\ cyclase preparation was treated with so'pM GTP ‘and adenbsine
déaminase. Results are expreséed as,méan i'S.E.M. 6f

\ triplicate determinations.
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5 pmoles of adenos§ne per min af 37.degrees C and is sufficient

for use in tissues with high phosphorylaseﬂactivity”and.Iow adenylate‘
- cyclase activity (Londos gggals,¢19é1). Under these'conditions;
where endogenous adenosine is'elfminaied‘and_the guanine nucleotide

is present, no stimulation of adenylate cxclase was. seen with NECA in

concentration range from 1 nM to 1 mM. Inns,‘the absence of GTP and/or

the presence of endogenous adenosine in the system'do not aopear]@on"

.explain the lack of -sensitivity of adenylate cyclase from these smooth

muscles to drugs. The results shown in figures 17 and 18, were -
obtained in. 1 broken cell*preparation'and they‘are representative

of results obtained from 3 different preparations..

13.2.7_EFFECT OF Gpp(NH)p AND ADENOSINE'DEAMINASE" ON THE ACTION OF

NECA ON ADENYLATE CYCLASE ACTIVITY IN THE LONGITUDINAL MUSCLE OF THE

RABBIT SMALL INTESTINE

" Adenylate cyclase from the longitudinal ‘muscle from raboity
small intestine was treated w1th 0: 1)UN or 1 mM Gpp(NH)p plus adeno-
sine deaminase and the. effect of NECA on enzyme act%thy was examlned
(flgure 19). No stlmulatlon of adenylate cyclase was observed 1n
this reparatlon by NECA in the concentratlon range from T nMto 1 mM,
'undergéhe condltlons where endogenous adenosxne was e11m1nated4andj
the stable GTP analog was present The results shown in flgure 19d\
were obtained in 1 broken cell preparatlon and_are representatlve of

' N
those obtained in 4 different enzyme preparatlons.
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FIG. 19 Lack of stimulation by various concentrations of NECA
 (@0) of adenylate cyclase in the 10,000 g pellet
fromAthe longitudinal muscle of rabbit small intestine
treated with 0.1/JM (@®@)ortmM (O) ‘Gpp(NH)p and
.adenosineldeaminase.'.ReSUIts are expressed as mean

S.EM. of triplicate determiﬁat?ons.
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" 3.2.8 EFFECT OF ISOPROTERENOL ON GDP(NH)p lNDUCED STlMULATlON OF

SMOOTH MUSCLE ADENYLATE CYCLASE ACTIVITY IN GUINEA PIG TAENIA CAECI.

.-. .D“4.

TREATED NITH ADENOSINE DEAMINASE
‘ ) N " . ' n ' ‘ e J“' o ) s N
To test the"poSSibillty-that reCeptdr-mediated'stfmUIation of

.

ylate cyclase could ngt be demonstrated because an optlmal con<’

(::::ratlon of guanlneﬂnucleotlde was not belng used, the effect .of
-100/mllsoproterenol on Gpp(NH)p~1nduced stimu\ation of adenos1ne
deamlnase treated adenylate cyclase from gu1ne:\plg taenia caeci was
examlned The results are shown in figure 20 Gpp(NH)p caused stim-
ulation of adenylate cyclase 1n a concentratlon dependent manner up
to 10 M. A further increase in the concentratlon of Gpp(NH)p to |

100‘pM caused submaximal stimulation of the enzymei Treatment of the

4

preparatlon with 100;ﬂ41soproterenol appeared to prevent the decrease

- in st1mu1at1on of adenylate cyclase by 100‘pM Gpp(NH)p while not
"alter1ng the act1on of the GTP analog at any other concentrat1on
| 'Although not as pronounced this effect was observed in another
broken cell preparation of guinea pig taenia caeci. In a_thlrd,broken
cell preparation 100 uM isoproterenol did not altergthe effect of
’Gpp(NH)p'on adenylate cyclase activity. Therefore, this effect‘of
~isoproterenol was not reproducible | o |
' Stlmulatlon of adenylate cyclase from gu1nea pig taenia caec: ;

by 100 M Gpp(NH)p 1n the absence and presence of 100 uM 1soproterenol
was examined over the 9 min tlme course of an assay (see flgure 21).
Gpp(NH)p stlmulated the enzyme on an average by 154% and it plus
1soproterenol stlmulated the enzyme on -an average by 150% Thus,

‘isoproterenol did not alter.stlmulatlonhof adenylate cyclase obtained

8
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_activity in the 10,000 g pellet from guinea pig taenia

terenol. The assay mixture was incubated for 9 min.

caeci (treated withfadehoslne deaminase) by Gpp(NH)p in v

the absence '( ®) or bresen'cé (0O ). of 100 AjMfis‘opro-

Results are expressed as the mean + S.E.M. of triplicate

(determinations. Error bars are not -shown when the S.E.M.

| are‘contained within the symbol.
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FIG 21 éepeated stxmulatlon {)f ‘basal, L(.) adenylate cyclase

v actlvxty in the 10,000 g pellet from guinea pig taema

caec1 (t\e?ed with adenosme ctamlnase) by 100/JM Gpp(NH)p
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with Gpp(NH)p alone. Furthermore,'gt no tjm¢ wasAthe épzyme stimulated '
to a greater exFent‘by the combiqﬁtion.of‘these agents over the
guanine_nucleotide'analog‘alone. Theiresults §hown in figure 21 were
“obtained from { brdkén cell prepération and‘arq;representativé of 2 -

préparations. . ' : x |

3.2.9 TIME COURSE OF STIMULATION OF ADENYLATE CYCLASE ACTIVITY FROM

GUINEA PIG YAENIA CAECI WITH Gpp(NH)p IN THE ABSENCE AND PRESENCE OF

" ISOPROTERENOL

~

“The time course of Gpp(NH)p;induced stimulation of adenylate

cyclase from guinea;pig taehia Eaeci in the presenpe and absence ofi
isoproterenol (100‘pM) is shown in figuré éZ. Gpp(NH)p alone or with | ,
.isoproférenol were a&ded to fhg‘assay at 16 min. The basal fate 6f - ‘
adenylate cyclase activity beforé addition;of drug was qbout 2 pmol/
mg/min. After 4 min of'additiOn of drug the rate of enzyme éctivity
had not changed appreciably. However, it increased to 8 pmor/mg/min,
.thereafter. As can be seen in figufé 22;\iSOprotérenbllhad no effect
on the stimulation of adenylate cyclase at ahy time pofnt examined.;}
"In another broken cell preparation'of guinéa pig talea cééci |
.isoproterénol decreased the Gpp(NH)b-induced stimulation of édenylate
) cyclasevactiVity. ‘In a third broken cell-prebaration rgsultS $imilar

to those shown in figure 22 were obtained.
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" FIG. 22 Time-dependent stimulation Of‘adenylate eyelése activity 7

~in the 10 000 g pellet from gu1nea plg taenxa caec1 | o
(treated with adenosine deamlnase) by 100/uM Gpp NH)p in the' ’Ei -
absence ( . ) or presence (O ) qf 100 FM 1soproterenol o

Results are sxngle determlnatlons
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13.2.10 EFFECT OF Gpp(NH)p ON THE ACTION OF ISOPRGTERENOL ON GUINEA !

PIG TAENTA CAECI ADENYLATE CYCLASE TREATED WITH ADENOSTNE DEAMINASE

\\
The effect of I/JM and 100 }JM Gpp( NH)p on the action of
1soprotehenol (1 MM to 1 mM) on adenylate cyclase from gu1nea pig
taenia caecl in the presence of adenosine deamxnase is shown in figure
'23; No stlmulatlon of adenylate cyclase was .seen w1th isoprotereno!
at any concentratlon tested in e1ther of the Gpp(NH)p treated enzym
-preparatlons The results shown in flgure 23 were obtalned in 1 broken

cell preparatlon and they are representatlve of results obta1ned in 3

dlfferent preparatlons

‘kv3 2 A1 EFFECT‘OF THE REGENERATING'SYSTEM IN THE ADENYLATE CYCLASE

ASSAY OF ENZYME ACTIVITY IN GUINEA PIG TAENIA CAECI

The above*experlment was performed with two dlstlnctlve features
| Fxrstly, the regeneratlng system consisting of creatlne phosphate
-and Creatine. klnase was eliminated from the adenylate cyclase assay..
R Secondly, the enzyme preincubated with drug for-30 min prior to
- initiating the assay ::Ssbd1t1on of the substrate alpha [32P] ATP.
_ Isoproterenol 1nduced stxmulatlon of adenylate cyclase from: vascular :

' smooth muscle has been demonstrated utllliIng th1s protocol by other

.'1nve$tlgators (Hamet t al., 1978) The concentratlon—response effect

',of isoproterenol on adenylate cyclase act1v1ty in gu1nea pig taenla o
'E%%Cl in the presence or absence of 1 or 100‘pM Gpp(NH)p 1s shown 1n

fxgure 24. There was no st1mulat10n of adenylate Cyclase actlvxty

- "These results suggest that the regenerat1ng system was not obscurlng :
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'10 000 g pellet from gulnea pig taenla caeci (treated wfmh
| 7  adenosxne deamlnase) by varlous concentratlons of 1sopro--
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FIG 24 Lack of stlmulatlon of adenylate cyclase act1v1ty in the R

> ' 10, 000 g pellet from gu1nea pxg taenxa caeci (treated thh

'aoenQSIne deam1nase) by varlous concentratlons of 1sopro—a‘fJ

g fterenol in the presence of 1}1M ( O ) or 100)uM ( o)

L prp(NH) The assay mlxture was 1ncubated for 9 mln and

f; onta1ned EDTA (1 mM) and DTT (1 ). Furthermore Lt was : -y:f’

| dev01d of a regeneratlng system and. adenylate cyclase was

. gtreated w1th 1soproterenol and Gpp(NH)p for 30 min prlor

‘avalpha [32P] ATP.. Results are expressed as mean : S E. M.

of trnpllcate determ1nat1on$

“to 1n1t1at1ng the assay by addition of the substrate, af":
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enzyme stimulation in this preparation. These results were obtained

in one broken cell preparation and they are representative of results

obtained in three different preparations. | .

\

3.2.12 EFFECT OF VARIOUS COMPOUNDS ON ADENYLATE CYCLASE ACTIVITY

FROM MEMBRANE FRACTTENS F LONGITUDINAL MUSCLE OF RABBIT SMALL
Y .
INTESTINE '

As described in. the methods, the longitudinal muscle of the

rabbit small intestine.yas'fractibnateQ‘ihto the 1,200 g, 13,000 g gnd
105,006 g pellets and the final supernanant, and termed P-j, P~2,‘3
and S-3, respettively. The ef%ects of ‘a variety of agents onvadenylate
c}clase activity in these frgctions were determined alghe and in
combidation with_Gpp(NH)p. The results from 1 broken cell preparetion
-are depictediin form of histograms (see figure 25) and in tabuiar form
(see table 1). Isoproterenol did not increase basal adenylate cyclase .
aétivity in P-2, P-1 and S-3. On fhe z;geﬂ hand, isoproterenol

stimulatgd the enzyme activity by 44% jf fraction P-3. Similarily,

NECA d1d not increase adenylate cyclase activity 1n fractlons P-1 and ——

Y

S-3.° However 55 and 29% stlmulatlon of the enzyme act1v1ty was seen -

\

with NECA in fracngps P-3 and P-2, respecfively. ' These results are
representatlve of 2 broken cell preparatlons of longitudinal ‘muscle
from rabbit small 1ntest1ne In another 2 preparatlons no stimulation
of adenylate cyclase activity was observed with 1soproterenoluor NECA.
| Gpp(NH)p stimulated adenylate,cyclase activity in-all the
fractions tested except S-3. Gpp(NH)p in combination with isoprot--

erencl caused no further stimulation in fractlons P-1, P-2 and S-3.
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FIG._25"Effect on basal (1) adenylate cyclase activity in fraction
S-3 (A), P-1 (B), P2 (C) and P-3 (D)‘from the longitudinal
mﬁscle of rabbit small intestine (treated with adenosine

| deamlnase) of the following: 100/pM 1soproterenol and 100 uM
NECA Jn the absence (2 3 respectlvely) or presence (5 6
respectlvely) of 100/uM Gpp(NH)p, 100 pM Gpp NH)p alone (4),
10 mM NaF (7) and i mM forskolin (8). Note that the scales

- for adenylate cyclase act1v1ty differ in the various frac-
tlons - The assay mixture was 1ncubated for 12 min, and
contalned EDTA (1 mM) and DTT (1 mM). Results are expressed
as mean + S.E.M. of triplicate determinations. In panel D

. \ .
number. 8, 190 (8) represents the mean (S.E.M.).
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TABLE 1. Effect on basal’adenylate cyclasé activity in varioué
" fractions from the longitudinal muscle of rabbit small -

intestine of a -variety of agents.

Percent basal activity (¢ S.E.M.) in Fractions

Forskolin (1 mMp 437 (9)

P-1 p-2 P-3 . - S5-3

Drug Treatment

(Concentration)

Isoproterenol’ (=) 3 (9) 44 (69 (-—)
(100 pM) ' | ,
“NECA (100 pM)  ~ ( —) 29 (8) 55 (7) (—)
Gpp(NH)p (100 pt) 115 (15) . 132 (10) 87 (4) (=)
Gpp(NH)p (100 uM) 118 (13) 152 (1) 132 (7). 15 (32)
plus Isoproterenol ' ’

(100 pM) ,//’\ | ki

Gpp(NH)p (100 uM) ~ 65 (5) 104 .(2) 89 (5) (=)
plus NECA (100 uM) ' |

NaF (10 mM) 215 (17) 165 (16) 245 (8) (—)

t98 (12) 550 (5) 146 (14)

For other details of these results,

see the legend to Figure 26 and the text.

(— ) designates no effect.

S.E.M. of triplicate determinations
are shown in brackets.
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These results are representative of data o@tained from d\broken cell
preparations. In one broken cell preparation, 52% addftfonal
stimulation of enzyme activity'was seen witn the diug in com-
bination with the. GTP analog 1n’fractlon P-3. No such effect was
observed in 3 other broken cell preparatlons Gpp(NH)p in combination
with NECA shoned no stlmulatxon of adenylate cyclase activity in any
fraction above that‘found with fhe guanine nucleotide analog %lone
\Ihls result is representatlve of that found 1n 3 other broken cell
preparatlons © |
The effect of NaF and forskolin-on adenylate cyclase acfivity

_ B : )
were also tested in all fractions. NaF*stimulated enzyme activity in -

all fractions except-S-3. Forskolin was the most potent stxmulator of -

adenylate cyclase activity in all fractions. ThlS result is represent-

ailve of that found in 4 different broken cell preparat1ons .
i : ‘ \ A \‘\\
3.2.13 é#FECT‘OF VARIOUS CONCENTRATIONS OF ISOPROTERENOL AND NECA

y IN THE PRESENCE AND ABSENCE OF Gpp(NH)p ON ADENYLATE CYCLASE ACTIVITY

FROM FRACTION P-3 OF THE LONGITUDINAL MUSCLE OF THE RABBIT SMALL -
INTESTINE ‘

Effect of varlous concentratlons of 1soproterenol and NECA were
determlned in fractlon P-3 from the longltudlnal muscle of the rabbit
| small 1ntest1ne The effect of various concentrations of the drugs
| on basal enzyme activity. is shown 1Q\flgure 26. Neither NECA nor

A 1soproterenol caused stimulation of adenylate cyclase activity at any

concentration tested. -These results were obtained from a broken cell -

“preparation and they arearepresentative of results obtained in three

95
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Lack of stimulation, of basal'adenylape;CYClase activity in'
fraction P-3 from the longitudinal muscle of rabbit sméil |
intestine (treated with adenosine deamihase) by various
- concentrations of isoproterenol ( O )ilér_\d NECA ( fq .) .

The assay mixture was inéubatedvfgr 12 min and édntained
“EDTA (1 mM) and DTT (1 mM). Results are expressed as

mean . S.E.M. of triplicate determinationg. Error‘bafs -

are not shown in some cases for clarity.~\\\
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different prebarations. . \
‘The effect of Gpp(NH)p on iseproterenol—induqedgkimulation of
~ adenylate cyclase activity in the P-3 fréctieh from.tné;longitudinai
muscle of the rabbit small.intestine was also examxned in more detall
The effect of various concentratlons of 1soproterenol 1n1the absence
and presence of 100 yJM Gpp( Nr%p is shown in figure 27. Once again,
- isoproterenol did eot alter basal adenylate cyclase activity in this
preparation at any concenf}ation“tested. Thus, our aftembts 10 sth“
sfimUlatien of adenylate»cyclase activity with isoproterenol and NECA
.‘in fractiohlP-3 from, the ragbit small intestine preparation were
unsuccessful both in the absence and presence of,Gpp(NH)p. These

results were obtained from 1 broken cell preparation and they are ,[

representative of results obtained in 3 different preharations.

3.3 CONTRACTILITY STUDIES v

'3.3.1 EFFECT OF FORSKOLIN ON SMOOTH MUSCLE CONTRACTILITY

Forskolin caused‘concentrationfdependent relaxation in rat
aorta/ beef and ddg corona?y artery, gUinea Pig taenia caeci and
1nh1b1t10n of spontaneous act1v1ty in rabbit small intestine. Typical
relaxations by forskolln in rabblt small intestine and beef coronary
artery are shown iA f1gure 28. Cumulatxve coneentratlon-response
. curves for forskdlin'in these smooth muscles are shown in figure 29.
From these.concentfetion-response curves'the concentrations eaUsing
half-maximal relaxatidn_(EDSO) and‘the 95% confldence limits were

calculated (see table 2). It is evident that vascular smooth muscle

s

e

)

N\
.
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FIG. 27 Lack of stihulation'bf adenylate cyclase activity in:
fraction P-3 from the longitudinal muscle of rabbit small
intestine (treated with"adenosineVdeaminase) by farious
concentrations of isoproterenol in the absence. (@)
or presence ( O ) of 100 pM Gpp(NH)p. The assay mixture
was ihcubated for 12 min and contained EDTA’(1.mM).and

“DTT (1 mM). Results are expreséed as mean t S.E.M.vof“

“triplicate determinations.

y
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FIG. 28 Repreéentatfve traces of cumulative inhibition of spontaneous

activity in rabbit small.intestine (upper tracing) and
cumuiapive relaxation of beef:coronary artery (contracted

with 20 mM KC1 - lower tracing) by,forskolin.
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FIG. 29 Tumulative concehtration-responseicurves‘fo; forskolin;
mediated relaxation or inhibitibn of spbqténeon activity
“in rat aorta ( W), beef coronary artery (@ ) , dog
coronary artery ( ‘) , guinea pig taenia caeci (A) ,
and rabbit small intestine (w) . Résults are‘ex'pressed
‘as mean * S.E.M., n=4-6. Only one error bar is shown in
some cases for clarity: -Also, error bars afe»ndt shown

when the S.E.M. are contained within the symbol.
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TABLE 2. Estimations from cumulative concentration-response curves.
_ of concentrations of forskolin causing\half-maximal -
relaxation (ED..) and 95 percent copfidence limits in-
vascular and ndf-vascular smooth muscle\' :
v\

\
. . \\\ .
Tissue Preparation - EDso o (95% con\fidéhce 1fmits)
Rat Aorta - R T RN ¢ nﬁ‘a\- 46 nM) B
Beef Coronary Artery’ 51 oM J‘(4¢ nM\% 57 nM)
Dog Coronvary}Ar‘t‘e\;j | | - O.B}JM _ o : (0.18 /JT; -".[,0.5,1 M)
Guinea Pig Taenia Caec? 2.8 pM ~ (1.8 }JM 43 )JM),"
Rabbit Small‘lptésti;e | 2.8 PM  %M”““}§§jkO;92/uM ' 8.6;pM) |
' ?éi:- o ,&f‘ _
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was about 10 to 100 fold more sensitive to the relaxant action of
forskolin than guinea p1g taenia caeci or rabb1t small intestine.
Furthermore dog coronary artery—appeared to be less sensitive to

the actlon of forskolin than the other vascular smooth muscles.

3.3.2. EFFECT OF MIX AND Ro 20-1724 ON SMOOtH MUSCLE CONTRACTILITt',*WQ ‘
. A — — | — o
.The)phosphodtesterase inhibitors Caused "direct" relaxation of
_the smooth muscles examined in this study, thus, before measuring
the‘eftects‘of'MIX or Ro 20-1724 on the relaxant action of forskoldn,
. -the inhibitory concentratlons cau51ng relaxatlon were determlned |
vThls was done by adding. increasing concentrat;ons (1n 10 fold con-
centration increments}}to the muscle strips from 2-3}preparations_
until noticable relaxation was_observed. 1In the concentration- _
response curve studies with forskolin, one tenth Ofvthese concen-
vtrations nere used In beef coronary artery ‘guinea p1g taenla caec1
-and rabblt small 1ntest1ne MIX was used at 0. 1,n4 1‘pM and 10 pM,
vvand Ro 20- 1724 was used at 10 nM,. 0. 1}JM -and 1)JM respectlvely
Therefore, the phosphodlesterase xnhlbltors were employed in
concentrat1ons which were devoid of ”dlrect“ relaxant or 1nh1b1tory

effects.

- 3.3.3 EFFECT OF MIX AND Ro 20 1724 ON RELAXANT OR INHIBITORY

EFFECTS OF FORSKOLIN IN, SMOOTH MUSCLE s — B

Cumulative concentration response curves, to forskolin-mediated

relaxatlon 1n guxnea plg taenla caec1 measured in the presence or

¢

absence of 1}1M MIX or 0. 1}JM Ro 20- 1724 are shown in f1gure 30.
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FIG. 30 Cumulative concentration-response cdrves.fOr forskolin-
mediated relaxafion of guinea‘pig taenia caeci 2 Control
: curves (@) and curves from tlssues ;reated ( O) w1th
//9/20 1724 (0 1‘pM) (left panel) or MIX (1)UM> r1ght
panel) are shown - Results are expressed as mean % S.E.M.,

' n;6. Some error: bars are not shown elther when the .
S?E.M. are contalned w1th1n‘the'symbol or for the sake of
clarjty. The E050 of the control curve was 51gn1f1cantly
d1fferent “from the. ED50 of the curve from/tlssues treated -

© with Ro. 20-1724 ( P£ 0.05) but not with MIX.. |
Y
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_The concentratlon -response curves in the presence,of the. phOSphodles»
terase 1nh1b1tors were sh1fted to the left compared to 5 control o
curve. However, ‘the Shlft was statlstxcally sxgnlflcant only in f(
the Ro 20- 1724 treated tissues. ThlS potentlatlon of "the relaxant
effects of forskolin by treatment. of the tissue thh phosphodlesterase
1nh1b1tors suggests that cyclic AMP may: be 1nvolved in fOFSkOlln-» N
medlated relaxatxonfln the-guxnea pig taen1a;caec1. The E050 values E’

. g

were obtained as means of values from individual strips and the 95%
confldence’llmlts are shown in table 3 | | o
Cumulatlve concentratlon response curves, to forsk011n~med1ated‘

1nh1b1t10n of spontaneous act1v1ty in rabth small 1ntest1ne measured

in the presence or absence of 10 /JM MIX or 1 pM Ro 20- 1724, are
hown 1n flgure 31 In this case, the concentration- response curves

in the presence of both phosphodlesterase 1nh1b1tors were statlstlcally

51gn1f1cantly Shlfted to the left compared to the control curves. ‘

- Thus, treatment of the tlssue with eithér MIX or Ro 20 1724 potentlated
the 1nh1b1tory effects of forskolln suggestlng an- 1nvolvement of

- cyclic AMP in the action of the dlterpene lgaln the ED50 values

obtalned from these curves and the 95% confldence 11m1ts are shown in

-‘table 3.

t)

Beef coronary artery proved to be very sen51t1ve to- the relaxant
.-actlon of the phosphodlesterase 1nh1b1tors > The: concentratlon response o

- curves to forskolln—medlated relaxatlon of this preparatlon both 1n 'g _

.; the presence and absence of 100 nM MIX and 10 nM Ro 20 1724 are shown .

v1n fxgure 32. The concentratlon response curves to forskolln in

: beef coronary artery in the presence of the phoSphodlesterase ‘
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TABLE 3. Estimations from cumulative concentration-response curves
of concentrations of forskolin causing half-maximal
relaxation (ED.,) and the 95 percent confidence limits in
smooth muscle: " Effect of phosphodiesterase inhibitors.

Forskolin ED ,
(95% confidence lla?ts (}JM

E

Conditions
“

" Tissue Preparation Control MIX Ro 20-1724
Guinea Pig 3.0 45 0.5
Taenia-Caeci . . (1.9 - 4.7) (0.48 - 4.5)  (0.33 - 0.75)
Rabbit Small 2.9 0.41" 0.22"
Intestine T (0.68 - 12) (0.085 - 2.0) (0.079 - 0.59)

For further details of these results see
Methods and Results
Bl Asterisks (*) represent a significant
v O difference between the ED., values of

“the control and treated t?gsues P< 0.05.

t
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FIG. 31 Cumulative concentrafion-résponse curves for forskolin-
mediated inhibition of rabbit small intestine. The
control curve"( '.‘ ) an‘d curves from tissues treated
&) with Ro 20-1724 (1uM) (-O) or MIX (10 p) -
( &) are shown. Results are expressed as mean t;S.E.M.;
n=4. Some error bars are not shown either when the ?
S.E.M. are contained within the symbol or for the sake
Cof clarity. The EDy, of the control curve was sig-
nificantlyﬁdiffefent‘fFom the EBSO of the curves from

. 1= .
tissues treated with Ro 20-1724 or MIX; P& 0.05.
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FIG. 32 Cumulative concentration-response curves for forskolin-

mediated relaxation of beef coronary‘artery.

Control

curves ( @) and curves from tissues treated ( O)

with Ro 20-1724 (10 nM) (left panel) or MIX (0.1 xiM)

(right panel) are shown.

+ S.E.M., n=6.

Results are expressed as mean

- Some error. bars are not shown either when

the S.E.M. are contained within the symbol or for the

sake of clarity. The E05

0 of the control curves was not

significantly different from the E050 of the curves from

treated tissues; P & 0.05.
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inhibttors were not shifted compared to a control curvei"fTﬁese
results suggest that cyclic AMP:may not betinyolved in forskolin-

" mediated relaxation of ‘vascular smooth muscle.

3.3.4 EFFECT OF Ro 20-1724 ON THE INHIB&TORY ACTIONS OF

ISOPROTERENQL VERAPAMIL AND 2- CHLOROADENOSINE IN RABBIT SMALL
7y

INTESTINE

Isoproterenol, verapamil:and 2-chloroadenosine caused concen-
tration- dependent inhibition of spontaneous activity in the rabblt
small intestine. Control cumulatlve concentration- response, curves
for these compounds and curves obtalned in the presence of. 1‘pM
Ro 20-1724 are shown in flgures 33 34 and 35 Only the curve to
1soproterenol in the presence of the phosphodlesterase 1nh1b1tor was
shifted to the left significantly compared to the control curve.

Ro 20-1724 did not alter the inhibition of spontaneous activity by
the other agents. These results suggest, that, 1n contrast to the |

vaction‘of verapamil or 2-chloroadenosine, the action of isoprdterenol”

miéht'involve a cyclic AMP mechanism (see section 4.3).

3.3.5 EFFECT OF ADENUSINE ANALOGS ON SMOOTH MUSCLE CONTRACTILITY

0

| wVariousadenosine analogs have been used to classify adenosine
receptors as Ra and R1 by Londbs and coworkers (1981) (see intro-

ductlon). NECA, PIA and adenosine or 2-chloroadenosine are thought
to act preferentially on Ra,-Ri and both receptors, respectively.

Thus, we examined-the relaxant effects of these compounds in rabbit

small intestine and beef coronary artery.
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FIG 33 Cumulative concentratlon response curves for 1soproterenol—
mediated inhibition of rabblt small 1ntest1ne The control
curve ( .') and the curve from tissue treated (O ) with
Ro 20-{724_L1;mn are shown. Resulté are expressed as
méan + S.E.M., n=4. Error bars are not shown when the |
S.E.M. are contalned within the symbdl The EDSC of the.
control curve-was sxgnlfxcantly dlfferent from the ED50

of the curve from the treated- tissues; PL 0.05.
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FIG. 34 Cumulative concentration-response curves for verapamll—

| medlated xnhlbltlon of rabblt small 1ntest1ne The
~control curve (@) "and the gurve from tissues treated _
( O) With Ro 20-1724 (1 uM) are shown. Results are
expressed as mean + S.E. Mv, n=4. Schne error bars are not

- shown either when S.E.M. are contained w1th1n the symbol
or for the sake of clarlty The EDSO of ;he Fontrol
Curve Was not s;gnlflgantly different from tﬁg ED50 of

R
" the curves from treated tissues;-P<: 0.05.
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FIG. 35 Cumulative concentration-response curves for 2-chloro-

adenosine-mediated inhibition of rabbit small intestine.
The Tontrol curve (@) and the curve from tissues
treated (O ) with Ro 20-1724 (1 uM) are shown. Reésults

Lare eXpréssed as mean + S.E.M., n=4. .Some errof’bars

" are not shown either when. the S.E.M. are coritained
within the symbol or fpr the sﬁke of clarityff‘The EDSO
of the control curve was not signfficantly‘differént from

- the ED., of the curves from treated‘tissues;;P < 0.05.
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Cumulative concentration-response curves for the adenosine

e
3

analogs are shown in figures 36 and 37. In both smobth\m scle «
preparationé, the following order of potency was obtaLned} NEcA =
PIAD 2-chll‘oroadénos°ine. If Ri receptors were presen; in these |
preparations, one would expecf~PJA to be the most botent and NECA

fo be the least potént rglaxant agent. Oh thelother hand, if Ra
}eceptors were present, NECA should be‘more»potent than PIA. Since

neither of these sequences of pdtency were'obseryedx'thesevcompounds

may not be useful for classification of adenosine receptors mediating .

smooth muscle relaxation. Furthermore, our results-may'suggest that

~adenosine receptbfs in smooth muscle differ from those coupled to

adenylate cch?se in other cell types.
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4 DISCUSSION -

4.1 EFFECT OF ADENOSINE ON TISSUE LEVELS OF CYCLIC AMP IN SMOOTH
MUSCLE | | | :

A

Slmultaneously ‘and 1ndependently, four groups addressed them-
selves to the hypothesis that cyclic AMP is involved in aden051ne-.
'. medlated smooth muscle relaxation. Kukovetz,and ‘coworkers - (for
reyiew see Kukovetz et al., 1979) found that adenosine~increased,
‘tlssue levels of cycllc AMP in a dose- and time- dependent manner,
whlch was correlated w1th the smooth muscle relaxant effect of tnls
nucleoslde ln beef and hog coronary arteries. In contrast results-
. from thls lébdratory lMcKenZie et al., 1977) and: from other -
laboratorles (Herllhy et al.; 1976 Verhaeghe, 1977) indicated that
tissue levels of cycllc AMP were not altered by adenosine in 1ntes='e
tinal and vascular smooth muscles. KUkOVetZ and’ coworkers (1979)
Vconcluded‘that cycﬁic AMP med1ates smooth muscle relaxatlon by
-faden051ne and 1soproterenol The oppos+te concluslon was drawn by the
other: 1nvestlgators. Slnce no obvious explanatxon exlsted for the
*p051t1ve and negatlve fxndlngs reporteéd by the varlous groups the |
;‘hypothesls“Tnvoklng cycllc AMP 1nvolVement in smooth muscle relaxatlon
'by adenosiee remalned controvers1al in nature Thus, we dec1ded to _
‘re examlne the effects of adenosxne on tlssue levels of" cycllc AMP 1n |
beef coronary artery | |

» The RIA for cycllc AMP-, wh1ch was. developed by Stelner et al |
;(1972) and. mod1f1ed by Harper and Brooker (1976) was employed 1n the

present study to measure txssue levels of cyclxc AMP Other methods

18



, were'available at the time for measuring cyclic AMP levels in intact

0 / . . .
tissues. However, most are tedious and not as sensitive as the RIA

(for review see Baer, 1974). Thus, the main advantages of the RIA

“are the sensitivity of the assay, the rapidity of processing samples

and the reproducibility"of the results. In addition, the RIA was used
by Kukovetz and coworkers to demoﬁstrate adenosine-mediated increases
in tissue levels of cyclic AMP agd we wanted to duplicate their ex-
perimental conditions as closely'é; possible.

Initially, up to 100 fold varietion was noted in basal levels of
cyclic AMP in strips from beef coronary arteries which were obtained -

from a single beef heart. As discussed in the results, our attempts

to minimize this variability were unsuccessful., McKenzie et al. ..

(1977) made a similar observation concernxng the variability of basal
levels of cycllc AMP 1n the longltud1nal muscle of the rabblt small
1ntest1ne. Thus, although thls phenomenon may apply to many smooth
muscleé it has been 1gnored in the literature by other 1nvestlgators
The reason(s) for this variability of basal levels Bf cycllc AMP in
intact tissues is unknown. Possibly, the contribution of different

cell types is important. In this regard, recently, endothelial cells

. [ ]
have been shown to be important 1o the:pharmacological actions of drugs =

'(Furchgott,‘1981{i/JThus,'the total amounts of basal levels of
measured cyclic AMP in vascular tissue would depend on the integrity

“of the endothe11a1 cell layer Damage to endothelial cells is

unavoidable in blood vessels despite our effortswto mxnlmlze tlssue

handling. Therefore it may be erroneous to. expect that the basal

. fleveis of cyclxc AMP measured in two dlfferent strlps of smooth muscle -
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would be identical. Assuming that the problems associated with
tiséue handling éould belovercome, other complicatiqns may cause the
variability iﬁ basal Ievels of cyciic AMP which we have observed.

It is possible that basal levels of cycliC'AMP.aré‘Variable
because of the nature’of the adenylate cyclasé complex itself. The
ultimate measureable levels of cyclic AMP depends on'extracellular,
intracellular and intramembfane factors. Thus,~neurotransmitters,

. neuromodulators, hormdnes, calmodulin, ian and GTP all‘affect basal
adenylate’ cyclase activity (see Introduction). In addition, unknown
factors may be involved. Thus, the cdmplexity of the control of |
adénylate cyclase activity may préclude our expectations that the
basal levélg of cyclic AMP which we determine in two different

~ 'populatiéns of smooth muscle cells would be identical.

Tissue levels of cyclic AMP were measured in "large" and “small"
beef coronary argff?és. The former were arterial segments of the left
destending coronary artgry, and the fatter were segménts of branches
of this artery (see Methods). Incupation of fhe "smalf“ arterial
strips with adenosine for 10 min caused increases in tisgue levels
‘of eyclic AMP which were simiiér to those found by Kukovetz and
coworkerS‘(1979). Thhs, at 1 mM and 0.1‘mM adenosine thé level§
of cyclic AMP in the “smal]" coronary arteries were increased.
However, only the increase in cyclic AMP levels observed with 1 mM
was significant. Kukovetz and colleagues (1979) evaluated the effect
of adenosine on tissd® levels of cyclié AMP in coronary arteries from

beef hearts w?th_n=91, and found the increase to be significant with

0.1 mM and lower concentrations of adenosine. As discussed above, the

Vo

ﬁ
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exten51ve report of this group, which dealt with measurement of
tlssue levels of cycx\c AMP in response to aden051ne as well as the
effects of the cyclic nucleotlde on adenylate cyclase from coronary
artery, provrded_st}ong evidence to suppoft a role for cyclic AMP in
adenosine-mediated relaxation of vascular-smooth muscle.

AQenosine increased tissue levels of cyclic AMP in "large“ beef
coronary arteries less than in the arterial branches. Interestingly,
various invesiggators ﬁave'found that adenosine isga}more potent
relaxant of the latter preparation (Winbury et al., 1969; Schnarr and
Sparks, 1972; Cohen and Kirk, 1973).

Her11hy et al. (1976) claimed that tissue levels of cyclic
AMP 1n hog carotid artery were not altered by adenosine except at
‘high concentrations of the nucleoside. These authors found that
1 mM and 0.1 mM adeon51ne elevated cycllc AMP levels to an extent
similar to that found bleukovetz s group. The failure by Herlihy
and colleagues to obeerve significant changes in cyclic AMP levels
_with adenosine at lower concent}atipns may be a result of the small
% mber of observations this group made; |

\\ Verhaeghe (1977) was unable to demonstrate elevation ef cyclic‘
’AMP‘by 10 pM adenosine in dog saphenous vein. This concentration
of the nucleoside'relaxed the preparation by 43%. Verhaeghe (1977)
discussed the possibility that the e;;e;;_;f\;bgnnsiﬂﬁ/gn tissue
levels of cyclic AMP cquld be masked by the agent used to contract
the smooth muscle. Alternatively, the mechanism of adenosine-receptor
mediated events may differ depending on the species examined. In sup- ,

port of this possibility, no elevation of cyclic AMP levels was found



in responée to 100 oM adenosine by Herlihy and- coworkers (1976) in dog
coronary artery. Another suggestion which might explain this dis-
crepancy is tnat the mechanism of adenosine action differs in arteries
and veins. The negative findings by McKenzie et al. (1977) with res:
pect to alteration of cyclic AMP levels by adenosine in the longi-
tudinal-muscie of the rabbit small intestine support the possibility
that considering smooth muscle as a éroup could pe erroneous when
discussing the mechanism of action of adenosine, and that differences
in mechanism of action may exist between different smooth muscles\.
Recent studies have raised tne possibility that an alteration
of total levels of cyclic AMP by a compoundvcannot be used as an -
indicétor'of the mechanism of action of that compound.- Thus, the
relevance of the original four criteria of Sutherland and Rall (1960)
has been questioned.. In this regard, measurement of the amount of
:1yclic AMP bound to the catalytic unit of prot%in kinase appears to
be more relevant than the total levels of cyclie AMP present when
concerned with steroid production (Dufau et al., 1977). In heart
(Corbin et al., 1977; Keely, 1977; Hayes et al., 1979) and uterine
| smnoth muscle (Harbon and Clauser, 1971; Harbon et al., 1976) specific
pools of cyclic AMP may ultimately control functional aspects of
agonist induced activity. An example of cell heterogeneity complica-
ting the issue in smooth muscle is KCl1-induced contraction of rat
myometrium with Jn increase in cyclic AMP levels (Diamond and Holmes,
1975). This was later found to result from release of endogenous
noradrenaline from noradrenergie nerve terminals by Kroeger (1979)

utilizing the unilateral gravid term pregnant rat model to evaluate
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the contribution of diffetent Sell types to thé levels of cyclic AMP
neasured. N

In light of the difficulties which arise when trying to assess
the relevancé of data obtained by measuring tissoe levels of cyclic
‘AMP‘in;response to hormones discussed above and our findings,con—
cerning tne)v;;iability of basal.levels of'cyclic AMP, this experi-
mental appfoach was decontinuedt To further investigate the roie of
“cyclic AMP in hormoné;mediated relaxation of smooth muscle, the demon-

stration of adenosine- and/or isoproterenol—mediated stimulation of

_adenylate cyclase activity in broken cell preparations was attempted.

4.2 E?FECT‘OF DRUGS ON ADENYLATE.CYCLASE ACTIVITY IN BROKEN CELL

~ PREPARATIONS FROM SMOOTH MUSCLE

[

}Reoent progress‘in the understanding of the adenylate cyclase -
complex‘— the existence of & guanine nucleotide binding protéin and
its involvement as a coupling factor between hormone-receptors and
the catalytic unit of cyclase (Rodbell, 1975 and 1980) - has
revolotionized oor thinking about:transmembrane transduction of
information via adenylate cyclase. Also, reoently; Various compli-
oations have been realized'which occur when measuring hormone-
responsiveness.of adenylate cyclase in responSe to éQenosine in
broken celt prépafations ie., importance of endogenous‘adenosine
(cf. Londos et al., 1981). Therefore, it was felt that with this
knowledge the demonstration of'hormone-mediatedfstimolation of
adenylate cyclase in brokgn céll preparations would be possible;,

assoming such réceptor-mediated events occur physiologically.



The first experiments examined the effects of a variety of agents
~on adenylate cyclase activity from the 10,000 g pellet of the guinea

pig taenia caeci and the longitudinal muscle from rabbit small

intestine. . The latter was chosen because it was studled by McKenzie

g}igl.'(1977) in thlS laboratory and it has a hlgh smooth muscle

content. The former was chosen because it has been studxed with res-

pect to the purinergic nerve hypothesis (Burnstock, 1979). Thus, the

presence and functlonal integrity of the components of the adenylate

cyclase complex consisting of hormone receptors (R), guanlne nucleotlde »

binding site (N) and the catalytlc site (C) were 1nvestlgated
Evidence for the ex1stence of these components of the adenylate
cyclase complex and models of their interaction has been discussed in

the Introduction of this‘thesis.

Forskolin Caused a concentrationQdependent stimulation-of adenylate

tyclase-activity In the 10,000 g pellet from guinea pig taenia caeci

and the longitudinal muscle from the rabbit small intestine. Therefore,

C units appeared to be present and functional in these preparatiohs.

| The magnitude of the effect of forskolin.should prdvidé information
copcerning the relative functional states of C units in'different
adenylate Cyclases from a partitular,smooth,muscle preparation with a
number of assumptiohs. First, a fixed number of C units eriét per mg
protein in Cyclase.prepérétions. Second, the action4of forskolin is
not influenced by such factors as the presence of endogenous hormones
- or the coupling of N to 9, ie. the C units are the site of action of
forskolin. |

1

Stimulaton of adenylate cyclase actigity from the smooth mustle
%
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preparations'used in this study was also achieved .invariably |
with 10 mM NaF. For some time now NaF has been used routinely.py
vlnvqstlgators to check the v1ab111ty of the enzyme preparatxons
being 1nvestlgated (Perkins, 1973). Evidence has accumulated to -
.suggest that flouride stimulates adenylate cyclase via an action on
tqe N unit (Ross and Gilman, 1980). Thus our results indicate that
N units were present in the adenylate cyclase preparations from
guinea pig taenia caeci énd the‘longitudinal muscle of thé-rabbit
sméll intestine. Furthefmore, these N units,nbuld'be coupled to C
units by NaF. v

Interestingly, in both smooth muséle_enz]me preparations thé
- maximal observable stxmulatlon of adenylate cyclase activity by Naf
was less than seen with forskolin. . Seamon et al. (1981) found that &
.in some cell types adenylate cyclase was more sensitive to the
action of NaF than to forskolin“and the opposite Was observéd iq
other cell types. These authors grouped cell types according to
their relative sensitiyities to fluoriae and the diterpene. These
experiments were performed in crude enzyhe préparations. The
“relevance of such a‘classification is unknown.

The concentration-effect curve for GTP-mediated stimulation
of adenylate cyclase activity from guinea pig taenia caeci was
bell-shaped in nature. The guanine nucleotidé.stimdiated the
enzyme preparations in poncentrafions between 1 and 100;pm; A 10
fold higher concehirafion of GTP caused a reduction in the observable -,
stimulation of adeﬁylate cyclase. However, enzyme activity was still

above basal. This bell-shaped stimulatory and inhibitory effect of
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GTP maynresult from the coexistence of Ns and Ni units in the pre-
paration and the differential affihities of these units’fbr'GTP.
Since GTP presﬁmably acts through the %/unit (Rodbell, 1975 and 1980),
stimulation of adenylate cytlase w%th the ghanine nucleotide provides
an indication of the functional cduplihg‘between.N units and C units.
Gpp(NH)p alsofdispléyed a bell-shaped cdncentration-effect‘curve
with respect to stimulation of adenylate cyélasé activity in thé .
yguinea pig taenia caeci’preparations with maximal stimulafion
oCcurring at a concentration Qf 100 uM. However,‘in’the longitudinal
:muscle of the rabbit small intestine maximal stimulation was main-
tained with 1 mM'Qf Gpp(NH)p. This nucleotide analoé is thought to
act-in a manner similar to that of GTP (Harwood et al., 1973). MWe
found that the magnitude of maximal stimulation df'adenylate cyélase
obtained with Gpp(NH)p was greater than that obtained with GTP.
Similar observation$ have been observed by inQestigators in other
adenylate cyclase systems (Londos et al., 19%4). This effect of
Gpp(NH)p is éttributéd to its stabié nature and thus the absence of
GDP fofmation (Selinger and Cassel, 1981). | | |
Isopréterenol and adenosine as well as a number of_nucledside
analogs including 2-chloroadenosine, NECA and PIA were tested for. '
their ability tp stimulate adenylate cyclase activity in broken cell
preparations of guinea pig'taenig-caeci. No stimulation of the enzyme
over basal actlivity was obser?ed with any of these comg;unds,which |
cause smooth muscleyrélaxation via sfimulaFion of recéﬁtors. Many
attempts in the past have failed to demonstrate Qdenylaté cyciase

from smooth muscle which could be stimulated by adehosine or
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iéoproterenol (Triner et al., 1971; Schonhoffer et al., 1971;

Volicer and Hynie, 1971; Triner et al., 1972; Triner et al., 1975;

Cohen et al., 1977; Hardman et al., 1977; McKenzie et al., 1977;

- Hamet eg_gl., 1978). The most common reason forwarded for the

failures in smooth muscle has been the possible disruption of hormone-

receptors by the homogenization'procedures‘used to procure broken cell

preparations containing adenyiate cyclase. It w0u1d be desirable to-
demonstrate the presence or absence of hbrmone receptors by direct
figahd—binding experiments. To our knowledge, ligand—binding studies
to adenosine receptors in these smooth muscles have hot‘been repofted
) To further 1nvestlgate the hypothesxs that 1soproterenol and/or
adenosine mediated smooth muscle relaxatlon via a mechanlsm 1nvolv1ng
cycllc AMP, the adenylate cyclase -assay conditions were manlpulated

so as to optimize conditions in an attempt to demonstrate receptor-

mediated enzyme stimulation. The following experimental manipulations

; were employed: 1) Substitution of d pxy-alpha-[32P]-ATP for alpha-
Noake )

[32P]eATP as substrate in the cyclasé assay. 2) Treatment of enzyme

preparations with adenosine deaminase. 3) Addition of GTP or the
non-hydrolizable anélog Gpp(NH)p to the cyclase assay. 4) Frac-
tjqnation of smooth muscle. 5) Use of adenosine analogs which show
specificity }9!§EQ§»RG and Ri receptors for adenosine. Deta obtained
from such experiments will be described and discussed}below.
Deoxy-alpha—(B?P]-ATP has been used by Londos and coworkers
(Cooper and Londos, 1979; Londos et al., 1980; Londos et al., 1981)

as a substitute for alpha¥[32P]-ATP in the assay of adenylate'cyclase

~from fat cells. ‘Normélly, high concentrations of ATP are used as
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, substrate for adenylate cyciase The presence of non- spec1f1c
phosphatases combined with §'- nucleotidase may result in the produc—
tion of adenosine despite the ATP regenerating system employed in the
assay. Thus, the uncontrolablecproduction of»adenosine would mask
'any stimulation of the enzyme by additional'application of the
nucleoside. On the‘other hand, deoxy-alphaj[B?Pj;ATP 1s hydrolyzed
to deoxy-adenosine which has little activity at adenosine receptors,‘
and thus this problem is c1rcumvented '

We have attempted to demonstrate receptor-mediated stimulation
of adenylate cyclase from guinea plg taenia caeC1 using deoxy-alpha-
[32P] ATP as substrate in the assay, and compared the results with
data obtained w1th>ATP. NaF "and forskolinvcaused~1dent1cal
stimulation and neither isoprOterenol nor . 2-chloroadenosine caused
any,stimulation of adenylate,cyclase activity regardless of uhetner
aipha-[32P]-ATP or deoxy-alpha;[32P]—AfP served as substrate in the
assay system. These results suggest that receptor-mediated
stimuiation of adenylate cyclase was not being masked byathe produc-
tion of adenosine from the substrate ATP. Furthermore, adenosine
did not stimulate cyclase activity in the presence"or absence of
GTP or forskolin when deoxy-alpha- [32P] ATP was used as substrate.
However, adenosine caused a concentration- dependent inhibition of
adenylate cyclase act1vxty in the presence of forskolin. A Similarﬂf
observation was made with NECA and forskolinf However, inhibitidn
only ociurred at 1 mM NECA With lower concentrations of the nucleoside

analog not altering enzyme act1v1ty Forskolin has been shown to

potentiate receptor-mediated increases . 1n cyclic AMP in 1ntact
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tissues (Seamon eg_gl.,,f981). If we assume that isoproterenol and
adenosine stimulate adenylate cyclase in broken cell'preparations
‘then our. results suggest that forskolln is not useful as a
potentlatlng agent w1th respect to either 1soproterenol or aden051ne
~ mediated-stimulation of adenylate cyelase actlvxty in these broken
lceil preparations. Londos et al (1981) have claimed thaf NECA has
no action on ihe "P site!. | However the concentratxon range was
much lower. Our results suggest that the 1nh1b1t1on of adenylate

- cyclase act1v1ty by aden051ne and NECA in preparatlons treated w1th_
forskolin may be an action on the "P site" rather than a receptor-
odiated event, since with NECA inhibition of activity otcurred only
at a ég%centration of 1 mM in the presence Qf 1Am1forskqlin.

The study of nucleoside metaboiism has been an active area of
research over the past'two decades and extensive reviews on the
subject are available (Arch and Newsholme, 1978). Briefly, the
ex1stence of intracellular concentrations of aden051ne above 1‘pM is
thought to be uncommon and three enzymes are responsible for main-
téining adenosine levels at a minimum: adenosihe kinase, adenosine
deaminase and S-adenosylhomocysteinase. Thus,,adenosine ié eithey
phosphorylated to 5'-AMP b} adenosine kinase and ultimately ent:Ls
, the metabolic ﬁﬁbl ef adenine nucleotides. or %eaminated to inosine
(cf Arch and Newsholme, 1978), which is 1nact1ve at adenosine
receptors (Sattin and Rall, 1971; Huang et al., 1972’ Blume et al.
1973; Maguire et al.,1975; Huang and Drummond, 1976; Green and
Stanberby, 1977; Londos and Wolff, i977; Wolberg et al., 1978).

Recently, the fmethylation pathway" via S-adenosylhomocysteinase -



arzed as a po;sjble sourcerf adenosine as well as a
“;y'intracellular levels‘ofvthe nucleoside are maintained
‘ ;H(Zimmerman-et al., 1979; Hoffman et al., 1980) We

f;ed adenylate cyclase from smooth muscle with adenosxne

illn an attempT to ma1nta1n endogenous levels of aden051ne
‘fimum This would e11m1nate the possibidity that receptor-

Ked stlmulatlon of the enzyme was . belng masked by 1nherent _f

%ate g}clase stimulation by the nuc1e051de This approach has
Lflllzed by other investigators, 1ead1ng to the demonstration of
‘nUCE% fxde-sen51t1ve adenylate cyclase which ‘otherwise was not

stlmuiated by adenosxne (Premont et al., 1977; Londos et al. , 1978).

The maJmhxty of our experlments were conducted on enzyme preparatlons

whlchf:
dh ‘that the presence of endogenous adenos1ne was not ObSCUPlng
receo;or-mediated stimulation of adenylate cyclase activity.
GTP is an essential activator of,adenylate cyclase and is required

‘for\receptor-mediated stimulation of adeny]ate eyclase actiuity a |
», (Rodbell et al., 1971; Rodbell, Lin and.Sal_omon,’,197h4; Rodbell, Lin,
Salomon et al., 1974; Londos et al., 1974; Rodbell, 1975; Rodbell,
1980). GDP is formed by, the hydrolysis of GTP by GTPase and serves

as a potent inhibitor of adenylate cyclase activity via tight binding :
to Ns units (Cassel et al. .1977) Treatment of broken cell pre-
parations with hormone plus a guanine nucleotide apparently causes
release of endogenously bound GDP (Ecksteln et al., 1979; Lad g_{_l
1980 a and b). Gpp(NH)p, a non- hydrollzable GTP. analog (Harwood
et al., 1973), has also been used to demonstrate hormone effects on

—

outlnely treated w1th aden051ne deaminase.- It will become‘
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adenylate cyclase activity (Lad et al., 1980-a and b). Furthermore,' .
‘adenylate cyclase activation by Gpp(NH)p is of ‘a permanent nature in
many cell types (Cuatrecasac et al.; 1975; Jacobs et al., 1975;:
‘Pfeuffer and Helmrelch 1975;5Schramm and Rodbell t975' Levitzki
_t‘_l , 1976; Splegel et al., 1976) 1nclud1ng smooth muscle (Krall "}
, and Korenman, 1979). Aden051ne and guanine nucleotides have been w
“shown to:act'synergist}cally to actlvate adenylate cyclase from fibro-
blasts”(Clark and Seney,'1976) and‘from.Leydigvr;10 tnmor cell mem-
) ‘branes‘(wolff and-took 1977). Fﬁrthermore' adenosine and Gpp(NH)p >
act to form a stable act1ve form of . turkey erythrocyte adenylate -
}cyclase (Serv1lla et al , 1977). An absolute requ1rement for GTP in
the act1vat10n of adenylate cyclase by aden051ne has been demonstrated
- by Cooper and Londos (1979) in hepatlc membranes As well,
', 1soproterenol-med1ated stlmulatlon of adenylate cyclase has. an -
absolute requ1rement for exogenous guanlne nucleotldes in rat uterus
-(Krall and Korenman, 1979 and“1980) and 1n rabbit myometrlum (Roberts
et al., 1977). T | |
Ne have examlned the p0551b111ty that the couplxng mechanism
“in the adenylate cyclase complex interferred in. some manner. w1th the :
demonstration of receptor-medlated stxmulatlon of adenylate cyclase |
activity in smooth muscle. In broken cell preparat1onslfrom guinea .
pig taenia caeci and the longitudinal muscle of the rabbit small :
intestine treated with, adenosine deaminase} GTP did not alter the
concentratlon effect of NECA, ie., RO stlmulatlon of a8§¥ylate‘cyc1ase

act1v1ty was observed with any concentratlon of NECA\tested Further-

more, NECA- 1nduced stlmulatlon of adenylate cyclase act1v1ty was not
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observed.when Gpp(NH)p was added to‘the systen. Similar-negative'
results concerning the effect of  Gpp(NH)p were also obtajned witht.'
‘the concentration-etfect‘on adenylate cyClase activity of .
1soproterenol in guznea pig taen1a caeci. These results Suggest'.ivf
that add1t1on of ‘guanine nucleotldes to adenylate cyclase from
“smooth muscle whlch is thought to couple R and c unlts of the complex'i
via activation of N unlts, is not suff1c1ent to enable the demon-
',stratlon of receptor medlated stlmulatxon of the enzyme system.,
| The above experlment was also performed in the reverse manner
concentratlon—effect curves to Gpp(NH)p in the gu1nea p1g‘taen1a
} caec1 preparation were constructed in the presence and absence of ,
‘isoproterenol. Such experlmentatlon yielded an lnterestlng result.
Isoproterenol prevented the decline in stimulation of adenylate
cyclase actlvity normally seen uith hlgh_concentrations of the non-
. hydrolizable GTP analog."Houever,’this;effect was not rsproduclble,i

The question of the-reproducibility of'resultsAOQCUrrs twice in this

" ‘thesis. and 1s d1scussed below

| The effect of Gpp(NH)p in the presence and absence of
'isoproterenol was monltored repeatedly thrdﬁghout the experlment ::.
jAlso a tlme course study was peﬁformed in whlchmactlvatlon of |
'adenylate cyclase from gu1nea plg taenla caec1 by GEQfNH p or Gpp(NH)p |
: plus 1soproterenol was monitored every 2 m1n Gpp(NH)p 1nduced ' |
'actlvatlon of adenylate cyclase act1v1ty was not altered by
v.1soproterenol in these experlments
' From the t1me cpurse study, a lag tlme was apparent between,

admlnlstratlon of Gpp(NH)p and st1mulatlon of adenylate cyclase

| act1v4ty by the guanlne nucleot1de analog Slmllar results have been ;
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obtained by Rodbell and coworkers (1981) with Gpp(NH)p.in rat liver
plasma membranes and by McMahon and Schimmel (1982) in hamster ’
adipocyte membranes as well as other cell types (cf. Gilman and ROSS,
l980; Rodbell,1975 and 1980). The lag period is thougnt to result

- from slow replacement of GDP with Gpp(NH)p (Ross and Gilman, 1980)

or & conformatlonal change in N units.after binding of Gpp(NH)p
(Iyengar, 1981; Neer and Salter, 1981)

Receptor medlated st1mulat1on of adenylate cyclase act1v1ty
from vascular smooth muscle has been. demonstrated by e11m1nat10n of
the regeneratlng system from the assay system, which may affect the
,k1net1c characterlstlcs of adenylate cyclase (Garbers and Johnson,
1975), and long term treatment of the enzyme with receptor- agonlst
and Gpp(NH)p (Hamet et al., 1978).. We attempted to repeat this
' experiment in a broken cell preparation from guinea pig taenia caecl,
.Our efforts were unsuccessful. The possibility that vascular and
non-vascular smooth muscle differ in this regard cannot be ruled out.

A detailed description of the fractionation procedure utilized

(cf. Kidwal, 1975) can be found in the methods. It should‘be noted
that fractfonation of membranes in this manner is only the initial
step 1nvolved in membrane purification. However it is an improve-
ment over the crude 10, 000 g pellet obtained from broken cell
i preparatlons which ‘have been described to this p01nt in the thesis.
Further purification of the plasma membrane from smooth muscle would
involve such procedures'as sucrose density centrifugation and
sUbseqﬁent,characterizatlon of the fractions bbtained by electron

microscopy and biochemical techniques using enzymes as markers,

o
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ie;, adenylate cyclase, sodium-potaésium ATPése and 5'—nﬁcleotidase'
are thought to be bound mainly to the plasma membrane (for fevieﬁ _
see: Daniel et al., 1983).

The effects‘df isoproterenol and NECA in the presencé énd
_absence of Gpp(NH)p as well as NaF and forskolinAwere examined in
‘the various fractions from the longitudinal muscle of the rabbit \
small intestine terhed P-1, P-2, P-3 and 5-3 to designate the 1,200 g,
13,000 g, 105,060 g peliets and the final supernatant, respectively
(for description of the contents of these fractions see: Kidwai,
1975). Stimﬁlation of adenylate cyclase activity by NaF, Gpp(NH)p
and forskolin was qbserved in all the fractions except S-3. These
resu]ts suggest that functional N and“C units were present in
fractions P-1 to P-3. Since S-3 is thought to be composed mainly
of soluble cytoplasmic compbnents (cf. Kidwai, 1975),_these results
were expected. Receptor—mediated‘stimulation of adenylate cyclase .
activity was not found in any fraction with one exception. In oné
instance, NECA- and isoproterenol-mediated stimulation of adenylate
cyclase activity was observed in fraction P-3, which is thought to be
composed of microsomgs consisting: of smooth and rough endoplasmic
reticulum and fragments of plasma membrane. However, this effect
was not reproducible. A

The question of the reproducibility of a result in this thesis .
has occurred for the second time. We must ask the following )
questions; First, is this opser&ation of any significance? Second,
what does‘itrhean? | |

With respect to the first question, in addition to this adthor



other investigators in our laboratory (K. Schmidt and S. Ku]shresha)
have observed occasidna] receptor-médiated stimulatign of adeny]ate‘
cyclase activity iﬁ smooth muscle preparatidns which could not be
reproduced. This would suggest that thé observation might be of

"some significance and not merely a consequence of some experimental
artifact. , : ; . {v

Unfortunately, the answér to the second question is not knowh.

. Two pbssibi]it1e§ exist. It is possible thai adenggine— and beta-
reéeptors are not physiologically coupled to adeny]ate'cytlase 1nu
smooth muscle. In_this case the occasiona11y‘obserVed receptor—:

’mediated stimulation of adényiate cyc]ése activity in the'preparation
is hard to exp]ain. It might result from the occasional and uncon-
trollable coﬁfamigation of the preparation with cell types other

“than smooth mdsé]e ie., nerv? cells where demonsfrations pf receptor;
mediated stimulation of adenylate cyclase are numerou;.‘ On the other
hand, it is possible that adenosine- and beta-receptors are physfo-
logically coﬁp]ed to adeny]ate cyc]asé in»smooth muscle. If thi§ is
true then the majority of the data reported in this thesis, which
contradict the latter hypothesis, are misleading. There are ;t _
least two possible exp]éhatigné for this. First, the receptors may

be altered upon disruption of the cell membrane. ‘This could result

from attack by proteolytic enzymes or release of endogenous inhibitors ;

or even the homogenization procedure itself (cf. Hardman, 1981).
In this regard, ligand-binding studies would be enlightening.
-Secondly, there may be hitherto "undiscovered components" of the

adenylate cyclase system which are especially fragile in smooth

135
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muscle cells compared to otfer cell types where receptor—mediatéd h
stimulation of the enzyme is demonstrated easily. These "undis-

covered components" may be unique to smooth moscle. The invoivement

of "undiscovered components" of the adenylate cyclase complex in
smooth'muscle is speculative. However, little is known about the

adenylate cyclase complex and the interaction of its“components
'especially in smooth muscle (see section 1.2.1). | .

In summary, the meaning of the observation of receptor-mediated
stimulation of adenylate cyclase activity in smooth muscle pre-
paracions which cannot be reproduced remains obscure. A number of
possible explanations have been forwarded:_ A finel conclusion awaits
further developments in our understanding:of the adenylate cyclase —
complex in smooth muscle and/or the development of specialized
techniques le., separation of nerve ceils from smooth moscle cells,
specific inhibitors of proteolytic enzymes and endogenous inhibitors.

To complement these studfes on the effects of hormones on
adenylate cyclase activity from smooth muscle, the relaxant effects
of adenosine anaiogs which are considered to show specifiCity for
Ra or Ri receptors were studied for adenosine as well as a non-
selectlve agonist, 2-chloroadenosine (cf. Londos et al , 1981).

Thus, concentration-response curves to NECA, PIA and 2-chloro-
adenosine were constructed in beef coronary artery and rabbit- small
intestine in vitro. In both vascular and non-vascular smooth muscle
preparations, the relaxant actioh of these compounds.were qualitatively

similar. The order of potency was as follows: NECA-= PIA‘> 2-chloro-

adenosine. - In cell types other than smooth muscle where the coupling
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of adenosine-receptors to adenylate cyclase have been firmly /k;
establiéhed, NECA was more potent than PIA in systems which possessed.
\ﬁa\Teceptors, and conversely, PIA was found to be more potent than
NECA in Systems possessing Ri receptors. The potencyréf 2-chloro-
adenosine, an agent showing no selectivity for Ra or Ri receptors,
was between that of the anaiogs of adenosine displaying seléctivity
for adenosine receptor sub-types. Thus, our‘results witﬁ.the
adenosine analogs.suggest that adenosine receptors responsible fok
relaxation of beef coronary artery and rabbit small intestine differ
in their chemical specificity from those adendsine recebtors which
are coupled to adenylate cyclase; adenosine receptors in.these smooth
muscles and other cell types may be different proteins.

Several groups have concluded that cycfic AMP is.not involved .

. in inhibition of transmitter release (Kuroda, 1978; Reddington and

Schubert, 1979; Smellie et al., 1979; Dunwiddie and Hoffer, 1980).
If¥studies, dealing with presynaptic adenosine-receptor classification,
in the rat vés‘deferens, the rat anococcygeus muscle and central
nervous tfssuev(Smellie'gE_gl., 1979; Paton, 1981; Brown EE.El:’

A982; Stone,r1983) the following order of potency was found;

PIAD> N.'ECA> 2-chloroadenosine > adenosine. In contrast, in guinea
pig trachea where. adenosine acts at a postsynaptic receptbr Brown

~and Collis (1982) found the following order of potency;»NECA;>
2-chloro}adenosine> PIA 2 adenosine. Stone (1983) proposed a pre-
synaptic receptor (PIA> NECA > adenosine) and a post-junctional

receptor (NECA>‘PIA 2 adenosine) in smooth muscle distinétvfr‘bm -
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- Ra or Ri sifes regulating adenylate cyclase activity. Our results

on the smooth muscle relaxant effects of adenosine analogs used to
classify adenosine receptors coupled to adenylate cyclase differ
from‘those of other investigators dealing with either presynaptic
or'postsynaptic adenosine’receptors. This could indicate that hetero-
geneity of adenosine receptor types exist in smooth muscle.

In summary, our attempts to demonstrate receptor-mediated‘v
stimulation of adenylate tyclase in broken cell preparations from
“intestinal smooth,muscle were unsuccess%ul despite various manipu-
lations inciuding the use of deoxy-alphaQtBZP]-ATP, adenosiﬁe_
‘deaminase and GTP/Gpp(NH)p or frqgtionation‘of\smopth muscle membranes.
Since we did not demonstrate the presence or absence of receptors in
the broken cell prepafations‘from smooth muscle’bx direct ligand-
binding studies, no definitive con&lusions can betdraWn cbnterning the
role of cyclic AMP in receptof-mediated relaxation of intestinal

»

smooth muscle. However, our adenylate cythse data and results from

contractility studies with analegs of adenosine suggest that adenosine-
receptors and beta-receptors in the intestinal smooth muscles

examined are not linked.to adenylate cyclase.

N

4.3 CYCLIC AMP-MEDIATED RELAXATION OF SMOOTH MUSCLE: STUDIES WITH

FORSKOLIN.

Up to this point, we have discussed the evidence for the .
possible role of cyclic AMP in receptor-mediated relaxation of smooth '
musclé; During the course of our investigatiqn, two groups indepen-

dently found that forskolin possessed unique properties which might
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render it useful as a tool in the investigation of the rele of cycljc
AMP" in cell function (Metzger and Lindner, 1981; Seamon et al., 1981).
Forskolin was found to rapidly and reversibly stimulate adenylate
cyclase~inlmany mammaiian ceIY ;ypes (Metzger and"Lindner, 1981;
Seamon et al., 1981). This stimulation was specific and occu;;ed in
poth intact and broken cell preparations. From studies with various
mutant cell lines and soluble adenylate cyclase from rat testes,
fofskolin appears to act dihectly on the catalytic unit of tpe adeny-
late cyclase complex. This implies'that hormone-receptors and the
guanine nueieotide bindiné protein are hot necessary for activity
(Seamon and Daly, 1981; Insel et al., 1982).

We expected forskolin to'provfdeosome independent evidence for
the role of cycllc AMP in smooth muscle relaxation. Thus, we
examined the effect of forskolin on smooth m&scle contractility.
Forskolln relaxed a number of smooth muscles in vitro.  To 1nvest1gate
cycllc AMP involvement in forskolin-induced relaxation of smooth
muscle, studies were undertaken w1th phosphodiesterase‘1nhibitors in
iqtaet tissues and adenylate cyclase in broken cell preparations.

The effeets of forskolin on the contractility of both vascular f
and non-vascular smooth muscle were examined iﬂ.!lEEQ-i Forskolin
caused\concentration-dependent relaxations of rat aorta, beef and
dog coronary arteries, "guinea pig taenla caeci and rabbit small
intesting. Forskolin~ lnduced relaxations of these smooth muscle
preparations was slow in onset and the effect lasted about 5 to 10

‘min, depending on the cencentratlon before maximal relaxatlon was

' obtaxned with any partlcular concentration. An explanation for the
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time-course of forskolin- action might be that the compound requires
time to diffuse through the cell membrane to reach 1ts 51te of

action, presumably the catalytlc site of the adenylate cyclase complex
| (Seamon et al., 1981 Insel et al., 1982)

The concentrat1on response studles w1th forskolin suggested that
the vascular smooth muscles were about 10 to 100 times more sensitive
. to the relaxant effects of the diterpene_than the non-vascular smooth

muscles which were examined. There are a number of possible explan-
-ations for this. For example, forskolin may have easier access to
its site of ‘action in the former preparation, ie., to the catalytic -
subunit_of the'adenylate cyclase complex. Another possibility is
differential compartmentilization of cyclic AMP and cyclic AMP-
dependent protein kinase, resulting in a smaller amount of the cyclic
nucleotide being necessary for achieving a particular effect.
Evidence sugéés;ing compartmenfilization of cyclic AMP-dependent
:protein kinase in heart tissue has been mentioned above (Combin |
et al., 1977; Hayes et al., 1979). The differential sensitivity
of the vascular and non-vasculer‘smooth muscles may indicate that
cyclic AMP serves as a partlcularly effective mediator of relaxation
in the former preparatxons In support of thls, the vascular smooth
muscles were also more sensitive than the intestinal preparations
io the relaxant effects of the phosphodiesterase inhihitors employed
1n this study.

Another compound coleonol, has been isolated from the roots of

the Indian plant Coleus-forskohlii. This compound is thought to _

differ from forskolin only in the configuration of the 7-acetoxy

Y
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grouh which is thought %o be in the beta-configuration (above the ring)
.and in the alpha—configuration,(below the fing) in forskolin and
coleonol, respectively. Dubey and coworkers (1981) have conducted
‘15.11!9 and in vitro experiments with coleonol in a variety of species,
and found that it=possesses'pharmacological effegis similar to those
of forskolin. In vivo, qpleonollcaused~hypoten$ion in cats which
lasted about 1 to~2 hours, taéhycardia and a tfansient fespifatory
lstimulation."lt also possessed positive inotropic effects.and
'incfeaéed' coronary flow in isolated rabbit hearts. lg_!iirg, coleondl
relaxed a variety of smboth muscles including cat intestine ahd
_uterusiaﬁd rabbit duodenum as well as antagonizing the effects of
spasmogens in guinea pig ileum and rat mesenieric artefyi Further-
more, the effects of isoproterenoi‘wéfé potentiated by this compound
in rabbit duodenum and guinea pig tracheal chains. Finally, coleonol -
displayed low toxicity in mice. - The mechanism of action of coleonol
has not beén‘determined in these studies. However, considering the
similarities in structure and pharmacological effecté 6f this com-
pound and forskolin, stimulation of adenylate cyclase activity may  , -
be the mechanism. ﬁ h
i The strongest evidence we found to support cyclic AMP involve-
ment in forskolin-induced relaxation of smooth musclé was with broken
ceil preparations from guinea pig taenia caeci and the longitudinal |
muscle of the rébbii small‘intestine. Forskélin caused a concen-
tratibn—dependent stimulation of adenylate cyclase activity'invbotﬁ
of.thesesmooth muscle'preparationsjgiAithoughvthe maximal stimﬁlatory

[

effect of forskolin was not obtainable, the stimulation obtained with

kg
]
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1 mM forskolln waq greater than with any other compound tested
Forskolln mediated stimulation of adenylate cyclase in broken cell
preparatlons from smooth muscle has been demonstrated by other in-.

4

.vestlgators (Seamon et afi 1981)

We used phosphodlesierase inhibitors, MIX and Ro 20-1724, as tools
N

to investigate cycllc AMP 1ﬁ\flvement 1n forskolln mediated relaxation

of smooth muscle / Thus, gu1n¥a plg taenia caeci and rabbit small in-

 testine were treaﬁgd with MIX and Ro 20-1724 in concentratxons wthh
possessed no “dlrect\\relaxgnt effects in the smooth muscle prepara-
tiqnsg' The concenk ﬁlon response curves 1o forskolln in gu1nea plg
taenia caeci d rabblt small intestine were potentiated by treatment
~of the prepa at1ops with the. phosphod1esterase 1nh1b1tors, except for
the case of 1X 1q\the gu1nea plg taenla caeci. These results support
the suggestlon that cycllc AMP“ls involved in forskolln mediated
relaxatlon of the rabbit small intestine. The lack of potent1at10n
by MIX of forskolin-mediated relaxation in the guinea pig taenia
caeci is discussed below. |

Beef coronary arteries were treated with MIX and Ro 20-1724 in.
lower concentrations than the non-vascular smooth muscles since
the phosphodlesterase inhibitors proved to be potent relaxant agents
in the arterral/preparatlon. Contrary to the results obtained in the-
rabbit small intestihe, there was no difference between the concentra-
tidnéeffect curvks for forskolin the beef cdronary arteries treated
with MIX or RO 20- 1724 and the untreated control curves. Thus treat-
ment of the preparatléq with the phosphodlesterase 1nh1b1tors did not

_smooth muscle relaxant effects of forskolin in beef coronary
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arteries. These results suggest that cyclic AMP is not inyolvgd}in_the
smpoth muscle relaxant effects of forskolin in beef coronaryfa;tery.

In the meantime, however, direct evidence of forskolin effécts on
cyclic‘AMP in'beef coronary arteries have been preéented by Holzman#
(1982). | | | /

By way Qf review, MIX potentiated the relaxant effects of
forskolin in the rabbit small intestine but not in the guinea pig
taenia caeci or beef cg;onary artery..'RQ 20—17243théntiated the
relaxant effects of forskolin in both of the intestinal smooth musclés‘
but not in the arterial smooth muscle. Therefore, in two smooth
muscles the effects of the phosphodiestér&se inhibitors were consis-
tent. However, in the guinea pig taenia caeci the effects of the
phosphodiesterase inhibitors were ipconsistent. In addition, in the
radbit small intestine Ro 20-1724 did not potentiate the effects of
verapamil, a calcium channeizblocker (Fleckenstein, 1977) which doés
not’alter-cyclic AMP Ievels in smooth muscle (Gagnon et al., 1980);

or 2-chloroadenosine. However, isoproterenolFmediatéd relaxations of

this tissue were potentiated by Ro 20-1724. This result was not

expected since beta-receptors do not appear“to be coupled to adenylate

cyclase in this smooth mustle (see section 4.2). The phosphodiesterase
inhibitors wére used in this study to‘tést the hypothesis that
forskolin-mediated relaxation of smooth muscle occurs via a mechanism.
involving‘cyclic AMP. The inConsistencies and the unexpected results
‘discussed abdve suggest fhat MIX and Ro 2Q:1724 may not be useful as
tools to examine the hypothesis. ‘ |

Support for this conclusion concerning the usefulness of phosphd—
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d{esterase inhibitors as tobls in smooth muécle can bé found in the
literature. Phdsphodiesterase is a term for a family of isoenzymes
and mulﬁiple.forms of‘the enzyme'havé-been found in evgry mamma- 1an
tissue examined (Robison et al., 1971; Appelman g;_gl;; 1973; Wells
‘ahd Hardman, 1977). The enzyme has a non-uniform distribution in
smooth muscle (Triner gi_gl,, 1971, Volicer et al., 1973; Hidaka}gi
al., 1975; weli§\g§jgl,, 1975; Kuo g}lgl., 1977). Although in some
case§ rélaxatioﬁ of smooth muscle has been correlated with inhibition
of phosphodieéterasé (thovetz and_Poch, 1970; Poch and Kukoveti,
11972; Kukdvetz 6t al., 1976; Kramer and Wells, 1978), othenr investi-
.gators found no such correlatibn between the‘two effects (Daniel and
Crankshay, 1974, Cbllins-and Sutter, 1975). Furthermore, in some
instances thé contracting action of.agents has been enhanced by - I
phosphodiesterase inhibitors (Bartelstéﬁé gglgl.,‘1967; Kalsner, 1971;

. McNeill et al., 1973). Finally, bofh MIXhand Ro 20-1724 have been h
reported to. have effects on smoott~muscle contractility whithéppeared

- 10 pe unrelated to'their action as inhibitors of phosphodiestérase
(Sawynok and Jhamandas, 1979).

In summary, concentration-dependent relaxation of vascular and
non—QaséUlar.smooth muscle was observed with forskolin. Forskolih
caused a concentration-debendent stimulation ofvadénylate cyclase
actjvity in broken cell préparations'bf guineé pig taenia caeci and
the longitudinal muscle of'ihe rabbit small intestiné., Holzmann (1982)

“’;direct evidence of forskolin effects On cyclic AMP in/Beef

glteries. Therefore, forskolin-mediated relaxation of these
may occur via a mechanism involving cyclic AMP.

\



In addition, phosphodiesterase inhibitors, MIX and Ro’ 20-1724,

were used as tools to test the hypothesis that forskolih—mediated',

_ relaxation of smooth muscle occurs via cyclic AMP. The results

obtained with these agents were inconsistent and unexpected. These

results suggest that ihterpretation of data obtained with phospho-

,dlesterase inhibitors in smooth muscle is dxfflcult and may lead to

erroneous concjusions. Therefore MIX and Ro 20-1724 have.11m1ted

value as tools,for the investigation of cyclic AMP mediated events

in the smooth muscles used in this'study. | - ' .

[»}

4.4 CONCLUSION

The suggestion of Sutherland and Rall (1960) oncerning,the role

- of cyclic AMP 1n hormone-medlated relaxation of smooth muscle faorms the

ba51s of - thls thesis. . This hypothesis 1mp11es that cyclic AMP E__ se

can cause relaxatlon of smooth muscle. Two hormone receptors,

- adenosine-receptors and beta-receptors were 1nvestxgated in. three

smooth muscle preparatlons beef coronary artery, guinea pig taenia

: caec1 and the longltudlnal muscle of the rabbit small Intestlne

Specxf1cally, the follow1ng questlons were asked:

1

3)

Does aden051ne :increase. 1evels of cyclic AMP 4n strlps of beef

‘coronary artery?

Is adenylate cyclase act1v1ty 1n broken cell preparatlons of gu1nea

pig taenla caeci and the longltudlnal muscle of the rabbit small
1ntest1ne 1ncreased by 1soproterenol adeo051ne or_analogs.of

adenosxne°

,Can forskolln be used as a tool to 1nvéitlgate the effect of cycllc

A : r

P
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.AMP on snooth muscle contractilrty7
4) Can phosphodlesterase 1nh1b1tors MIX and Ro 20-1724, be used as :
tools to 1nvestlgate the role of cycllc AMP 1n forskolin- medlated
relaxation:of smooth muscle7 | |
we found that a h1qh concentration (1 mM) of adenosinelincreased ﬁ
cycllc AMP levels 1n str1ps of beef coronary artery. ‘However; 0.1 mM -
-aden051ne did not 51gn1f1cantly‘alter cyclic AMP leveISfin this )
'tissue The-variability of basal leyels of cyclic AMP was large{ Qur
results are dlscussed in view of the observatlons of others It'was
. concluded that this approach proved to be unfru1tful and nelther
supports nor refutes the f1nd1ngs of others o
| In broken cell preparatlons from the guinea plg taenia caec1 and
the longltud1na1 muscle of the rabbat small intestine, the guanlne
l nucleotide b1nd1ng 51te and the catalytzc unit of the adenylate -
cyclase complex were present ‘and functlonal Nelther aden051ne -re- ' ] i ‘
ceptor nor beta receptor medlated stlmulatlon of adenylate cyclase
Tactivity - Was observed in these smooth muscle preparatlons desp1te the"

follow1ng measures which: were taken to optlmlze the experlmental con-

o dltlons Deoxy -alpha- [32P3 ATP was used. astsubstrate 1n the assay

system preparatlons were treated with adenosine deamlnase,.GTP or

' Gpp(NH)p were used ‘in combxnatlon w1th aden051ne or analogs of the
nucle031de and the longltudxnal muscle of the rabblt small 1ntest1ne
was fractlonated ~ These results suggest that adenoSIne receptors andf
beta receptors in these smooth muscles dlffer from those known to

- be coupled to adenylate cyclase 1n other cell types Thxs conc1u51on

) 1s supported for adenosxne receptors by tlssue-bath studles wlth .*_r'..ﬂ’ =
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analogs -of adenoslne. The reproducibility of the results obtained in
broken cell preparations is discussed with regard to receptor-mediated
stimulation of edenylate cyqlase activity. Thus,}the question cannot
be answered finally until-ligand binding studies are performed to in-
vestigate the state of the receptors present Ynﬂthe\hroken cell orep-
arations used in this study Furthermore a method to ensure that -
only smooth muscle cells are present in the preparation must be found
and specific inhibitors of proteolytic enzymes and/or endogenous in-
hibitors of adenylate cyclase must be found before definite con-
clusions can be drawn.

Forskolin caused a concentration-dependent relaxation of a
variety of vascular ano non-vascular smooth muscle preparations in
XiEﬁé- Also, forskolin caused a concentration-dependent stimulation
of adenylate cyclase activity in broken cell preparations of guinea
pig taenia caeci and the longitudinal muscle of the rabbit Small
intestine. Holzmann (1982) has found that forskolin increased cyclic
AMP levels in beef coronary artery. Therefore;'forskolin-mediated
relaxation of these three smooth muscles appears to be mediated by
cyclic AMP, It follows that cytlxc AMP per se can cause relaxatlon
of these smooth muscles.. Furthermore, forskolin can be used as a
tool to investigate the effect.of cyclic AMP on smooth muscle con-
tractility. | '

The ohosphodiesterase inhibitors, MIX and Ro 20-1724, were used
as. tools to investigate the role of cyclxc AMP 1n forskolin-mediated

relaxatlon of smooth muscle. The resmts obtained w1th these agents

were inconsistent and unexpected in som¢ cases. Thus, in the guinea
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pig taenia rﬁ;‘

[ RSN

Re 20-172&3\‘q7ﬁ$¥rby MIX. Furthermore, vrSOproterenol-lnduced relax- -
t small 1ntest1ne was potenttated by Ro 20-1724 but

beta-receptors do not appear: to be coupled to ‘adenylate cyclase in
this preparation. These results suggest that lkx and Ro 20-1724 have
llmlted value as tools for the 1nvestlgat10n of cyclic AMP-mediated
events in these smoothﬁﬁuscles

In conclusion, this thesis. has raised more questions than it has
answered. The }elevance of.measurements of levels of cyclic AMP in
intact ceils has been questioned; Our ability to evaluate the effect
of receptor;mediated alterafion’of adenylate cyclase activity in

broken ceLL'preparations from smooth muscle at this time has been

questioned. The use of phosphédiesterase inhibitors as tool

by forskolih has been questioned. The answers to many 5
questions must await further developments in our understanding of. the
molecular events comprising the adenylate cyclase complex in the

smooth muscles in question.

VS



REFERENCES

Adelstein RS, Conti MA, Pat MD (1980) Regulation of myosin
light chain Kinase by reversible phosphorylation and
~calcium-calmodulin. Annals New YorkK Acad Sci 356:142-150

Adelstein RS, Eizenberg E 1980) Regulation and kinetics of
the actin-myosin-ATP interaction. Ann Rev Biochem
49:921-956 . S

Agarwal KC, Parks RE (1980) 5’ -Methylthioadenosine and
2' ,5 -dideoxyadenosine blockade of the inhibitory
effects of adenosine on ADP-induced platelet aggregation
by different mechanisms. Biochem Pharmacol 29:2529-2532
Amer MS (1973) Cyclic adenosine monophosphate and \
hypertension in rats. Science 179:807-809

. Amer MS, Kreighbaum WE -(1875) Cyclic nucleotide :
phosphodiesterases: properties, inhibitors, structure -
activity relationships, and possible role in drug
development. J Pharm Sci 64:1-37

. . N

Anand-Srivastava MB, Franks DJ, Cantin M, Genest J (1983)

Presence of "Ra" and "P"-site receptors -for adenosine

coupled to adenylate cyclase in. cultured vascular smooth

muscle cells. Biochem Biophys Res Commun 108:213-219

Anderssori R, Nilsson K, Nikberg J, Johansson S,
- Mohme-Lundholm E, Lundhoim L (1975) Cyclic nucleotides
and the contraction of smooth muscle. Adv Cyclic ’
Nucleotide Res 5:491-518

Andersson RGG, Nilsson KB (1977) Role of cyclic nucleotides
metabolism and mechanical:-activity in smooth muscle. In:
Stephens NL (eds) ‘Biochemistry of smooth muscle.
University Park Press, Baltimore, pp 263-291

Abp]eman MM, Thompson WJ, Russel TR (1973) Cyclic nucleotide
phosphodiesterases. Adv Cyclic Nucleotide Res 3:65-98

Arad H, Levitsﬁi A (1978) The mechanism of partial agonism
in the beta-receptor dependent adenylate cyclase of
turkey erythrocytes. Mol Pharmacol 16:748-756

Arch URS, Newsholme EA (1978) The control of the metabolism
and the hormonal role of adenosine. Essays Biochem 14:
82-123 /‘ : ’

/

149



150

Askar AO, Mustafa Sj (1982) Effect of calcium antagonists on-:
the adenos1ne induced relaxation of bov1ne coronary
arter1es Fed Proc 41:1529 -~ .

Axelsson J, Holmberg B (1969) The effects of extracellularly
app11ed ATP and related compounds on electrical and -
mechanical" activity of the smooth m uscle taenia coli
from the guinea pig. Acta Physiol Scand 75:149-156

Baer HP (1874) Cyclic nucleotides and smooth muscle Adv
Cyc11c Nucleotide Res 4:195-237

Baer HP (1975) Measurement of adenyl cyclase and cyclic AMP
“in smooth muscle. In: Daniel EE, Paton DM (eds) Methods
in pharmacology. Flenum Press, New York, pp 593-611

Baer HP, Muller MJ, Vriend R (1982) Adenosine Receptors in .
Smooth Muscle. In: Daly JW, Kuroda Y, Phillis JW,
Shimizu H, Ui M (eds) Phys1ology and Pharmaco]ogy of
adenosine derivatives. Raven Press, New YorK (in press)

Bartelstone HJ, Nasmyth PA, Telford JM (1967) The
s1gn1f1cance of adenos1ne cyclic 3',5’' -monophosphate for
the contraction of smooth muscle. J Physiol (London)
188:159-176

Baur S, Grant,B,'LSpaulding Rk (1979) Effect of hormonal and
neuronal agents on adenylate cyclase from smooth muscle
- of the gastric antrum. Biochim Biophys Acta 584:365-374

Bergman RN, Heehter 0 (1978) Neurohypophyseal
hormone-responsive renal adenylate cyclase. IV. A
random-hit matrix model for coupling in a
hormone-sensitive adenylate cyclase system. J Biol Chem
253 3238-3250 O

Berne Rm (1963) Cardiac nucleotides in hypox1aﬁ: possible

role in regulation of coronary blood flow. Am J Physiol

204:317-322 ,

Bhat SV, Bajwa BS, Dornauer H, de Souza NJ, Fehlhaber HW
(1977) Structures and stereochem1stry of new
Labdane-diterpenoids from Coleus forskoh111 Tetrahedron
Lett 19:1669-1672

Bilezek1an JP, Spiegel AM, Brown EM, Aurbach GD (1977)
Identificat1on and pers1stence of beta adrenergic
receptors during maturation of the rat reticulocyte. Mol
Pharmacol 13:775-785 - ' :

Birnbaumer L, Nakahara T, Yang PC (1974) Studies on °



151

receptor-mediated activation of adenylyl cyclases. 1I.
Nucleotide and nutleoside regulation of the activities
of the beef renal medullary adenylyl cyclase and their
stimulation by neurohypophysea] hormon

Blume AJ, Dalton C, Sheppard H (1973) Adenosine med1ated
“elevation of cyclxc 3’ :5' -adenosine monophosphate
concentrations in cultured mouse neuroblastoma cells.
Proc Natl Acad Sci USA 70:3099-3102

Blume AJ, Lichtshtéin D, Boone F (1978} Coupling of op1ate
receptors to adenylate cyclase: Requ1rement for Nat+ and -
GTP. Proc Natl Acad Sci USA 76:5626- 5630 '

Born GVR, Haslam RJ, Gelman M Lowe RD (1975) Comparitive
effect1veness of adenos1ne analogues as inhibitors of
blood-platelet aggregation and as vasodilators in man.
Nature 205:678-680

Braun S, Leeﬁtzki A (1978) Adenosine receptor permananently
coupled to turkey erythrocyte adenylate cyclase.
Biochemistry 18:2134-2138

Brown CM, Collis MG (1982) Evidence for an A2/Ra adenosine
receptor8;n the gu1nea pig trachea Br J Pharmac .
76:381-3 ‘

Brown CM, Burnstock G, Cusak NJ, Meghj% P, Moody Cj (1982)
Evidence for stereospecificity of the Pi-purinoceptor.
Br J Pharmacol 75:101-107

Bruns RF, Daly JW, Snyder SH (1980) Adenosine receptors in
brain membranes : Bing of N6-cyclohexyl:[3H]adenosine
and,1.3-diethyl-8-[3H?pheny]xanthine. Proc Natl Acad Sci

o USA 77:5547-5551 )

Buckle PJ, Spence I (1981) The site of action of muscle
relaxant purine nucleosides. Naunyn Schmiedebergs Arch
Pharmacol 316:64-68 '

Burnstock G (1972) Purinergic nerves. Pharmacol Rev
24:509-581 -

Burnstock - G (1979) Post and current evidence for the —
purinergic nerve hypothesis. In: Baier HP, Drummond GI
(eds) Physiological and regulatory functions of
adenosine and adenine nucleotides. Raven Press, New

York, pp 3-32 |
Burnstock G, Cambell G, Satchell D, Smythe A (1870) Evidence

that\Qli;f:’i/selated nucleotide is the transmitter



152

subsfance'released by non-adrenergic‘inhibitory nerves
of the gut. Br -J Pharmacol 40:668-688 '

Butcher RW, Baird CE (1968) Effects of prostaglaﬁains on
adenosine 3’ :5' -monophosphate levels in fat and other
tissues. J Biol Chem 243:1705-1712 :

Cassel D, Levkovitz H, Selinger Z (1977) The regulatory
' GTPase cycle of turkey erythrocyte adenylate cyclase. J
Cyclic Nucleotide Res 3:393-406 Y

Cassel D, Pfeuffer T (1978) Mechanism of adenylate cyclase ,
activation through the*beta-adrenergic receptor:
catecholamine-induced displacement of bound GDP by GTP. -
Proc Natl Aocad Sci USA 75: 2669-2673 -

Charness ME, Bylund DB, Beckman BS, Hollenberg.MD, Snyder Sh
(1976) Independent variation of béta-adrenergic receptor
binding and catecholamine-stimulated adenylate cyclase
activity in rat erythrocytes. Life Sci 19:243-250

Chasin M, Harris Dn (1976) Inhibitars and activators of
cyclic nucleotide phosphodiesterase. Adv Cyclic
Nucleotide Res 7:225-264 -

Clark RB, Gross R, Su Y-F, Perkins JP (1974) Regulation of
adenosine 3’ :5' -monophosphate content in human
astrocytoma cells by adenosine and the andenine
nucleotides. J Biol Chem 249:5296-5303

Clark RB, Seney MN (1876) Regulation of adenylate cyclase
from cultured human cell lines by adenosine. J Biol Chem
251:4239-4246 . . '

Cohen ML, Blume AS, 1Berkowitz BA (1977) Vascular adenylate
cyclase : role of age and guanine nucleotide activation.
Blood Vessels 14:25-42 ‘

Coheh MV, Kirk ES (1973) Differential respohses of large and
small coronary arteries to nitroglycerin and
angiotensin. Circ Res 33:445-453 ‘

Collins Ga, :Sutter MC (1975) Quantitative aspects of cyclic
AMP and relaxation in the rabbit anterior
mesenteric-portal vein. Can J Physiol Pharmacol
53:989-997 - L

Cooper B, Ahern D (1979) Characterization of the platelet
prostagiandin 02 receptor. Loss of prostaglandin D2
receptors in platelets of patients with

. myeloproliferative disorders. J Clin Invest 64:586-590

>,



. 153

Cooper DMF, Jondos C (1879) Evaluation of the effects of
~adenosine on heptatic and adipocyte adenylate cyclase
under conditions where adenosine is not generated = -
endogenously. J Cyclic Nucleotide Res-5:283-302

Cooper DMF, Jondos C, Rodbell M (1980) Adenosine
receptor-mediated inhibition of rat cerebral cortical
adenylate cyclase by a GTP-dependent process. Anal
Pharmacol 18:598-601 : :

Corbin JD, Sugden PH, Lincoln TM, Keely SL (1877)
Compartmentalization of adenosine 3’ :5' -monophosphate
and adenosine 3':5' -monophosphate-dependent protein
Kinase in heart tissue. J Biol Chem 252:3854 :

Cuatrecasas P, Jacobs S, Bennett V (1975) Activation of
adenylate cyclase by phosphoramidate and phosphonate
analogs of GTP: Possible role of covalent
enzyme-substrate intermediates in the mechanism of
hormonal activation. Proc Natl Acad Sci USA 72:1739-1

Daly JW (1982) Adenosine receptors: Targets for future
drugs. J Med Chem 25:187-207

Daniel EE, Crankshaw J (1974) ﬁelation of c-AMP to
r@laxation of pulmonary artery. Blood Vessels 11:295-311

Daniel EE, Grover AK, Kwan CY (1983) Calcium. In: Stephens
NL (ed) Biochemistry of smooth muscle Vol IIl. CRC
Press, Boca Raton, Florida pp 1-88

~ Diamond J (13878) Role of cyclic'nucleotide in cdhtro] of

smooth muscle contraction. Adv Cyclic Nucleotide Res /

9:327-340

Diamond J, Holmes TG (1975) Effects of potassium chloride
and smooth muscle relaxants on tension and cyclic
nucleotide levels in rat myometrium. Can J Physio]
Pharmacol 53:1099-1107 \

Drogmans G, Raeymaekers L, Casteels R (1977) Electro- and
“pharmacomechanical coupling in the smooth muscle celis
of the rabbit ear artery. J Gen Physiol 70:129-148

Drury AN, Szent-Gyorgi A (1929) The physiological activity
of adenine compounds with a special reference to their
action upon mammalian heart. J Physiol 68:213-237

Dubey MP, Srimal RC, Nityanand S, Dhawan BN (1981)
Pharmacological studies on coleonol, a hypotensive
diterpene from Coleus_forskohlii. J ‘Ethnopharmacol



154

3:1-13

Dufau ML, Tsuruhara T, Horner KA, Podesta E, Catt KJ (1977)
- Intermediate role of adenosine 3':5'-cyclic
monophosphate and protein kinase during induced
steroidogenesis in testicular interstitial cells. Proc
Natl Acad Sci USA 74:3419-3423 ' :

Dutta P, Mustafa SJ (1980) Binding of adenosine to the crude
plasma membrane fraction isolated from dog coronary and ..
carotid arteries. J Pharmacol Exp Ther 214:486-502 :

Ebert R, Schwabe U (1972) Studies on the antilipolytic
effect of adenosine and related compounds in isolated
fat celts. Naunyn Schmiedebergs Arch Pharmacol
278:247-259 |

Eckstein F, Cassel D, Levkovitz H, Lowe M, Selinger Z (1979)

‘ ‘Guanosine 5’ -0-(2-thiodiphosphate) an inhibitor of
adenylate cyclase stimulation by guanine nucleotides and
fluoride ions. J Biol Chem:254:3829-9834 -

Fain JN, Malbon CC (1979) Régulation of adenylate cyclase by
adenosine. Anal Cell Biochem 23:1-27 -

Fain JN, Pointer RH, Ward WF (1972) Effect of adenosine
nucleosides on adenylate cyclase phosphodiesterase,
cyclic adenosine monophosphate accumulation and
lipolysis in fat cells. J Biol Chem 247:6866-6872

Fain UN, Shepherd RE (1879) Hormohal regulation of
' lipolysis: role of cyclic nucleotides, adenosine, and
free fatty acids. Adv Exp Med Biol1:43-78

Fain.JN, Weiser PB (1875) Effects of adenosine deaminase on
cyclic adenosine monophosphate accumulation, lipolysis,
and glucose metabolism of fat cells. J Biol Chem
250:1027-1034 ' .

Fenton RA, Bruttig SP, Rubio R, Berne RM (1982) Effect of
adenosine on calcium uptake by intact and cultured
vascular smooth muscle. Am J Physiol 242 (Heart Circ
Physiol 11):H787-H804

Fleckenstein A (1877) Specific pharmacblogy of calcium in
: myocardium, cardiac pacemakers, and vascular smaoth .
muscle. Ann Rev Pharmacol Toxicol 17:148-166{

‘i

Fox IH, Kelly WN (1978) The role of adenos%ne and \ :
2' -deoxy-adenosine in mammalian cells. Ann Rev Biochem
47:655-686 . . E '



155

Fredholm BB (1880) Theophylline actions on adenosine
" receptors. Eur J Resp Dis 61(Suppl 108):29-36

Fredholm BB, Hedquist P, Vernet L (1978) Effect of
theophylline and other drugs on rabbit renal cyclic
nucleotide phosphodiesterase, 5’ -nucleotidase and
adenosine deaminase. Biochem Pharmacol 27:2845-2850

Furchgott RF (1981) The requirements for éﬁdothelia] cells
. in the relaxation of arteries by acetylcholine and some
other vasocilators. TIPS Rev 2:173-176 - ‘

Gaghbn,G, Regoli D, Rioux F (1980) Studies on the mechanism
of action of various vasodilators. Br Pharmacol
70:219-227

‘Garbers DL, Johnson RA (1975) Metal and metal-ATP
interactions with brain and cardiac adenylate cyclases.
Id Biol Chem 250:8449-8456 :

Gilbert CH, Galton DJ (1973) The prééénce.of a
hormone-sensitive cyclase system in the riat aorta and
its relation to lipolysis. Atherosclerosis 18:257-264

Green RD, Stanberry LR (1977) Elevation of cyclic.AMP in
C-1300 murine neuroblastoma by adenosine and related
compounds and the antagonism of this response by
methylxanthines. Biochem Pharmacol 26:37-43

Haga T, Haga K, Gilman AG (1977) Hydrodynamic-properties of
the beta-adrenergic receptor and. adenylate cyclase from
wild type and variant S$48 lymphoma cells. J Biol Chem
252:5776-5782 .

Hamet P, Baira CE, Hardma dG,l1978) Characteristics of
adenylate cyclase actfvi in pig coronary arteries. J-
Cyclic Nucleotide Res 4:183-199 * .

-

. Harbon S, Clauser H (1971) Cyclic adenosine

3’ ,5' -monophosphate levels in rat myometrium under the
influence of epinephrine, prostaglandins, and oxytocin:
correlations with uterus motility. Biochem Biophys Res
Commun 44: 1496

Harbon S, Vesin MF, Do-Khac L (1976) The effects of
epinephrine and prostaglandins on CAMP formation and
binding to its intracellular receptors. Correlations
with myometrial activity. In: woreel M, Vassort G (eds)
Smooth muscle pharacology and physiology.

Harden TK, Foster SJ, Perkins JP (1978) Differential



156

expression of components of the adenylate cyclase system
during growth of astrocytoma cells in culture J Biol
Chem 254:4416-4422

Harden TK, Wolfe BB, Sporn dk PerKins JP, Molinoff PB
(1977] Ontogeny of beta- adrenerg1c receptors in rat
cerebral cortex. Brain Res 125:98- 08

Harder D, Sperelakis N (1978) Membrane -properties of
arterial vascular smooth muscle (abstr). Fed Proc 37:821

Harder DR, Belardinelli L, Sperelakis N, Rubio R, Berne RM
(1979) Differential effects of adenosine and .
nitroglycerine on the action potentials of. large and
small coronary arteries. Circ Res 44: 176-182

Hardman JG (1981) Cyclic nucleotides and smooth muscle
contraction: some conceptual and experimental
considerations. lnxxgglbring E, Brading AF,

Jones AW, Tomita T (eds) Smooth muscle: an assessment of
current knowledge. Edward Arnold, London, pp 249-262

‘Hardman “JG, Wells JN, Hamet P {1977) Cyclic nucleotide
metabolism in cell-free systems from vascular tissue.
In: Stephens NL (eds) The biochemistry of smooth muscle.
University Park Press,_Ba]t1more pp 328-342

~
L

Harper JF, Brobker G (1975) Fentomole sens1t1ve
radxolmmunoassay for 3' :5' -cyclic nucleotide
monophosphate after 2'0-acetylation by acetic anhydride
“in aqueous solution. J Cyclic Nucleotide Res 1:207- 218

Harwood JP, Low:H, Rodbell M (1973) Stimulatory and
inhibitory effects of guanyl nucleotides on fat cell
adenylate cyclase. J Biol Chem 248:62339-6245

Haslam RJ, Davidson MML, Desjardins JV (1978) Inhibition of
adenylate cyclase by adenosine analogs in preparation of
broken and intact human platelets. Biochem J 176:83-95

- Haslam RJ, Davidson MML, Lemmex BWG, Desjardins JV, McCarry
BE (1979) Adenafdne receptors of ‘the blood platelet:
Intergction with*adenylate cyclase. In: Baer HP,Drummond
Gl (eds) Physiological functions of adenosine and

. adenine rucleotides. Raven Presg_&N o

Haslam RJ, Lynham JA (1972) Activation -and inhibition of
bloogt platelet adenylate cyclase by adenosine or by
2- chloroadenos1ne Life Sci 11:1143-1154

~



157

Haslem RJ, Rosson GM (1975) Effects of adenosine on levels
of cyclic 3',5' -monophosphate in human blood pTateﬁets
in relation to adenosine incorporation and platelet
aggregation. Mol Pharmacol 11:528-544

Hayes JS, Brunton LL, Brawn UH, Reese JB, Mayer SE (1979)
.Hormonally specific expression of cardiac protein Kinase
activity. Proc Natl Acad Sci USA 76:1570-1574

Hayes JS, Brunton LL, Brown JH, Reese UB, Mayer SE (1979)
Hormonally specific expression of cardiac protein Kinase
activity. Proc Natl Acad Sci USA 76:1570 - ‘

Hedquist P, Fredholm BB, Olundh S .(1978) Antagonistic
effects of theophylline and adenosine on adrenergic
neuroeffector transmission in the rabbit Kidney. Circ
Res 43:582-588 ~

Her1ihy JT, Bockman EL, Berne RM, Rubio R (1976) Adenosine
relaxation of isolated vascular smooth muscle. Am J
Physiol 230:12338-1243 . 0

Hidaka H, Asano T, Shimamoto.T (1875) Cyctic 3',5' -AMP
p??sphodiesterase of rabbit aorta. Biochim Biophys Acta
377:103-116 ’ - f

Hi11 AB, (1971) Principles of Medical Statistics. Ninth
Edition, The Lancet Limited, London, pp143-151

Hoffman RD, Marion DW, Cornalzer WE, Duerre JA (1980)
S-adenosylmethionine and S-adenosylohomocysteine
metabolism in isolated rat liver. Effects of
L-methionine, L-homocysteine, and adenosine. J Biol Chem
255:10822-10827 - :

Holzmann S (1982) Relaxani and cAMP-increasing effects of
forskolin in bovine coronary arteries. Naunyn
Schmiedebergs Arch Pharmacol 321(Suppl):R42

’Huaﬁg M, Daly JW (1974) Adenosine elicited accumulation of ,
cyclic. AMP in brain slices: Potentiation by agents which
inhibit uptake of adenosine. Life Sciences 14:489-503

<

Hﬁang M, Drummond GI (1976) Effect of adenosine on cyclic
AMP accumulation in ventricular myocardium. Biochem
Pharmacol 25:2713-2719

Huang M, Drummond GI (1978) Effect of adenosine and |
catecholamines on cyclic AMP levels in guinea pig heart.
Adv Cyclic Nucleotide Res 9:341-353 - . -



158

huang M, Drummond GIl(1979) Adenylate cyclase in cerebral
microvessels: Action of guanine nucleotides, adenosine,
anduother'agents Mol Pharmacol 16:462-472 J

Huang M, Shimizu H, Daly JW (1972) Accumulation of cyclic
adenosine monophosphate in incubated slices of brain:
tissue. 2. Effects of depolarizing agents, membrane
stabilizers, phosphodiesterase inhibitors and adenosine
analogs J Med Chem 15:462-466 . ,

Imai S, Takeda K. (1967) Effect of vasod1lators upon the
jsolated taenia coli of the guinea plg J Pharmacol Exp
Ther 156:557-564

Insel PA, Maguire ME, Gilman AG, Bourne HR, Coffino P,
Melmon KL (1976) Beta adrenerg1c receptors and adenylate
cyclase: Products of separate genes7 Mol Pharmacol
12:1062-1069 .

Insel PA, Stengel D, Ferry N, Hanoune J (1982) Regulation of
adenylate cyclase of human platelet membranes by
forskolin. d Biol Chem 257'7485 7490 \

‘Iyenger R (1981} Hysteretic activation of adenylyl cylases.
I1. Mg ion regulation of the regulatory component as
analysed by reconstitution. J Biol Chem 256:11042-11050

Jacobs S, Bennett V, Cuatrecasas P (1875) Kinetics of
1rrever51ble act1vat1on of adenylate cyclase of fat cell
membranes by phosphonlum and pho; og%@1date analogs of
GTP. J Cyc¢lic Nucleotide Res 2: 2

Jacobs S, Cuatrecasas P (1376) The mob1le receptor
hypothesis and "cooperativity” of hormone binding:
Application to insulin. Biochim et Biophys Acta
433:482-4985" | ,

. ‘ AN

Jakobs KH, Saur W, 'Johnson Rﬁeél979) Regulation of platelet
adenyégteQCyclase by ade ne.. Biochim Biophys Acta’
583:409-421

Jakébs KH, Saur W, Schultz G (1978) Inhibition of platelet
adenylate cyclase by epinephrine requires GTP. FEBS -
Letters 85: 167 170 .

Kalsner S (1871) Mechanism of potent1ation of contractor
. responses to catecholamines by methylxanthines in aortic
str1ps Br J Pharmacol 43:379-388 .

Keely sL (1977) Activation of cAMP- dependent protein Kinase
~without a corresponding ‘increase in phosphorylase



159
activity. Res Commun Chem Pathol Pharmacol 18:283-290

Kidwai (1975) Isolation of plasma membranes from smooth,
skeletal, and heart muscle. Methods Enzymol 31(Pt
A):134-144 4 -

Krall JF, Korenman SG (1979) Regulation of uterine smooth
muscle cell beta-adrenergic catecholdmine-sensitive
adenylate cyclase by magnesium and quanylyl nucleotide.
Biochem Pharmacol 28:2771-2775

Krall JF, Korenman SG (1980) Copurification.of
 beta-adrenergic catecholamine receptors and
hormone-sensitive adenylate cyclase with uterine smooth
muscle plasma membrane. Proc Soc Exp Biol Med 165:82.

Kramer ‘GL, Hardman UG (1980) Cyclic nucleotides and blood
vessel contraction.| In: Bohr DF, Somlyo AP, Sparks HV
(eds ) Handbook of physiology. The card1ovascular system
11, vascular smooth muscle. Am Physiol Soc, Bethesda,
MD, pp 179-199

Kramer GL Wells JN (1878) Phosphod1esterase 1nh1b1t1on and
coronary artery relaxation-by xanthine derivatives
(Abstract) Adv Cyclic Nucleotide Res 9:758

Kroeger EA (1979) Effect of tissue adenosine '
3’ :5' -monophosphate on the potassium contracture'of
myometrium. Role of endogenous norepinephrine. J
Pharmacol Exp Ther 210:82-86 .

Kukovetz WR, Poch G (1970) Inhibition of
cyclic- 3 5’ -nucleot ide- -phosphodiesterase as a possible
mode of act1on of papaverine and similarly acting drugs.
~ Naunyn Schm1edebergs Arch Pharmacol 267:.189-194

Kukovetz WR, Poch G, Holzmann S, WUrm A, Rinner.l‘(1978)
Role of cyclic nucleotides in adenosine-mediated
‘regulation of coronary flow. Adv Cyclic Nucleotide Res
9:397-409 .

. Kukovetz WR, Poch G, Wurm A, Holzmann S, Pa1etta E (1976)
Effect of phosphod1esterase 1nh1b1t1on on smooth muscle
tone. In: Betz E (ed) lonic actions on vascular smooth
muscle. Spr1nger Verlag, Berlin, pp 124 131

: Kukovetz WR ‘Wurm A, Holzmann S, Poch G, Rinner: I”L1979)
, .Ev1dence for an adenylate cyclase l1nked adenosine -
receptor mediating coronary relaxation.In: Baer HP, .
Drummond Gl (eds) Physiological and regulatory. funct1ons

of adenosiné. Raven Press, New York o] :

.'r ' 9 ’ .-



160

>

Kukovetz WR, Wurm A, Rinner 1, Holzmann S, Poch G (1977) In:
Casteels R, Godfraind T, Ruegg JC (eds). , ‘
Excitation-gontraction coupling in smooth muscle.
Oxford, Elsevier/North Holland, Amsterdam, New York, .

pp399-406

~Kuo JF. Malveaux J, Patrick JG, Davis CW, Kuo WN, Pruitt AW
(1877) Cyclic GMP-dependent and cyclic AMP-dependent
protein kinases, protein Kinase modulators and
phosphodiesterases in arteries and veins of dogs. =

Distribution and effects of arteriovenous fis

Kuroda Y (1978) Physiological role of adenosine derivatives
which are released during neuro&;ansmission in mammalian
brain. J Physiol (Paris) 77:463-470 !

Lad PM, Nielsen 1B, Londos C, Preston MS, Rodbell M (1980a)
Independent mechanisms of adenosine activation and
inhibition of the turkey erythrocyte adenylate cyclase .
system.. J Biol Chem 2@5:10841-10846 L

N %3 .
Lad PM, Nielsen TB.'Presng MS: Rodbell M (1980b) The role
of the guanine nucleotide exchange reaction in the
regulation of the beta-adrenergic receptor and in the
actions of catecholamines and cholera toxin on adenylate
“cyclase. in turkey erythrocyte memb ,
Levitski A (1982) Activafyion and inhibition of adenylate
cyclase by-hormones:‘mechanistic~aspects»‘TIPS 5:203-208

Levitzki A, Sevilla N, SteemyML (1976) The reguiatory o
control of beta-receptor# ependent adenylate cyclase. J - .
Supramo1 Struct 4:405 B o ’ N

& . L . % o “

Limb%&d-LE. Lefkowitz RJ (1877) Reéolg§1onuqfﬁ i
beta-adrenergic receptor binding and adefiylate cyclase
activity by gel exclusion chromatography. J Biol Chem
252:799-801 | . SR R 3 =

Lindner E, Dohadwalla AN, Bhattacharya BK (1978) Positive
“inotropic and blood pressure lowering activity of a
~ diterpene derivative isolated from Coleus - -
forskohlii:Forskolin. Arzneim Drug Res 28:284-289
Londos C, Cooper DMF, Schlegel W, Rodbell M (1978) Adenosine . -
“analogs inhibit adipocyte adenylate cyclase by a e
* GTP-dependent process:_Basis,for-actions of adenosine

- and methylxanthines on cyclic AMP production and .
Tipolysis.xProchatl Acad~$cijSA‘75:5362 _> e

Londos C, Cooper DMF, Wolff (1980) ‘Subclasses of adenosine.

v . "‘ o L R , . C
' .‘*«) : ‘ . — ‘ . ‘ [ /A;



161

receptors. Proc Natl Acad Sci USA 77:2551-2554

Solubilization and conversion of hepatic adenylafe
cyclase to a form requiring MnATP as substrate. J
Supramo! Struct 10:31-37 ° -

Londos C, Lad PM, Nielsen TB, Rodbell M (1979)

Londos C, Preston MS (1977) Regulation by glucagon and
divalent cations of inhibition of hepatic adenylate
cyclase by adenosine. J Biol Chem 252:5951-5956

Londos C, Salomon Y, Lin MC, Harwood JP, Schramm M, Wolff J,
Rodbell M (1974) 5’ -Guanylylimido-diphosphate, a potent
activator of adenylate cyclase systems in eukaryotic
cells. Proc Natl Acad Sci USA 71:3087-3090 '

Londos C, Wolff J (1977) Two distinct adenosine-sensitive
sites on adenylate cyclase. Proc Natl Acad Sci USA
74:5482-5486 . : . <

. Londos C, Wolff J, Cooper DMF (1979b) Action of adenosine on
‘ adenylate cyclasd. In: Baer HP, Drummond Gl (eds)
Physiological and regulatory functions of adenosine and -
adenine nucleotides. Raven.Press, New York, pp 271-281
. ) :

Londos C, Wolff J, Cooper DMF (1981) Adenosine as a
' regulator of adenylate cyclase. 1/: Burnstock G (ed)
Purinergic Receptors. Chapﬁan Ha¥l, London, pp 287-323

Londos C, Wolff J, Cooper DMF (1983) Adenosine. receptors and
adenylate cyclase interactions. In: Rall TW, Rubio R
(eds) Regulatory function of adenosine. Martinus Nijhoff
.pgb;;shers. Boston/The Hague/Dordrecht/Lancaster, pp ~
17- . . . AR

" Lowry OH, Rosebrough NJ, Farr A}, Randall RJ (1951) Protein
measurement with Folin phend] reagent. J Biol Chem
193:265-275 | o

- Maguire ME, Sturgill TW, Anderson HS, Minna JD, Gilman Ag
' (1975) Hormonal control of cyclic. AMP metabolism in .
~ parental® and hyprid $omatic cells. Adv Cyclic Nucleotide |
Res 5:699-718 | ' o : ‘

&

Malbon CC, Hert RC, Fain N (1978) Characterization of [3H]
. adenosine binding to fat cell membranes. J Biol Chem )
253:3114-3122 o ‘ . R -

‘Maﬁone'G.'PléUi—M{ Lichtenstein LM (1978) Characterization
. of a specific adenosine receptor on human lymphocytes. J
L lmmunoJ‘121:2153-2159;g; N o o

&

o v



162

Marquardt DL, Parker CW, Sullivan TJ (1978) Potentiation of
mast ce11 mediator release by aden051ne J Immunol
120 871-878 { -

McKen21e SG (1975) Ph.D. thesis - University of Alberta.

McKenzie SG, Frew R, Baer HP (1977) Effects of adenosine and
related compounds on adenylate cyclase and cyclic AMP
levels in smooth muscle. Eur J Pharmacol 41:193-203

McMahon KK, Schimmel RJ (1982) Inhibition of Forskolin
activated adenylate cyclase in hamster adipocyte
membranes with prostagland1n E-1 and clonidine. J Cyclic
Nucleotide Res 8:39-4

McNeill UH, Hook UB, Davis RS (1973) Inhibition and
enhancement of the noradrenaline constrictor response by
methylxanthines. Can J Physiol Pharmacol 51:553-555

Merrill G, Young M, Dorrell S, Krieger L (1882) Coronary '
1nteractlons between n1fed1p1ne and adenosine in the
intact dog heart. Eur Pharmacol 81:543-550

Metzger H, Lindner E (1981a) The positive inotropic- acfing
forskol1n. a potent adenylatecyclase activator. _

- Arzne1m1tte1forsch Drug Res 31:1348-1250

Metzger H, Lindner E (1981b) Forskolin - A novel
adeny]atecyclase activator. IRCS Med Sci 9:89

Mills DCB, Smith JUB (1971) The influence on platelet
V aggregat1on of drugs that affect the accumulation of
adenosine 3',5' -cyclic monophosphate in platelets.
Biochem J 121: 185 196 -

Mulier My (1979) M.Sc. thesis - University of Alperta.

“Mulier My, Paton DM (1979) Presynaptic inhibitory actions of
2-substituted adenosine derivatives on neurotransmission”
in rat vas deferens: Effects of inhibitors of adenosine
"uptake and deamination. Naunyn Schmiedebergs Arch

: Pharmaco1 306:23-28

“Munshi R, Baer HP (1982) Development of a new 11gand for
adenosine. receptors: lodohydroxypheny
isopropyladenOSIne Can J Physiol Pharmacol 60:1320-1322

Murthy vV, Gilbert JC, Goldberg LI, Kuo JF (1976) ’
DOpam1ne sens1t1ve adenylate cyclase in can1ne renal
artery. J Pharm Pharmacol 28:567- 571

[P TOU——



163

Namm DH,- Leader JP (1976) Occurrence and function of cyclic
nucleotides in blood vessels. Blood Vessels 13:24447‘

Nathahson JA, Glaser GH (1979) ldentification of
beta-adrenergic-sensitive adenylate cyclase in
intracranial blood vessels. Nature 278:567-569

Nayler WG, Poole-Wilson PL (1981) Calcium antagonists
definition and mode of action. Basic Res Tardiol 76:1

Neer EJ, Salter RS (1981) Réconsfitutéd adenylate cyclase
from bovine brain. -‘Functions of the subunits. J Biol
Chem 256:12102-12107 T /

. » [ |
Newman ME, Patel J, Mcllwai (1981) The binding of 3
[3H]adenosine to synapfosomal and other preparations '
from the mammalian brain. Biochem 194:611-620'

Okwuasaba FK, Hamilton JT, Cook MA (1978) Evidence for the
cell surface locus of presynaptic purine nucleotide
receptors in guinea pig ileum. J Pharmacol Exp Ther
207:779-786 - ~

Olsson RA, Davis CC, Khouri EM. (1977) Coronary vasoactivity

of adenosine covalently linked to polylysine. Life Sci

21:1343-1350 ' '

Olsson RA, Davis CJ, Khouri EM, Patterson RE (1976) Evidence
for an adenosine receptor on the surface of dog coronary
myocytes. Circ Res 39:93-98

Orly J, Schramm M (1976) Coupiing of catecholamine receptor
from one cell with adenylate cyclase from another cell
by cell fusion. Proc Natl Acad Sci USA 73:4410-4414

' Palmer GC (1971)ACharacteristics of the hormonal induced
cyclic adenosine 3',5' -monophosphate response in the rat
and guinea pig lung in vitro. Biochim Biophys Acta
252:561-566

Paton DM (1981) Structure-activity relations for presynaptic
inhibition of noradrenergic and cholinergic transmission
by adenosine : evidence for action at A1 receptors. J A
Autonomic Pharmacol 1:287-290 s

Peck WA, Carpenter J, Messinger K (1974) Cyclic

; 3" ,5' -monophosphate in isolated bone cells. I1.
Responses to adenosine and parathyroid hormone.
Endocrinology 94:148-154 ' :

Peck WA, Carpenter JG, Schuster R (1976) Adenosipé-mediated



164

stimulation of bone cell adenylate cyclase activity.
Endocrinology 99:901-909
_ . A

Penit J, Huot J, Jard S (1976) Neuroblastoma cell adenylate -
cyclase : direct activation by adenosine and
prostaglandins. J Neurochem 26:265-273

: Perk;ns gz (1973) Adeny! cyclase. Adv Cyclic Nucleotide Res
i

Petrack B, Czernik AJ, Ansell J, Cassidy (1981)
Potentiation of arginine-induced glucagon secretion by
adenosine. Life Sci 28:2611-2615

Pfeuffer T (1977) GTP-binding proteins in membranes and the
control of adenylate cyclase activity. J Biol Chem
252:7224-7234 . ,

Pfeuffer T (1978) Guanine nucleotide-controlled interactions
between components of adenylate cyclase. FEBS Lett
101:85-89 » :

pfeuffer T, Helmreich EUM (1975) Activation of pigeon
erythrocyte membrane adenylate cyclase by guanyl
nucleotide analogues and separation of a nucleotide
binding protein. J Biol Chem 250:867-876

Phillis JW, Edstrom JP, Kostopoulos GK, Kirkpatrick JR
(1979) Effects of adenosine and adenine nucleotides on
synaptic transmission in the cerebral cortex. Can J
Physiol Pharmacol 57:1288-1312

Poch G, Kukovetz WR (1972) Studies on the possible role of
" cyclic AMP in drug-induced coronary vasodilation. Adv
Cyclic Nucleotide Res 1:195-211 : .

prasad RN, Bariana DS, Fung A, Savic M, Tietje K (1980)
Modification of the 5 position of purine nucleosides.
2. Synthesis and some cardiovascular properties of
agegogine*S’-(N-substituted) carboxamides. J Med Chem
23:313-319 ‘ . .

Premont J, Guillon G, Bockaert J (1979) Specific Mg2+ and
adenosine sites involved in a bireactant mechanism for
adenylate cyclase inhibition and their probable
localization on this enzyme’'s catalytic component.
Biochem Biophys Res Comm 90:513-518 ' . .

 Ramanthan S, Shibata S (1974) Cyclic AMP blood vessels of

spontaneously hyper tensive rat. Blood Vessels 11:312-318



f 185

#

Reddington M, Schubert P (1979) Parallel investigations of
the effects of adenosine on evoked potentials and cyclic
AMP accumulation in hippocampus slices of the rat.
Neurosci Lett 14: 37-42

Rinard GA, Jensen A (1981) Preparation of hormone-sensitive
airway smooth muscle adenylate cyclase from dissociated
canine trachealis cells. Biochim Biophys Acta
678:207-212 o

Rinner 1, Wurm A (1978) Solubilized coronary smooth muscle
adenylicyclase: Influence of lipids on adenosine
response. Naunyn Schmeidebergs Arch Pharmacol
302 (Suppl) :R25 :

Roberts UM, Insel PA, Goldfien RD, Goldfien A (1977)
Identification.of beta-adrenergic binding sites in
rabbit myometrium. Endocrinology 101:1839

Robison GA, Butcher RW, sutherland EW (1971) Cyclic AMP. New
York, Academic o .

Rodbell M (1975) On the mechanism of action of fat cell
adenylate cyclase. by guanine nucleotides. An explanation
-for the -biphasic inhibitory effects of the nucleotides
and the role of hormones. U Biol Chem 250¢5826-5834

Rodbell! M (1980) The role of hormone receptors and
GTP-regulatory pro{@ins in membrane transduction. Nature
284:17-22 _ A :

Rodbell M, Birnbaumer L, Pohl SL, Krans KMJ (1971) The
glucagon-sensitive adenyl cyclase syégem in plasma _
membranes of rat liver. V. An obligatory role of guanyl
nucleotides in glucagon action. J Biol Chem 246:1877

Rodbell M, Lad PM, Nielsen TB, Cooper DMF, Schlegel W,
Preston MS, Londos C, Kempner ES (1981) The structure of
adenylzte cyclase systems. Adv Cyclic Nucleotide Res
14:3-14- o o

Rodbell M, Lin MC, Salomon Y (1874) Evidence for |
interdependent action af gtucagon and nucleotides on the
hepatic adenylaté cyclase system. J Biol Chem.249:59

Rodbell M, Lin MC, Salomon Y, Londos C, Harwood JP, Martin
BR, Rendell M, Berman M (1974) The role of adenine and
guanine nucleotides in the activity and response of
adenylate cyclase systems to hormones: Evidence for
multi-site transition states. Agta En “

. . ’ L



v

166

<

Ross EM, Gilman AG (1977) Resdlution'of ‘some "compbnents of
adenylate cyclase necessary for catalytic activity. J
Biol Chem 252:6966-6370 o

Ross EM, Gilm;§3i2 (1980) Biochemical properties of

hormone-sensitive adenylate cyclase. Ann Rev Biochem
438:533-564 o

Ross EM, Howlett 'AC, Ferguson KM, Gilman AG (1978) | .
Reconstitution of hormone-sensitive adenylate cyclase
activity with resolved components of the enzyme. J Biol
Chem 253:6401-6412 _

Sabol SL, Nirenberg M ({979) Regulation of adenylate cyclase

of neuroblastoma X glioma hybrid cells by
alpha-adrenergic receptors. 1. Inhibition of adenylate
cyclase mediated by alpha receptors. J Biol Chem
254:1913-1920 . . ‘ ’

Sahyoun N, Schmitges CdJ, Siege! MI, Cuatrecasas P (1976)
Inhibition of fat cell membrane adenylate cyclase by
2’ -deoxyadenosine’ 3' -monophosphate. Life Sci
19:1971-1878

Sahyoun N, Schmitges CJ. Siegel MI, Cuatrecasas P (1976)

2’ -Deoxy- 3' -monophosphate: a/naturally occurring
inhibitor of adenylate cyclasﬁbin{pmphibian and
~ mammalian cells. Life Sci- 19: 6%@?969<
Sala GB, Dufau ML, Catt KL (1979) Gonadotropin actiom-in
isolated ovarian luteal cells. The intermediate role of
adenosine 3' :5' -monophosphate in hormonal stimulation of
progesterone synthesis. J Biol Chem 254:2977-2083

Sattin A, Rall TW (1970) The effect of adenosine and
adenos ine nucleotides on the cyclic adenosine

3’ ,5' -phosphate content of guinea pig. cerebral cdortex
slices. Mol Pharmacol 6:13-23 : ' o

ce i
Sawynak J, Jhamandas K (1979) Interactions of )
' methyTxanthines.,nonxanthine phosphodieste
inhibitors, and calcium with morphine ing
" myenteric plexus. Can J Physiol Pharmacol ;

Scheid CR. Honeyman TW, Fay FS (1979) Mechanism of
beta-adrenergic relaxation of smooth muscle. Nature
277:32-36 & N

Schlegel- W, Kempner ES, Rodbell M (1978] Activation of .

adenylate -cyclase in hepatic membranes involves
interactions of the catalytjic unit‘wi;h-multimeric

‘F,



167

complexes of regulatory proteins. J Biol Chem
254:5168-5176 |

Schmidt K (1981) Ph.D. thesis - Universitaetsplatz 2, A-3010
‘Graz, Austria : .

Schnaar RC, Sparks HV (1872) Response of large and small
coronary arteries to nitroglycerin, NaN0-2, and
adenosine. Am J Physiol 223:223-228 y

schonhofer PS. Skidmore IF, Forn J, Fleisch JH (1971) Adeny!
ggc;ase activity in rabbit aorta. J Pharm Pharmacol
:28-31 '

Schrader U, Nees S, Gerlach E (1977) Evidence for a cell
surface adenosine receptor on coronary myocytes and
atrial muscle cells. Pfluegers Arch 369:251-257

Schramm M (1976). Bj%cking of catecholamine activation of
adeqylate.cycl%ge by N,N’dicycliohexy] carbodiimide in
turkey erythrocytes. J Cyclic Nucleotide Res 2:347-358

Schramm M (1979) Transfer- of ‘glucagon receptor from liver |
membranes to a foreign adenylate cyclase by a membrane
~ fusion procedure. Proc Natl Acad Sci USA 76:1174-1178

Schramm M, LRodbell M (1875) A persistent active state of
the adenylate cyclase system produced by the combined
actions of isoproterenol and guanylyl imidodiphosphate
in frog erythrocyte membranes. Biol Chem 250:2232

Schramm M, Naim E (1970) Adenyl cyclase of rat parotid
gland. Activation by fluoride and norepinephrine. J Biol
Chem 245:3225-3231 '

Schramm M, Orly J, Eimer1 S, Korner M (1977) Coupling of
hormone receptors to adenylate cyclase of different
cells by fusion. Nature 268:310-313 "

schror K, Rosen P (1978) Prostacyclin (PGI-2) decreases the
cyclic AMP level in coronary arteries. Naunyn Y
Schmeidebergs Arch Pharmacol 306:101-103 ‘ ,
"schulster D, Orly J, Seidel G, Schramm M (1978)
Intracellular cyclic AMP production enhanced by a
‘hormone receptor transferred from a different cell. J
Biol Chem 253:1201-1206 . B 4

Schultz G, Hardman JG (1976) Possible roles of cyclic
" nucleotides in the regulation of smooth muscle tonus.
In: Dumont JE, Brown BC, Marshall NJ {eds) Eukaryotic .



* - | RTY:

cell function and growth. Plenum Press, New Yérk,
pp667-683 : , : .

Schultz J, Hamprecht(B (1973) Adenosine 3',5' -monophosphate
in cultured neurcblastoma cells: effect of adenosine,
phosphodiesterase inhibitors and benzazepines. Naunyn
Schmiedebergs Arch Pharmacol 278:215-225

Schwabe U, Kiffe H, Puchstein C, Trost T (1979) Specific‘
binding of 3H-adenosine to rat brain membranes. Naunyn
Schmiedebergs Arch Pharmacol 310:59-67

Schwabe U, Trost T (1980) Characterization of adenosine
receptors in rat brain by ' C o
(-) [3HIN6-pheny1isopropy 1adenosine. Naunyn~Schmiedebergs
Arch Pharmacol 313:179-188 o =

Seamon KB, Daly JW (1981a) Activation of adenylate cyclase
by the diterpene forskolin does not require the guanine
nucleotide regulatory protein. J Biol Chem 256:97989-9801

Seapen KB, Da'§ JW. (1981b) Forskolin: A unique diterpene’

Tgbtivator of cyclic AMP - generating systems. J Cyclic
Nucleotide Res 7:201-234 N . ]

Seamon KB, Padgett W, Daly oW (1981) Forskolin: Unigue
diterpene activator of adenylate cyclase in membranes
and in intact cells. Proc Natl Acad Sci USA 78:3363-3367

 Selinger Z, Cassel D (1981) Role of guanine nucleotides in
hormonal activation of adenylate cyclase. Adv Cyclic
Nucleotide Res 14:15-22 .- :

Sevilla N, Tolkovsky AM, Levitzki A (1977) Activation of
turkey erythrocyte adepylate cyclase by two receptors
Adenosine and Catechofamines. FEBS Lett 81:339-341

Shimizu H, Daly J (1970)§Formation of cyclic adenosine
3" 5' -monophosphate from adenosine in brain slic
Biochim Biophys Actd 222:465-473 ' :

‘Smellie FW, Daly JW, Dunwiddie TV, Hoffer BJ |
" dextro and levoratory isomers of ,
‘Nrphenyl-isopropyladenosine:“stereOspeg' ic effects on-
cyclic AMP formation and evoked synaptic responses in
brain slices. Life Sci 25:1739-1748 ~ '

Snyder'SHf Katim$ dd, Annau Z, Bruns/RF, Daly W (1981)
Adenosine recéptors‘and»behavi al actions of '
methylxanthines. Proc Natl Acad Sci USA 78:3260-3264

L



169

Somlyo AP, Somlyo AU (1968) Vascular smooth muscle. 1.
Norma] structure, pathology, biochemistry, and -
biophysics. Pharmacol Rev 20:187-272

Spie?el AM, Brown EM, Fedak SA, Woodard CJ, Aurbach GD

1976) Holocata1yt1c state of adenylate cyclase in
turkey erythrocyte membranes : Formation with
guanylylimidodiphosphate plus 1soproterenol with effect
on affinity of beta-receptor. J ' A

Steiner AL, Wechmann RE, Parker cw Kipnis DM (1972)
Radioimmunoassay for the measurement of cyclic
nucleot1des Adv Cyclfc Nucleottde Res 2:51-61

Sternweis PC, Northup UK, HansK1 Es Schle1fer LS, Smlgel MD,
- Gilman AG (1981) Pur1f1cat1on)bnd properties of the
regulatory component (G/F) of adenylate cyclase Adv
Cyclic Nucleotide Res 14:23- 36

Stone TW (1981) Physiological roles for adenos1ne and
adenosine’ trtphosphate in the nervous system.
Neuroscience 6:523-555

: %

Stone TW (1983) Purine receptors in the rat: anococcygeus

muscle J Phys1ol 335:591-608

Sutherland EW, Rg ll TW (1960) The relation of .
adenosine-3' ,5' -phosphate and phosphorylase to. the
actions of catecholamtnes and other hormones Pharmacol’
Rev 12:265- 299 .

Sutherland EW, Robison GA, Butcher RW (1968} Some aspects of
the biological role of adenosine 3',5' - monophosphate .
(cyclwc AMP | . C1rcu1at1on 37:279 . . :

Tihon C, Gorén MB, Spltz E, R1cKenberd\HV (1977) Convenwent
e11m1nat1on of trtchloroacetxc aci rior to
rad1o1mmunoassay of\cyc11o nucleot1 s. Anal Biochem

80:652- 653 /
)

Tolkovsky AM, Lev1tsk1 A (1978) Mode” of coupline between the
beta- adrenerg1c recepton_gnd adenylate cyclase in turkey
erythrocytes B1ochenb17 795-3810

Tr1ner L, Nahas GG, Vulliemoz Y, Ove‘lmg NIA, Verosky M,
" Habif DV, Ngai SH (1971) Cycltc AMP and smooth muscle
function. Ann NY Acad Sci USA 185:458-476

Tr1ner L. Vulliemoz Y, Verosky M, Habif DV, Nahas GG (1972) »f&
Adenyl cyclase- phosphod1esterase system in artertal ‘
smooth muscle Life Sci Part 1 11:817-824 ‘

—~



170 .

Triner L, Vulliemoz, Y, Verosky M, Manger WM (1975) Cyclic
aden051ne monophOSphate and vascu]ar reactivity in #
ggo?taneously hypertensive nats Biochem Pharmacol

43-745 . : :

Trost T, Stock K (1977) Effects of adenosine derivatives on
: CAMP accumulation and lipolysis in rat adipocytes and on
~adenylate cyclase in adipocyte plasma membrane. Naunyn

Schmeidebergs Arch Pharmacol 299:33-40

Van Breeman C, Farinos BR, Casteels R, Gerba P, watack Fi
Deth S (1973) Factors controlling cytoplasm1c Ca2+
conceq}rat1on Phil Trans Roy Soc London Ser B 265:57-71

Van Calkep D, Muller M, Hamprecht B (1979) Adenosine -
regulates via two different types of receptors, the
accumulatign of cyclic AMP in cultured brain cells. J
Neurochem 3:999- 1005

Vanhout te PM (1976) Inhibition by acetylcholine of e
adrenergic neurotransmission in vascular smooth muscle.
In: Bulbring E, Shuba MF. (eds) Physiology of smooth
muscle. Raven Press New' York pp 369 377

Vauguelin G, Geynet P, Hanoune d Strosberg AD (1977)
Isolat1on of adenylate cyclase--free beta- adrenergic

““ receptor from turkey erythrocytewmembranes by affinity
chromatography. Proc Natl Acad Sci USA 74: 3710 3714

Verhaeghe,RH (18977) Action of adenosine and adenwne
nucleotides on dog's isoalted veins. Am J Physiol
233(1):H114-H121 | .

Volicer L, Hynie, S@(197f ~Effect of catecholamines and
ang1ot 4n ! n%cyclx "AMP in rat aorta and tail artery.
Eur J rmacolé15 2 4-220 , 4 -

Vol1cer L, Polgar P, Rao SLN Rutenburg AM (1873)
Localization of the cycl1c AMP system in the arter1a1
wall. Pharmacology 9:317-323 -

Vulllemoz Y, Verosky M, Triner L (1974) Phosphod1esterase
| act1v1ty in smooth muscle (Ab ct). Fed Proc 33:451
Vulliemoz Y, Verosky M, Triner L‘(1975)

ﬁl féct of albuterol.
and terbuﬁaline synthetic beta adrefengic stimulants,
.on the cyclic 3',5’-adenosine morfopho ate system in
smooth muscle. J Pharmacol Exp Ther ’“'549~556 i

Wallach D, Davis P, Bechtel P, Willingham M, Pastan I (1978)
Cycl1c AMP- dependent phosphorylation of the '

- -

i



171

actin-binding protein filamin. Adv Cyclic Nucleotide Res

9:371-3798

Weinryb I, Michel TM (1974) Potent magnesium-dependent
inhibition of adenylate cyclase activity from guinea pig
lung by adenosine and other 8- substituted adenines. «
Biochim Biophys Acta 334:218-225

Wells dN. Baird CE, Wu-Yd, Hardman JG (1975) Cyclic-
nucleotide phosphodiesterase activities of pig coronary
arteries. Biochim Biophys Acta 384:430-442 .

Wells UN, Hardman JG (1977) Cyclic nuc leot ide ' g

) » phosphodisterase. Adv Cyclic Nucleotide Res 8:119

Williams M, Risley EA (1980) Biochemical characterization of
putative central purinergic receptors by using :
2-chloro|3H)-adenosine, a stable analog of adenosine.

 Proc Natl Acad Sci USA 77:6892-6896

Winbury MM, Howe BB, "Hefner MA (1969} Effect of nitrates and
-other coronary vasodilators on large and small coronary
vessels: An hypothesis for the mechanism of action of
nitrates. J Pharmacol Exp Ther 168:70-95 '

. Wolberg G, Zimmerman TP.rDuncén_GS. Singer KH, Elion GB
{1878) Inhibition of lymphocyte-mediated cytolysis by
adenosine analogs. Biochem Pharmacol 27:1487-1495

" Wolff J, bobk GH (1977) Activation of steroldbgehesis and
adenylate cyclase by adenosine in adren 1 and Leydig
tpmor’cel1s. J Biol Chem 252:687-693

" Wolff J, Londos C, Cook GH (1978) Adenosine interactions
with thyroid adenylate cyclase. Arch Biochem Biophys
191:161-168 S .

Wu PH, Phillis JW (1980) Specific binding of

.
3H-2-chloroadenosine to rat brain cortical membranes :
Adenosine receptors: Can J Neurol Sci 7:239 -

© Wu PH, Phillis oW, Balls K, Rinaldi B (1980) Specific
: binding of 2-[3H]chloroadenosine to rat brain cortical
membranes . - Can J Physiol Pharmacol 58:576-579

wurm A, Holzmann S, Poch G, Kukovetz WRe (1976) Role .of
cyclic AMP in adenosine-induced relaxatign of coronary
smooth muscle {Abstract). Naunyn Schmeidebergs Arch
Pharmacol 294(Suppl):R13 ' '

Zimmerman TP, Deeprose RD, Wolbery G, Duncan GS (1978)

3

\



172

>

Potenhation by homocysteme of adenosme st1mulated‘
elevation of cellular adenosine 3',5’ -monophosphate
Biochem Pharmacol 28:2375-2379

o
4



