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ABSTRACT
Time response studies of the effects of norepinephrine

and phenylephrine revealed that both agonists caused an increase
in cyclic AMP levels prior to increases in contractile force.
Norepinephrine caused a nearly six fold increase in cyélic AMP,

whereas phenylephrine produced only a 50% increase in the nucleo-

tide. Pretreatment with reserpine did not affect the norepineph-
rine cyclic AMP response; however, the phenylephrine cyclic AMP
Reserpine pretreatment did not significant-
In the pre-

response was abolished.
ly affect the contractile responses of either amine.

sence of propranolol, norepinephrine was found to have the ability

to produce an increase in contractile force in which cyclic AMP
was apparently not involved. The'tia;/;;urse of the contractile
response induced by adrenergic amines was found to be remarkably
influenced by the chronotropic response in spontaneously beating
preparations while the cyclic AMP response was not greatly affect-

ed. This difference in the contractile response may be due to the

ability of the chronotropic response to influence the flux of

calcium through the cell membrane.
At 37° C phentolamine was found to have no effect on the
Phentolamine did, however,

isoproterenol dose-response curve.
cause the norepinephrine log dose-response (LDR) curve to shift

to the right and the maximum response was attenuated. Phentol-
amine competitively antagonized the phenylephrine IDR curve.

Propranolol caused a shift to the right of the isoproterenol
In the presence of propranolol the efficacy of

IDR curve.
ii



of isoproterenol was increased, which may be related to the abil-
ity of propranolol to antagonize binding and sequestration of
internal free calcium. Propfanolol competitively antagonized
only the second component of phenylephrine activity which was
probably due to catecholamine releaséls

At 22° ¢ phentolamine was found to produce an apparent non-
specific, noncompetitive antagonism of the inotropic response to
isoproterenol, norepinephrine and phenylephrine. This apparent
blockade was found to be related to the ability of phentolamine
to increase the inotropic effect of low temperature so as to
leave little room within the limits of contractility for the
agonist to produce a positive inotropic response. The efficacy
of all the amines appeared to be increased in the presence of
propranolol which was found to antagonize the inétropic effects
of low temperature and thus leave more room within the limits of
contractility for an amine to produce an inotropic response.
The cyclic AMP response was found to be blocked by propranclol
at 370 c, 22° ¢, and 17° C. Phentolamine did not block the cyclic
AMP response at any temperature tested. Exposure to phenoxy-
benzamine 17° C.for 45 minutes before testing at 37° C did not
significantly affect either the contractile response or the
cyclic AMP response from control experiments. It is therefore
concluded that there is no interconversion of alpha and beta
adrenérgic receptors mediated by temperaturé. The interpre-
tation of the effects of adrenergic antagonists at low temp-
erature is complicated by their ability to modify the inotropic
effect of temperature alone.

1ii



Theophylline alone produced a 50% increase .in cyclic AMP
levels, hoWever, this response was abolished in reserpine
pretreated tissue. 1In addition, theophylline was found to
. exert a direct contradtile effect which was‘unrelated to cyclic
AMP. The effect of theophylline on cyclic AMP appeared to be

additive with the nbrepinephrine and phenylephrine responses.

The effect of theophylline on aminé-induced cardiac cyclic AMP
and_contrabtile force showed no correlation between the contract-
iie aﬁd the cyclic'AMP effects at tﬁe different times tested.

It therefore seems logical fhat the cardiac effects of theophyl-
line are not mediated through cydlic AMP. These results sup-
pbrt the view that the methylxanthines exert their effects on

- heart through changes in calcium metabolism.
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CHAPTER 1
INTRODUCTION

@ge'ﬂole of Cyclic AMP in the Regulation of‘Ce;;uiar Processes

Cyclic AMP was discovered in the course of investigations
on the mechénism of the glycogenolytic action of epinephrine
and glucagon in liver (Rall et al., 1957: Sutherland and
Rall, 1957). 1t was found that the. response of liver
homogenates to the hormones occurred in two staées. In the
first stage, a particulate fraction of homogenates produced a
soluble, heat-stable factor when incubated with hormones, Mg2+
ions, and ATP. 1In the second stage, this factor stimulated the
formation of active phosphorylase in supernatant fractions of
homogenates in which the hormones themselves were inactive.

This heat-stable "factor" was isolated and eventually was
determined to have the nucleotide structure depicted in
figure 1 (Sutherland and Rall, 1957, 1958;gLipkin et al., 1959).

The proposition was then advanced that cyclic AMP was an
intracellular "mediator" of the glycogenolytic actdion of
epinephrine in liver and other tissues by virtue of increasing
the concentration of the physiologically active species of
glycogen phosphorylase (Rall and Sutherland, 1961; Sutherland
and Rall, 1960). Subsequent investigations have provided

evidence for the involvement of cyclic AMP in the actons of
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a large number of polypeptide and amine hormones in a wide
variety of tissues from a diverse array of animgl species
(Breckenridge, 1970; Gilman and Ball, 1971; Hardmnet al.,
1971; Liddle and Hardmean, 1971; Robinson et al., 1968;
Sutherland et al., 1957).

In considering.mhe'eyidence linking cyclic AMP to
hormonal regulation, Suthefland gg;gl;, 1965, formuilated
what has become known as the "second messenger concept"
which is illuétrated in figure 2 (ﬁéﬁiﬁaﬂd\@@&&aawxu .
@9?0{:J¢‘:i)’ According to this concept, the first
messengers, the hormones themselves, would interact with
tissue-specific sites in the plasma memyrane and.produce
an activation,of’the enzjme adenylate cyclase; also in
the plasma membrane. The augmented level of cyclic AMP
produced would then proceed-to influence a variety of cell
structures through a sequence of events that are largely
unknown. Upon removal of the hormone the system would
return to normal activity owing in part to the cpnversion of
.eyeclic AM? to 5*AMP by one or mofe of a family of cyclic
nucleotide phosphodiesterases, of which certain of tpe
known members are susceptible to inhiﬁition by the methyl-
xanthines. Thus, cyclic AMP colild be viewed as a kind of
“trigger?, setting in motlon responses determined by the
programming in the individual cell (Rall, 1972).

Subsequent investigations have served both to expand
the number of hormones, tissues and cellular processes that

can be linked to the regulatory function of cyclic AMP &nd
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to provide greater ingight intd the mechanism of action
of cyclic AMP. These investigations have revealed the exist-

ence of a family of protein kinases in a variety of tissues that

are stimulated by cyclic AMP and that transfer phosphate groups

to a variet& of cellular proteins resulting in some cases in

a marked change in biological properties (Greengard and Kuo,
1970; Langan, 1970 Walsh et al., 1970)

The ‘mechanism of action‘of cyclic AMP in regulating
glycogen metabolism 1is the best understood. Cyclic AMP is
thought to interact with a phosphoprotein kinase (phosphory-
lase kinase kinase), caustng an increased conversion of the
inactive species of phosphorylase kinase to. the active species
by the transfer of phosphate from ATP to serine pesidues
(Walsh gt_al; 1968). The phosphorylase kinase, in turn,
converts the;less active specles of phosphorylase (e,g{;
phosphorylase b in musole) to the active species (e.g.,
phosphorylase a in muecle) by an analogous phosphorylation
reaction. On the'other.hand, oyclic AMP acoelerateslthe
conversion of the active species of glycogen synthetase to
the less active apecies by a similar,phosphorylation.reaction
catalyzed by an enzyme known as glycogen eynthetase I kinase
(Rosell-Perez and Larner, 1964) (figure 3).

Other investigations have-also served to'provide warningfx
that rigorous applloation of the second messenger concept will
not allow adeqﬁate explanation of certain observations. There
have been a number of 1nstances in which the application of-

eyclic AMP or its derivatives on intact cell preparations

-
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has not faithfully reproduced the effects of the hormone in
quegtion. One example is the failure of N6 butyryl cyclic
AMP‘to bring about release of K* ions while efféciently 4nducing
amylase release from rat parotid sliceé (Batzri et al., 1971a).
The release'of aﬁylase is mediéted bj stimulation of beta-
adrenergic receptorsr(énd by cjclic AMP) while thé release

of K+ ions involves stimulation of alpha-adrenergic receptors
and thus, would not be expected to be mediaééd by increased
levels of eyclic AMP (Batzri et al., 1971b). These data

call to attention the poséibility that hormones may exert
effects not mediated by cyclic AMP by setting in motion

parallel sequences of events that méy or may not interact with
those initiated by the formation of oyclic AMP, 1In some
instances it may be extremely difficult to determiﬁe whethef
. two different populations of receptors are involved (Rall, 1972).

In summary, the second messenger concept has been enormously

useful in suggesting experimental approachés for the dissecﬁlon
of regulatory effects of a large number of hormones and in
suggesting ways in which chemical agents and other ehviron-
mental factors might influénce hormone action. We realize,
however, that cyclic AﬂP is only oné of mény second meséengers,
and that the *classical” second messénger viewvwill not allow

adequate explanation of all biological phenoménon{

Considerable evidence suggesté that the positive inotropic
effects of catecholamines in the heart are mediated by cyclioc

AMPQ Followingfadministration of catecholamines; myocardial
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cyclic AMP levels rise before or at least simultaneously with
the positive inotropic response.(Robison gﬁ;gi.,l965;
Drummond et al., 1966; Wastila gﬁégl., 1972). Effects on
phosphorylase transformation and glycogenolysis occur later
after changes in contractility are evident (Williamson,
1965; Mayer, 1963). Catecholamine agonists exhibit the same
general order of potency in stimulating adenylate cyclase
}in vitro and in increasing contractility of the intact heart
(Sutherland et al., 1968; Mayer, 1972). Other agents with
positive inotropic effects, such as glucagon, prostaglandins, °
and histamine also stimulate myocardial adenylate cyclase
(Farah and Tuttle, 1960; Murad and Vaughn, 1969; Sobel and
Robinson, 1969; Klein and Levey, 19719.

Whereas the effects of epinephfine, norepinephrine, and
isoproterenol on cyclic AMP levels of cardiac muscle are
well documented, previous reports on the effects of phenyl-
ephrine are controversial. DMcNeill and Verma. 1973, have
reported that phenylephrine increases cyclic AMP levels in
perfused guinea pig hearts, and Drummond. and Hemmings,

1973, have réported similar findings in rat heart. On

the other hand previous studies by Benfey, 1971, and Benfey
and Carolin, 1971, on formatidn of cyclic AMP by particle
preparations fromvcﬁgégénﬂ and rabbit heart, as well as
rabbit heart slicés, did not reveal increased cyclic AMP
formation on the addition of phenylephrine,‘ McNeill éﬁ:g;.,
1972, similarly did not find an increase in cyclic AMP

formation with phenylephrine in a guinea pig cardiac
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particle preparation. Lack of stimulation of cyclic AMP
formapion in broken cell preparation or tissue slices does
not, hoﬁever, exclude an effect in the intact heart. The
response of adenylate cyclase to drugs and hormones may
disappear on homogenation of the tissue (Oye and Sutherland,
1966).

The adrenergic receptors of cardiac muscle have been
generally classified as beta-receptors on the basis of reports
by some investigators that they céuld find no alphe-adrenergic'
antagonism of the positive inotropic response to adrenergic
agonists (Nickerson and Chan, 1961; Moran and Perkins, 1961).
Other investigetors have reported evidence supporting the
existence of alpha-adrenergic receptors in the myocardium.
Govier, 1968, using guinea;pig atria, observed that & portion of
the positive inotropiclresponse to adrenergic agonists was
blocked by alpha-antagonists and this portion was greater in
response to epinephrine apd norepinephrine than to isoproterenol.
Similar observations were made using a second parameter of
myocsrdial function, increased functional refractory period.
Wenzel and Su, 1966, observed that phentolamine potentiated
the centractile response of rat myocardiamf to epinephrine and
norepinephrine and that complete blockade of the positive.
inotfopic response to adrenergic agohists could ohly be
achieved using both alpha andgbeta antagonists. Osnes and .
‘Oye, 1975, have reported that when phenylephrine was combined
with the betafblocker propranoloi, a dissocistion between

syclic AMP levels and eontractile activity was found.
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Cyclic AMP accumulation did not seem to be reQuired for the
inotropic response caused by alpha stimulation. |
Phenylephriné was shown by Trendelenburg gg;g};,l962;
to be a direct-acting amine, as judged by dose-response
curves on the niétitating membrane of reserpine-treated cats.
Daley.g;_éll, 1966; however, found that this compound released
tritiated norepinephrine from mouse heart and Govier, 1968, -
reported that phenyle:phrine hé.s not only a direct effect',
but also an indirect action through the release of stored
catecholamines. Yoo and Lee, 19?@; have reported that in:
isolated rabbit atria in whicﬂ catecholaﬁines had been almost
completely depléted by reserpine, phenylephrine exerted a
positive inotropic action which wés nbt significantly differ-
ent from that observed on normal atria. |
The first part of this study was undertaken to.determine
the time course of cyélic AMP changes in response to norepin-
ephrine and phenylephrine. 'It was also intended to separate the
direct and indirect effects through the release of stored

catecholamines by phenylephrine on cyclic AMP.

The Diéédciation of Cgrdiac Inotropic andwxa;ﬂiléte-Czclase

Activating Adrenoceptors
Observations from several laboratories have suggested

that the classification of adrenergic receptors into alpha and
beta subtypes may be siasceptible t;o change. Several groups ‘
have reported that in isolated perfused frog hearts, stimulation
of cardiac rate and éontractility by catecholamines has the

properties of a classical beta adrenergic resppnse when
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experiments are preformed at warm temperatures'(25-37° c)

but of an alpha adrenergic responée when experiments are
performed at @E&& temperatures (:5:9-1%° C) wﬁﬁnoﬁland
Szentivanyi, 1968; Buckley and Jordan, 1970; Kunoé.gh_al‘,

1973; Benfey et al., 1974). At warm temperatures, the order

of potency of agonists in stimulating these preparations--
isoproterenol) adrenaline »noradrenaline--is classical for

a beta adrenergic receptqr. Similarly, effecﬁs Qf the
catecholamines at warm temperatures afe‘blocked by

propranolol but not by the alpha adrenergic antagbnist ‘
phentolamine. When the séme experimeﬁts are performed at
'temperatures below 25° C, the order 6f potency of agonists

1s reversed to that characteristic of alpha adrenergic receptors.
Alsp at lower tempergtures alpha adrenergic‘antagonists such

as phenoxybenzamine and phentoiamine block the effects of
adrenaline; whereas beta adrenergic antagonists such as
propranolol are 1neffectiye. Graduations‘pf response can

be achieved by varying the temperature between 37° C and

10° c. Similar observations have been reported fior the

rat heart. (Kunos and Szentivany, 1968; Benfey et al., 1974).
..On the basis of such observations,iKunos_gg;élg,.19?3._proposed‘
that alpha and beta adrenergic receptors may represent allosteric
configurationé of ﬁhe same active site which could be modulated
by among other factors, temperature. t ’

& Caron and Lefkowitz, 1974, however, were not able to
confirm the intereconversion of receptors using the adenylate

cyclase system model for study of the mqlecular properties of
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beta adrenergic receptors. -They reasoned that if, in facf,'
glpha and.bepa adrenergic receptors merely repreéent
temperature sensitive transitions in the state_of single
macromolecule, then the-abilify of catecholamines to stimulate
and of adrenergic antagoniéts to block stimulation of gdenyiate'
cyclase shouid_vary with temperaturevin a fashion analégous te
that reported above. In each case they found that stimu}ation
of the adenylate cyclaée activity by catécholamines had the
charactéristics of a beta adrenergic response at h&gg (37° c)
énd low (15° @) temperatﬁres. The beta antagonista propranolol
was an effective inhibitor of catecholamine-induced stimulation
of the enzyme and the alpha adrenérgic antagonist phentoiamine
was ineffective under all the conditions examined.

Subsequently Benfey, Kunos, and Nickerson, 1974, reported
the dissdciation of cardiac inotropic énd adenylate cyclase
aétiﬁating adrenoceptors. They found thaﬁ when the ambient
temperature was reduced, the adrénoceptors_mediating eyclic
AMP production changed very little; they were blocked as |
effectivély as at the highér temperaturé by proprannlol and
were not blocked'by Phenoxybenzamine. However; the adrenoceptors
mediating the inotropic responsé were markedly changed by the
decrease in temperature; phenoxybenzamine now inhibited,this
response and the inhibitéry activity of propranolol was
reduced about tenfdld. It was concluded that the adreno-
céptors that mediate cardiac inotropic responses at phyéiological
temperatures are distinct from those that mediate the production

of cyclic AMP, and that thé activation of adenylate cyclase
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and the accumulation of cyclic AMP are probably not intermediate
steps in cardiac inotropié¢ responses to catecholamihés.

The inoﬁropic regponse in cardiac muscle mayizbe
- mediated through either alpha or beta receptors, However, and
inotropic response mediated by an alpha receptor would not be
expected to be assocliated with increased levels of cyclic AMP.
A dissoo;ation between the beta féceptor, cyclic AMP, and the
inotropic response would cast serious doubt on the,Cyclic AMP-
second meséenger concept. In théée studies (Kunos and Szent-
ivany, 1968; Kunos et al., 1973; Benfey et al., 1974), the
inotropic and cyclic AMP responsés have been consistently~report-
ed in dose ratios and not as complete dose or time response
curves which would have been more revealing as to the'mechan-
isms involved and which might in fact change the interpretation.
It was theféfore decided,as the second part of this project, |
to throughly investigate the blochemical and physiological
changes 1nduced by lower temperature in mammalian cardiac
muscle to determine if more complete data would substantiate
or fefute the cyclic AMP-second messenger view concerning the

beta-adrenergic receptor, -

The Effect of Interaction Between Cgtecholamines and Theophxlline

on Contractilitx and ngdiac Cyclic AMP-
It has been suggested that one of the criteria for

involving cyclic AMP in the mechanism of action of cardiac-
stimulant drugs would be to demonstrate an enhancement of
the drug effect by the addition of a phosphodieéterase inhib-

itor to the syétem. The compounds usually used to demon-
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strate this interaction are the methylxanthines, and more
specifically, theophylline. Theophylline is khown to have

a positive inotropic effect and ﬁo inhibit phosphodiesterase.
(Butcher and Sutherland, 1962). The addition of a phospho-
diesterase inhibitor should enhance the effect of drugs
which increase the synthesis of cyclic AMP by decreasing the
degradation of the cyclic nucleotide. It has further been
suggested ﬁhat the bositive inotropic effect of the methy-
ated xanthines, themselves, may be mediated through cyclic

AMP (Sutherland et al., 1968).

In support of this concept, it has been shown that
‘theophylline will enhance the inotropic effect of catecholamines
and histamine (Rall and West, 1963; McNeill and Muschek,Al972),
and will also enhance the phosphorylase-activating effect of
epinephrine (Hess et éi{, 1963). In some studies, however,
the dose of theophylline required to potentiate the phosphorys. ™ .
lése-activating effect of epinephrine or to ihduce.cardiacv-
glycogenolysis ﬁés%ﬁouﬁd&tovpﬁédﬁce?é@negétimé rather tﬁéﬁig
a positive, inotropic effect (Hess et'al., 1963; Vincent and
Ellis, 1963). Kukovetz et al., 1973, were able to produce an
elevation in cyclic AMP using a perfusion of theophylline,
however, McNeill et al., 1974, found that when theophylline
was injected into the heart, an increase in contgactility and
phosphorylase 'a' was noted,but cyclic AMP values were not
affected. It was further reported that while theophylline
did enhance the inotropic and phosphorylase-activating effect
of both amines, cyclic AMP, increased by the injection of the
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amines, was not further increased when tﬁe hearts were perfused
concomitantly with theophyiline.

Thus, we see that the literature dealing with the inter-
action between catecholamines and theophylline on contra&ility
and cyclic AMP in the heart is controversial. It was therefore
decided, as the third part of this project, to investigate
this interactidn, introducing as a new variable the time
of exposure to theophylline before the addition of catechol-
amines. We hoped by this method to be able to resolve some
of the differences in the literatiure and at the same time to
determine the importance of cyélic AMP in mediating the
cardiac effects of the methylxanthines in rate controlled

preparations.



CHAPTER II
MATERIALS AND METHODS

I. Animals
‘ Wistar rats (200-300 g.) of either sex were used'through;
out the'investigation. They recei#ed fo6d and water ad.
libitum.
II. Preparation of Tissues
All animals were pretreated with heparin (8mg/kg,
subcutaneously) one to two hours prior to sacrifice.
A. Atria |

The animal was stunned by a heavy blow at the base
_of the skull and the neck was quickly broken. The chest
was then opened with scissors by a parasternal incision.
The heart was exposed, lifted gently by grasping the apex,
and removéd by cutting the great.veseels which suspend it
from above and behind. The heart was immediately placed in
oxygenated Chenoweth;Koelle solution (Chenoweth and Koelle,
1946) at 206 C and was gently compressed a few times to
express residual blood. This phagse of the preparation,
from sacrifice to cooling of the excised heart, consumed
30 seconds of less. At this time, the left or right atrium
can be recognized and‘rémoved directly from its position
above the ventricles by cutting with small scissors. The

16.
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two atria are easily differentiated oh the basis of rhythm
and shape, since the right atrium beats spbntaneously and has
an irregular, asymmetrical shape. The left is quiescent after
isolation and has a regular triangular shape with smoothly
rounded corners and sides. However; speed 1s essential.

At no time should the tissue be allowed to remain out of the
dissecting dish for more than 20 seconds. Threads were then
placed at one cbrner and the opposite side of the atrium

and one was made fast to the muscle holder; then, after, tran-
fer from the dissecting dish to the miscle chamber, the.other
was made fast to the transducer as shown in figure 4. Using
a Harvard isometric tension clamp, tension én the atrium was
adjusted to one gram. Prior to the addition of any drﬁgs,
the atria were allowed to stabilize fof periods of fifteen

to thirty minutes.

With appropriate experience,'the entire procedure from '
saérifice to mounting in the chamber shouid not take longer
than three or four minutes. Experience has indicated that
the longer this.period; the less viable a preparation is
obtained, even though tﬁe preparation is well oxygenated in
the dissecting dish. This is particularly evident for the
quiescent left atfium;wbut less critical for the spontaneously
beating right atrium. (Katzung, 1968; Levy, 1971)

B; The Isolated Perfused Whole Heart e
For the isolated whole heart preparations; the animal
was killed and the hegrt; with at least one cm. of aorta

attached, was quickly removed and placed in dissecting dish
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Figure 4. (A) Typical configuration of a vertical chamber
and muscle holder (MH) for in vitro atrial and ventricular
preparations. (B) Detail of a muscle holder incorporating
punctate electrodes. The entire holder is fabricated
from a single piece 6f 0.65- or 0.97-cm acrylic plastic.
MC, Muscle chamber, jacketed or immersed in a constant
memperature bath; FD, fritted glass dlisk for dispensing
0,-CO5 bubbles (a fine polyethylene capillary inserted
from %he top was used in the present series of exper-
iments; M, isolated myocardial tissue tied down with the
thread T, and connected at its upper end by a second .
thread, or fine wire to the transducer "Trans"; S,
wires to stimulator; G, groove for anchoring thread
used to tie down the muscle; E, punctate electrodes

-(silver or platinum); W, insulated wires to stimulator.

(Ref. Katzung, 1968)



(a)
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t

cohtaining oxygenaﬁed Chenowefh-Koelle solution exactly as
described for the étria preparation. The aorta was located and
dissected free and all other vessels connected to the heart
were trimmed away. The aorta was cut just below the point
where it divides and the heart was transferred to the perfusion
apparatus Where the aorta was tied onto the glass cannula. Care
must Ee taken to see that air bubbles do not enter the aorta
and any bubbles which have formed in the cannula éhould,be
removed;' A Palmer clip was placed in the apex of the ventricles
and an attached string was connécted to the force-displacement
transducer via a pair of pullejs. Using a Harvard 1sometric
tension clamp, tension on the véntricles was adjusted to one
gram. Prior to the addition of any'drugs, the hearts were
allowed to spabilizé for periéds of fifteen to thirty minutes.
III. Apparatus |

A 100 ml. tissue béth waé used for the experiments with
‘isolated atria. Water was circulated through the outer jacket
to maintain the soldtions in the bath at the desired témperature.
A mixture of oxygen (95%) and carbon dioxide (5%) was bubbled
through the solutions by means of a fine polyethylene capillary
inserted from the top. A needle and thread were used to tie
the atria ﬁo a muscle holder which incorporated punctate
electrodes as shown in figure 4. A second thread attached to
apex of the atria was éonnected to a Grass force-displacement
transducer, and isometric contractions were recorded on a
Grass model 79 polygraph (Grass Instruments Quincy, Mass.,

U.S.A.). The left atria ﬁere electrically driven at one Hz.
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with three millisecond square wave pulses at four volts by
a Grass model S 6 stimulator. A mechanical beater was used
to agsure hapid equilibration of all parts of the bath. Tension
on the atrié was adjusted by.means of a Harvard isometric
tension clamp. At vérious times after addition of drug,
the béth was rapidly lowered and the atria were frozen with
chilled Wollenberger tongs (Wollenberger et al., 1960) which
had been kept in a beaker of 2-methylbutane 1mmersed.1n dry ice.
All tissues were stored at -80° C until assayed for.cyclic AMP.
The isolated heart syétem was essehtially that .described
By Fallen, et al., 1967. It consists of a modified Langendorff
apparatué in which the perfusion of the heart vié the aorta
was maintained at a constant flow raté of four mlllper minute
rather ﬁhan at a constant pressure. This'was achieved by
uée of a Holter Microinfusion foller pump (Extraéorporeal
Medical Specialties, King of Prussia Pa., model RL 175).
Oxygenated solutions were pumped into the heart from a
reservoir. Water was circulated through the outer jacket of
the reservoir and a water Jjacket surrounding thé final
section of tubing to maintain the heart and solﬁtions.at 37° c.
Contractility was monitored by means of a Palmer clip placed
in the apex of the heart and connected to é"Grass force-.
displacement transducer and recorded on a Grass model 7
polygraph. At various times the hearts were frozen and
stored as described for the atria preparation.
IV. Solutions |
A modified Locke-Binger solution described by Chénoweth and
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Koelle, {1946, was ﬁsed exclusively in all experiments. The
buffer was prepared by dissoiving the following amounts of
reagents in one liter of distilled water (all weighté are
expressed as grams of the anhydrous compound): Glucose, 1.9;
NaCl, 7.0; KC1, 0.42; CaCl,, 0.24; MgClp, 0.20. A pH of 7.k
was obtained by adding NaHCO4 (2.0 g/liter for the atria
experiments or 1.75 g/liter for the whole heart experiments)
ahd bubbling a mixture of 95% oxygen and 5% carbon dioxide
through the éolution.

In the isolated atria experiments, concentrated solutions
of drugs were pipetted into the tissué bath in amounts required
to achieve the desired molar concentration. The cumulative
method of determining dosé response curves was ysed. When
the maximum response for a parficular dose of a drug was reached,
sufficient drug was added to achieve thernext highest molar
concentration of that drug. In some experiments; propranolol
(19‘6 M) or phentolamine (10~© M) were added to the bath fifteen
minuteé prior to drug administration. Phenobeenzamine was added
forty: five minutes before a drug tfeatment. Beserpine pre-
treatment consisted of a dose of 3 mg/kg intraperitoneally
twenty four hours prior té the experiment. In the case of
isolated whole hearts, drugs dissolved in Chenoweth-Koelle
solution were injected wia a side-arm cannula. All doses were
calculated as the free base.

V. Cyclic AMP Assay
The method of extraction has préviously been described by

Gilman; 1972. Frozen tissue samples (20-35mg) were homogenized
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in 2 ml of cold 5% trichion@cetic acid (TCA). The samples
were centrifuged on a benéh centrifﬁge set at its maximum speed
for ten minutes. TCA supernatants were then extracted five
times with 5 ml of ether after the addition of 0.2 ml of 1 N
HCl. The purpose of this extraction was to remové the TCA.
Regsidual ether was removed byyblowing nitrogen gas over the
surface of the samples for one to two minutes and the aqueous
extracts were lyophylized and redissolved in 0.8 ml of Tris/EDTA
buffer (pH 7.5) 0.05 M containing 4 mM EDTA. Tgo 50 pul portions
of the sample were used in the cyclic AMP determination.
B. Cyelic AMP Determination '

Cyclic AMP concehtratioﬁs were determined using an -
Allersham/Searle Cyclic AMP Assay Kit code TRK 432. This kit
is a commercial adaptation of a simplified competitive
protein-binding assay for cyclic AMP in plasma which has
been previously described by Latner and Prudhoe (1973). The
method is based on the competition between unlabeled cycliec
AMP and a fixed quantity of tritium labeled cydlic AMP for
binding to a protein which has a high specificity for cyclic
AMP (Gilman, 1970). The amount of labeled protein-cyclic AMP
complex formed is inversely related to the ambunt of unlabeled
cyclic AMP present in the assay. The concentration of
cyclic AMP in the unknown is determined'by compariéon with
a linear standard curve. |

Separation of the protein bound eyeclic AMf from the

unbound nucleotides is achieved by adsorption of the free

nucleotide on charcoal, followed by centrifugation on al
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bench centrifuge set at its maximum speed for fifteen minutes
at 4° C, as initially described for this assay by Brown gg_gg:}
1971. The only modification we made in the use of the kit
is thatAthe entire supernatant is removed for liquid édintillati
ion counting by decanting instead of a 200 ul sample‘as is |
recommerided. After centrifugation, even if the tubes are
maintained at 4° C, the samples must be removed fof liquid
scintillation counting within ten minutes if there 1srto be no
significant change in the radioactivity of the supernatant.
Attempts at removing the 200 pl samplé required excess time
and, in addition, caused disturbances to the bharcoal pellet.
Both of these factors contributed to a loss of accuracy.

The alternative procedure for calculation of results
which is presented in thé‘booklet accompaning each c¢yclic AMP
kit was used. By this method the standard curve in éompetitive
protein binding assays is presented as pereceht radioactivity
bound to the.binding protein, plotted against the concentration
of the standard. This was found to give a betfer separation of
values on the 6a11bration‘curve in the range of ihterest
(0.25 to 4.0 pmole/incubation tube). |

The use of a high viscosity scintillation gel is essential
(Latner and Prudhoe, 1973), and the recommended cocktail,
PCS Solubilizer (Amersham/Searle's catalog number 196097)
was used. Counts per minute were used directly for célculation
in all assays in accordance with the manufacturer's recommend-
ation. Variations in the efficiency of counting betweenssamples

are not normally great enough to necessitate conversion of the
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counts per minute to disintegrations per minute. A counting
time of four minutes was used for all samplés in this assay.
At no time was the count rate/sample less than at least three
times the background count.
VI. Drugs and Chemicals

The drugs used in these experiments were 1-phenylephrine
hydrochloride (Sigma Chemical Co.), l-norepinephrine hydro-
chloride (Sigma Chemical Co.), l-isoproterenol hydrochloride
(Winthrop Pharaceutical Co.),‘propranoloi (Ayerst Laboratories,
Inc.), phentolamine hydrochloride (Ciba Pharmaceutical Co.),
- phenoxybenzamine hydrochloridé (Ciba Pharmaceutical Co.),
theophylline (Merck and Company, Inc.), reserping (Sigma
Cheﬁical Co.), and heparin sodium (Nutritional Biochemicals
Corporation). All other ohemicals, solvents; and reagents
Wwere analytical reagent g;ade. They were uged as they were
recieved without further pmrification.
VII. Calculations and Statistical Methods ﬁ

The cyclic;AMf results are expressed as picbmolesuof
cyclic AMP per milligram wet weight of tissue. Contractility is
présentéd as percentage increase over control or as change in
contractile force (g);‘ The results were pooled and averaged and
the standard error of the mean was determined at each experi-
ﬁental point. The data were cbmpared by means of the Students
t-test for unpaired data. A probability of less than 0.05

was chosep as the criterion of éignificance.



CHAPTER III
RESULTS

Tiﬁ;:Résponsé Effects of Norepinephrine andehenxlepgfine
on Cardiac Cyclic AMP and Contractility

Preliminary.experiments (figure 12) established that
10'5 M norepinephrine or IO‘Q M phenylephrine‘produced the
maximum positive 1notropic effect that could be obtained
with these drugs; With the use of thése maximally effective
doses;time-response studies were carried out to determine
the effects of the agonists on contractility and cyelic
AMP,

In driven left atria,norepinephrihe (figure 5)
significantly increased cyeclic AMP from a control value of
0.26+0.03 pmole/mg wet weight to a peak of 1.16*0.13.at 10
seconds and 1.18*0;15 at 15 secoﬁds.‘ Cyclic AMP then decreased
to 0.67#0.09 pmole/mg at 60 seconds. Contractile force was
significantly elevated at 10 seconds and peaked at 60 seconds
(86.9%12.2% increase over control). Bhenylephrine (figure 6)

significantly increased cyclic AMP from a control value of

values remained'constant at this»levél for 100 seconds{-

Contractile force was significantly elevated at 20 seconds

and peaked at 100 seconds (58}3*7.3% increase over control).
26.
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Reserpine pretreatment did not significantly affect the contracé
tile fespensesto é;ther émine or to the cyclie AMP increase
produced by norepinephrine. Howevér, the treatment abolished
the phenylephrine induced cyclic AMP change. |

Similar results were obtaihed in the spontaneously
beating rat atrium.(figure 7). Norépinephrine significantly
increased cyclic AMP from a control value of 0.26#0.01 .
pmoles/mg to 1.0240.06 at 10 seconds and a peak of 1.38¥0.08
at 15 seconds. Cyclic AMP then decreased to 0.87*0.05 at 60
seconds. Contractile force was significantly elevated at
10 seconds and peaked at 35 seconds (0;50*0.07 g increase).
Phenylephrine significantly increased cyclic AMP from a
control value of 0.28#%0.01 p mole/mg to 0.35%+0.02 at 10
seconds. Cyclic AMP values remained constant at this level
for 60 seconds. Contrgctile force was significéntly elevated
at 10 seconds and peaked at 40 secohds (0.58*0.06.g increase).
Again reserpine pretreatment did not éignificantly affect the
contractile response to either amine or to the cyclic AMP
produced by norepinephrine. The treétment'abolished the
rhenylephrine induced cyclic AMP change.

AttemptsAto measure the time-response effects of nor-
epinephrine and phenylephrine in driven right ventricle
stripé were not sucéessful. Norepinephrine (10'5‘M)
increased cardiac cyclic AMP from a control value of 0.30+0.02
pmole/mg to 0.3650.03 at 10 seconds, 0.39+0.03 at 15 seconds,
and 0.31+0.03 at 20 seconds. This small cyclic AMP response
may indicate that the ventricle strips had been extensively
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damaged during dissection. Dobson et al., 1974, have recentZ--
ly reported on the problems encountered with this preparation.
No attempts were made to measure the cyclic AMP response to
pPhenylephrine in the driven ventricle strips.

The time-response effects of norepinephrine'and
phenylephrine on cardiac cyclic AMP were next determined
in the perfused rat heart (figure 8). Norepinephrine (1 ug)
significantly increasedicyclic AMP from a control value
of 0.24#0.02 pmole/mg to 0.45%0.05 at 5 seconds and a peak
value of 0.71#0.08 at 10 seconds. Cyclic AMP then decreased
to 0.48+0.04 at 15 seconds. Norepinephrine (2 ug) increased
c¢yclic AMP to 1.18#0.06 pmole/mg at 10 seconds (a value near
the maximum response obtained in atria)Q Since a previous
report from this laboratory (McNeill and Verma, 1973) had
indicated that the dose of phenylephrine needed to elicit
an increase in cyclic AMP in the perfused heart was 1000
times greater that for norepinephrine, a 2 mg dose of
phenylephrine was used. This dose of phenylephrihe increased
cardiac cyclic AMP from a control value of 0.24#0.02 pmole/mg
to 0.38+0.04 at 10 seconds. Pretreatment with reserpine
abolished the phenylephrine induced cyclic AMP response.

As phenylephrine had been shown to be capable of .
increasing contractile force without causing a chénge.in
cyclic AMP levels in reserpine pretreated tissue, it was
decided to see if norepinephrine was capable of.a gsimilar
action in the presence of propranolol. Time;response Srfast.

effects of norepinephrine (10’5 M) on cardiac cyclic AMP and
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contractility in the driven rat atrium in the presence of

propranolol (10‘6 M) and phentolamine (10'6 M) were determined

(figure 9). 1In thé presence of'phentolamihe, norepinephrine

significantly ingreased cyclic AMP ﬂpom a control value of

0.26+0,03 pmole/mg to 0.85*0.07 at 15 seconds. Contractile

force was significantly elevated at 10 seconds and peaked

at 70 seconds'(0.70¢9.08 g). In the presence of propranoclol,

norepinephrine did not increase cardiac cyclic AMP from control

values although contractile force was significantly increased

at 15 seconds and peaked at 180 seconds (0.53%#0.06 g increase).
It 1s well known that suprathreshold stimulation of .

the order of two or three times thréshoid 1ntens1ty may

produce deﬁectable release of catechclamines. This effectA

is more apparent at highér stimulus frequencies (e.g. 100

to 200 beats per minute) (Levy, 1971). Since tﬁreshoid

voltage was 1l-2 volts and the left atria preparations were

being stimulated at 4 VOlts;'it was dnéided to test the effect o

of different voltages and fates of stimulus on cardiac cyclic

AMP, The effects of different voltage stimuli (4,10,15, and

20 volts) can be seen in figure 10. No significant difference W

was detected for any of the voltages tested; Likewise, dif-

ferent rates of stimulus (2 Hz ve 1 Hz) had no effect on |

cardiac cyclic AMP levels (figure 11).

The Bffect of Temperature on Ca '

Cyelase Activating Adremoceptors

As a preliminary experiment it was necessary to establish

the cumulative dose-respbnsé curves of isoproterencl, nor-
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epinephrine, and phenylephriné for driven left atria and
spontaneously beating right atria at 37° ¢ (figure 12). As
expected, the order of potency of agonists in stimulating
these preparations was 1soproter§nol>’nore@mnephﬁmne:@@hﬁnimgffﬂG
ephrine. The order of efficacy was nore@mnephrinetrpheny1§
ephrine > isoproterenol. The amines produced equally potent
effects on the right andxleft atria respectively. 'Howevef,
because the spontaneously beating right atria were subject
to increasing rate, the efficagy was less than in the left
atria. .

The cumulative dose-response curﬁes of isbproterenol,
porepinephrine; and phenyleﬁhrine for driven left atria
were next determiﬁed at 17° ¢ (figure 13). The positive
inotropic effect of all the amines was greatly reduced by
lowering thé temperature from 37° C to 17° c. Phenylephrine,
produced a significaht negative inotropic effect (-0.07+0.04 g)
at 10'4 M. The order of é@ficacy was now norepinephrine>
isoproterenol >phenylephrine. The order of potency of
agonigts in stimulating these preparations at 17° C was
norepinephrine=isoproterenol:>phenylephrine.

The effect of temperature chahges on the strength of
contraction of driven rat left atria is shown in figure

16. Contractile force first decreased from 0.78+0.08 g at

g at 18° C and 1.3440.12 g at 17° C. The effects of phentol-
amine (10"6 M) and propranolol (10"6 M) on the inotfopic effect
of temperature change at 22° C are also shown in figure_16.
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Phentolamine increased the inotropic effect of temperature
change from 0.99+0.10 g to 1.25+0.13 g. PFPropranolol ,
decreased the strength of contraction from 0.99#0.&0 g to
0.74+0.08 g.

Figupe 14 shows theAcumulat;ve dose-response curves ofv
isoproterenol, norepinephrine, and phenylephrine at 37° C;
in the absence of antagonists, in the presence of propranolol
(;10‘6 M), and in the presence of phentolamine (10‘6 M) for
driven left atria at 37° C. The concentration of the
agonist causing - 50% of‘the_maximumAeffect is marked on each
curve. Phentolamine had no effect on the isoproterenol.@ose-
response curve. FPhentolamine canséd a shift of the norepinephzi
rine and phenylephrine curves to the right and suppressed the
maximgl-response of norepinephrine. Propranolol caused a :
shift to the right of both the isoproterenol and the norepin-
ephriné curves. ' An increase in efficacy was observed with high
doses of isoproterenol in the presence 6f propranolol. Pro-
pranolol reduced the slope and diminished the ﬁaximum response
of the phenylephrine log dose-response curve, but the curve was
not shifted to the rigth Beduétinn of the propranolol
concentration to 10"7 M resulted in a phenyiephrine IDR
curve intermediate between the conﬁfol and the 10'6 M propranolol
curve, however, increasing propranolol to 5x10"6 M did not fur-
thenréuppress the inotroplc effect.

Figure 15 shows the cumulative dose-response curves of
isoproterenol, norepinephrine, and phenylephrine; in the

absence of antagonists, in the presence of propranolol (10‘6 M),
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and in the presence of phentolamine (10‘6 M)'fqr the driven left
atria at 22° ¢. Phentolamine reduced the slope apd diminished
the maximum response for all the amines. The IDR curies were.
concentration of the agonists causing 50% of thé maximum
effect. Propranolol caused the isoprotérenol and norepirmephrine
IDR curves to shift to the right. 'Propranolol did not shift
the phenylephrine IDR curve to the right. The apparent
maximum effect of all the amines was increased in the
~presence of propranolol.

The time response effects of norepinephrine (10~> M)
and phenylephrine (10‘4 M) on cardiac cyclic AMP in the driven 1
left atrium at 22° C are shown in figure 17. Norepinephrine
significantly increased cyélic AHP from a control value of
0.30%0.03 pmole/mg to 0.63+0.06 at 30 seconds. Cyclic AMP
remained coﬁétant at this level for 90 seconds. Phenylephrine
did not increase cyclic AMP over cohtfol levelé‘at this
temperature.

| Pigure 18 shows the time-response effects of nofepinephrine

(105 M) and phenylephrine (10'“ M} on cardiac cyclic AMP
in the driven left atrium at 17° C. Norepinephrine significantly
increased cyélic AMP from a control value of 0.30%0.02 pmole/mg
to 0.&9*0;05 at 90 seconds. Phenylephrine did not incfease
cyclic AMP over control levels at this temperature.

The éffects of propranolol (1630"6 M) and phentolamine
(10‘6 M) on cardiac cyclic AMP in response to norepinephrine

(10=5 M) at 17° C (90 seconds), 22° C (30 seconds), and 37° C
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(15 seconds) are seen in figure 19. Propranolol blocked the
cyclic AMP response’to norepinephrine at all temperatures tested
while phéntolamine . did not. |

Thé effect of exposure to phenoxybenzamine (10"6 M)
for forty-five minutes at 17° C and 37° c oﬁ cardiac cyclic
AMP and contractility in response to norepinephrine (10’5 M)
is shown in figure 20. Driven left atria which had been
treated with phenoxybenzamine at 17° C and 37° C were first
raised to 37° C before addition of norepinephrine. Contract-
ile response and cyclic AMP were determined at their maximum
response at 60 and 15 seconds respectively. If alpha and beta
adrenergic receptors represent allosteric configurations of the
same active site, phenoxybenzamine should irreversably block the
alpha configuration at 17° C and the antagonism should remain in
effect when the temperature was raised to 37° C. Phenoxybenz-
amine attenuated the contractile response (P <0.02) for both
temperatures of incubation. The cyclic AMP responses were not
significantly changed by phenoxybenzamine.
The Effect of Theophylline on Amihé-lngubedVCardiac Cyclic

AMP and Cardiac Contractility.

From figure 21 it can be seen that theophylline alone
(§x10‘4 M) increaéed the contractile response of the rat left
atria (0.20%#0.02 g) at three minutes. Reserpine pretfeatment
(3 mg/kg twenty-four hours before the experiment) did not
significantly (P=0.10) decrease the maximum inotropic response
(0.17+£0.02 g).

The effect of exposure to theophylline for three minutes,
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fifteen minutes, and sixty minutes on cardiac contractility

in response to norepinephrine (10'5 M) in driven left atria

is shown in figure 22. All increases in conﬁractile force

are calculated from the original base line before addition of
theophylline. After fifteen minutes a concentration of 1x10=5
M theophylline 4did not altef the dose résponse curve of nor-
epinephrine; lxlO“3 M theophylline produced fibrilation when
combined with norepinéphrine above 10'7 M; and 5x10'h M sig-
nificantly increased the inotropic response (0.86+0.08 g vs
0.72+#0.07 g control; P<0.05). The same dose of theophylline
(5x10'4 M) was found to produce a negative inotropic effect at
three minutes (0.41#%0.05 g; P<0.01), and no response at all
could be obtained with norepinephrine after 60 minuﬁeé exposure.
Figure 23 shows that no concentration of theophylline tested
was able to increase the inotropic response to phenylephrine
at 15 minutes.

-4 M) on

The effect of exposure to theophylline (5x10
cardiac cyclic AMP in the driven left atrium is shown in
figure 24. Theophylline alone significantly increased cyclic
AMP at three minutes exposure (0.38*0.04vpmole/mg vs 0.27+%
0.03 control; P<0.01). Exposure to theothlline for three
minutes did not significantly increase the peak cyclic AMP
response to norepinephrine 10‘6 M (0{73*0.09 pmole/mg vs.

0.66#0.06 control). The response of norepinephrine 10~ M,

however, was increased:(1l.34#0.14 pmole/mg vs. 1.,13%0.11
control; P<0.05). This increase was not significant when the

effect of theophylline alone was subtracted.
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The effect of exposure to theophylline alone (5x10°u M)
for 15 minutes significantly increased:zcyclic AMP (0.36+0.03
pmole/mg vs 0.24%0.01 control; P<0.0l). Beserpine pretreatment
with 3 mg/kg twenty-four hours before the experiment abolished
the cyclic AMP increase seen with theophylline: (0.27+0.04
pmole/mg vs 0.24¢0,02 control). Theophylline significantly
increased the cyclic AMP response to norepinephrine (10'6 M,
0.84%0.07 pmole/mg vs 0.66%0.06 control; P<0.0l). Again
neither increase was significant when the effect of theophylline
aloﬁe was subtracted. Theophylline did not significantly
increase the cyclic AMP response to norepinephrine iO’5 M
(1.24%0.09 pmdle/mg vs 1.1740.08 control; P>0.4@. The cyclic
AMP response to phenylephrine 10‘“ M (0.44+0.07 pmole/mg vs
0.37#0.04 control) was not significantly increased by theophylline.
In all cases the effect of theophylline alone on cyclic AMP

appeared to be additive with the adrenergic amine response.
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Figure 5. Time-response effects of norepinephrine ( 10"5 M)
on cardlac cyclic AMP and contractility in the driven

left atrium at 370 C. Each point represents the mean of five
to eight atria and the vertical bars represent one SEE.M.




(09s) 3IANWIL
09 S5 0S5 Sb OV SE OE SZ 0Z SI Ol

S

CAMP pmolesmg

X ' o
o o o S

% INCREASE CONTRACTILE FORCE

0]0] 8

c’l

1A

"LE



38,

Figure 6. Time-response effects of phenylephrine (10'“ M)
on cardiac cgclic AMP and contractility in the driven left
atrium at 37 . Reserpine pretreatment was 3 mg/kg twenty-
four hours before the experiment. Each point represents the

mean of five to eight atria and the vertical bars represent
one S.E.M.
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Figure 7. Time-responge effects of norepinephrine (10'5 M)

and phenylephrine (10-* M) on cardiac cyclic AMP and
contractility in the spontaneously beating right atrium at
37° C. Reserpine pretreatment was 3 mg/kg twenty-four hours
before the experiment. Each point represents the mean of
five atria and the vertical bars represent one S.E.M.
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Figure 8. Time-response effects of norepinephrine and v
phenylephrine on cardiac cyclic AMP in theperfused rat heart
at 37° C. Reserpine pretreatment was 3 mg/kg twenty-four
hours before the experiment. Each point represents the

mean of five to eight atria and the vertical bars represent
one S.E.M.
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Figure 9. Time-response effects of norepinephrine (10'5 M)
on cardlac cyclic AMP and contractility in the iven
left atrium in thg presence_of propranolol (10=° M) and

phentolamine (10~° M) at 37° C. Each point represents the mean
of five atria. o
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Figure 10. The effects of different voltage stimuli

(4,10,15, and 20 V ) on cardiac cyclic AMP in the driven

left atrium at 37° C. The muscles were stimulated at

a frequency of 1 Hz. with square-wave pulses of 3 ms duration.
Each point represents themmean of four atria and the vertical
bars represent one S.E.M.

Figure 11. The effects of different rates of stimulus

(2 Hz. vs 1 Hz ) on cardiac cyclic AMP in the driven left
atrium at 37° C. The muscles were stimulated with square-
wave pulses of 3 ms duration and 4 volts. Each bar represents
the mean of five atria.
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-Figure 12. Cumulative dose-response curves of isoproterencl,
norepinephrine, and phenylephrine for dftvenileft atria

and spontaneously beating right atria at 37° C. Each point
represents the mean of five to seven atria.
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Figure 13. Cumulative dose-response curves of isoproterenol,
norepinephrine, and phenylephrine for driven left atria
at 17° C. Each point represents the mean of five atria.
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Figure 14. Cumulative dose-response curves of isoproterenol,
norepinephrine, and phenylephrine: in the absenge of
antagonists, in the presence of propranolol (10-° M), and in
the presence of phentolamine (10-° M) for driven left atria.
Each point represents the mean of five atria. The concentrat-

ion of the agonist causing 50% of the maximum effect is marked
on each curve with a star.
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Figure 15. Cumulative dose-response curves of isoproterenol,
norepinephrine, and phenylephrine:- én the absence of antagonists,
in the presence of ppopranoleol (10~° M), and in the presence

of phentolamine (10™° M) for driven left atria at 22° C.

Each point represents. the meansof five atria. The concentrat-

ion of the agonist causing 50% of the maximum effect is marked
on each curve with a starr
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Figure 16. The effect of temperature changes on the
strength of.contractéon of driven left atria., The effect
of phentolamine (10™° M) and propranolol (10™° M) on the
inotropic effect of temperature change is shown at 22° C.
Each point represents the mean of five atria and the
vertical bars represent one S.E.M.
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Figure 17. Time-respoEseweffects of norepinephrine (10'5 M)
and phenylephrine (10~* M) on cardiac cyclic AMP in the
driven left atrium at 22° C. Each point represents the
mean of five atria. '
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Figure 18. Time-respopse effects of norepinephrine (10‘5 M)
and phenylephrine (10~7.M) on cardiac cyclic AMP in the
driven left atrium at 17° C. Each point represents the
mean of 5 atria. : .
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Figure 19 The egfects of propranolol (10 M) and
phentolamine (10- %) on cardiac cyclic AMP in response to
norepinephrine (10' M) at 17° ¢ (90 sec.), 22° C '
(30 sec.), and 37° ¢ (15 sec.). Contrgl values for cyclic
g in response to norepinephrine (10™° M) were as follows:
C (90 sec.), 0.49 pmole/mg; 22° C (30 sec.), 0.63 PBmole/mg;

37 C (15 sec.), 1.18 pmole/mg. Each bar represents the mean
of five atria.
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Figuge 20. The effect of exposure to phenoxybenzamine
(10-© M) for forty-five minutes at 17° C and 37° C on
cardiac cyclic AMP gnd contractility in response to
norepinephrine (10~ Driven left atria which had
been treated with phenoxybenzamine at 17° C were first
raised to 37° C before addition of norepinephrine.
Contractile response and cyclic AMP were détermined

at their maximum response at 60 and 15 seconds respectival
ively. Each bar represents the mean of fiwve atria.
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Figure, 21. Time-response effects of theophylline
(5x10-% M) on cardiac contractility in the driven
left atrium. Reserpine pretreatment was 3 mg/kg
twenty-four hours before the experiment. Each
point represents the mean of five atréa.
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Figure 22. The effect of exposure to theophylline for
three minutes, fifteen minutes and sixty minutes on
cardgac contractility in response to norepinephrine

(102 M) in driven left atria. Each point represents the
mean of five atria.
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Pigure 23. The effect of exposure to theophylline £or
fifteen minutes on, cardiac contractility in response to
phenylephrine (10=% M) in driven left atria. Each point
represents the mean of five atria.
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Figure 24. The effect of exposure to theophylline-(leO'“ M)
on cardiac cyclic AMP in the driven left atrium. Theophylline
alone increased cyclic AMP at three minutes exposure. Expos-
ure to theophylline for three minutes incrgased the peak
cyclic AMP response to norepinephrine (10-° and 10-3 M) in

an additive manner. Each bar represents the mean of five

to eight atria. One S.E.M. is shown.
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Figure 25. The effect of exposure to theophylline (5x10'4 M)
for fifteen minutes, on cardiac cyelic AMP in response to .
norepinephrine and phenylephrine in driven left atria.
Cyclic AMP concentrations were determined 10 seconds after
tne addition of norepinephrine or phenylephrine. Theophyl-
line alone significantly increased cyclic AMP at 15 minutes
exposure (P<0.05 ). Reserpine pretreatment 3 mg/kg twenty-
four hours before the experiment abolished the cyclic AMP
increase seen with theophylline. . Exposure to theophylline
increased the cyclic AMP response to norepinephrine and
phenylephrine in an additive manner. - None of the increases
were significant when the effeét of theophylline alone was
subtracted. Each bar represents the mean of five to eight
atria. One S.E.M. 1s shown.
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CHAPTER IV
DISCUSSION

on Cardiac Cgﬁfraéfiiiti

The present series of experiments was designed to
determine the time course of cyclic AMP and contractility
changes in respohse to norepinephrine and phenylephrine.
It was also intefided to separate the direct and indirect
effects of phenylephrine on cyclic AMP, and to determine
the importande of alpha adrenergic receptors in the
inotropic effedts of sympathomimetic agents.

‘The results indicate that while norepinephrine and
pPhenylephrine do cause an 1n¢réase in c¢yclic AMP levela
prior to contractile force (figures 5 and 6), both amines
have the ability to produce an 1ncreése in cardlac contract-
ility in which cyclic AMP is not involved (figure 6,7, and 9).
The adrenergic receptors of card;ad muscle have been gen-
erally classified as beta-receptors. A number of investigators
(Benfey and Varma, 1967; Berger and Mokler; 1969;.@oﬁ&br@m&968;
Nakashiiia 8t7al.(c}971; Wagher;:Endohjsand Reighapti 1974;
Wenzel and Su, 1966), however, have reported evidence sup-
porting the existence of alpha adrenergic receptorsfin the
heart which were capable of mediating a positive inotropic

76.
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‘effect in response to sympathomimetic agehts. It seems
reasonable, therefore, to attribute the increases in
contractile force in response to norepinephrine and phenyl-
ephrine,ﬁhich do not involve cyclic AHP;to alpha,receptofs.
Ahlquist, 1948, first formulated the cancept of alpha
and beta adrenergic receptors hased primarily on the dif-
ferent quantitative responses of end orgahs to catecholamines.
The receptors most sensitive to isoproterenol were called
beta-adrenergic receptors and those most séhsitive to
norepinephrine were considered alpha-adrenergic receptprs.
The order of effectiveness for ﬁyocardial contractility in
rabbit, cat; and dog was reported by Ahlquist} 19#8; as
isoproterenol 7epinephfine > norepinephrine. The ré2ative
order reported by Govier, 1968; on guinea-pig atria, and
by Wenzel and Su, 1966, on rat ventricle was isoproterenol>
norepinephrine>-phenylephrine. Phenylephrine has been con-
sidered to exert a direct effect on alpha-adrenergic receps-
tors;only (Ahlquist and Levy, 1959), although it haé-also
been,shown to have an indirect effect on releasing nor-
epinephrine stores (Govier, 1968). Wenzel and Su, 1966,
working on rat véntriclas, reported that phentolamine
potegtiated the positive inotropic response to norepinephrine
and gpinephriné; blocked the phenylephrine response, and exert-
ed né blockade of the 1soproterenol;induced response. Govier,
1968, working on guilnea-pig atria, reported that phentolamine
antagonized the first component of a:two-component phenylephrine-

induced positiveiinotropic response, but exerted no effect on the

1 -
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responses to norepinephrine, epinephrine, or 1sopr6terenol.
iy was also reported that pronethalol did not block the phenyl-
ephrine positive inotropic résponse. Govier, 1968, suggested
that norepinephrine and epinephrine possess alpha-adrenergic
receptor stimulating activity but thaﬁ it is not possibie to
demonstrate blockade of epinephrine and norepinephrine by
alpha-adrenergic antagonists alone because the response to
beta-adrenergic receptor stimulation is so great that the
alpha-receptor component is statisticdlly insignificant in
compgrison.' In their expgriments reduction of the beta-
adrenergic receptor response with pronethéloi made the alpha-
adrenergic response a greater proportion of the totad ino-
troplc response and consequently alpha-receptor blockade.
resulted in a significant reduction in the positive inotropic
response. On the basis of these experiments it was postulated
that,gﬁinea-pig atria and rat ventricle myocardium contain
alpha-adrenergic receptors (Wenzel}and'Su, 1966; Go#ier,}1968).
The failure of pronethalol to block the positive inotropic
effeét of low concentrations of phenyiephrine suggested to
Govier, 1968, that this effect is not mediated through the
cyclic AMP system. Hé was led to the conclusion, therefore,
that the positive inotropic éffects of sympathomimetic agents'
, resulting from alpﬁé and beta adrenergic.réceptofgstimulation
are produced through different basic mechanisms. The data in
the présent series of experiments support this qonclusion.
The first evidence that two different baslic mechanisms might

be involved in theiinotropic response came from the obsger-
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vation that the magnitude and time course of cyeciic AMP
changes induéed by norepinephrine and phenylephrine were
remarkably different while the magnitudé of the Qontractile
responses were not (figures5,6, and 7). Pretreatment‘with
reserpine eétablished that the cyciic AMP response of phenyl-
ephrine is aﬁ 1ndirect,effe¢t assoclated with the release of
stored catecholamines. ‘The@contraétile effect 6f phenylephrine
could, thus be dissociated from an increase in cyeclic AMP,
whereas with norepinephrine the two effects were still
assoclated. It is confirmed that phenylephrine exerts a
direct effect on alpha receptofs only.

'Norepinephriné iskknown to possess bothi:beta- and alpha-
adrenergic receptor stimulating activity (Wenzel and Su, 1966).
Govier; 1968, was able to separate the élpha- and beta?neéppbor
components of phenylephrine by first diminishing the beta
receptor response with pronethglol so that the alpha-adrenergic
response became apparent. In the present series of experiments
concentrations of norepinephrine (10:5 M) and propranololi‘
(10~® M) were chosen such that the blocksde of the inotropic
response produced by propranolol had just been overcome by
the higher concentration of norepinephrine. It was reasoned '
that at this point the greater proportion of the total inotropic
response would be mediated by alpha-adrenergic receptors. Under
these.conditions the magnitude and time course of the contractile
response resémbled the phenylephrine induced inotropic effect,
while there was no increase in the level of cyclic AMP (figure

9). The alpha-adrenergic antagonist phentolamine was inef-

§
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fective in altering either the time-course of magnitude of the
~contractile response induced by norepinephrine. The cyclic‘

| AMP increase was slightly less in the presence of phentolamine
than after norepinephrine alone. This could possibly be relat-
ed to}a nonspecific interfefence%;of‘phentqlamine with the
beta receptor. Rabinowifz, Parmley, and Katz, 1972, however,
have reported that neither alpha-stimulation nor blockade
affected the adénylate cyclase from cat heart muscle.

Shanfeld, Frazer, and Hess, 1969, have shown that the effect
of a small'dosé (30 ng) of norepinephrine on cyclic AMP format-
jon was somewhat more inhibited in the presence of isoprdpyl—
methoxamine (IMA) than was the positive inotropic effect. |
The evidence for a dissociation between the two effects did
not appear to be conclusive, espec&ﬂly in #iew of the small
total changes produéed by this small dosé of norepinephrine,
since the inotropic response to norepinephrine'was also
reduced in the presence of IMA by about 50% 1h these experiments,
whereas cyclic AMP was elevated by about 25% (which was not sig-
nificant). ;§ contrast, the present experiment clearly
separates the ﬁéta- and alpha-adrenergic receptor stimulating
activity of norepinephrine on contractility and cyclic AMP.

Several invéstigatiors (Lee and Yoo, 1964, 1970; in
isolated rabbit atria; Kabela, et. al., 1969, in &solated dog
keart),have reported that beta adrenergic antagonists inhibit
_the inotropic effect of phenylephrine in spontaneously beating
cardiac tissue.and that alpha adfenergic antagonists were

ineffective. Other investigators, however, (Starke, 1972) in
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perfused rabbit heart, and Osnes and Oye, 1975, in perfused rat
heart) :have found that the positive inotropic effecgs of
phenylephrine were blocked by phentolamine but not by propranolol.
A possible explanation for the divergeht and contradictory
experimental results may be found in a recent publication by
Endoh and Schumann, 1975b? They have reported that the positive
inotropic effects of the alpha-agonists methoxamine, mdphazoi-
ine, and oxymétazoline aecreased with 1ﬁcreasing frequency of
stimuktion (0.5-1-1.5 Hz). They considered on the basis of
previous experiments (Endoh, Wagner, and Schumann, 1975) that
the stxmukation of alpha-adrenergic reqeptors is capable of
increaging the intracellular calcium to a highér level,

either by increasing the influx of cadcium per contraction of
by decreasing the efflux. Winegrad and Shanes, 1962, had
shown that the frequency of stimulation'stfongly'effects the
flux of; calcium through ﬁyocardial c¢ell membrane. Endoh and
Schuman, therefore reasoned that when intracellular calcium

has already been raised by an increase of the frequency of
stimulation, alpha-adrenergic receptor stimulation is not able
to, induce a further increase of intrécellular calciunm.

., In the present serieé of experiments the cyclic AMP |
response to phenylephrine (10-% M) (which has been shown to be
due to the rélease_of stored catecholamines) and norepinephrine
(10~ M) were éimilar,in the rate controlled (1 Hz.) and the
spontaneously beating preparations (figuress,6, ahd 7). 1In
addition increasing the rate of stimulation from one to two Hz.

had no effect on the cyclic AMP response to norepinephrine
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(figure li). The time course of the phenylephrine contracti;e'
response, however, was remarkablm‘different(between%the rate
controlled ahd the spontaneously beating preparation (figures

6 and 7). The tihé required to reaéh peak contractile response
was changed from 100 seconds in the driven preparation to ko
seconds intthe spéntaneousiyabéating tissue; The differenqe
inithe_time course of the phenylephrine-induced contractile
response in the slow-paced versed the spontaneouély beating“

‘ preparation is most likely due to the ability of the chrono-

i troﬁic response to affect the flux of calcium through the

v cell membrane (Winegrad and Shanes; 1962){ The chronotropic
response of phenylephrine has beensshown by a humbér.of invest-
igators to be blocked by beta-adrenerg1c antagongéts (Leong
and Benfey, 1968; Krell and Patil, 1969; Starke, 1972; Wagner,
Endoh, and Reinhardt, 1974). The use of spontaneously beating
preparations may, thus, introduce other variables such as

rate which can greatlj affect the contractile résponse. Such
variables may at least partially account for the divergent
experiméntal results reported in the litepature.

, The rate controlled preparation may offer a better system
for attempting to correlate the physidlogical and biochemical
effects. For example; the time courseof the norepinephrine-
induced contractile response in slow paced atria is greatly
different in the presence and absencé of propranolol (180
seconds to reach peak tenaion in the presence of propranclol
verses 60 seconds to reach peak tension in the absence),tfigure

9). This difference may be related to the lack of cyclic AMP
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.elevation in the former situation.: Thisvebservation would have
been obscured by the presence of a chronotropic response.

- It should always be kept in mind when pacing a tissue
electrically that excessive depolarization pgg Qe may elevate
cyclic AMP contents (Wollenberger, Babskii, Krause, Genz,
Blohm, and Bogdanova, 1973) and may also liberate endogenous
capeqholamines{ In the présent sefies of experiments different
voltage stimuli from four to twenty volﬁs had no effect 6n
cardiac cyclic AMP levels indicating that neither of the abeve
possibilities had taken place (figure 10).

- .'In conclusion, norepinephrine and phenylephrine do cause
an increase in cyclic AMP levels prior to contractile force; i
however, both amines have: the ability to produce an increase
in cardiac contractiiity in which cyclic AMP is not involved.
The phenylephrine-induced cyclic AMP response 1is an indirect
effect associated with the release of stored catechblamines.

It seems reasonable to attribute the increased in contractile
force in response to norepinephrine and phenylephrine which'do
not involve cyclié AMP to alpha receptors. This does not,
however, imply a dissociatioh between beta receptor fﬁnction,
cyclic AMP, and the inotropic responsé.

.The timé-course of the contractile resbonse induced by
adrenergic amines may be remarkably influenced by the chrono-
tropic response in épentaneously beating preparations while the
cyclic AMP response is not greatly affected. This indicates that
events beyond the receptor level, possibly involving the effect

of rate changes on calcium fluxes; are taking place. It is
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therefore suggested that rate controlled preparations may offer
a better system for attempting to correlate physiological and
blochemical events..

The Effect of Témgéraiqré on Cardiac Inotropic and Adenxlaté
Cicléée Aétivgting;Aq;énogéptorg

The second series of experiments was designed to be
a through investigation of the biochemical and physiological
changes induced by lower temperature in mammalian cardiac
muscle. The purpose was to détermine whetherralpha- and
beta-adrenergic receptors representAallosteric configurations of
the same receptor macromolecule and whether there was indeed
a dissociation of cardiac inotropilc and‘adenylate cyclase
activating adrenoceptors at low temperature. The results
indicate that there is no interconver8ion of alpha~ and beta-
adrenergic receptors mediated by temperature.

It hasqbeeﬁ confirmed repeatedly that the strength of
contraction of isolated heart muscle from homeothermic
animals increased when its temperature is lowered below
normal (Clark, 1920; Feigen, et., al., 1952; Fu&chgotf, and |
Gubareff,1958; Garb, and Chenoweth, 1949; Hollander, and Webb,
1955; Kelly, and Hoffman, 1960; Saunders, and Sanyal, 1958).
The inotropic effects of temperature changes and of pharmaco+
logical agents are not necessarily additive. Lowefing the
temperature may s6 increase the strength of contraction as to
leave little room within the limits of contractility for a
drug to exert a positime inotropic effect. The positive

inotropic effects of cardiac glycosides (Brown and Cotten,
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1954; Meyer and Kukovetz, 1952; Saunders and Sanyal, 1958)
and of epinephrine and norepiﬁephrine (Barlow, and Sollman;
1926; Booker, 1960; Brown, and Cotten, 1954; Cotten, and
Cboper, 1962) have been found to be decreased by céoling,
and this has beenzattributed at least in part to the
influence of limits on cohtréctilit& (Blinkg and Koch-Weser,
1963). N |

- In the present series of experiments the inotropic .
effect of temperature was again confirmed (see figure 16). |
The increase in contractile force mediated by cooling to
17° ¢ was so great that fhe positive inotropic effects of
all the amines were greatly reduced (figure 13). This decrease
in responsiveness appeared to be due to an increase in the
baseline and not to a decrease'in efﬁicacgey The fact that
the order of potency is alteréd by thé decrease in temperature
(figure 13 verses figure 12) has been interpreted by some
investigators to indicate that an interconversion of receptors
from beta to alpha has taken piace (Amer and Byne, 1975).
However phenylephrine, the mostspecific alpha agonist, was
the least potent. In fact phenylephrine produced a negativé
inotropic effect which would tend to rule out a receptor
changg. The decrease in pctency of isoproterenol is most
likely due to the inotropic effects of temperature changes
masking a portion of its dose-response curve.

The inotropic effects of the adrenergic amines at 17° C

were too small to be useful in evaluating the activity of

alpha and beta ddrenergic antagonistSQ It was therefore decided
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to compare the activity of these agents at 37° C acd 22° c.
1t was fcund, however, that at 22° ¢ phentolamine caused an
inerease in the positive inotropic effect of temperature.
change, while propranolel caused a decrease in the strength
of contraction (figure 16). | o
In order to understand how the adrenergic blocking agents
may influence the. 1notropic effect of temperature on myocardial
tissue it is necessary to review the effects of temperature
changes on the duration of the active state. Over a wide “
range or temperature, the direction of te-perature-dependent
changes in the smrengthecﬁntnactﬁbnvseema :$0 be%determined by
changes,in'the duration cf the active state (Blinke and Koch-
Weser;¢1963); It is well known that the duration of the con-
tractions of heart muscle increaees withddecreasing temperature.
This hae been observed in muscle from cold-blodéded (Hajldu,
_and.Szent-Gycrgyi; 1952; Wieémann, et al., 1957; Heintzen et
al., 1956; Eckstein, 1920) and warm-blooded animals (Trautwein
and Dudel, 1954; Schmidt and Chang, 1961; Garb and Chenoweth,
1949; Hegnauer et al., 1950; Hirvonen, and Lybeck, 1956). The
1ncreased duration of the active state with cooling is asscciated
with an increase in the duration ofvthe action potential (Brooks
et al., 1955; Cranefleld, and Hoffmah, 1958; Heintzen EELJEEL
1956; Hollander and Webb, 1955; Kelly and Hoffman, 1960). During

contraction the calcium ion concentration remains elevated as
a .result of the slow,inward<current'carried by calcium during
the plateau (sustained depclarization) phase of the action
potential. Thus the action pofential, by regulating the
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calcium ion concentration, not ohly triggers the contréction
but influences its magnitude and duratioh'as well{ The
positive inotropic effect of temperatue changamay be a direct.
result of this increase in the slow calcium inward current N
during the action potential.

s Phentolamine has been found to prolong the action potential
duration in guinea-pig papillary muscle (Quadbeck and Reiter,
1975) guinea-pig atria (Pappano, 1971); Purkinje fibers ‘of
sheep (Giotti et al., 1973); and dog (Rosen et al, 1971).
Phentolamine could conceiveably mediate this effect without o
interacting with any adrenoceptors. It is also possible that
the efféct of phentolamine on the action potential may be
related to its direct myocardial stimulant component (Goodman

and Gilman, 1970; Ahlquist et al., 1947; Lum and Nickerson, 1946)

or to its ability tp causé a secondary releaée'of endogenous
catecholamines (Goodman and Gilman, 1970).

Propranolbl, on the other hand, has been found to shorten
the action potential_gf guinea-pig papiliary muscle (Quadbeck
and Reiter, 1975). The actions of propranolol on the heart could
result from at least two dififerent mechanisms of actlon. The
~ first is attributable to the beta-blocking action of propranolol
which inhibits both positive inotropic and arrhythmic actions of
catecholamines (Lucchesi et al., 1966). The second is a
nonspecific 'local anaesthetic' action which appears to result
from a direct actioﬁ of propranolol that is not related to its
beta-blocking activity. The direct effect on myocardial excit-
ability predominates in the prevention of digitalis-induced
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arfhythmias-arising from myocardial isehemia (Barrett and

Cullum;’1968). In the present experiment it is unlikely that
beta-adrenergic blockade is involved in the antagonism of the
inotropic effect of temperature by propranolol as the control

1evels of cyclic AMP were not elevated by decreased temperature

alone (figure 5, 17, and 18). This would indicate that the
~beta receptor was not active in mediating the positive inotropic
ef@ect Qf temperature.g;tpthereﬁome lseem8htogical that the )
effedt of propranolol on the inotropic effect of temperature
mayube due to blockade of increased calcium fluxes through the
cell membrane. It is therefore possible that propranoclol may 4
"antagcnize the inotropic effect of temperature by acting as a
locai anesthetic.

,Before considering the effects of the alpha- and beta-
adrenergic antagonists on the log dose-respones (LDR) curves
of,tée edfenergic amines, it may be appropriate to review a
few important points concerning the analysis of antagonism
in thevframeﬁork of the LDR c¢urve. The position of a LDR
curve on the x-axis reflects the effinity of the drug for its
receptor. A typical IDR curve is symmetrical about the point
at»whicﬁ 50 per cent ofAthe maximum response is obtained,
and its maximum slope and point of inflection occur at this
midpoint. The lower the ED50#(the dose for half-maximal
response) the more potent the drug. In the presence of a |
competitiveaantagonist, the curve for an agonist will be
shifted:to the right, but neither the slope nor the maximum

reeponee would be expected to change. The'antagonist simply
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alters the effective affinity of agonist drug for receptor.

The effect of a noncompetitive antagonsit upon the IDR curve il
will be quite different. The agonist curve may or may not_be
shifted‘to the right, however, the slope will be reduced and
the maximam response will diminish, inrelation to the degrée

of noncompetitive blockade established. A through coverage of .
the d;fferent categories of these two basic types of antagonism
is4covered by Webb; 1963. ’

‘ Sihce the studies which have indicated there is'an
interconversion of cardiac inotropic receptors from beta to '
alpha mediated by temperature have consistently reported their
results in dose ratios (Kunos and Szentlianyi, 1968; Kunos et al.,
1973; Benfey tv'l., 1974) instead of complete dose or time
response curves, it is important to understand the advaﬁtageS‘
and limitations of the dose ratio method of expressing antagonism.
The dose ratio is the ratio of the two agonist concentrations
producing theasame response, usually & half-maximal response,
in‘the presence and absence of antagonist. When the IDR curves
are parallel, this ratio is constant. However, when the curves
are not:paralléelithe:dosesiratiosvaries.icibtvis,not the best
method of expressing an antagonist effect under these conditions.
Furthermore, it is 1mpossible'to tell anything.abott the nature
of_the antagonism from a simple preeentation of the dose ratios.

.It is possible to illustrate mathmatic&11y~the-difference

between competitive and noncompetitive antagonism as they pertain

to dose ratios. The equation for competitive inhibition of

a receptor may be reduced to the form - :
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(a)p (1)
Wy, K

WHere (A)O is the éoncentration of agonist to produce an
needed to produce the same response in the presence of
concentration (I) of the antagohist, 1/KI is tﬁe affinity
of the antagonist for the receptor, and (A)I/(A)o is the
dose ratio (Webb, 1963} Goldstein, 1974). The equation for
noncompetitive antagonism will not reduce to the above
form. Thus the chief advantage of thé dose ratio in
competitive inhibition, that it is a convenient measure of
the affinity of the antagonist for the receptor, is lost in
noncompetitive inhibition.

The effects of‘phéntolamine and propran0101 on"the
LDR curves of the adrenergic amines at 37° C is shown in
figure 14. As would Be expected, phentolamine had no effect
on -the isoproterenol dose-response curve. Phentolamine
did, however, cause a small nbncompetitive antagonism of the
norepinephrine curve énd a small competitivé antagonism of
the phenylephrine curve. A similar atﬁenuation‘of the posi-
tive inotfopic effects of norepinephrine by phentolamine
has been reported by Rabinowitz et al., 1974,1n_the:isolated
cat papillary muscle. The shift of norepinephrine and
phenjléphrine curves to the right is probably mediated by
a competitive antagonism of alpha adrenergic receptors. The
mechaniSh of the phentolamine mediated supréssion of.the nor-

epinephrine maximal response remains obscure. It may be
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related to a nonspecific interaction, possibly involving the
sympathomimetic activity of phentolamine or a supression of
beta receptor function. It may also reflect a specific
antagonism of alpha receptors. Propranolol caused the isoproter-
enol IDR curve to shift to the right. 1In addition, the efficacy
of isoproterenol was increased in the presence of propranolol
which may be due to separation'of the beta-blocking and local
anesthetic effects. If isoproterenol were able to overcome the
beta-blockade of propranolol while cardiac microsomal and sar-
coplasmic reticulum uptake and binding of calcium were still
inhibited, the resultant increase in free intracellular calcium
could then account for the elevation of maximal contractile
force. It would be possible to test this hypothesis by
repeating this experiment using sotalol or practolol which are
almost devoid of local anesthetic potency instead of propranolol.
Propranolol competitively antagonized the norepinephrine LDR curve.
Propranolol did not cause a true noncompetitive antagonism of the
phenylephrine LDR curve, although the slope was reduced and the
maximum response was diminished. The fact that it was not possible
to further suppress the phenylephrine-induced positive inotropic
response by increasing the concentration of antagonist suggests
that propranolol was able to antagonize only the second component
of phenylephrine activity which is due to catecholamine release
(Govier, 1968). These data supporﬁ the view that phenylephrine
exerts itSimagor positive inotropic effect through alpha receptors.
The effecté of phentoiamine and propranolol on the IDR curves

of the adrenergic amines at 22° C is shown in figure 15. Phentol-
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amine reduced the slope and diminished the maximum response for
all the amines. The affinities of the drugs for the receptors,
however, were not éltered by phentolamine as can be seen by the
concentrations of the agonists causing 50% of the maximum effect.
The nonspecific, noncompetitive antagonism observed in the pres-
ence of phentolamine is probably due to the ability of phentolamine
to increase the strength of contraction (raise the baseline) S0
as to leave little room within the limits of contractility for a
drug to exert a positive inotropic effect (figure 16). Propran-
olol competitively antagonized the isoproterenol and the norepin~' .
ephrine curQes, causing a shift of the IDR curves to the right
in both cases. Propranolol did not antagonize the inotropic
effect of phenylephrine. The apparent increase in efficacy of
all the amines in tﬁé presence of propranolol was probably due
to the ability of pfépranolol at 22° C (figure 16) to decrease
the inotropic effect of temperature changes and thus leave more
room within the limits of contractility for the drugs to exert
their positive'inotropic effects. It should be noted that the use
of dose ratios to characterize the changes in the IDR curves at
22° ¢ is inappropriate due to the appearance of nonspecific, non-
competitive effects which may complicate the interpretation.
Lowering the temperature from 37° C to 22° C and 17° C
decreased both the rate and maximum levels of cyclic AMP
production in response to norepinephrine (figures 5, 17,and 18).
It was not possible to detect an increase in cyclic AMP med -
iated by phenylephrine at 22° ¢ or 17° ¢ in contrast to the
results obtained at 37° C (figures 6, 17, and 18). This probably
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reflects the overall decrease in adenylate cyclase activity
at lower. temperature. In agreement with Benfey?ét@ﬁ&.,h1974, the
stimulation of cyclic AMP production in response to norepins
ephrine remained an entirely beta-adrenoceptor response at
all temperatures tested (figure 19). ‘ |

. Kunos and Szentivanyi, 1968, used phentolam;neignd' .
propranoclol as adrenergic antagonists in the{ekperiments
where they first nggésted that alpha and beta adrenergic
receptorS'ﬁay represent allosteric configuration. of the |
same receptor macromolecule. The present series.of experiments
have shown that the results upon which this conclusion was
based were due to nonspecific effects. Subsequéntly, Kunos et
al., 1973, reported similar results using phenoxybenzamine and i
propranolol as the antagonists. Phenoxybenzamine may. act
in a manner similar to phentolamine in the present experiment
to increase the lnotropic effect of temperature.. An alternate
explanation has also been suggested. Benfey, 1975, found the
blocking effects observed with phenoxybenzamine at low temp-
erature to be nonspecific in frog ventricles. He suggested
that the,changes in phenoxybenzamine effects with temperature
are related to differences in the rate of formation and stabil-
ity of the intermediate aziridium ion and its rate of alkylation
of nuclegphilic centers. It is difficult, however, to see
how such an explanation could account for the observed non-‘
specific antagonism. Whatever thé true explanation for the
phenoxybenzamine activity at low temperature, it .is clear that

it is a nonspecific effect.



9.

Kunos et _al., 1973, have also reported that the heart
binds twice as much phenoxybenzamine at 14° C than at 24° C.
This was interpreted as proof of additional binding to |
reeepéofs'which had been converted from their beta to theif%
alphe configuration. There is no reason to suppese,'howeve},
that the ability to bind ‘'phenoxybenzamine should be the: same
‘at 1h° C and 24° ¢. The great maJority of the binding in any
case will be nonspecific, and differences encountered between
thei:two temperatures may be related to such a phenomenon as
phase changes in membrane lipids which have been shown to
alter fhe permeability of membranes (DeGier ?E;El}' 1968).

It is also possible that the different binding characteristics
may be related to the rate of formation and stability of the
intermediate azirid;um ion as hae been suggested byJBenfey,
1975. The fact that the temperature of incubation did not
influence the effiect:of.phenokybenzamineidh; eithersthe’contracss
e;le or thescyeélinisMP:responserefznorépinephrine (figure 20)
would irdicate that there 15 no specifio binding of phenoxy-
benzamine to the beta receptor at either temperature.

In conclusion, the reéults indicate that there .is no
interconversion of alpha- and beta-adrenergic receptors .
mediated by temperature. The apparent blockade of the adren-
ergic amine-~-induced inotropic response by phentolamine and the
apparent lack of blockade by propranolol has been found to be
related to the ability of the blocking agents to modify the
inotropic effect of low temperatures. Although adrenergic

amines have the ability to cause increases in contractile force
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Which are mediated by alpha receptors and which do not involve
cyclic AMP (Benfey and Carolin, 1971; Osnes and Oye, 1975;
Maftinéz and McNeill, 1975), no dissociation has yet‘beén;
found Betwgen the beta receptor, cyclic AMP, and the '
iéptrégic_response, It therefore seems logical, in vieﬁ.of
tﬁq“cloge association of these parameters, thét‘cyélic Aﬂf
may'be one of .the secohd messengers ﬁediéting the inotropic
reépOnse'in cardiac tissueQ' These data éﬁppdft the fdléAdf
cyclic AMP.as-é ﬁediatof gf béta-édrenergié récéptbf:function{

The Effect of Theophylline on Amine-Induced Cardiac Cyclic

AMP_and Cardiac Contractility

:"The third series of experiments was designed to invest-
igate the effect ofltheophylllne on adrenergic amine-induced
cardiac cyclic AMP and cardiac contractility. The positive
inotropic effects of the methylated xanthine derivatives
caffeine, theophylline, theobromine, and papaveriné afe well
known, however, the mechanism responsible for this action .
remains unclear. Two recent developmehts: 1.) the demonstrat-
ion that caffeine causes the releasé of calcium from and
decréases the net uptake of calcium in microsomes (Weber, 1968;
Johnson and. Inesi,,1969; Fuchs, 1969; Ogawa, 1970), and 2.) the
discovery that the methylxanthines are inhibitors of phosbho-
diesterase (Sutherland and Ball, 1958; Butcher and Sutherland,
1962), the enzyme responsible for the breakdown of cyclic
AMP in muscle; have stimulated interest in these compounds.
The fact that catecholamines stimﬁlate the production of

cardiac cyc;ic.AMP has led to the suggestion that catechol-
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amines and the methylxanthines may both exert their inotropic
effects through increased concentrations of cyclic AMP.' The
present results indéate the inotropic effects of the methylxan-
thines are not mediated through cyclic AMP but are more readily
explained by the effects of these agents on calcium metabolism.

The methylxanthine phosphodiesterase inhibitors are known
to release catecholamines from heart tissue (Westfall and
Fleming, 1968). Several investigators have, therefore, proposed
that theophylline may influence cardiac muscle through the
secondary release of endogenous catecholamines (Nuzher gﬁ_gl.,
1967: Westfall and Fleming, 1968). In the present series of =
experiments, however, theophylline was found to exert a direct
contractile effect in reserpine pretreated tissue which was
not significantly different from the control response (figure 21).
In contrast, reserpine pretreatment abolished the cyclic AMP
increase seen with theophylline (figure 25). Thus, the
theophylline-induced cyclic AMP response is an indirect
effect associated with the release of endogenous amines
while the greater part of the contractile reasponse is
not.

A further dissociation between the contractile and the
cyclic AMP responses can be seen in figure 22. Theophylline
(5x10~% M) significantly (P <0.05) enhanced the contractile
response to norepinephrine after 15 minutes. The contractile
response to norepinephrine after 3 minutes.exposure, however,
was attenuated (P<0.01). There was no difference in the

cyclic AMP concentrations at either of these times (figure 24
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and 25). After 60 minutes exposure, the tissue was complete-
ly unresponsive to norepinephrine. It is difficult to see
how these results can be resolved on the basis of phospho-
diesterase inhibition and cyclic AMP elevation, however,

they may be readily explained on the basis of calcium met-
abolism. The methylxanthines are known to alter intracell-
ular calcium concentrations by decreasing the rate of cal-
cium sequestration by the sarcoplasmic reticulum (Weber,'
1968), and mitochondrial accumulation of caleium (Nayler,
1967). Transport of calcium by the cell membraneé either

to increase influx (Scholz; 1971) or to decrease efflux
(Shine and Langer, 1971) or both, may also be affected.

more calcium is thus available for.excitation-contraction
coupling and a positive inotropic effect results. In the u»=g
present series ©f experiments, the attenuation of the nor-
epinephrine contractile response observed after 3 minutes
exposure to theophylline,m#y result from ekcessive release

of calcium ions. De Gubareff and Sleator, 1965, have demon-
strated that guinea-pig atria respond in a positive fashion
to concentrations ©f caffeine up to 1l.5:mM in the presence

of a normal amount of calcium in the bath. Higher concentra-
tions of caffeine prodﬁced a negateve inotropic effect @
unless the zcalcium concentration in the bath was lower-

ed. In the presence of calcium , caffeine produced

only a negative inotropic effect.
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These authors suggested that increasing intracellular calcium

- beyond this optimal level (by increasing the dose of caf-
‘feine or raising the concentration of calcium in the bath)
would result in a decrease in contractility. It seems reason-
able that the rate 6f theophylline-induced calcium release
would be greatest when the contractile response induced by
theophylline first reached its peak. At this time.releése would
be maximally stimulated and the calcium reserves would not yet
be seriously depleted. Norepinephrine might then increase the
intracellular level of ionized calcium beyond the optimal level
for ucontraction and produce a negative inotropic effect (fig-
ure 22). After 15 minutes exposure to the same dose of theo-
phylline, the calcium reserves might be sufficiently deplet-

ed that the combined effect of theophylline and norepineph-
rine on calcium mobilization would then be in the thimal

range for contraction, and an enhancement of the inotropic
response would result. After 60 minutes exposure, the intracel-
lular calcium reserves may be so much further depleted that no
inotropic response to norepinephrine would be possible ffig-
ure 22). It has previously been shown that the methylxan-
thines can both enhance and depress the contractile effect

of norepinephrine depending on the dose of both drugs and on
the amount of calcium present in the physiological.solution
(McNeill et al., 1969, 1973b). In the present study the time
of exposure to theophylline has also been shown to affect the
results.

A number of investigators (Hamakawa ef-éi:, 1972; Endoh
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and Schumann, 1974; Kalsner, 1971) have reportéd that
theophylline in a suffieient concentration to_enhance the
contractile effect of isoproterenocl, epinephrine; or nor-
epinephrine, did not‘alter the positive inotropic effect of
phenylephrine. This observation is again confirmed in the
present series bf experiments (figure 23). Since all increases
in-éardiac contractility were plotted against the origihal |
basel;ne before the addition of theophylline the increase in
contractile force seen with low doses of phenylephrine are due
to'the inotropic response of theophylline alone. It can
clearly be seen that there was no increase in the maximum‘

contractilg effect of phenylephrine in contrast to the results

obtaingd with norepinephrine (figure 22). Endoch and=Schuménn
3975, havepinterpreted theséiresults to be inconsistent with
the ability of thebphylline to act through a calcium-dependent -
mechanism as proposed by Blinks et al., 1972, and by McNeill et
gﬁ.; 1969. However, one would not expect the maximum response
mediated mostly by alpha-adrenergic receptors (phenylephrine
stimulated) to be enhanéed by the methylxanthines if the same
soufces of calcium were utilized by both groups of compounds.
Only'if an additional factor (such as a high intracellular
leyel of cyclic AMP) which was able to mobilize additional
resources of calcium, was introduced would an increase in
efficacy be apparentz Endoch et al., 1975, have recestlyy
demonstrated differences in the c2lcium fluzes mobilized by

alpha and beta-ddrenergic receptors. ‘Similarlx one would not

expect the methylxanthines to affect calcium dose-response
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curves (Endoch and Schumann, 1975a; Skelton et al., 1971).
The amount of calcium released from internal stores by
theophylline might be too small to significantly affect
-l

- calcium dose-response curves which occur between 10 and

=2  polar (Enaoch and Shumann, 197%). In any case, it

10
should be noted that merely elevating extracellular calcium

may . not be sufficient to demonstrate an intracellular '

calcium effect._ Several investigators (Massingham and ,
Nasmyth 1972; Endoch and Schumann, 1975a)have demonstrated

a positive interaction between electrical stimulation and
theophylline in cardiac muscle. Such an effect would not

likely be mediated through cyclic AMP and i morellikely
explained by an increase in intracellua® calcium. Alternate
explanations are aleo possible. Kalsner, 1971, has demonstrated
that the methylxanthines inhibit the extraneuronal inactivat-
ion of catecholamines'by inhibiting catechol-o-methyl-trans-
ferese in vascular smooth muscle. A similar mechanism might
operate-in cardiac muscle and would thus.specifically enhance
the norepinephrine but not‘the phenylephrine pesponse. Further
studies are needed before any definite conclusions can be
reached on the interpretation of this data.

Theophylline alone caused a small increase in cyclic AMP
whichvwas found to be due to the secondary release of endogenous
catecholamines (figures 24 and 25). 1In all cases the effect of
theophyllinecnn cyclic AMP appeared to be additive and not
potentietive with the adrenergic amine response. This would
further:tenito rule out phosphodiesterase inhibition as a factor

A
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In the effect of theophylline on the amine-induced cardiac
contractility. Many other discrepancies between phosphodies--
terase inhibition and pharmacological effects have been noted in
other tissues and have been reviewed by Blinks gﬁ;gi., 1972;

and McNeill et al., 1969, 1974.

In conclusion our data support the work of McNeill éﬁ_g;;,
1974, who repprted}a lack of interaction between norepinephrine
and theophylline on cardiac cyclic AMP. The theophylline-
induced cyclic AMP response is an indirect effect associat-
ed with the release of stored catecholamines. . Futhermore;,
theophylline exerts a direct contractile effect which is un-
related fo cyclic AMP. The ability of theophylline to enhance
the norepinephrine and not the phenylephrine responée may be
due to mobilization of different sources of calcium by the
alpha and beta receptors. The fact that the effect of theo-
phylline on cyclic AMP appeared to be additive and .not
potentiative would tend to rule out phosphodiesterase inhibition
as a’factor in the effect of theophylline on the amine-induced
cardiac contractility. In addition, there was no correlation
between the contractile and the cyclic AMP effects at the differ-
ent times tested. It therefore seems logical, in view of the
lack of correlation observed, that the cardiac effects of the
methylxanthines are not mediated through cyp&ic AMP., These
results support the view that the methylxanthines exert their

effects on cardiac tissue through calcium metabolism.



CHAPTER V
SUMMARY

l. Norepinephrine and phenylephrine cause an increase in |
cyclic AMP levels prior to contractile force, however, both
A

amines have the ability:to produce an increase in cardiac

contractile force in which cyclic AMP is not involved.

2. The phenylephrine-induced cyclic AMP response is an
indirect effect associated with the release of stored cate-

cholamines.

3. It seems reasonable to attribute the increase in contract-
ile force in response to norepinephrine and phenylephrine which

do not involve cyclic AMP to alpha receptors.

4. The time course of the contractile response induced by
adrenergic amines may be remarkably influenced by the chron-
otropic response in spontaniously beating preparations while

the cyclic AMP response is not greatly affected.

5. It is therefore suggested that rate controlled preparations
may offer a better system for attempting to correlate physiolog-

ical and biochemical events.

6. There is no interconversion of alpha- and beta adrenergic
receptors mediated by temperature.

102.
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7. The apparent blockade.of the adrenergic amipe-induced
inotropic response by phentolamine and the apparent lack of
blockade by propranolol have been found to be related to the
ability of the blocking agents to modify the inotropic effect

of low temperatures.

8. Although adrenergic amines have the ability to cause
increases in contractile force which are mediated by alpha
receptors and which do not involve c¢yclic AMP, no dissociation
has yet been found between the beta receptor, cyclic AMP, and

the inotropic response.

9. It therefore seems logical, in view of the close association
of these parameters, that cyclic AMP may be one of the second

messengers mediating the inotropic response in cardiac tissue.

10. The theophylline-induced cyclic AMP response is an indirect

effect associated with the release of stored catecholamines.

11. Furthermore, theophylline exerts a direct contractile

effect which is unrelated to cyclic AMP.

12. The ability of theophylline to enhance the norepinephrine
and not phenylephrine response may be due to mobilization of

different sources of calcium by the alpha and beta receptors.

13. The fact that the effect of-théophylline on cyclic AMP
appeared to be additive and not potentiative would tend to
rule out phosphodiesterase inhibition as a factor in the

effect of theophylline on the amine-induced cardiac contractility.
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14. The effect of theophylline on amine-induced cardiac cyclic
AMP and contractile force showed no correlation between the
contractile and the cyclic AMP effects at the different times
tested. |

15. It therefore seems logical that the cardiac effects

of theophylline are not mediated through cyclic AMP.

16. These results support the view that the methylxanthines
exert their effects on cardiac tissue through calcium met-

abolism.



LIST OF REFERENCES

Ahlquist, R.P., Huggins, R.A., and WOodbury, R.: Pharmacol-
ogy of benzylimidazole (Priscol). J. Pharmacol. Exp. Ther.
89: 271-288, 1947. ' ,

Ahlquist, R.P.: A study of adrenotropic receptors. Am. J.
Physiol 53 586-600, 1948.

Ahlquist, R.P. and Levy, B.: Adrenergic receptive mechanism
of canine ileum. J. Pharmacol. Exp. Ther. 127: 146-149,

1959.

Amer, S.M. and Byne, J.E.: Interconversion of beta- to
alpha-adrenergic responses and adenylyl to guanylyl
cyclase in the rat atrium. Fed. Proc. 34: 232, 1975.

Barlow, O.W. and Sollman, T.: Temperature and epinephrine
on the perfused frog heart. Relation of epinephrine .
response to temperature and rhythmic vigor. J. Pharmacol.
Exp. Ther. 28: 325-339, 1926.

Barrett, A.M., and Cullum, V.A.: The biological properties
of the optical isomers of propranoclol and their effects
on cardiac arrhythmias. Br. J. Pharmacol. 34: 43-55, 1968.

Batzri, S., Amsterdam, A., Selinger, Z., Ohad, Il, Schramm,
M.: Epinephrine-induced vacuole formation in parotid gland
cells and its independence of the secretory ppocess. Proc.
Nat. Acad. Sci. UiS.A. 68: 121-123, 1971a.

Batzri, S., Selinger, Z. and Schramm, M.: Potassium ion
release and enzyme secretion: adrenergicmregulation
by alpha- and beta-receptors. Science. 174: 1029-1031,
1971b. .

Benfey, B.G.: Lack of relationship between myocardial
cyclic AMP concentrations and inotropic effects of
sympathomimetic amines. Br, .J. Pharmacol. 43:
757-763, 1971.

% 105,



‘106 g

Benfey, B.G.: Temperature dependence of phenoxybenz-
amine effects: a critique of the adrenoceptor
transformation hypothesis. Pharmacologist. 17:
222, 1975. ' '

Benfey, B.G., and Carolin, T.: Effect of phenylephrine on
cardiac contractility and adenyl cyclase activeity.
Can. J. Physiol. Pharmacol. 49: 508-512, 1971.

Benfey, B.G., Kunos, G., Nickerson, M.: Dissociation of
cardiac inotropic and adenylate cyclase activating
acrenoceptors, Br. J. Pharmacol. 51: 253-257, 1974.

Benfey, B.G. and Varma, D.R.: Interactions of sympatho-
mimetic drugs, propranolol and phentolamine, on atrial
refractory period and contractility. Br. J. Pharmacol.
30: 603-611, 1967. ,

Berger, J.E. and Mokler, C.M.: The interaction of quini-
dine with alpha- and beta-adrenergic receptors in the
rag myocardium. J. Pharmacol Exp. Ther. 165: 242-250,
1969.

Blinks, J.R., and Koch-Weser, J.: PhYsical factors in the
analysis of the actions of drugs on myocardial contract-
ility. PharmacolLRev. 15: 531-599, 1963.

Blinks, J.R., Olson, C.B., Jewell, B,R., and Braveny, P.:
Influence of caffeine and other methylxanthines on
mechanical properties of isolated mammalian heart
muscle. Circ. Res. 30;: 367-392, 1972.

Booker, W.M.: Comparison of the action of adrenaline and
noradrenaline on the isolated perfused guinea pig
heart during normothermia and hypothermia, Arch. Int.
Pharmacodyn. 124: 11-20,1960.

Breckenridge, B.: Cyclic AMP and drug action. Annu. Rev.
Pharmacol. 10: 19-34, 1970. e

Brooks, C. McC., Hoffman, B.F., Suckling, E.E., and Orias,
O.: Excitability of the Heart. Grune and Straton, New
York, 1955. :

Brown, B.L., Albano, J.D.M., Ekin, R.P. and Sgherzi A.M.:
A simple and sensitive saturation assay method for the
measurement of adenosine 3'5'cyclic monophosphate.
Biochem. ' ~J. " . 121: 561-562, 1971.

Brown, T.G., Jr. andCotten, M.DeV.: Responses to cardio-
vascular drugs during extreme hypothermia. J. Pharmacol.
Exp. Ther. 110: 8, 1954.



107.

Buckley, G.A. and Jordan, C.C.: Temperature modulation of
alpha- and beta-adrenoceptors in the isolated frog
heart. Br. J. Pharmacol. 38: 394-398, 1970.

Biitcher, R.W., and Sutherland, E.W.: Adenosine 3'5!
phosphate in blological materials. I. Purification
and properties of cyclic 3'5'nucleotide phospho-
diesterase and use of this enzyme to characterize
adenosine 3'5'-phosphate in human urine. J. Biol.
Chem. 237: 1244-1250, 1962.

Caron, M.G., and Lefkowitz, R.J.: Temperature immut-
ability of adenylcyclase-coupled beta adrenergic
receptors. Nature. 249: 258-260, 1974.

Chenoweth, M.B. and Koelle, E.S.: An isolated heart
perfusion system adapted to the determination of
nongaseous metabolites. J. Lab. Cldin. Med. 3_ 600~
608, 1946

Clark, A.J.: The effect of alterations of temperature
upon the functions of the isolated heart. J. Physiol.

Cotten, M. DeV. and Cooper, T.: Blockade of the positive
inotropic action of norepinephrine by cardiac glycosides
in the dog during hypothermia. J. Pharmacol. Exp. Ther.
136: 97-106, 1962.

Cranefield, P.F., and Hoffmanj; B.F.: Electrophysiology
of cardiac cells. Physiol. Rev. 38: 41-76, 1958.

Daley, J.W., Creveling, C.R. and Witkop, B.: The chemo-
release of norepinephrine from mouse hearts. Structure-
activity relationships. I. Sympathomimetic and related
amines. J. Med. Chem. 9: 273-280, 1966.

DeGier J., Mandersloot, J. G., and VanDeenen, L.L.M.: Lipid
composition and permeability of liposomes. Biochemn.
Biophys. Acta. 150: 666-675, 1968.

De Gubareff, T. and Sleator, W.: Effects of caffeine on
mammalian atrial muscle and its interaction with .
adenosine and calcium. J. Pharmacol. Exp. Ther. 148:
2025214, 1965.

Dobson, J.G., Schwab, G.E., Ross, J., Mayer, S E.: Compar-
ison of the biochemical composition of four preparations
of ﬁontractile muscle. Am. J. Physiol. 227: 1452-1457,
1974.



¥08,

Drummond, G.I., Duncan, L., and Hertzman, E.f Effect of
epinephrine on phosphorylase b activity in perfused
rat hearts. J. Biol. Chem. 241: 5899-5903, 1966.

Drummond, G.I., and Hemmings, S.J.: Role of adenylate
cyclase~cyclic AMP in cardiac actions of adrenergic
amines. In Myocardial Metabolism, vol. 3, ed. by
N.S. Dhalla, pp. 213-222, University Park Press,
Baltimore, 1973.

Eckstein, A.: Vergleicheﬁde Untersuchungen uper den
Einfluss der Temperatur auf den Ablaut der Kontraktion
im Muskel. Pfluegers Arch. 183: 40-70, 1920.

Endoh, M#¥ and Schumann; H.J.ﬁ Beta and/ or alpha-adrenocep-
tors in the ventricular muscle of the rabbit? Naunyn
Schmiedebergs Arch. Pharmacol. 282: R18, 1974.

Endoh, M. and Schumann, H.J.: Effects of papaverine on
isolated rabbit papillary muscle. Eur. J. Pharmacol.
30: 213-220, 1975a.

Endoh, M., and Schumann, H.J.: Frequency-dependence of the
positive inotropic effect of methoxamine and Hapha-
zoline mediated via alpha-adrenoceptors in the isolated
rabbit papillary muscle, Naunyn Schmiedebergs Arch.

Pharmacol. 287: 377,3&9?5%97Sb.

Endoh, M., Wagner, J. and Schumann, H.J.: Influence of
- temperature on the positive inotropic effects mediated
by alpha- and beta-adrenoceptors in the isolated rabbit
papillgiy muscle. Naunyn Schmiedebergs Arch. Pharmacol.
287: 56Y-72 ,1975:.

Fallen, E.L., Elliott, W.C. and Gorlin, R.: Apparatus for
study of ventricular function and metabolism in the
isolated perfused rat heart. J. Appl. Physiol. 22:
836-389, 1967.

Farah, A., and Tuttle, R.: Studies on the pharmacolo%y of
glucagon. J. Pharmacol. Exp. Ther. 129: 49-55, 1960

Feigen, G.A., Sutherland, G.B., and MacPherson, C.H.:
Mechanical response of the isolated electrically
driven rat ventricle strip. II. Static and dynamic
response to temperature and gas phase. Stanf. Med. Bull
10: 89-95, 1952.

Fuchs, F.: Inhibition of sarcotubular calcium transport by
caffeine: Species and temperature dependence. Biochim.
Biophys. Acta. 172: 566-570, 1969.



“109,

Furchgott, KE.E. and DeGubareff, T.: The high energy phosphate
content of cardiac muscle under various conditions which
alter contractile strength. J. Pharmacol. Exp. Ther. 124:
203-218, 1958.

Garb, S. and Chenoweth, M.B.: Electrogram of isolated pap-
illary muscle of the cat heart Am. J. Physiol. 156:
27-34, 1949.

Gilman, A.G.: A protein binding assay for adenosine
3'5'-cyclic monophosphate. Proc. Natl. Acad. Scil
v U.S.A. 67: 305-312, 1970.

Gilman, A.G.: Protein binding assays for cyclic nucleotides.
In Advances in Cyclic Nucleotide Research, vol 2., ed. by
P. Greengard, G.A. Robinson, R. Paoletti, pp. 9-24,
Raven Press, New York, 1972.

Gilman, A.G. and Rall, R.: Adenosine 3'5'-phosphate as a
mediator of hormone action. In The Action of Hormones,
ed. by P.P. Foa, pp. 87-128, Charles C. Thomas, Spring-
field, Ill., 1971.

Giotti, A., Ledda, F., Mannoioni, P.F.: Effects of noradren-
aline and isoprenaline, in combination with alpha- and
beta-receptor blocking substances, on the action .
potential of cardiac purkinje febers. J. Physiol. (Lond.).

229: 99-113, 1973.

Goldstein, A., Aronow, L. and Kalman, S.: Principles of
Drug Action: The Basis of Pharmacology, pp. 82-127,
John Wiley and Sons, New York, 1974.

Govier, W.C.: Myocardial alpha-adrenergic receptors and
their role in the production of a positive inotropic
effect by sympathomimetic agents, J. Pharmacol. Exp.
Ther. 159: 82-90, 1968.

Greengard, P. and Kuo, J.F.: On the mechanism of action of
cyclic AMP. In Role of Cyclic AMP in Cell Function. ed.
by P. Greengard and E. Costa, pp. 287-306, Raven Press,
New York, 1970.

Hajdu, S. and Szent-Gyorgyi, A.: Action..of DOC and serum
on the frog heart. Am. J. Physiol 168: 159- 170 1952.

Hamakawa, H., Shimizu, T. and Toda, N.: Interactions of
phenylephrine and theophylline in contractility and
excitability of isolated rabbit left atria. Jpn. J.
Pharmacol. 23: 373-379, 1973.



110,

Hardman, J., Robiseny,G.A. and Sutherland, E.W.: Cyclic
nucleotides. Annu. Rev. Physiol. 33: 311-336, 1971.

Hegnauer, A.H., Shriber, W.J. and Haferius, H.O.: Cardiovas=n
cular response of the dog to immersion hypothermia,
Am. J. Physiol. 161: 455-465, 1950,

Heintzen, P., Kraft, H.G. and Wiegmann, O.: Uber die elek-
trische und mechanische Tatigheit des Herzstreifen-
praparates vom Frosch in Abhangigkeit von der Temper-
atur. Z. Biol. 108: 401-411, 1956.

Hess, M.E., Hottenstein, D., Shanfeld, J., and Haugaard,
N.: Metabolic effects of theophylline in cardiac and
skgletal muscle. J. Pharmacol. Exp. Ther. 141:274-279,
1963.

Hirvonen, L. and Lybeck, H.: Mechanogfam observations on the
isolated auricle of hypothyroid rat. Acta. Physiol.
Scand. 36: 29-37, 1956.

Hollander, P.B., and Webb, J.L.: Cellular membrane potentials
and contractility of normal rat atrium and the effects of
temperature, tension, and stimulus frequency. Circ. Res.
3: 604-612, 1955.

Johnson, P.N., and Inesi, G.: Effect of methylxanthines
and local anesthetics on fragmented sarcoplasmic
reticulum. J. Pharmacol. Exp. Ther. 169: 308-314, 1969.

Kabela, E., Jalife, J., Peon, C., Cros, L., and Mendez,
R.: The adrenergic receptors of the coronary circ-
ulation in the isolated dog heart. Arch. Int. Pharmaco-
dyn. Ther. 181:328-342, 1969.

Kalsner, S.: Mechanism of potentiation of contractor res-
ponses to catecholamines hy methylxanthines in aortic
strips. Br. J. Pharmacol. 43: 379-388, 1971.

Katzung, B., Evaluation of drugs,affecting the contractility
and the electrical properties of the heart. In Selected
Pharmacological Testing Methods, vol. 3, Medical Research
Series, ed. by A. Burger, pp. 193-234, Marcel Dekker Press,
New York, 1968.

Kelly, J.J., Jr. and Hoffman, B.F.: Mechanical activity
of6rat papillary muscle. Am. J. Physiol. 199; 157-162,
1960

Klein, L. and Levey, G.S.: Activation of myocardial adenyl
cyclase by histamine in guinea pig, cat, and human
heart. J. Clin. Invest. 50: 1012-1015, 1971.



?;11

Krell, R.D. and Patil, P.N.: Combinations of alpha and
beta-adrenergic blockers in isolated guinealipig atria.
J. Pharmacol. Exp Ther. 170: 262-271, 1969.

Kukovetz, W.R., Poch. G., and Wurm, A.: Effect of catechol-
amines, histamine and oxyfedrine on isotonic contraction
and cyclic AMP in the guinea-pig heart, Naunyn Schmie-
debergs Arch. Pharmacol. 278: 403-424, 1973.

Kunos, G., and Szentivanyi, M.: Evidence favoring the
existence of a single adrenergic receptor. Nature.
217: 1077-1078, 1968.

Kunos, G., Young, M.S., and Nickerson; M., Transformation
of adrenergic receptors in the myocardium, Nature
New Biol. 241: 119-120, 1973.

Langan, T.: Phosphorylation of histones in vivo under the
control of cyclic AMP and hormones. In Role of Cyclic
AMP in Cell Function, ed. by P. Greengard and E. Costa,
pp. 307-324, Raven Press, New York, 1970.

Latner, A.L. and Prudhoe, K.: A simplified competitive
portein-binding assay for adenosine 3'5!'-monophosphate
in plasma. Clinica Chimica Acta. 48:353-357, 1973.

Lee, W.C., and Yoo, C.S.: Mechanism of cardiac activities
of sympathomimetic amines on isolated auricles of rabbits.
Arch. Int. Pharmacodyn. Ther. 151: 93-110, 1964.

Leong, L.S.K. and Benfey, B.G.: Actions of phenylephrine
on contractility and rate of rabbit atria. Pharmacologist.
10: 206, 1968.

Levy, J.V.: Isolated atrial preparations, lg Methods in
Pharmacology, vol. 1, ed. by A. Schwartz, pp. 77-150,
Appleton-Century-Crofts, New York, 1971.

Liddle, G.W. and Hardman, J.G. ' : Cyclic adenesine mono-
phosphate as a mediator of hormone action. N. Eng . J.
Med., 285: 560-566, 1971.

Lipkin, D., Cook, W.N., and Markham, R.: Adenosine 3'5'-
phosphoric acld. a proof of structure, J. Amer. Chen.
Soc. 81; 6198-6203, 1959.

Lucchesi, B.R., Whitsitt, L.S., and Brown, N.L.: Propranolol
(Inderal) in experimentally-lnduced cardiac arrhythmias.
Can. J. Physiol. Pharmacol. 44: 543-547, 1966.

Lum, B.K.B., and Nickerson, M.: Cardiac arrhythmias induced
by tolazoline (Priscoline). J. Pharmacol. Exp. Ther. 1l1l6:
156-163, 1956.



112

McNeill, J.H., Coutinho, F.E., and .Verma,S.G.: Lack of
interaction between norepinephrine or histamine and
theophylline on cardiac cyclic AMP. Can. J. Physiol.
Pharmacol. 52: 1095-1101, 1974.

McNeill, J.H., Davis, R.S., and Muschek, L.D.: Phenyl-
ephrine effects on cardiac contractility,adenyl
cyclase, andsphospherylase. Arch. Int. Pharmacodyn.
Ther., 197: 317-327, 1972. °

McNeill, J.H., Hook, J.B. and Davis, R.S.: Inhibition and
enhancement of the noradrenaline constrictor response
by methylxanthines, Can. J. Physiol. Pharmacol. 51:
553-555, 1973b.

McNeill, J.H., Nassar, M., and Brody, T.M.: The effect of
theophylline on amine-induced cardiac phosphorylase
activation and cardiac contractility. J. Pharmacol.
Exp. Ther.,165: 234-241, 1969.

McNeill, J., and Vermé, S.C.: Phenylephrine-induced increases
in cardiac contractility, cyclic adenosine monophosphate
and phosphorylase a. J. Pharmacol. Exp. Ther. 187: 296-299,
1973a. : ,

Martinez, T.T., and McNeill, J.H.: Comparison of changes
in contractility and cyclic AMP in both paced and
spontaneously beating rat atria in response to nor-
epinephrinézand phenylephrine. Pharmacologist. 17:
195, 19750

Massingham, R. and Nasmyth, P.A.: The nature of the posi-
tive inotropic response of the isolated frog heart to
theophylline and 1iminazole. Br. J. Pharmacol. 45:
229-239, 1972.

Mayer, S.E., Cotten, M. DeV. and Moran N.C.: Dissociation
of the augmentation of cardiac contractile force from
the activation of myocardial phosphorylase by catechol-
amines. J. Pharmacol. Exp. Ther. 139: 275-282, 1963. -

Meyer, H.F., and Kukovetz, W.R.: Die Wirkung von g-Strophan-
thin auf den Papillarmuskel der Katze bie Hypothermie,
37° C und Hyperthermie. Arch. Exp. Path. Pharmak. 242:
409-413, 1962.

Moran, N.C. and Perkins, M.E.: An .evaluation of adren-
ergic blockade of the mammalian heart. J. Pharmacol.
Exp. Ther. 133: 192-201, 1961,

Murad, J.F., and Vaughn, M.: Effect of glucagon on rat
heart adenyl cyclase. Biochem.Pharmacol. 18: 1053-1059,
1969. ~



PR

Nakashima, M., Maeda, K., Sekiya, A., and Hagino, Y.:
Effect of hypothyroid status on myocardial responses to
sympathomimetic drugs. Jpn. J. Pharmacol. 21: 819-825,
1971.

Nayler, W.G.: Calcium exchange in cardiac muscle: Basic
mechanism of drug action. Am. Heart J. 53: 379-394, 1967.

Nuzher, O.A., Blaydes, F.B., Westervelt, F.B. and Wood,
J.E.: Effect of amingophylline on urinary exeretion of
epinephrine and norepinephrine in man. Cieculation.
35: 745-755, 1967.

Nickerson, M.: Drugs inhibiting adrenergic nerves and
structures innervated by them. In The Pharmacological
Basis of Therapeutics, ed. by L.S. Goodman and A.
Gilman, pp. 549-584, Macmillan Co., New York, 1970.

Nickerson, M. and Chan, G.C., Blockade of responses of
isolated myocardium to epinephrine, J. Pharmacol.
Exp. Ther. 133, 186-191, 1961.

Ogawa, Y.: Some properties of fragmented frog sarcoplasmic
reticulum with particular reference to its response to
caffeine. J. Biochem. (Tokyo) 67: 667-683, 1970.

Osnes, J. and Oye, I.: Relationship between cydlic AMP iiet-
abolism and inotropic response of perfused rat hearts
to phenylephrine and other adrenergic amines In Advandes
in Cyclic Nucleotide Research. vol. /5, ed. by G.I. Drummond,
P. Greengard, and G.A. Robinson, pp.. 515-433, Raven Press,
New York, 1975.

Oye, I. and Sutherland, E.W.: The effect of epinephrine and
other agents on adenylcyclase in the cell membrane of
avian erythrocytes. Bilochim. Biophys. Acta. 127: 347-
359, 1966.

Pappano, A.J., Propranolol-insensitive effects of epineph-
rine on action potential repolarization in electrically
driven atria of the guinea pig. J. Pharmacol. Exp.
Ther. 177: 85-95, 1971.

Quadbeck, J., Reiter, M.: Cardiac action potential and
inotropic effect of noradrenaline and calcium. Naunyn
Schmiedebqus "Arch. Pharmacol. 288: 403-414, 1975.

Rabinowitz. ., B., Parmley, W., Bonnoris, G., Chuck, L. and
Kligerman, M.: Interaction of phentolamine and noradren-
aline on myocardial contractility and adenyl cyclase
activity, Cardiovasc. Res. 8: 243-248, 1974.



114,

Rabinowitz, B., Parmley, W.W., and Katz, J.P.: Effects of
phentolamine on myocardial contractility and adenyl
cyclase activity, Fed. Proc. 31: 556, 1972.

- Rall, T.W., Sutherland, E.W. and Berthet, J. : The relationship
of epinephrine and glucagon to liver phosphorylase. 1IV.
Effect of epinephrine and glucagon on the reactivation of
phosphorylase in liver homogenates. J. Biol. Chem. 224:
Lé63-475, 1957.

Rall, T.W., and West R.C.: The potentiation: of cardiac
inotropic responses”"to norepinephrine by theophylline,
J. Pharmacol. Exp. Ther. 139: 269-274, 1963.

Rall, T.W.: Role of Adenosine 3'5'-monophosphate (cyclic AMP)
in the actions of catecholamines. Pharmacol. Rev. 24:
399”""09 [} 1972 .

Rall, T.W., and Gilman, A.G.: The role 6f cyclic AMP in the
regulation of cellular processes. Neurosci. Res. Program.
Bull. 8: 221-323, 1970.

Robisen», G.A. Butcher, R.W., Oye, I., Morgan, H.E., and
Sutherland, E.W.: Effect of epinephrine on adenosine
3'5'-phosphate levels in the isolated,perfused rat
heart. Mol. Pharmacol. 1: 168-177, 1965.

Robison, G.A., Butcher, R.W. and Sutherland, E.W.: Cyclic AMP.
Annu. Rev. Biochem. 37: 149-174, 1968.

Rosell-Perez, M. and Larner, J.: Studies on UDPG-a-glucan
transglucosylase IV. Purification and Characterization
of two forms from rabbit skeletal muscle. Biochemistry.
3: 75-81, 1964.

Rosen, M.R., Gelband, H., Hoffman, B.F.: Effects of
rhentolamine on electrophysiologic properties of isolated
canine purkinje fibers. J. Pharmacol. Exp. Ther. 179:
586-593, 1971. |

Saunders, P.R. and Sanyal, P.N.: Effect of temperature
upon the positive inotropic action of ouabain, J. Pharmacol.
Exp. Ther. 123: 161-163, 1958.

Schmidt, E.R. and Chang, J.J.: Aktions-potential und
Mechanogramm von Purkinje-Faden in tiefer Temperatur.
Pfluegers Arch. 272: 393-399, 1961.

Scholz, H.: Uber den Mechanismus der positiv inotropen
Wiekung von Theophyllin am Warmblutherzen. Naunyn
Schmiedebergs™ Arch. Pharmefol.271: 410-429, 1971.




Shanfeld, J., Frazer, A., and Hess, M.E.: Dissociation of
the increased formation of cardiac adenosine 3'5'-
monophosphate from the positive inotropic effect of
gogepinephrine. J. Pharmacol. Exp. Ther. 169: 315-320,

969.

Shine, K.I., and Langer, G.A.: Cafféine effects upon
contraction and calcium exchange in rabbit myocardium.
J. Mol. Cell. Cardiol. 3: 255-270, 1971.

Sobel, B.E., and Robinson, A.K.: Activation of guinea pig
myocardial adenyl cyclase by prostagladins (abstr.),
Circulation. 40: (Suppl. 3) 189, 1969.

Starke, K.: Alpha sympathomimetic inhibition of adrenergic
" and cholinergic transmission in the rabbit heart.
Naunyn Schmiedebergs Arch. Pharmacol., 274: 18-45, 1972.

Sutherland, E.W., Oye, I., and Butcher, R.W.: The action
of epinephrine and the role of the adenyl cyclase
system in hormone action. Recent Prog. Hormone Res.
21: 623-646, 1965.

Sutherland, E.W., and Rall, T.W.: The properties of an
adenine+£ibonucleotide produced with cellular particles,
ATP, Mg"™™, and epinephrine or glucagon. J. Amer. Chem. Soc.
79: 3808, 1957.

Sutherland, E.W. and Rall, T.W.: Fractionation and character-
ization of a cyclic adenine ribonucleotide formed by
tissue particles. J. Biol. Chem. 232: 1077-1091, 1958.

Sutherland, E.W. and Rall, T.W. The relationship of
adenosine-3'5'-phosphate and phosphorylase to the
actions of catecholamines and other hormones. Pharmacol.
REv., 12: 265-299, 1960.

Sutherland, E.W., Robinson, G. A., and Butcher, R.W.: Some
aspects of the biological réle adenosine 3'5'-mono- _
phosphate (cyclic AMP). Circulation. 37: 279-306, 1968.

Trautwein, W. and Dudel, J.: Aktionspotential und Mechano-
gramm des Katzenpapilarmuskels als Funktion der Temper-
atur. Pfluegers Aréhiz 260: 104-115, 1954,

Trendelenburg, U., Muskus, A., Fleming, W.W. andGomez
A.B.: Modification by reserpine of the action of
sympathomimetic amines in spinal cats: a classification
of sympathomimetic amines. J. Pharmacol. Exp. Ther.
138: 170-180, 1962.



116,

Vincent, N.H. and Ellis, S.: Inhibitory effect of acetyl-
choline on glycogenolysis in the isolated guinea pig
heart. J. Pharmacol. Exp. Ther. 139: 60-68, 1963.

Wagner, J., Endoh, M. BReinhardt, D.:~Stimulation by
phenylephrine of adrenergic alpha- and beta-receptors
in the isolated perfused .rabbit heart. Naunyn Schmiede-
bergs Arch. Pharmacol. 282: 307-310, 1974.

Walsh, D.A., Perkins, J.P., and Krebs, E.G.: An adenosine
3'5'~-monophosphate-dependent protein kinase from rab-
bit skeletal muscle. J. Biol. Chem. 243: 3763-3765, 1968.

Wastila, W.B., Su, J., Friedman, W.F. and Mayer, S.E.:
"Blockade of biochemical and Physiological responses of
cardiac muscle to norepinephrine by N-tert-butylmethox-
amine (butoxamine). J. Pharmacol. Exp. Ther. 181: 126-
138, 1972.

Webb, J.L.: Enzyme and Metabolic Inhibitors, vol. 1, New
York, Academic Press, 1963.

Weber, A.: Mechanism of the action of caffeine on safco-
plasmic reticulum. J. Gen. Physiol. 52: 760-772, 1968.

Wenzel, D.G, and Su, J.L.: Interactions between sympath-
omimetic amines and blocking agents.enrthe rat ventricle
strip. Arch. Int.Pharmacodyn.Ther.160: 379-389, 1966.

Wiegmann, 0., Kraft, H.G. and Kuper, J.: Der einfluss der
Schlagfrequenz auf Actionspotentiale (AP) und Mech-
anogramme (MG) des Herzatreifens .in verschiedenen
Temperaturbereichen. Z. Biol. 109: 270-280, 1957.

Williamson, J.R. and Jamieson, D. : Dissociation at the
inotropic from the glycogenolytic effect of epinephrine
in the isolated rat heart, Nature. 206, 364-367, 1965.

_ . Westfall, D.P., and Fleming, W.E.: Sensitivity changes in
o the dog heart to norepinephrine, calcium, and amino-
phylline resulting from pretreatment with reserpine.
J. Pharmacol. Exp. Ther. 159: 98-106, 1968.

Winegrad, S., Shanes, A.M.: Calcium flux andscontractility
in guinea pig atria, J. Gen. Physiol. 45: 371-394, 1962.

Wollenberger, A., Babskii, E.B., Krause, E.G., Genz, S.,
Blohn, D., and Bogdanova, E.V.: Cyclic changes in levels
of cyclic AMP and cyclic GMP in frog myocardium during
the cardiac cycle. Biochem. Biophys. Res. Commun. 55:
LLhé-452, 1973.




;117

Wollenberger, A., Ristan, 0., and Schoffa, G.: Eine einfache
Technik der extremen schenellen Abkulung grosser Geweb-
stucke. Arch. Ges. Physiol. 270: 399-412, 1960,

Yoo, C.S. and Lee, W.C.: Blockade of the cardiac action
of phenylephrine by bretylium or cocaine, J. Pharmacol.
Exp. Ther., 172: 274-281, 1970. :



