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Abstract

B-adrenoceptors have been classified into two
subtypes, a Bj-subtype found in the heart and a Bj;-subtype
found in the vasculature. However, there is evidence that
Bl-adrenoéeptors may also be present in the vasculature. We
have examined the role of B-adrenoceptors in the vas-
culature, first in the resistance blood vessels and second
in the venous system. Firstly, we studied the effects of
isoprenalineA(mixed B), isoprenaline plus ICI 118,551 (B1),
isopfenaline plus atenolol (B3) and isoprenaline plus both
ICI 118,551 and atenolol on haemodynamics in pentobafbital-
anaesthetized rats using the radioactive microsphere tech-
nique. This study showed that 85;- but not B8;-adrenoceptor
stimulation reduced total peripheral resistance (TPR) and
mean arterial pressure (MAf). Both B3- and Bz-adrenoceptor
stimulation increased coronary and skeletal muscle vascular
conductances. Secondly, we examined the effect of iso-
prenaline on MAP, heart rate (HR) and mean circulatory
filling pressure (MCFP) in conscious rats. Isoprenaline was
infused into intact, hexamethonium—pretreatéd or nor-
édrenaline-pretreated rats. Our results show that under
normal conditions, isoprenaline decreased MAP and increased
HR and MCFP. Hexamethonium pretreatment did not affect the
tachycardic and hypotensiVe effects of isoprenaline but it
abolished the increase in MCFP indicating that this increase
was due to reflex venoconstriction. Under conditions of

high venous tone, isoprenaline decreased MAP and MCFP and
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increased HR. Thefefore, our results show that B-adreno-
ceptor stimulation mediates direct venodilatation in the
presence of a high venous tone and.reflex-mediated venocon-
striction under normal conditions.

Paradoxical pressor responses to B—adrenoceptor‘ ant-
agonists have been reported in. some clinical and
experimental conditions. ‘The mechanisms underlying this
-phenomenon are not known. We examined the conditions under
which B-;drenoceptor antagonists produced a pressor
response. Firstly, we examined the haemodynamic changes
which occur during a-adrenoceptor blockade by phentolamine,
'and after the development of ‘the ‘pressor response to B-
adrenoceptor antagonists in urethane-anaesthetized rats and
in conscious rats. . In wurethane-anaesthetized rats,
propranoiol reversed the increase iﬁ conductance induced by
phentolamine in skeletal muscle and 'skin and it also
decreased renal vascular cbnductance. In conscious rats,
propranolol or atenolol reversed the increase in conductance
induced by phentolamine in skéletal muscle and in addition,
it decreased conductance in the intestinal, renal ahd
cﬁtaneous vasculature. The inhibition of angiotensin
converting enzyme by captopril attenuated the B-adrenoceptor
antagonist-induced pressor response demonstrating the
importaﬁce of the renin-angiotensin system in the production
of this response. 'Secondly, experiments were done to
investigate the effects of anaesthetic agents' on pressor

response to B-adrenoceptor antagonists. Our results show



iv
that anaesthetic agents have variable effects on 8-
adrenoceptor antagonist-induced pressor responses. Urethane
did not alter the pressor response to B-adrenoceptor
antagonists. Halothane and ketaminé, on the other hand,
attenuated the pressor respdnse while B-adrenoceptor
antagonists did not produce a pressor response with
péntobarbital;.amobarbital or chloralose. It was further
shown in pentobarbital-anaesthetized rats that phentdlamine
increased arteriovenous conductance and reduced MAP with no
effects on other vascular_beds énd propranolol then did not
. have any effects onh vascular conductance, TPR or MAP,. An
'infusioh "of adrenaline partiaily restored ' the pressor
‘response to both propranolol and atenolol Vshowing the
importance of adrenaline in the production of a pressor
response,. Thirdly, dose—reSponsevcurves for propranolol,
atenolol or‘ IcI 118,551 in the presence of both
noradrenaline and phentolamine were constructed in the
isolated ra£ pulmonary artery. All three B-adrenoceptor
éntagonists completely. reStqred the phentolamine-induced

relaxation response. Therefore, our in vitro and in vivo

results are in accordance with a possiblé interaction of a-
and BR-adrenoceptor antagonists which 1eadé to  subsequent
stimulation of the a-adrenoceptors in the presence of
adrenaline. The mechanism of this interaction is not clear.
The results of ig vivo studies show that additional factors
such as the renin-angiotensin system may also be involved in

this pressor response.
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GENERAL OVERVIEW

The cardiovascular system plays a special role in living
animals and in man. It is the transport system for the'
- delivery of oxygen and removal of carbon dioxide. It
delivers nutrientsvfrom the gastrointestinal tract to all
the body parts, éarries waste products of cellular
metabolism' fo the‘;kidney and other excretofy ‘organs,
transports electrolytes and hormones, maintains  body
temperature.and transports cells and immune substances. The
cardiovascular System is mainly under the control of the
sympathetic nervous systen, the renin angiotensin system and
the Qasdpressin system.

' Stimulation of the sympathetic nervous system involves
the.release»bf catedhblaﬁines'from the nérveytérmihals and
from'the adrenal medulia.l Catecholamines stimulate either
a- or B-adrenoceptbrs in blood vessels causipé eithera
Contraction or relaxation, respectively.

The aim of this istudy is to define the role of B8-
adrenoceptors in the different artéfial:beds in the rat. 1In
addition, we studied the role of B-adrenoceptors in the
venous systeﬁ.' Théauae of B-blockers in the presence of
phentolamine waS"assaEiated‘ with. a pressor respohse in
animals and‘ in  humana;: We alsql examined. the conditions

under which this pressor response was produced.



1. INTRODUCTION
1.1. The sympathetic nervous system

The general anatomical features of the autonomic chain
have been known since the end of thé seventeenth century.
The ganglia, communicating filaments with the spinal cord,
and its branches to the visceral organs were described by
' Willis (1644). However, at that time, the gangiionated
chain was thought to arise from the cranial nerves; In the
eighteenth century, the sympathetic ganglia was considered
to arise from the spinal cord and this peripheral system was
thought to be the site of involuhtary action and associated
with anabolic and metabolic aspects of diéeétion and
circulation. In the nineteenth century; Gaskell (1886)
6htlined the anatomy of the peripheral autonomic nervou$
éystem. and was able to construct the concept of bulbar,
thoracolumbar and sacral outflows éf involuntary nerves to
the ganglia. vThe concept of a chemical substance being
.releésed from  the nerve endings was first proposed by
Dubsis-Reymoﬁd (1860) .- In41895, Oliver and Schafer shbwed
that extracts from the suprarenal glands produced striking
physiological effects upon the heart and arteries. This was
 followed by studies which showed theA similarities  in
responses between the :injections of suprarenal extracts.and
stimulation of the sympathetic nervous system (Lewandowsky,
1898; Langley, 1901). The active substance of the
suprarenal gland was first isolated by Abel and Crawford

(1897) and was termed "epinephrin". Later, Takamine (1902)



isolated this substance in a more purified form and he named
it "adrenalin". In 1905, Elliot proposed that stimulation
of sympathetic nerves resulted in the release of minute
amounts of an adrenaline-like substance. The concept of a
receptive substance was ihtroduced in 1905 by Langley who
proposed that effector cells haﬁe excitatory and inhibitory
receptive substances and that the response to nerve
stimulation depended on the type of substance present. In
1921, Loewi ' demonstrated fhat nerve endings, when
stimuiated, release a qhemical substance which acts on the
target tissue to produce a response. In the same year,
Ccannon and Uridil (1921). showed that stimulation of the
sympathetic hepatid nerves re}eased a substance which was
adrengiineélikg and they called it "sympathin". Later in -
1933, Cannon and Rosenblueth proposed that “sympathin" is
present in two forms, an excitatory form'(éympathin E) and
an inhibitory fdrm (stpathih I). EXtracts from the spleen
and heart weré foﬁnd to contain a substance which‘resembled.
noradrenaline (Euler, 1946 a, b). In i949, ﬁearf showed
that noradrenaline was the substance released by sympathetic
nerve stimulation. |

Preganglionic fibres of the sympathetic nervous system
arise from the intermediolateral columns of the spinal cord
of all the thoracic and the upper three lumbar  segments.
These fibres synapse with the postganglionic fibres in the
ganglia which are found at three locations; paravertebral,

prevertebral and terminal.: The postganglionic fibres



innérvaté the various tissugs and organs (Lefkowitz et al.,
1990). | |

Blaschko (1939) proposed Vthe synthetic steps of nor-
adrenaline and adrenaline from tyrosine which involve the
hydroxylation of tyrosine to DOPA by the enzyme tyrosine
hydroxylase, foilowed by decarboxylation of DOPA to dopamine
by the decarboxylase enzyme. These two steps occur in the
cytoplasm and are followed by the active transport of
dopamihe into the adrenergic vesicles and its conversion to
noradrenaline by the enzyme dopamine B-hydroxylase. In the
adrenal medulla,'noradrenaline is methylated to adrenaline
by the enzyme phenylethano1émine-N?methyl transgferase.
catecholamines are sﬁored at the terminals of tﬁe‘adrenergic
nerﬁe endings in vesicies together with ATP in the ratio Qf‘
4:1 as well aé the chromogranins. The actions of 'cate-.
cholamines are terminated by either uptake or metabolic
transformation. - Uptake is divided into neurgnal'uptake or
uptake-1 and extraneuronal uptake or uptake-2. 'Metabolié
transformatioﬁs of catecholamines involve two eﬁzymes,
monoamine oxidase (MAO) and catechol-O-methyltransferase
(Lefkdwitz et al., 1990).
1.2. Classification of adrenoceptors

Dale (1906) introduced the use of the receptor concept
in connection with the sympathetic nervous system when he
studied the sympatholytic action of ergot alkaloids.
. Adrenotropic receptors were considered to be of two classes,

those which predominantly mediate excitatory actions and



others which predominantly mediate inhibitory actions. He
showed that many of the excitatory actions of adrenéline,
but not the cardioaccelerator effects were blocked by ergot
alkaloids while the inhibitory effects were not. 1In 1948,
Ahlquist showed that adrenoceptors cannot be simply classi-
lfied és excitatory and inhibitory. He classified adreno-
ceptors by ranking the order of potency of six sympa-
thomimetic agonists on different functions. He found that
there were only two ranks of potencies for these sympatho-
mimetic amines and concluded that there were two subtypes of
adrenoceptors. The one which is prédominantly excitatory
except in the intestine, was named alpha and the other which
is predominantly inhibitory, except in the heart, was‘named
beta (Ahlquist, 1948). g |
1.3. B-adrenoceptors
1.3.1. Classification

Lands et al. (1967) classified B-adrenoceptors into two
subtypes,‘a B1-subtype found in the heart and adipose tissue
and. a By-subtype found in the vasculature, bronchial and
other smooth muscles. fhis classification was based on the
relative potency of a series of sympathomimetic amines. The
B1-adrenoceptor subtype hés the following relative
sensitivity of,.ISO > A = NA while the Bz—adrenocepﬁor sub-
type has that of ISO > A >> NA. Pharmacological studies
using selective antagonists for both subtypes and ligand
binding studies have confirmed this classification. A third

subtype, #3, was cloned and is postulated to be the receptor



- which mediates catecholamine actions on metabolic rate
(Emorine et al., 1989).

L

1.3.2. Identification and characterization of B-adreno-

ceptors
1.3.2.1. Binding studies

The first successful dirécf radibligand experiments for
B-adrenoceptors date back to 1974 with the ligands (—)[3H]
dihydroalprenolol (DHA) (Lefkowitz et al., 1974), (2)(1251)
hydroxybenzylpindolol (IHYP) (Aurbach et al., 1974) and.
(i)[3H] propranolol (Levitzki et al., 1974). Tritiated
compounds have the disadvantage of having 1low specific
radioactivity and therefore requiring high amounts of
proteins for binding (Engel et al., 1981). Sporn and
»Moiinoff (1976) reported that iHYP has highly nonépecific
binding properties and binds to both 8- and a-adrenoceptors
in the rat cortical membrane. IHYP was also shown to bind
to serotonin binding sites in rat cortex (Dickinson et'al.,
1981). This shows that new ébmpounds which are more
'selective and ‘with higher‘ specific radioactivity were
needed. Engel et al. (1981) introduced (t)[lzslodo]
cyanopindolol which had no éffinity for'a-édrenoceptors nor
serotonin receptors. In addition to the radioligand 8-
adrenoceptor .antagonists, the agonists.v (t)[3H].
‘ hydroxybenzylisopreﬁaline (Lefkowitz and Williams, 1977;_
'Williams and Lefkowitz, i977) and (t)[3H] isoprenaline
(Malchoff and Marinetti, 1976) were used. Recently, more

selective radioligand binding antagonists [3H]—ICI 118, 551



(Lemoine et al., 1985) and (-)[3H] bisprolol (Kaumann and
Lemoine, 1985), were used for the stﬁdy of By~ and B3~
adrenoceptors, respectively. Binding studies w;re used to
examine B-adrenoceptor subtypes in different tissues via the
determination of the relative potencies of the agonists
isoprenaline, adrenaline and noradrenaline in competing with
nonselective radioligand antagonists such as [3H] DHA and
[1251] HYP. .= Binding studies are also useful in estimating
the relative  distribution of B;- and Bj-adrenoceptors in
different tissues. Tissues used for binding studies
included intact chicken erythfocytes and erythrocyte ghosts
(Malchoff and Marinetti, 1975), frog erythrocytes (Mukherjee
et al., 1975), rat lung membranes (Barnett et al., 1978),
rabbitvluné.membfanes (Rugg et.al., i9§8; .Brodde, 1986),
kitten heart (Kaumann and Lemoine, ;985), guinea pig lungs,
left ventricular and rat cortical membranes (Engel et al.,
- . 1981), rat liver; cat soleus muscle and 1left ventricle
(Minnemén et ai., 1979a), human heart:membranes (Waelbroeck
et al., 1983; Heitz et al.,'1983), guihea pig trachea, dog
heart and lung membranes (Manalan et al., 1981) and rat
brain regions which included cortex, caudate, cerébellum,
hippocampus and diencephalon (Minneman et al., 1979b).
1.3.2.2. Purification.and isolation |

Two techniques were wused to try " to purify and
characterize adrenoceptors: ‘affiﬁity or photoaffinity

labeling and affinity chromatography. It is to be noted
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that these techniqﬁes purify only the B-adrenergic binding
site which is not necessarily.identical with the receptor. .
Various values for the molecular masses (Mr) were shown
to exist in different sbecies. Purification of the frog
erythrocyte B-adrenergic binding sites was performed in 1981
They were shown to be composed of a polypeptide of
Mr = 58,0004 (Shorr et al., 1981). The turkey erythrocyte
B-adreﬁergic binding site was shown by affinity -
chroﬁatography to have two peptides with Mr of 40,000 and
45,000 in the raﬁio.of 4:1 (Shorr et al., 1982). Affinity
labeling showed that in rat reticulothes and in frog and
turkey erythrocytes, predominant peptides with Mr = 65,000 +
53,006, 58,000 and 45,000 + 39,000,,. were present,
respectively (ﬁavin et al., 1982);' .In duck erythyrocytes
two polypeptides with Mr = 45,000 + 48,500 were photdlabeled
in a ratio of 4 : 1 (Rashidbaigi and Ruoho, 1981)’while.in
pigeon,erythrocytés there_were.three photolabeled bindiné
‘units of Mr = 53,000 + 46,000 + 45,000, in the ratio of 5
(53,000): 2(46,000 + 45,000) (Rashidbaigi and Ruoho, 1982).
By-adrenergic binding sites pufified from lung membranes of
hamster, guinea pig and ratléontain a peptide of Mr = 64,000
(Benovic et al., 1984). Bz-adfenérgic binding sites of
guinea.pig lung have a photolabeled peptide of Mr = 67,000
(Burgermeister et al., 1983), while those of canine lung
membranes have a peptide of Mr = 52,000-53,000 (Hdmcy et
al., 1983).. Rat hepatic Bj-adrenergic binding site have a

peptide of Mr = 67,000 (Graziano et al., 1985). B1-



adrenoceptors from human, canine, porcine and rat left
ventricle has a binding subunit with Mr = 62,000 (Stiles et
al., 1983). Rat fat cells considered to contéin By-
adrenoceptor binding subunits have a peptide of Mr = 67,000
(Cubero and Malbon, 1984). Venter (1987) concluded that
both B1- and Bj-adrenoceptors share many structural features
in common including a molecﬁlar mass of 68,000 and an
isoelectric point of 5. The results of target size analysis
show that B,- and Bz-adrenocebtors ﬂave a molecular mass of

140,000 and 120,000, respectively.

- 1.3.2.3. Cloning and sequencing

B-adrenoceptors belong to the famiiy of guanine nu-
cleotide bipding proteins [(G)-linked receptors]. The genes
encoding human (Frielle et al., 1987)‘and_turkey-(Yarden-et?
al., 1986)‘ Bi-adrenoceptors and humah (Kobilka et al.,
1987a) and hamster (Dixon et al., 1986) Bjy-adrenoceptors
have been c}oned and sequenced. In addition, the gene for
human B3 adrenoceptor has been recently cloned and sequenced
(Emorine et al., 1989). All B-adrenoceptor subtypes have
seven hydrophobic a-helical membrane séanning domains of 20-
28 amino acid residues. These are connected to an amiﬁo
terminal which 1is 1located extracellularly and to an
intracellular carboxyl end. »Three hydrophiiic extracellular
and three in@racellular loops connect these a—helices, The
B-adrenoceptor also has two sites of N-linked glycosylation

near the amino terminus. The human 85, B, and B3

adrenoceptors consist of 477, 413 (Frielle et al., 1989) and



402 (Emorine et al., 1989) amino acids, réspectively. The
percentage of éequehce homology between 83- and Bp-
adrenoceptors is 54% (Frielle et al., 1989), .while sequende
homology between B83- énd B81- or Bj-adrenoceptors is 50.7%
and 45:5%, respectively (Emorine et al., 1989).
Similarities between the different B-adrénoceptor subtypes
are highest within the transmembrane domains. In comparing
81~ and Bj-adrenoceptors, the amino and carboxy termini of
the receptors are less conserved. The first two cytoplasmic
loops are conserved while thelextracéllular loops are not.
The third cytoplasmic loop of Bj-adrenoceptors is 27‘amino
acid residues lohger and contains 16 additional proline
residues. . (Frielle et al., 1989). . Chimeric feceptor
éonstruction suggests that ﬁhe-aminc acid residues wiﬁhin
the a-helix IV-VII especially helix IV determine b-

adrenogeptor agonist subtype specificity while amino acid

10

‘residues in other helices are less important. Amino acid -

]

residues within helices II-VII may be involved in
determining B8;- vs Bj-adrenoceptor antagonist specificity
(Frielle et al., 1989).

.Strader et al., (1989) presented a model for the ligand

binding domain of the receptor: (i) the 1ligand binding

pocket lies within the transmembrane domain, (ii) the ligand

is attached to the receptor by an ionic interaction'between
the carboxylate side chain of Asp 113 on helix III and the
amino group of the ligand, a hydrogen bond between helix V

serine 204 and 207 residues and the catechol hydroxyl groups



and hydrophobic interactions between the helix VI Phe 290
and the aromatic portion of the 1ligand. It has also been
suggested that cysteine residues within the extracellular
loops may stabilize the_ligand binding pocket via disulfide
'linkages (Raymond et‘al., 1990) . The amine and cafboxyl
ends of the third intracellular loop, especially the amino
residues (222-229) and (258-270), were demonstrated to be
important 'in the coupling of B-adrenoceptor to G protein
(Strader‘et al., 1989). The potential sites of phosphory-
lation_by CAMP dependent kinase have beeh suggested to be
present in the third intracellular loop and in the carboxyl
"terminus while the potential site of phosphorylation by 8-
adrenoceptor kinasé is a serine andrthreonine-rich region
near the carboxyl'terminus (Deblasi, 1989).
1.3.3. Cellular signalling mechanisms

The role of cAMP in the mediation of the effects of
adfgnaline was first suggested by Rall and Sutherland (1958)
who showed that adrenaline increased accumulation of cAMP in
fractions of 1liver homoéehates and in particular prepa-
rations from heart and skeletal muscle. This was followed
by studying_differentltissues &here accumulation.of cAMP was
increased by adrenaline, including the brain, especially the
cerebellum, the 1lungs, spleen, epididymal fat and erythro-
cytes (Klainer et al., 1962). It is now generally agreed
that the secondary messenger of B-adrenoceptors in all

tissues is cAMP.
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The B-adrenoceptor is coupled to a guanine nucleotide
binding protein (Gg) which activates adenyl cyclase (Stiles,
1989). The Gg protein is a heterotrimer formed of a GTP-
binding and hydrolysing unit which is the a-subunit, plus a
B and a 4 subunit. The G protein is present in three con-
formational states. The first is the G protein bound to GDP
(inactive form). . This is followed by the release of GDP
converting the inactive form into a quite transient (empty)
state. GTP then enters this empty state and an active form
of the G protein is produced which returns back to the ih-

active state when GTP is hydrolysed (Bourne et al., 1991).
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G protein is hormally present tightly bound to GDP. B- .

adrenoceptor stimulation speeds the G activation cycle and
GDP is replaced with GTP.: GTP causes dissociation of the G
'prqtein tb an a-subuhit and‘to the B9 subunits. The former
will activate adenyl cyclase which in ‘turn ihcreases the
level of cAMP . (Gilman, 1990). In addition, thg a-subunit
has a GTPase‘acﬁivity that permits slow hydrolysis of bound
GTP to GDP (Weiss et al., 1988). Although it appears that

87 subunits do not activate adenyl cyclase, they are pro-

posed to be important for several reasons. First, they can

stabilize the alpha GDP form, thereby allowing GDP to
dissociate slowly at a rate of 100 fold less than in the
presence of a-subunit alone.’ This means that the 81
subunits dampen signal transmission in the resting state and
act as "noise" suppressors (Bourne et al., 1991). Second,

their dissociation allows the receptor to act as a catalyst



(Birnbaumer, 1950). Third, their presence allows activation
of G proteins, since receptors do not recognize the GDP-«
complex alone (Birnbaumer, 1990). Another view is that al-
though association of B8q subunits with e-subunits is impor-

tant for G protein activation (i.e catalysis of GTP
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binding), a-subunits alone can also interact with ‘the

receptor but G protein activation then is inefficient (Weiss

et al., 1988). G protein acts as an amplifier of the ligand
effect since a few receptors are capable of activating many
G protein molecules. G proteins also éllow reversal'of the
action of the 1ligand as they have an internal ' turnoff
mechanism /whereby the a-subunit hydrolyzes GTP to GDP
(Birnbaumer, 1990). |

The CAMP protein kinase cénsists of two different types

of subunits, a regulatory (R) subunit which is the binding

site for cAMP and a catalytic (C) subunit. The enzyme.

usually exists as an inactive tetramer, R;C3. <CcAMP binds’

with high affinity to the R subunit which decreases the
affinity.of the R subunit for the C subunit and leads to the
dissociation of an R;.(cAMP), dimer and two free C subunits
~thét are catalytically active (Taylor et al., 1988).

1.3.4. Localization of B-adrenoceptors in the Heart.
~-Lands . et al. '(1967)' originally ‘classified the B-
adrenoceptors in the heart as f7-adrenoceptors. The B1-
kadrenoceptors were proposed to mediate increases in heart
rate, contractility and conductioﬂ velocity in the

atrioventricular node, His Purkinje system and the



ventricles (Lefkowitz et al., 1990). However, results from
pharmacological and binding studies suggest that 8-
adrenoceptors in the heart are not homogeneous in nature.

"Pharmacological studies using cat hearts in vivo and i

vitro showed that it was possible that both B;- and 8-
adrenoceptors are both present and mediate chronotropic
responses (Carlsson et al., 1972). B-adrenoceptor subtypes
were proposed to mediate different degrees of chronotropic
and inotropic responses. In anaesthetized cats, the 83-
adreneceptor agonist H 80/62 produced equal inotropic and
chronotropic effects atva given dose while the Bj-adreno-
ceptor agonist, terbutaline, produced significantly greater
chronotropic than inotropic response. This was interpreted
to indicate that both B;- and Bj-adrenoceptors are present
in the sinoatrial node; and' in the myocardium of the
ventricles, but with different relative distributions. The
Bi-adrenoceptors are the predominant type in both regions
with Bj: B, concentration ratio higher in ventricle than in
‘ sihoatrial node (Carlsson et al., 1977). In the isolated
rat atria, salbutamol showed a relatively greater effect on
rate than on contractile force (Farmer et al., 1970).
Soterenol, another Bj-adrenoceptor selective agonist was
shown to have similar effects, as salbutamol, on rate and
contractile force of guinea pig atrial strips (Brittain et
-_al., 1970). Using pA; values for the selective B8;-
adrenoceptor antagonist atenolol and the selective Boy-

adrenoceptor antagonist a-methylpropranolol, it was shown
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that Bj-adrenoceptors are present in addition to " B3-
adrenoceptqré in'cat-but'not guinea pig atrium (O'Donnell
and Wanstall, 197%a). Howevef, employing the Bj-selective
agonist procaterol, a minor population of Bj;-adrenoceptors
was revééled in the guinea pig (Johansson and Pefsson, 1983;
O'Donneil;and Wanstall, 1985) but not rabbit atrium (Costin
et al., 1983). Bryan et al. (1981) showed that only By~
adrenoceptors are involved in mediation of chronotropic

effectsviﬁ the rat atfihm. However O'Donnell and Wanstall
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(1985) showed variable results within the same species in’

which some rat atria contain a small population of B83-

adrenoceptors while others did not. They concluded that the
comparative importance of Bj-adrenoceptors in chronotropic
‘responses in atria are cat > guinea pig.>‘rat > rabbit.
| Binding studies showed that the right atria of cat and
guinea pig hearts contained both B8;- and Bj-adrenergic
binding‘sites in the ratio of 75 : 25 while the ventricles
containedg¢nly B1-type (Hédberg et al., 1980; vEngel et al.,
1981). In the rabbit, the ratio of 8; to B, for the right
and left,atrium is 72 : 28 and 82 : 18, respectively, while
the  véntricles contain mainly Bj-adrenoceptor subtype
(Bfodde“ét al., 1982). In humans, there is a mixture of
both Bif and By-adrenergic binding sites in both the atrium
and ventricle in the ratio of 65 : 35 (Heitz et al., 1983),
while in the rat the ratio of B; to 8 is 83 : 17 (Minneman
et al., 1979b). In mammals, the role of B1-adrenoceptors is

the same for different regions in the heart while that for



By-adrenoceptors is sinoatrial node > atrium > ventricle
(Kaumann et al., 1989). The role of Bjy-adrenoceptors in

mediating increased atrial force 'is enhanced in patients
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chronically treated with selective Bj-adrenoceptor ant- .

- agonists (Hall et al., 1988). Recently, B3-adrenoéeptors
have been suggested to be present in the heart; their role
is also more important in the sinoatrial node, less-in the
atrium, and even less in the ventricle. The proposal for
the existence of 33—adrénoceptors in the heart is based on
fhe results of studies using partial agonists such as (-)
pindolol and CGP-12177 (Kaumann et al., 1989). {-)Pindolol

causes chronotropic effects in the guinea pig ‘atrium at

concentrations much higher than those causing B—adrenoceptor

 blockade. - This chronotropic effect is composed of a highly

sensitive component which is apparently mediated by'Bl- and
By-adrenoceptors, and a lower sensitivity component which is

not . blocked by 'propranolol or selective 8- énd By

adrenoceptor antagonists, but is blocked by bupranolol.

(Walter et al., 1984).

1.3.5. Beta-adrenoceptor agonists

Adrenaline and noradrenaline are phenylethanolamine

derivatives. Noradrenaline is considered to be an a- and a .

‘selective B,-adrenoceptor agonist- “(Vatner et'alﬁ;‘1985).

Noradrenaline is 5-10 times more active for B81- than B,-

adrenoceptors (Malta ‘et al., 1985a). Isoprenaline, a com-

pound with isopropyl substitution on the amine group, is

considered to be the prototype of nonselective B-



adrenoceptor agonists. Substitution on the amine group of
phenylethaholamine is important for B-adrenoceptor stimu-
latory effect. - The greater the substituent size, the
greater the B-adrenoceptor agonist activity of the compound.
There are Bz;selective agonists with tert-butyl
éubstitufion, such as salbutamol and terbutaline, and those
with an aromatic ring on the N-linked alkyl chain such as
ritodrine, salmefamol and fenoterol. The latter compounds
are believed to display increased B-agonist potency and
longer duration of action (Phillips, 1980). However,
- procaterol has an isopropyl substitution on the amine group
as well as an ethfl group substituted at the a carbon and an

amide nitrogen in a fused ring replacing the metaphenol

- substituent (Yoshizaki et al., 1976). Procaterol, a partial

By—-agonist with a selectivity for B, : B; between 100 and
1000, has been used to detect a minor population of B;,-

adrenoceptors in different tissues (O'Donnell and Wanstall,
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1 1985). The Bj-agonist fenoterol has a B, : By selectivity

of 20 : 1 (O'Donnell and Wanstall, 1981b). Many B85~
adrenoceptor agonists are used clinically as bronchodilators
while ritodrine- is used as a uterine relaxant to arrest
premature labour under certain conditions . (Weiner, 1985);
There is a limited availability of selective B1-adreno-
ceptor agonists. Dobutamine Waé classified as a Bj;-adreno-

ceptor selective agonist (Malta et al., 1985a) but was also

shown to have agonistic activity at d-adrenoceptors and no.

appreciable selectivity for either B;1- or B;- adrenoceptors



(Ruffolo et al., 1984). Prenalterol was suggested from
whole animal and human studies to be a selective B;-
adrenqcéptor agonist (Carlsson et al., 1977; Jennings et
al., 1983). However, prenalterol's B89 : B, adrenoqeptor
selectivity is dependent on tissue. It is now believed that
pfenalterol is a nonselective B-adrenoceptor agonist and the
obserVed cardiovascular selectivity is due to the greater
ability of the cardiac tissue, in comparison to the vascular
tissue, to respond (Malta et al., 1985a). Recently,
McCaffery et al. (1990)-showéd that>prena1terol appears to
- .act at both B83;- and B8jy-adrenoceptors in -humans. Other
available Bl-adrenéceptor agonists include xamoterol, RO363
and OM-isoprenaline. Xamoterol is a partial B-adrenoceptor
agbnist_(Nuttall-and Snow, 1982; Malté et‘al., 1985b) which
possesses a 100-fold selective affinity for B;-adrenoceptors
(Malta et al., 1985a). RO363 is also a partial agonist with
Bléadrenoceptbr selectivity (McPherson et al., 1980).V It is
2-3 times and 100-350 times less active than isoprenaliﬁe at
B1- and Bj-adrenoceptor sites, respectively (Iakovidis et
al., 1980). Prenalterol, xamoterol and RO363 are
phenoxYpropanolamineS'. where an oxymethylene group is
inserted between the ring and the ethanolamine side chain.
This oxymethylene group was suggested to incfease By~
adrenoceptor adtivity (Raper et al., 1980). B-adrenoceptor
agonists which Aaré selective for rat adipocyte 1lipolytic
response have been developed. These include BRL 28410, BRL

35113 and BRL 35135 (Wilson et al., 1984).
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1.3.6. B-adrenoceptor antagonists
1.3.6.1. Introduction

The development of B-adrenoceptor antagonists dates back
to the fifties when dichloroisoprenaline (DCI), the first B-
adrenoceptor antagonist was synthesized (Powell and Slater,

1958) . Dichloroisoprenaline blocked the stimulatory effects
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of adrénoceptor agents on the heart as well as peripheral

vasodilatation produced by sympathomimetic amines, but did
not ahtagonize adreﬁoceptor mediated vasoconstriction (Moran
and Perking, 1958). The synthesis of DCI was followed by
the synthesis of proﬁethalol which, in contrast to
dichloroisoprenaline had " only minor intrinsic
sympathomimetic activity (ISA) (Biack and Stephensoh; 1962).
Pronethalol wgs shown to produce side effects in man such as

lightheadedness and slight incoordination followed by nausea

and vomiting (Black et al., 1964). It also . produced '

lymphosarcoma and reticulum cell sarcoma in mice (Paget,

1963). Black et al. (1964) later reported the synthesisvof

propranolol which demonstrated a better therapeutic ratio.:

Since the introduction of propranolol many other 8-
adrenoceptor antagonists have been synthesized.

1.3.6.2. Classifications

Fitzgerald (1969) originally classified B-adrenoceptor

antagonists into five groups:

Group 1: R-adrenoceptor antagonists with membrane

stabilizing activity and ISA and this included two subgroups



depending on the degree of ISA; group 1A has high degree of

20

ISA, agents in this group include dichloroisoprenaline;

group 1B, represented by pronethalol, alprenolol, KO 592 and

oxprenolol, has less ISA.

Group 2: B-adrenoceptor antagonists  with membrane
activity but no ISA; propranolol is a prototype of this

group.

Group 3: B-adrenoceptor antagonists with ISA but no
membrane activity; representative drugs include INPEA (1-(4-

nitrophenyl)-2-isopropylamine-ethanol.

Group 4: B-adrenoceptor antagonists with neither membrane

activity nor ISA; sotalol is an example of this group.

Groﬁp 5: B-adrenoceptor antagdnists having a greater
activity on B-adrenoceptors in some tissues than in others,
representative drugs include practolol and butoxamine.

Prichard (1978) reclassified B-adrenoceptor antagonists into
three divisions: | |

Division I: Nonselective B-adrenoceptor antagonists and
these included four'_groups:‘ Group I, with ‘both ISA and
membrane activity, such as alprenolol and oxprenolol; Group
II, with membrahe actions but.no ISA, such as. propranolol;
Group‘ II1I, with ISA but. no membrane actions, such as
pindolol and Group IV, has neither ISA nor membrane

activity, such as sotalol and timolol.



Division II: Cardioselective B-adrenoceptor antagonists
which in tﬁrn are divided into four groups and include
acebutalol in Group I, practolol fh Group III and atenolol
in Group 1IV.
Division III: B-adrenoceptor antagonists with a-
adrenoceptor blocking properties, e.g., labetolol. |
1.3.6.3. - Chemical structure

B-adrenoceptor antagonists belong to two main chemical
series arylethanolamines and aryloxypropanolamines. Those
which “are aryloxy?ropan&lamine derivatives are clinically
more important (Labrid et al., 1989). The following lists
the basic structural features of B-adrenoceptor antagonists:
1. The amino group: an - amine substituent, which is a
_brénChed-chaip alkyl groué, is required for B-&drenoceptor
antagonistié aétivity of aryloxypropanolamine (Labrid et
al., 1989). A high degree of cardibselectivity is obtained
"by the attachment of 3, 4 dimethoxy-phenylethyl side chain
'(Hoefle et al., 1975)'aﬁd 4-amide substituted phenoxyethyl
to the amino Qroup,, as with tolamolol (Augstein et al.,
1973).
2. The aromatic ring: may be a;benzehoid as in alprenbloi,
oxpfenoloi,'practolol, atenqlol'and tolamOlol,‘a Bicyclic

aromatic ring as in propranolol and nadoldlfor_heterocyclic
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ring as in pindolol and timolol. Para substitution by a

rigid substituent of at least three atoms in size in the the
phenoxy ring renders all compounds cardioselective. This

" group of compounds :include practolol (Dunlop and Shanks,



1968), metoprolol (Ablad et'al., 1973) and atenolol (Barret
et al., 1973). .The introduction of a combination of orfho
and para substitution 1led to the development of very
selective ﬁl-adrenoceptor antagonists such as acebutalol
(Phillips, 1980). ISA is éartly related to aromatic ring
substitution with electron-withdrawing or polar groups which
can be an N atom in the case of pindolol, methylamide group
in the case of practolol and propylamide in- the case of
acebutalol (Labrid et al., 1989).

3. »The side chain: any substitution in the alpha, beta or
gamma position, or in the hydroxyl groups of the
oxypropanolamine side chain, causes marked reduétioﬁ in B-
adrenoceptor activity; Extension of the side chain by one

carbon, ‘replacement of the ether oxygen by methylene, sulfur
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or nitrogen atom and methylation of the beta carbon will

lead to partial or complete loss of activity‘(Philip, 1980) .
Metﬁylation of the a-carbon generally produces seiective Boy-
adrenoceptbr antagonists such as butoxaﬁine (Lévy, 1966) and
ICI 118,551 (Biliski et al., 1980).

1.3.6.4. Selective B-adrenoceptor antagonists

1.3.6.4.1. Selective Bj-adrenoceptor antagonist

The first selective B,-adrenoceptor antagonist to be
.vsynthesized was butoxamine (Burns and Lemberger, 1965); Bu-
toxamine reduced the vasodilator effect of isoprenaline and
reversed thé vasodilator response of ethylnorepinephrine but
had no effect on the chronotropic and inotropic effects of

adrenaline and noradrenaline (Levy, 1966). Subsequent B,-



édrenoceptor antagonists developed include H 35/25 (Levi,
1967), IPS 339 (Imbs et al., 1977), a-methylpropranolol
(Fitzgerald and O'Donnell, 1978) and ICI 118,551 (Bilski et
al., 1980). The pA; values for butoxamine in the trachea

were 5.2-6.4, depending on the agonist, while in the atria
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they were 5.2-5.3. Its By : By selectivity was 17 : 1

(O'Donnell and Wanstall, 1979b). The B, : B; selectivity
for H 35/25 and a-methylpropranolol was 13.5 : 1 and il s 1,
respectively, with pA; values of 5.4-6.6 and'7.4-8.5, res-
pectively (O'bonhell and Wanstall, 197§b). The low pAjs
values for buﬁoxaﬁine and H 35/25 show that these compounds
lack potency. Different values of B3 : B; selectivity have
been reported for IPS 339. Imbs et al. (1977) reported pAj
values for IPS 339 of 6.0?912 and selectivityvvaluesgoftlss

¢ 1 in in vitro and 23-26 : 1 in in vivo experiments. On

the other hand, O'Donnell and Walduck (1980) reported pAj
values of 7.3-8.0 and a selectivity value of only 3.3 : 1
for IPS 339. 1ICI 118,551 has a high degree of,selectivity
. and specificity for Bj-adrenoceptors with a selectivity
value of 123 : 1 and a pA; value of 9.3 and 7.2 in the
uterus and the atrium, respectively (Biliski et al., 1983);
Less selectivity B; : B85 of 53.7 : 1 and lower pA, values of

8.7 and 7.0 were reported for this compound in the trachea

and,atrié, respectively (O0'Donnell and Wanstall, 1980). ICI

118,551 has no partial agonist activity but has membrane
stabilizing actions (Biliski et al., 1983).

1.3.6.4.2. Selective Bj-adrenoceptor antagonists



Practolol was the first Eeléctive B8,-adrenoceptor ant-
agoﬁist to be synthesized. It has 1/4-1/3 the effects of
propranolol in blocking the . chronotropic .and inotropic
effects of isoprenaline in anaesthetized dogs and 1/150 the

activity of propranolol in blocking adrenaline-induced re-
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laxation of isolated guinea pig tracheal chain (Dunlop and

Shanks, 1968). Practolol is a partial agonist with a pA; of
6.9. Its selectivity values are 69 : 1 when measured by
comparison of pA; values from guinea pig atria and trachea
(Leclerc et all, 1984), 8.7 : 1 when comparisons. of
chronotropic action and the peripheral resistance in dog.s
were made or 9 : 1 from binding studies (Leclerc et al.,

1984). Unlike practolol, atenolol AOes not have partial
agonistic propérties. It haé a pAj. value éf 7.3 (Barrett'et
al., 1973). Atenolol has a B; : 8 selecfivity ratio of
5.5 : 1 by comparing the potency ratio for antagonism of
atrial versus vascular.aétions of isoprenaline (Biliski et

1

' al;, 1983) and 4. : 1 as measured by binding studies (Leclerc

et al., 1984). Celiprolol is also a Bj-blocker with ISA and

it has a 100-fold greater ability to antagonize B;- than B85-
adrenergic stimulation (Jackson et al., 1987). Celiprolol,
however, has B8,-adrenoceptor agonist activity (Taylor,
1988). Betaxolol has a pA; value of 8.3 and -a selectivity
ratio of 224 : 1. Metoprolol, on thé other hand has a pAj
value of 7.5 and a selectivity ratio of 32 : 1 (Boudot et
al., 1979) while tolamolol has a pAj; valué of 8.3 and

B1 : By ratio of 9.3 : 1 (Adam et al., 1974). Biliski et



ai. (1983) explained that the possible reasons that drug
selectivity ratios vary with different étudies Qere due to
differences in tissues, agonists or methodologies used for
pA; determinations.
1.4. Alpha adrenoceptors
1.4.1. Classification

Brown and Gillespie (1956; 1957) showed that in the per-
fuéed cat spleen, the presence of an irreversible alpha-
adrenoceptor antagonist increased noradrenaline overflow
with nerve stimulation. These investigators attribﬁted this

action to the blockade of postjunctional receptors resulting
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in higher 1levels of noradrenaline.  The concept of a’

presYnaptic receptor regulation of noradrenaline release was
introduced by four  independent groups (Farnebo and
Hamberger, 1971; Kirpekar and Pﬁig, 1971; Langer et ‘al;;
1971; Starke, 1971).' Starke (1972) showed that, in the
rabbit heart, the relative pbtencies of phenylepﬁrine,
.oxymetazoline and'naphazoline at thé presynaptic receptors
did not agfeé with those at the postsynaptic receptors. 1In
the cat spleen, phenoxybenzamine was>more potent in blocking
postsynaptic rather than presYnaptic receptors . (Langer,
1973). This led to thévclassification of a-adrenoceptors
-into @;- and az—subﬁypes based on anatomical distributipn of
receptors. Prejuhctional adrenoceptors mediating inhibition
of the release of noradrenaline were termed a; while
postjunctional adrenoceptors mediating contraction were

termed «;. (Langer, 1974). Subsequently, compounds that are



selective for subtypes'of adrenoceptors became available and
a-adrenoceptors were classified on the basis of their

differential selectivity for various adrenoceptor agonists
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and antagonists (McGrath; 1982; Timmermans and Van Zweiten, .

1982). Starke (1981) defined dl- and a;- adrenoceptors as
~aq- with antagonist affinity 6f prazosin >> corynanthine =
yohimbine > rauwolscine while ap with affinity of
rauwolscine = yohimbine >> corynanthine' = prazosin. In
addition to their existence in prejunctional sites, a5p-

adrenoceptors were also found to exist postsynaptically in

vascular smooth muscles, platelets, pancreas, the central

nervous system and other tissues (Timmermans and Van
Zweiten, 1982). Further subclassifications of a-
adrenoceptofs have been made: |
1.4.1.1. a)-adrenoceptors

In 1982, two different classifications of ag-
adrenoceptors were proposed. Onelylassification recognized
a'new subtype termed ay1g which was stimulated by SGD 101/75

and blocked by phenoxybenzamine. The other subtype "wés

sensitive to noradrenaline but not SGD 101/75 (Coates et

al., 1982). The second classification differentiated a-

adrenoceptors into  aja which was sensitive to

phenylethanolamines and imidazolines and aj;p which was only
sensitive to phenylethanolamines (McGrath, 1982). 1In 1986,
aj-adrenoceptors were again classified into @;p and a;p
according their affinities to phentolamine and WB 4101. The

site with higher affinity for phentolamine was termed ajp



while that with lower affinity was termed ajg. WB4101
labeled only ajp subtype while prazosin had equal affinity
at both subtypes. The prazosin : phentolamine potency ratio
for ajp and ajg is 3.5 : 1 and 80 : 1 respectively (Morrow
and Greese, 1986). In the same year, dl adrenoceptors were
also classified into ajy and aj1, according to their high or
low affinity for prazosin, respectively (Flavahan and
Vanhoute, 1986). aj-adrenoceptors were divided into ajj
which has higher affinity for WB 4101 and allows influx of
calcium through dihydropyridine sensitive channels and a3y

which has lower affinity for WB 4101 and stimulates inositol

27

phospholipid hydrolysis (Han et al., 1987) . .

Chlorethylclonidine inactivated i} but did not affect aj,
(Minneman et al;, 1988). Muramatsu et al. (1990) shoﬁed
that «;-adrenoceptors could be classified into three
subtypes ajy, alt and a1y by antagonist affinity; ajg with
affinity prazosin > HV723 = WB4101 > yohimbine, 315 where
prazosin = HV?23 = WB4101 > yohimbine and a1y where HV723 >
WB4101 > prazosin > yohimbine. a3y is sensitive while ajj,
and ajy are insensitive to chlorethylclonidine.
1.4.1.2. gajy-adrenoceptors

There 1is evidence that the antagonist SK&F 104078 is
more selective for post- than presynaptic aj-adrenoceptors
which suggest thaﬁ there may be two different subtypeé of
ap-adrenoceptors (Hieble et al., 1988). Postjunctional aj-
adrenoceptors were propoéed to be classified into aj;p- and

azp-adrenoceptors according to functional (Turner et al.,



'1984) and binding studies (Bylund et al., 1988). Alpha-2A
has low affinity for prazosin whereas as;p has high affinity
for prazosin. A third, a3¢ has been propdsed to be present
in the opossum kidney OK cell line (Murphy and Bylund,
1988). In the rat brain, gquantitative autoradiography
showed that there are two classes of receptors, ajg which is
rauwolscine sensitive and @,j which is insensitive to rau-
wolscine (Boyajian et al., 1987). Results from binding
studies are also consistent with this classification
(Boyajian and Leslie, 1987). Alphasp and ajg have been lo-
calized to the caudate nucleus and this suggests that they
are similar while a;p is considered to be equivalent to ajj

(Regan et al., 1988). aza has a selective ligand oxy-
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metazoline while a;g has ARC-239 and chlorpromazine as se-

lective ligands. ajp and aj;p have a dissociation constant
ratio (prazosin to yohimbine) of 240-570 and 5.4, respec-
tively (Mﬁrphy and Bylund, 1988). «a3c has a high affinity
for prazosin and a prazosin to yohimbine dissociation
constant ratio of of 40 (Murphy and Bylund, 1988).
1.4.2. Identification and characterization
1.4.2.1. Binding studies

[3H]-dihydroergocryptine which labels both aj- and aj-
adrenoceptor subtypes with equal. affinity was. the first
ligand used to study a—adrenoceptoré (Miach et al., 1978).
The proportions of a;- to aj-adrenoceptors were estimated by
the analysis of biphasic displacement curves generated by

selective agents (Hoffman et al., 1979). -Subsequently, ay-



adrenoceptors wefe identified by the antagonists, (3H]-WB
'4101 and [3H]-prazosin (Morrow and Greese, 1986). as-
adrenoceptors were identified with [3H]-clonidine, [3H]
amipoclonidihe, t3H] yohimbine, [3H] rauwolscine, and [3H]
idazoxan. Binding studies have been performed in a variety
of tissues inéiuding :at brain (Cheung et al., 1982; Morrow
and Greese, 1986), vas deferens (U'Prichard and Snyder,
1979), guinea pig lung (Barnes et al., 1979), calf brain
membranéé’KU'Prichard and Synder, 1977), rabbit and human
bladder (Levin ef al., 1988), rabbit uterine smooth muscle
(Williams et al., 1976), human platelets (Cheung et al.,

1982), human spleen, colon and kidney (Dickinson et al.,
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1986), rat tail'artery (Cheung and Triggle, 1988), bovine

retinal blood vessels (Forster et al., 1987) and rat
mesenteric artery (Agrawal and Daniel, 1985). |
1.4.2.2. Purification and isolation

Different molecular masses for aj-adrenoceptor biﬁding
sites havé‘béen reported: 45,000 (Guellaen et al., 1982),
59,000 (érahém et al., 1982) and 85,000 (Venter, 1987). The
proteins of lower ﬁolecular mass may be protolytic fragments
of the intact 85,000 aj;-adrenoceptor binding site. Target
size‘énalysis'showed that al—adrenbceptor binding site has a

Mr of 160,000 indicating that they are present in the

membrane in the form of dimers (Venter et al., 1984). The

hepatic «aj-adrenoceptor has a tertiary structure and is
stabilized by disulfide and strong hydrophobic bonds (Parini

et al., 1987).



Several studies have shown that aj;-adrenoceptor binding
sites have a Mr of 64,000 - 65,000 includihg binding sites

purified from platelets and porcine brain (Regan et al.,

30

1986; Repaske et al., 1987), [3H]phenoxybenzamine affinity

labeled human platelets (Regan et al., 1986) and [°H]

parazidoclonidine photolabelled adrenal cortical ay-adreno=-

ceptor binding sites (Jéiswal and * Sharma, 1985). Other
studies showed that aj-adrenoceptor binding sites have a Mr
of 85,000 and it was concluded ‘that rat 1liver aie'>and
platelet aj-adrenoceptors aré isbreceptors and dime#s with
the same molecular mass 85,000 and target size 160,000
(Shreeve et al., 1985; Venter, 1987).

1.4.2.3. Cloniﬁg_and sequencing -

1.4.2.3.1. @aj-adrenoceptors

The cloning of the cDNA which encodes the hamster aj-

adrenoceptor was reported. The pharmacological properties

“of this receptor, namely, the source (a vas deferens derived-.

cell 1line), 1low affinity for WB4101, inhibition ‘ by
chlorethylclonidine and'its‘coupling'toiinositol pHospHo_
lipid metabolism, resembled those described for thé alg-
adrenoceptor subtype (Cotecchia et ai;}'1§88).> Avsecond a-
adrenoceptor was cloned from the boviné‘brain cDNA library.
This receptor showed pharmacological'ﬁrépérties proposed for
a1a but unlike the @, adrenoceptor, it was sensitive to
inhibition by chlorethylclonidine and was not expressed in
tissues.such as rat vas deferens and.hippocampus where the

ajp-adrenoceptors have been previously found (Schwinn et
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al., 1990). Recently a third cDNA clone from rat brain has

been identified with high affinities for prazosin and WB4101
(Harrison et al., 1991). The hamster al—adrenocéptor has an
amino acid sequence of 515 residues. It has seven membfane
spanning domains of 20-25 hydrophobic residues-cbnnected by
three extracytoplasmic and three cytoplasmic loops with an
extracellular NH, terminus and a COOH intracellular terminus
(Gottechia et al., 1988). The bovine brain a;-adrenoceptor
has a structure similar to that of the hamster aj-adreno-
ceptor. Both have 72% identity within the membrane spanning
domain which is consistent with the presence of a very
similar ligénd binding domain. Sequence - conservation

extends to those regions of the third cytoplasmic ioop and

carboxyl-terminal dytoplasmic tail which are presumed to lie

.closest to the plasma membrane. This might suggest similar
effector functions of these receptors (Schwinn et al.,

1990) .

1.4.2.3.2. gaj-adrenoceptors

Three different genes for ajs-adrenoceptors have been

cloned. The first is from human platelets and has been

termed a2C16 (Kobilka et al., 1987b). The second is from

human kidney and resides on chromosome 4 (a3C4) (Regan et

al., 1988) and the third resides on chromosome 2 (a;Cj)
(Lomashéy'et al;,'1990). Kobilka et al. (1987b) proposed
that a3Cyg is similar to ajzp. ayCy4, was suggested to be
equivalent to a3 receptor (Regan et al., 1988), however

Lorenz et al. (1990) proposed that it represents both @3B



and a;C. In contrast, Harrison et al. (1991) concluded that
asC4 could correspond to the ajc subtype in the opossum
kidney cell OK line. The a3C; was found to be ajp- like
(Harrison et al., 1991). As with any G-protein 1linked
receptor, ajz-adrenoceptors are formed of seven hydrophobic
membrane spanning domains with three extracellulaf and three
intracellular loops. aC109-, @2C4- and ajyCy-adrenoceptors
are formed of 450, 461 and 451 residues, respectively

(Lomasney et al., 1990). The greatest similarity between
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azC19 and - 3C4 (75%) (Regan et al., 1988), and between a3Cs-

and a3C4 and a3Cy(75% & 74%) are in the transmembrane
regiéns. The amino_termiﬁus, the carboxyl terminus and the
third cytoplasmic loop represent the most divergent domains
(Lomasney et al., 1990}. Employing chimeric recéptors iﬁ
was shown that the seventh membrane spanning domain of aj-
adrenbceptorS'may contain the major determinant of ligand
‘specificify (Kobilka et al., 1988); | | |
1.4.3. Molecular mechanisms
1.4.3.1. @j-adrenoceptors

Hokin and Sherwin (1957) were the first to report that
a-adrenoceptors activate phosphatidyl inositol turnover.
They showed that adrenaline stimulated phosphatidyl inositol
" turnover in salivary gland slices and that this response was
blocked by dibenamine and ergotamine.  The effect of
adrenaline on phosphatidyl inositol labeling in hepatocytes
was 1000 times more sensitive to blockade by prazosin than

by yohimbine. This demonstrated that the effect is mediated



via the activation -of aifadrenoceptors (Tolbert et al.,
1980). It is now widely accepted that aj-adrenoceptors are
coupled to phosphoinositide turnover.(Garcia-Sainz, 1987).
The initial step after agonist induced receptor activation
involves the activation of guanine ‘nucleotide regulatory
protein (Gx). Evidence for Gx in&olvement came from binding
studies in which Gy decreased the affinity of «; adreno-
ceptors for agonists (Lynch et al., 1985). Wallace and Fain

(1985) also showed that Gy stimulates phosphoinositide
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breakdown in isolated liver membranes. Garcia Sainz (1987)

‘suggested that Gy appears to. be insensitive to pertusis
toxin and is different from adenyl cyclase coupied Gi and
. Gg. Guanine nucléotide activates phospholipase C enzyme
which in turn leads to the hydrolysis of phosphatidyl-
inositol-(4,5)-biphosphate to ihositol-(1,4,5)-triphosphate
[Ins(1,4,5)P3i'and diacylglycerol. Ins(1,4,5)P3 acts as a
secondary messenge? activating the release of calcium from
.endoplasmic reticulum and calciosomes thereby increasing
intracellular calcium concentration. Ins(1,4,5)P3 1is
metabolized to either the inactive 1Ins(1,4)P; or the

potentially active Ins(1,3,4,5)P,4. Theylatter is proposed

to facilitate calcium entry across the plasma membrane and

promote calcium movement between various intracellular non-
mitochondrial stores (Nahorski, 1990). Diacylglycerol acti-
vates protein kinase C which may be involved in the
propagation of the hormonal signal and is part of a feedback

system through phosphorylating «j-adrenoceptors (Garcia-



Sainz, 1985). Han et al. (1987) provided evidence for the
existence of two aj1-adrenoceptor subtypes with two
biochemical responses; ajp- involves the hydrolysis of
inositol phospholipid while ajz- involves the activation of
dihydropyridine sensitive calcium channels. This 1is in
accordanée with results from rat aorta experiments which
show that the partial agonist Sgd 101/75 produced
contraction by faéilitating extracellular calcium entry
which is sensitive to blockade by nifedipine while agonists
with higher intrinsic activity facilitate phosphatidyl-
inositol. turnover (Chiu et al., 1987). |
- 1.4.3.2. gz—adrehoceptors

A;pha-z adrenoceptors_are coupled to adenyl cyclase yia
Gji kLimbird, 1988). Gj is a heterotrimic protein with «, B8

and 7 subunits and is activated in the presence of GTP. It
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is possible that aj-adrenoceptor - agonists attenuate the

activity of adenyl cyclase by dissociating the a and B8
subuniﬁs of Gj. The dissociated B-subunit interacts with
the a-subunit of Gy thereby preventing.it from stimulating
adenyl cyclase (Homcy and Graham, 1985). Limbird (1988)
-reviewed othér.az-adrenoceptor'mediated pathways that 1lead
to secrétion'or contraction responses. One such pathway is
the acceleration of Na+/H+ exchange which plays an important
' rble in adrenaline-evoked dense granule release from human
platelets. This pathway involves the increase of cellular
pH which sensitizes phospholipase A, resulting in the

activation of arachidonic acid metabolism and the generation



of various cyclooxygenase derivatives which 1leads to
inositol triphospate and diacqulycerol formation, increase
in intracellular calZium, activation of protein kinase and
finally, dense granule release. Isom et al. (1987) reported
the existenée ‘of this pathway in neuroblastoma X Glioma
cells. North et al. (1987) showed that the activation of
aj-adrenoceptors leads t§ an increase‘in membrane potassium
conductance in guinea pig submucous plexus, rat locus
coeruleus and substantia gelatinosa. ‘Potassium channel
actiQation leads to hyperpolarization which depresses
neurotransmitter and hormonal release. This activatation
possesses properties of an inward rectifier current which
may involve GTP binding protein (Limbird, 1988). Inhibition

of selected voltage-dependent calcium channels was also
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pfoposed‘ to be one of the pathways involved in the

inhibition of neurotransmitter and hormonal release
(Limbird, 1988).
1.4;4; a-édrenocegtor antagonists

| Ergotoxin was the first a-adrenoceptor antagonist to be

described (Dale, 1906). a-adrenoceptor antagonists can be

divided into four groups: B-haloethylamine alkylating.

agents, imidazoline analogs, piperazinyl quinazolines and
indole derivatives (Hoffman and Lefkowitz, 1990). The best
known haloalkylamine derivatives | are = dibenamine and
phenoxybeﬁzamine. Phenoxybenzamine forﬁs a reactive
rethyleniminium or aziridinium ion and 'is covalently

conjugated with a-adrenoceptors leading to irreversible



blockade of the receptor. It has a slight selectivity for
ai—adrenbceptors and it inhibits both neuronal and
extraneuronal tissue uptake of catecholamines. 1In addition,
it has antimuscarinic, antihistaminic and antiserotoninergic
actions (Hoffman and Lefkowitz, 1990).

Meier and Yonkman (1949) were the first to report the

adrenolytic properties of the immidazoline derivative,
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phentolamine. Roberts et al. (1952) showed that -

phentolamine increased femoral arterial flow, decreased
peripheral resistance and blocked the cqnstrictof respénse
of adrenaiine in the innervated hindlimb of the dog.
Phentolamine vis a nonéelective a-adrenoceptor antagonist
‘'which also blocks-serotonin receptors and release histamine
frdm mast. cells (Hoffman ahd_Lefkowitz,.1§90).' McPhér;on
and Angus (1989) - réported that phentolamine, | at
concentrations higher than fhose< required to block a-
adreﬁoceptors,v4antagonized thé véscular action of the
potassium channél opener, cromékalim, The repbrted: PAj
values for phentolamine are 7.1 and 7.9 for the rat
mesenteric artery (McPherson et al., 1984) and thoracic

aorta (Digges and Summer, 1983), respectively. Phentolamine

was shown to release insulin from isolated mouse islets

. (Schulz and Hasselblatt, 1989).

The prototype for piprazinylquinazolines is prazosin;

other members of this group include terazosin, doxazosin and
trimazosin. All derivatives of piprazinylquinazolines are

selective antagonists of aj-adrenoceptors (DeJonge. et al.,



1986). Prazosin is also an inhibitér of cyclic nucleotide
phosphodiesterase (Hess, 1975) and it causes vasodilatation
" but little reflex tachyc&rdia (Hoffman and Lefkowitz, 1990).
Other selective aj~-adrenoceptor antégonists - include
corynanthine, WB 4101, YM12617 (De Marini et al., 1987);
The pA; values for prazosin, WB 4101, YM12617 and
corynanthine are 8.9 (Honda et al., 1985), 8.8 (Melchiorri
et al., 1984), 10.1 (Honda et al., 1985) and 6.6 (Weitzell
eﬁ al., 1979), respectively. .

The first preferentially séleqtive az-adfenoceptor
vantagonist to be reported was yohimbine (Starke et al.,
1975a). Rauwolscine is one of the yohimbine diastereomers
which is more selective for aj-adrenoceptors than yohimbine
(Starke, 1951): Lattimar et al. -(1984) showed that some
benzoquinoliﬁines (WY25309, WY26392 and WY26703) were aj-
selective antagonists and these compounds are more potent
and selective than yohimbine. .Chapleo et al. (1983)
reported a series of benzodioxan analogs with aj-
adrenoceptor antagonist selectivity of which idazoxan is the
prototype.

1.4.5. Vascular a-adrenoceptors
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Prejunctional a-adrenoceptdrs have been identified in_

many vascular tissues for example, the rabbit pulmdnary
arfery (Sstarke et al., 1975b), rabbit ear artery (Drew,
1979), rabbit and cat autoperfused hindlimb (Steppeler et
al., 1978; Pichler and Kobinger, 1978). The existence of

postjunctional a- and ap-adrenoceptors was first



demonstrated by the inability of prazosin to completely
antagonize noradrenaline-induced contractions of the

isolated human palmar digital arteries (Moulds and Jauernig,
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1977), while it was able to antagonize noradrenaline-induced.

contractions of human visceral arteries (Jauernig et al.,

1978); This indicated that there were prazosin-resistant

and prazosin-sensitive vasoconstrictor a-adrenoceptors in

human vascular smooth muscle. Later, the existence of

postsynaptic @1- and aj-adrenoceptors was shown in rats

(Timmermans et al., 1979; Drew and Whiting, 1979), rabbits.

(Hamilton and Reid, 1982), dogs (Langer et.al.,.1981) and
cats (Timmermans, 1981).
1.5. Aim of the thesis
1.5.1. Role of B-adrehoceptors in the vasculature

The fB-adrenoceptors of ‘peripherél vascular smooth
muscles were originally considered to be of the B8;3-
adrenoceptdr subtype (Lands et al., 1967). There is now

: _ \

growing evidence that'Bl—adrenoceptors may also be present

in the vascular smooth muscles of different beds such as the

canine renal vasculature (Taira et al., 1977), rat pulmonary
artery (O'Donnell and Wanstall, 198l1a), cat cerebral vessels
(Edvinsson and Owman, 1974), rat jugular vein (Cohen and
Wiley, 1978), rat aorta (O'Donnell and Wanstall, 1984a), rat
femoral and mesenteric érteries (Fujimoto et al., 1988) and
the vasculature supplying the adipose tissue (Belfrage,

1978).
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The subclassification of B-adrenoceptors in the coronary

vasculature remains controversial. Most in vitro studies
showed that canine (0'Donnell and Wanstall, 1984b; Nakane
et al., 1988; Toda and Okamura, 1990), porcine (Drew and
Levy, 1972; Johansson, 1975), rabbit (Delande et al.,v1974),
bovine (Purdy .et al., 1988), rat (Nyborg and Mikkelsen;
1985), human and monkey (Toda and Okamura, 1990) and sheep
(Brine et al., 1979) coronary arteries contain only B3-
adrenoceptors. - Binding studies showed that = porcine
(Schwartz and Velly, 1983), bovine (Vatner et ai., 1986) and
canine (Nakane et al., 1988) coronary arteries contain both
B1- and Bjy-adrenoceptors with a ratio of B8; to B8, of
65 : 35, 1.5 - 2 : 1 and 74 - 77 : 23 - 26 respectively. 1In
ah éxtensive-review, Feigl (1983) concluded that most in
vivo stpdies showed that Bj-adrenoceptors predominate in the
coronary vasculature. By the use of electromagnetic flow
measurenents, Lucchesi and Hodgeman (1971) showed that B-
adrenoceptors in the canine circumflex coronary artery were

of the B;-subtype. Recently, in vivo studies showed that

both B8;- and B8j-adrenoceptors are present in the canine
(Jéckson et al., 1987; Trivella et al., 1990) and bovine
(Vatner et al., 1986) coronary vasculatures. |
The aim of the present work was to determine the
functional distribution of subtypes of B-adrenoceptors in
the resistance blood vessels of pentobarbital-anaesthetized
rats. The effects of atenolol and ICI 118,551, selective

B1- and Bj-adrenoceptor antagonists, respectively, on



cardiac and vasodilator response of isoprenaline were
investigated by means of the dual radiolabeled microsphere
technique. |

The exact role of B-adrenoceptors in mediating

contraction or relaxation of the venous system is still
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controversial. Beta-adrenoceptors have been shown to be

present in the human saphenous veins (Coupar, 1970), rat

jugular vein (Dukles and Hutlbert, 1986), rabbit facial vein

(Pegram et al., 1976), rabbit portal vein (Sutter, 1965;

Hughes and Vane; 1967) and lateral saphenous vein (Guimaraeé
and Osswald, 1968). ‘They mediated venodilatation to a
degree which depends on the pre-existing tone and segment of
vein studied. However, at high;doSes isoprenaline caused
contractile fespdnses which were abolished-by a-adrenoceptor

blockade (Sutter, 1965; Coupar, 1970). In humans,

isoprenaline injection caused venoconstriction (Eckstein and

Hamilton, 1959) or vénodilatation (Beck et al., 1970) of the
forearm vein. Leenen and Reeves (1987) showed that both B;-
and Bp-adrenoceptors were involved in the éugmentation'of
venous return. In anaesthetized dogs, ' isoprenaline
increased venous return and this effect was neither
abolished by hexaméthonium (Kaiser et al., 1964) nor carotid
sinus denervation (Imai et al., 1978). In conscious dogs
with cardiac output maintained constant, isoprenaline
reduced MAP and increased central venous pressure (Bennett
etval., 1984). In sedated dogs treated with hexamethonium,

the selective Bjy-adrenoceptor agonist terbutaline did not



have any effect on MCFP, an index of body venous .tone
(Guyton et al., 1973; Pang and Tabrizchi, 1986), but reduced
venous compliance (Lee et al., 1987). In anaesthetized
open-chest dogs, 'a single dose of isoprenaline did not
produce any change in MCFP at normal tone but it caused
venodilatation after venous tone was increased with
angiotensin II (Hirakawa et al., 1984). Rothe et al. (1990)
demonstrated that isoprenaline has little influence on the

MCFP in anaesthetized mongrel dogs.
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The aim of this study was to determine the dose-response.

effects of isoprenaline on MCFP in conscious rats. MCFP is
the equilibrium preséure which would occur throughout the
circulation if all the pressures were brought to. an
equilibrium (Guyton, 1955). MCFP was sthn experimentélly
to be directly propqrtional to venous return (Guyton, 1955)
and mathematically to be inversely related to venots
compliance (Grodins, 1959). |

The mathematical bases of MCFP was formulated by Grodins

(1959).
Q = (Pa - Py)/R | - (a)
Py = BVa/Ca | (b)
Py = BVy/Cy | (c)
BV = BV, + BVy : ' _ ) (d)

Where Q = cardiac output during steady state; P and Py
= arterial and venous pressures, respectively; R = systemic
vascular resistance; C; and Cy = arterial and venous

compliances, respectively; BV, and BV, = arterial and venous



blood volumes. Equations (e) and (f) are obtained by
rearranging these equations:
Pa = BV/(Ca + Cy) + CyRQ/(Ca + Cy) . (e).
Py = BV/(Ca + Cy) =~ CaRQ/(Caq + CV) (£).
When the circulation is stopped, i.e., (Q = 0), P = Py
= BV/(Ca + Cy), at that time an equilibrium pressure can be
obtained throughout the circulation. This pressure is
called the MCFP.
1.5.2. Pressor responses to B-adrenoceptor antagonists
Paradoxical pressor -responses - to 3-adrenoceptor
antagonists have been reported in humans in certain clinical

conditions such as insulin-induced hypoglycemia (McMurty,
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1974; Lioyd-Mostyn and- Oram, 1975), pheochromocytoma‘

(Prichard. and Ross, 1966) and . patients treated with

methyldopa (Nies and Shand, 1973). Different conditions of

mental and physical stress also led to a pressor response to

B-adrenoceptor antagonist. Andren et al. (1981) showed that

an increase in noise level during the administration of

propranolol was associated with a pressor response. Waal-
Manning (1974) showed that propranolol produced an increase
in diastolic pressure during hand grip and mental arithmetic
stress.  Drayer et al. (1976) reported that propranolol

produced a pressor response in 11% of patients. In another

group of patients with psychosis, 50% of the patients

developed hypertension after propranolol administration and
most of them had increased catecholamine levels in the ufine

(Atsmon et al., 1972). In all these conditions there was an



increase in the activity of the sympathetic nervous system
(Cleophas et al., 1988). Zahir (1971) reported that in
young hypertensive patients, propranolol pretreatment
markedly attenuated the hypotensive effect of phentolamine.
Phentolamine~induced orthostatic hypotension was also
_prevented by B-blockade (Majid et al., 1974).

In anaesthetized dogs, propranolol did not increase sys-
temic' arterial pressure but caused an increase in the
femoral perfusion pressure (Nakane and Kusakari, 1966). It
aléo'produced sustained vasoconstriction in the denervated
autoperfused hind limbs of dogs (Kayaalp and Kiran, 1966).
The vasoconstrictor response was still present after block-
ade of a—-adrenoceptors by phentolamine (Kayaalp and Turker,
1967) .

The first report of a pressor responsé in rats was in
1969, where Dasgupta reported that propranolol produced an
increased MAP in urethane-anaesthetized rats. This pressor
response was blocked by pretreatment with reserpine, but not
| by pretreatment with hexamethonium nér phenoxybenzémine.
Thesé results were confirmed by Yamamoto and Sekiya (1969)
- who showed that either pronethalol or prbpranolol was cap?
" able of producing a sustained rise in MAP. This pressor re-
sponse was markedly reduced by adrenalectomy or ganglionic
blockade but markedly potentiated by q-adrenoceptor
blockade. A bressor response to a B-adrenoceptor antagonist

was also reported by other investigators (Regoli, 1970;
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Sugawara et al., 1980; Himori et al., 1984; Himori and
Ishimori, 1988). |

Propranolol administered either orally (Kato et al.,
1976) or i.v. (Nakao et al., 1975) produced a pressor re-
sponse in both conscious, spont;néously hypertensive and
renal hypértensive rats; - In conscious normotensiveA rats
pretreated  with phentolamine, d, 1 and dl forms of pro-
pranolol, as well as practolol and YB-2, produced dose-
dependent pressor responSés. The méximal effects  were
similar for differeht isomers of propranolol but the thres-
hold dose for the pressor effect of the d-isomer was higher
than that of l-isomer (Nakao et al., 1975). Gomes et al.
(1978) also'showed.that;in conscious rats pretreated with
phentolamine, prdpranéloi restored MAP to almoSt the control
levels. Tabrizchi.et al.l(1988) showed that propfanolol,
atenolol and ICI 118,551 produced a dose-dependent increase
in MAP in phentélamine-tfeated.conscious rats: The pressor
response to propranoclol was present onlyfin rats rendered
hypotensive by“phentolaminé'but not iﬂ‘tﬁdéé treated with
methacholine nor sodium nitroprusside. These reéults sug-
ggst thét a pressor féSpoése to propranolol requires the
presence of an a-adfenocépﬁbr blockade'(Tabrizchi and Pang,
1v989) . L

We aimed to study the conditions under which a pressor
response to a B-adrenoceptor antagonist occurs. We decided
to study haemodynamic changes during infusion of phento-

lanine and after selective and nonselective blockade of R-



adrenoceptors by atenolol and propranolol, respectively, in
both conscious rats and urethane-anaesthetized rats. We
also examined whether or not pressor responses to f-adreno-
ceptor antagonists occured in phentolaﬁine-treated rats
under conditions where the renin-angiotensin system had been
inhibited. This was done in order to demonstrate the
importance of the latter system.

Propranolol failed to produce a pressor response in pen-
tobarbital-anaesthetized rats in our préliminary studies,
and so we also inQestigated the effects of various anaes-
thetic agents on the pressor response to B-adrenoceptor an-
tagonists. = In order to investigate the reason for the

absence of a pressor . response to propranolol in
iﬁentobarbital-anaesthetized rats, we determined regional
flqw distribution in anaesthetized rats‘during phentolamine-
infusion and again after the injection of propranolol in the

presence of phentolamine-infusion. In another group of
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pentobarbitalQanaesthetized rats adrenaline was also infused

prior to infusion of phentolamine and B-adrenoceptor

antagonist injection in an attempt to clarify if absence of
adrenaline inhibits B-adrenoceptor antagonist pressor
responses. Laétly, we determined whether B-adrenoceptor
antagonists reverse the effect of a-adrenoceptor blockade in
an ig vitro vascular smooth muscle preparation where

experimental conditions could be rigidly controlled.
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2. MATERIALS AND METHODS

2.1. Preparation of the rats
2.1.1. In vivo experiments

2.1.1.1. Measurements of MAP and HR
Male Sprague-Dawley rats from Charles river (300 -
400 g) were used in all experiments. | The right femoral
artery and both femoral veins of the anaesthetized rats were
cannulated for the measurement of MAP by a pressure
transducer (P23DB, Gould Stathanm, CA, Usa), and for
injectioﬁ of drugs, respectively. All cannul&e were filled
with heparinized saline (25 I.U./ml). HR was determined
electronicaliy from the upstroke. of the arterial pulse
pressure using a tachograph (Grass, Modél 7P4G) . Different
anaesthetic agents_ were used in various éﬁﬁdieé, namely,
halothane (4% in air for induction and 1.5% in air for
maintenance), urethane _(1 g/kg, i.p.), 'pentobarbital
(65 mg/kg, i.p.), amobarbital (100 mg/kg i.p.), Kketamine
(125 mg/kg,h i.p.) and chloralose. (90 mg/kg, i.p.). - In
conscious rét experiments, halothane was used to briefly
_anaesthetize the rats so as to éllow cannulations of the
femoral arteries and veins. The cannulae were tunneled s.é.
to the back of the neck, exteriorized and secured. Rats
were allowed 4 h to recover from the effects of surgery and

anaesthééia before further use.

2.1.1.2. Measurements of the MCFP



MCF? meaéurements in conscious rats were determined by
the method of Yamamoto et al. (1980). Male Sprague Dawley
rats were anaesthetized with halothane (4% in air for
induction and 1.5% for maintenance). Catheters were placed
in the femoral artery for the measurement of the MAP and HR,
in the right femorél vein for the infusion of drugs and in
the inferior vena cava for the measurement of the CVP. A
saline-filled-balloon-tipped catheter was inserted into the
right atrium via the right external jugular vein. The
proper location of the balloon was tested by inflation of
the balloon to'stopvthe circulation completely. This was
shown by a simultaneous decrease in ﬁAP to 1less than 25 mmHg
and. én increase in CV?. All cannulae were filled with
heparihized saline (25 I.U./ml) and tunneled to the baék of
the neck, exteriorized and secured. The rats were allowed
24 h to recover from the effects of Surgery and anaesthesia

befofe further use.

2.1.1.3. Measurements of CO and BF

Rats were prepared as described for the.measureﬁent of
MAP and HR. In addition, a cannula was inserted into the
left ventricle via the right carotid artery for the
'injeétion of microspheres and another cannula was inserted

into the left femoral artery for the withdrawal of blood.

2.1.2. In vitro experiments
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Sprague-Dawley rats (250 - 300 g) were killed by a biow
on the head followed by cervical dislocation. A small riﬁg
segment of the main pulmonary. artery was immediately
removed, mounted over two horizontal stainless steellrods
and - placed inside a 20 ml organ bath filled with Kreb's
solution bubbled with 95% O, and 5% CO; at 37 °C and
containing desipramine HC1l (10"5 M) and corticosterone HCl
(IO'SAM) to prevent neuronal and tissue uptake of
noradrenéline, respectively. One of the rods was attached
to a force-displacement fransducer (Grass FTO03) . for
isometric recording on a Grass Polygraph'(Model 79D). The
preparation was adjusted and maintained at a passive force

of 10 mN and equilibrated for 1 h before further use.

2.2. Experimental protocol‘
2.2.1. Selectivity of atenolol and ICI_118,551

Six groupé of experiments (I-VI, n = 4 in eéch groupj
were performed in pentobarbital-anaesthetized rats to test
the B, and B, selectivity of atenolol (100 pg/kg) and
ICI 118,551 (30 ug/kg), respectively. In groups I and II,
dbse-chronotropic 'response curves for dobutamine‘ (0;5 to
128 pg/kg) were obtained 10 min prior to and 5 min after
i.v. 1injection ofvatenolol and ICI 118,551, respectively.
In groups III and IV, dose-depressor response curves for
salbutamol (0.05 -6.4 ug/kg) were determined 10 min prior to
and 5 min after i.v. injection of atenolol and ICI 118,551,

respectively. In group V, the chronotropic effect of
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isoprenaline (32 ng/kg/min) was investigated 10 min before
and 5 min after i.v. injection of atenolol. In group VI,
the vagbdepressor effect of the same dose of isoprenaline
was investigated 10 min before and 5 min after i.v.

injection of ICI 118,551.

2.2.2. Bj_and Bj-adrenoceptor stimulation on haemodynamics

in pentobarbital-anaesthetized rats

Five groups of rats (n = 8 in each group) were used to
investigate the effects pf vehicle, mixed B-stimulation, B;-
stimulation, 'Bz—stimulation and mixed B-blockade in
groups VII - XI, respectively on MAP, HR, CO, TPR and blood
‘flows. In groups VII and VIII, microspheres were injected
into the left ventricle 30 min aftef.surgery. After 5 ﬁin,
normal saline (0.9% NaCl;, 0.013 ml/mih/rat) or isoprenaline
(32 ng/kg/min), was infused into groups VII and VIII,
respéctively. Microsﬁheres were injected ‘a second time 10
min after the start of vehicle or isoprenaline infusion.
Groups IX, X and XI were treated similar to groﬁp VIII
except that ICI 118,551 (30 mg/kg), atenolol, (100 ug/kg) or
both of these blockers; respéétively,_ were i.v. injected
immediately after the first injection of microspheres and
isoprenaline infusion was started-s ﬁin after the injection
of a B-adrenoceptor ahtagonist; MAP and HR recordings
during the first and second injections of microspheres were
used to indicate responses during control conditions and

drug treatments, respectively.



2.2.3. Effect of isogrenaliné on MCFP in _conscious_rats
Rats were divided into six groups (n = 6 in eacﬁ group)
in a complete random design. In group XII, dose-response
curves of isoprenaline on MAP, HR and MCFP were constructed.
Individual doses for isoprenaline were infused (2.5 x 10~
10 _ 8 x 1072 mol/kg /min) for 5 min; each dose was folLowed
by a recovery period of 10 min. In group XIII, normal
saline was infused at the same rate as isoprenaline and this
group served as the time control fbr groﬁp XII. In group
.XIV, " hexamethonium (4.6 - 7.6 x 10”7 mol/kg/min) was
continuousiy infused'énd at 10 min after the start of the
infusion a dose-response curve to isoprenaline was
constructéd. bGrouvaV which sérved as é.céntrol for group
XIV, was treated similarly to group XIiv exéept that, instead

of isoprenaline, normal saline was infused at the same rate

as isoprenaline. In each experiment in group XIV and XV,
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the lowestvdose of hexamethonium producing > 50% inhibition

of the tachycardic response to écetylcholine (20 pg/kg) was
used. In group XVI, noradrenaline was continuously infused
(7.1 x 10”8 mol/kg/min) and at 20 min after the start of the
infusion, individual doses of isoprenaline were infused
(5 x 10710 - 4 x 1072 mbl/kg/min). - Group XVII rats, the
COntrolé for group XVI,,were treated similarly to group XVI
except that normal saline was infﬂsed ~in place of

isoprenaline.
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2.2.4. Pressor response to B-adrenoceptor antagonists in
phentolamine-treated rats
2.2.4.1. Haemodynamic changes in urethane-anaesthetized

rats

Four groups of rats.(n = 8 in each group) were used to
investigate the effects of i.v. infusions of normal saline
(group XVIII), phentolamine (group XIX), propranolol in rats
given phentolamine (group XX) and saline in rats given
phentolamine (group XXI) on MAP, HR, CO, blood fldws and
vascular conductances.  In groups XVIII and XIX, the first
injection of radioactively-labelled microspheres was
conducted 30 min after surgery and this was followed
immediately by the infusion of saline (0.026 mi/min/rat) or
phentolamine (300 ﬁg/kg/min), respectivély. ' Ten min later;
la second set of micfospheres was injected. In grouvaX,
phentolamine infusion was started 30 min after surgery and
this was followed, 16 min later, 5y the injection of the
first set of microspheres. After anothér 10 min,
propranolol (100 ug/kg) was injected i.v. This waé followed
by the injection of a second set of mic;ospheres 1 min after
the injection of propranolol... The sahe protocol as in
group XX was followed in group XXI except that instead of

propranolol, saline (0.1 ml/rat) was injected.

2.2.4.2. Haemodynamic changes in conscious rats

Four groups of rats (XXII - XXV, n = 6 in each group)

were used to investigate the effects of normal saline



(kXII), phentolaﬁine (XXIII), propranclol in rats given
phentolamine (XXIV) and atenolol in rats given phentolamine
(XXV) on MAP, HR, CO, TPR, blood flows and vascular
conductances. After injecting the first set of
microspheres, normal saline (0.026 ml/min/rat) or
phentolamine (300 ug/kg/min) was infused i.v. into groups
XXII and XXIII, respectively. Fifteen min after the start
of saline or phentolamine infusion, a second set of
microspheres was injected. 1In group XXIV, phentolamine was

continuously infused followed 10 min later by the injection
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of the first set of microspheres. After another 5 min,

propranolol (100 ug/kg) was 1i.v. injected. = This was
followed_by the injection of a second set of microspheres 30
s after the injeqtion'of éropranolol. The:same protocol as
XXIV was  followed in group XXV except fhat instead of
propranolol, atenolol (100 ug/kg) was i.v. injected.
2.2.4.3. Effécts of anaesthetic agents
2.2.4.3.1. Effects of urethane, pentobarbital and halothane
on dose-response_ curves _to propranolol, atenolol and
ICI 118,551

Rats were divided into nine groups: groups XXVI, XXVII,
"and XXVIII (n = 6) were anaesthetized with urethane:
gfoups XXIX (n =5), XXX (n =6) and XXXI (n = 6) were
anaesthetized with pentobarbital; Groups XXXII (n = 8),
XXXIII (n = 6) and XXXIV (n = 6) were anaesthetized with

halothane. All rats were continuously i.v. infused with
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phentolamine (300 ug/kg/min). After 10 min éf infusion, a
dose-response curve. to i.v. bolus injections of a B-
adrenoceptor antagonist was constructed in each group of
rats: propranolol (3 x 10”2 - 1.92 x 10~/ mol/kg) in
groups XXVI,- XXIX and XXXII; ICI 118,551 (2 x 1072 -

1.28 x 10~/ mol/kg) in groups XXVII, XXX‘ and XXXIIi;
atenolol (3 x 1079 - 3.84 x 1077 mol/kg) in groups XXVIII,
XXXI and XXXIV. MAP recordings were noted at 1 min after

the injection of each dose of a B-adrenoceptor antagonist.

2.2.4.3.2. Effects of pentobarbital, amobarbital, ketamine

and chloralose on i.v. bolus of propranolol

Rats were divided into four groups (n = 5-6 in each

group): Groups XXXV, XXXVI, XXXVII and XXXVIII were anaes-
thetized with pentobarbital, amobarbital, ketamine and chlo-
ralose, respebtively. All rats were continuously infused
with‘phentolamine (300 ug/kg/min). Ten‘ﬁin after phento-
lamine infusion, propranolol (3 x 10~/ mol/kg, i;e. 100
pg/kg) was i.v. injected into each rat. MAP was noted.lo
min after phentolamine infusion and 1 min after the

injection of propranolol.

2.2.4.3.3. Effects of i.vg infusion ofvadrenaline on i.v..

‘bolus propranolol and atenolol in gentobarbital-anaes-
“thetized rats
Two groups of pentobarbital-anaesthetized rats (n = 6 in

each group) were used. Groups XXXIX and XL were given



continuous i.v. infusion of adrenaline (300 ng/kg/min)
followed 10 min later by continuous i.v. infusion of phento-
lamine (300 ug/kg/min). After another 10 min, propranolol
(3 x 1077 mol/kg) and atenolol (3 x 10~/ mol/kg, i.e. 100
ug/Kg) were i.v. injected into groups XXXIX and XL, respéc-
tively. MAP was noted 10 min after adrenaline and phento-
'lamine infusions and 1 min after the injection of a 8-

adrenoceptor antagonist.

2.2.4.3.4. Haemodynamic changes in pentobarbital-anaes-

thetized rats

"Two groups of rats were used to investigate the haemo-

dynamic effects of ;ndrmal saline (group XLI, n = 6) and
propranoldl (group XLII, n = 8). After injecting the first
set of microspheres, normal saline (0.026 ml/min/rat) or
phentolamine (300 ug/kg/min) was i.v. infused into group XLI

and XLII, respectively. Ten min after the start of saline
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or phentolamine infusion, a second set of microspheres was

injected. In group XLI and XLII, 15 min after the start of
infusion of saline or phentolamine, respectively, saline or
propranolol (100 pg/kg) was i.v. injected followed 30 s

later by the injection of a third set of microspheres.

2.2.4.4. Effects of captopril

Rats were divided in three groups (XLIII - XLV, n = 6 in
each group). Captopril (5 mg/kg) was injected as an i.v.

bolus into rats in all three groups. Ten min later,



phentolamine was continuously infused (300 ug/kg/min). Ten
min after the start of. phentolamine infusion, propranolol
(100 ug/kg), atenolol (100 ug/kg) and ICI 118,551 (30 ug/kg)
were i.v. injected in groups XLIII, XLIV and XLV,

respectively.

2.2.5. In_ vitro cumulative dose-response' curves of B-

adrenoceptor antagonists

Isolated rat pulmonary arteries were divided into three
groups (XLVI, XLVII and XLVIII n = 6 in each”groﬁp). They
were contracted with noradrenaline (10'6 M) and .at the
plateau of the contractile response, phentolamine (10"6 M)
was added and left in the bath for 50 min. The tissues were
then washed and allowed 1 1{ to_recover.. 'Aftérwards; the
tissues were again contracted with noradrenaline (10'6M) and
relaxed with phentolamine (10"6 M) for 20 mih. Then, in the

presence of noradrenaline and phentolamine, cumulative dose-
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response curves for propranolol (1‘0'9 - 1076 M), ICI 118,551

(10"9 - 1073 M) and atenolol (10'9 to 3 X 1072 M), were con-
structed in groups XLVI, XLVII and XLVIII, respectively.
The maximum force and ECgg values were obtained from indi-

vidual dose-response curves.

2.3. The microsphere technique
2.3.1. Method

CO, blood flow and vascular conductance were determined

by the reference sample method (Malick et al., 1976; Pang,



1983). Radioactivély labeled microspheres, 57Co, 1135h and
Sler (15 um diameter, Du Pont, Canada) were used. They were
suspended in Ficoll 70 (10% in chlorbutanol) (Sigma Chemical
Co., St. Louis, MO, USA) and Tween 80. Ten seconds before
fhe injection of microspheres, blood was withdrawn (Harvard
infusion/withdrawal pump) from the femoral artery into a
heparinized syringe at a rate of 0.35 ml/min for 1 min. A
0.15 ml sample of a vigorously vortexed precounted
-microsphere suspension (containing 20,000 - 40,000
microspheres) labeled with either 57Co, 113g, or‘51Cr was
then injected and flushed with (0.2 ml) saline over 10 s
into the left ventricle. In half of the dualéisotope

studies,‘57Co-was given first and 113gn second. In the
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other half of the experiments, the order of administration

of 1isotopes was reversed. In triple isotope studies,
attempts were made to alter as much as possible the
éequence in which the isofopes were given. This was done to
avoid a possibility of a. vafiation in the distribution
between microspheres labeled with different isotopes and to
avoid va:iations due to different counting efficiencies for
the different isotopes. At the end of the experiments, the
animals were killed by an overdose of pentobarbital. Whole
organs - (lungs, heart, 1liver, stomach, intestine, caecunm,
colon, kidneys, spleen, testis and brain), as well as
representative samples from skeletal muscle (30 - 40 g) and
skin (30 - 40 g) were removed, weighed and'loaded into vials

for counting radioactivity. The samples of skin were



obtained from the dorsal and ventral areas and ‘muscle

samples were taken from the chest, abdomen and back. Large
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organs were cut into small pieces and loaded into several

vials té a level less than 3 cm from the base. When blood
flow to the left kidney differed more than 20% from that of
the right kidney, the experiment was rejected, as it was
-assumed that the mixing of the microspheres was not
adequate. Blood samples, tissue samples, syringes used for
the injéction and flushing of the microsphere suspension and
for the collection of blood, and test tubes used for holding
the microsphere samples were counted for radioactivity using
a Searle 1185 series dual channel automatic gamma counting
system (Nuclear-Chicago, 1Illinois, USA). In the dual
isotope experiments, corr.ection of Co counts was made by
substracting Sn spillover (5 - 8%) from Co counts. In the
triple isotopé experiments, there was correction for the Co
counts by substracting the-Sn and Cr spillovers (8% each)
and there was also correction for the Cr counts by

substracting the Sn spillover (11%).

2.3.2. Calculations

Blood withdrawal rate (ml/min) x total injected cpm
CO (ml/min) = ====—w=- - - B e L S
cpm in withdrawn blood

MAP (mmHg)
TPR (mmHg.min/ml) = ————
CO (ml/min)

Blood withdrawal rate (ml/min) x tissue cpm
Tissue BF (ml/min) = -—- - e
: cpm in withdrawn blood




blood flow (ml/min)

Tissue conductance (ml/mmHg.min) =
MAP (mmHg)

Total amount of radioactivity (cpm) injected was
obtained. by subtracting the amount of radioactivity left. in
the tube, injecting Syringe, and flushing syringe from the
amount of  radioactivity originally present in the tube.
RadioactiVity in the blood was obtained by adding the amount
of radioactivity in the biood sample, in the cannula and in

the syringe used for collecting blood.

2.4. Measurements of MCFP

MCFP measurements were made in conscious, unrestrained
rats after_temporarily stopping the circulation by means of
inflating the balloon previously inserted into the right
atrium. Within 5 s following inflation of the balloon with

the injection of saline, MAP decreased while CVP increased
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to a ;ﬂateau value. The difference between steady state

CVP, measured within 5 s of circulatory arrest, and baseline
CVP, before the inflationmof the balloon is referred here as
VPP. Samar and Coleman (1978) reported that there was
incompleteiequilibration of arterial and venous pressures.
To correct“for this, MCFP.was calculated from the fOIlowing
equation;(Yamamoto et al., 1980):

MCFP (mmHg) = VPP + 1/60(FAP-VPP).

FAP represents the final arterial pressure (mmHg) obtained

within 5 s following circulatory arrest.



2.5. Statistical analysis

All results were analysed by analysis of variance
(ANOVA) . In some experiments, data were logarithmically
transformed before statistical analysis to obtain normal
distribution. ﬁuncan's multiple-range test was used to com-
pare group means. A probability of error p < 0.05 was,b:e-

selected as the criterion for statistical significance. -

2.6. Drugs

In vivo: isoprenaline HCl, atenolol, dl propranolol HC1,

norepinephrine*bitartrate, adrenaline (Sigma Chemical CcCo.,
St. Louis, MO, USA), phentolamine HCl (Ciba Pharmaceuticals,
N.J., ﬁSA) and hexamethoniqp bromide (K and K Lab., CA, USA)
were dissolved in normal saline. ICI 118,551 HC1 (Impéfial
Chemical, Macclesfield, Cheshire, England) and dobutamiﬁe
HC1l (Eli Lilly Canada, Toronto, Ontario) were dissolved in
distilled water. Salbutamol sulphate vials (5 mg/l0ml) were
obtained from Allen & Hanburys (Toronto, Montreal) and the
drug solution was diluted with normal saline. The foliowihé
anaesthetic agents were used: halothane (Ayerst Lab.,
Montreal, Canada), a-chloralose_(BDH Chemical Ltd.,.Pbolgj
England), urethane (ethyl carbamaﬁe) and ketamine HCl (Siéma
Chemical Co., . MO/ Usa), sodium pentobarbital (M;T;é.
Pharmaceuticals, Ontario, Canada) and amobarbital (Eli Lilly
& Co., Ontario, Canada).

In vitro: Drugs used were desipramine ‘HC1,

corticosterone  (Sigma Chemical Co., St Louis, usa),
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norepinephrine bitartrate, propranolol, atenolol, ICI
118,551 and phentolamine HCl. With the exception of nor-
adrenaline which was made up in 0.01 N HC1l, all other stock
solutions were made up in distilled water. Dilution of
drugs were made with Kreb's solution which has the following
composition (mM): NacCl, 112; KCl, 4.5; NaHCO3, 26.2; KHj
PO4, 1.2; MgCly, 1.2; EDTA, 0.026; Glucose, 11.1 and

caCly, 2.5.
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’ v 3. RESULTS
3.1. Selectivity of atenolol and ICI 118,551

The EDso values for dobutamine chronotropic responses
and salbutamol vasodepressor responses with and without the
presence of a B-adrenoceptor antagonist (I - IV) are shown
in Table 1. The injection of dobutamine in group I caused a
dose~-dependent increase in HR, from 345 * 10 to a maximum of
503 *+ 8 beats/min. After i.v. injection of atenolol in
group I, dobutamine also caused a dose-dependent increase in
HR, from 348 + 9 to a maximum of 483 * 11 beats/min, but the

second curve was shifted to the right, with a significant
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increase in the EDgqg value. In group II, dobutamine also -

caused a dose-dependent increase in HR, from 328 * 27 to a
maximum of 455 * 24 beats/min in the éontfol condition.
After i.v. injection of ICI 118,551 in group II, dobutamine
had a similar dose'response curve, with HR increased from
342 + 18 to a maximum of 470 * 20 beats/min and the EDs5g
value unchanged. In group III, salbutamoi caused a dose-
dependent decrease of MAP, from 98 * 4 to 50 t 6 mmHg .
After treatment. with atenolol, the dose response curve of
salbutamol was similar to that in the control condition,
with MAP decreased from 95 * 2 to 48 + 4 mmHg and the EDgg
value unchanged. In group IV, salbutamol also caﬁséd a
dose~dependent decrease in MAP from 98 * 3 to 40 * 3 mmHg in
the control condition. ICI 1;8,551 caused.a parallel shift
to the right of the salbutamol vasodepressor curve with MAP

decreased from 97 * 1 to 40 * 4 mmHg and a significant
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Table 1.  Effect of atenolol (100 ug/kg) and ICI 118,551 (30
pg/kg) on the EDgg values of the chronotropic effect of
dobutamine and vasodepressor effect of "salbutamol in

pentobarbital-anaesthetized rats (groups I - IV, n = 4 per

group) .

Drugs Dobutamine EDgqg (ug/kg) Salbutamol EDsgo (ug/kg)
" control Treatment Control Treatment

Atenolol 5.8 + 0.8 23.2 + 3.5% 0.19 %# 0.07 0.18 + 0.07

ICTI 118,551 5.9 * 0.7 5.6 * 0.7 0.20 + 0.10 0.84 + 0.322

Values represent mean * S.E.
8significantly different from control values (p < 0.05).



increase in the EDgg value. In group V, infusion of
isoprenaline increased HR from 320 * 12 to 427 % 20
beats/min, whereas in group VI isoprenaline decreased MAP
vfrom 100 £+ 3 to 88 + 4 mmHg. Atenolol cohpletely abolished
" this chronotropic effect in group V, while ICI 118,551
completely abolished ﬁhe vasodepressor effect of

isoprenaline in group VI.

3.2. Effects of B;- and Bz—adrenoceptdr'stimulation

3.2.1. Effects on MAP, TPR, CO and HR |
The effects of vehicle, mixed B-stimﬁiation, Bp-stimula-
tion, By-stimulation and mixed B-blockade in groups VII -
XI, respectively, on cardiovascular functions are shown in
Figures 1 (MAP and TPR) and 2 (CO and HR). Mixed 8-, B1-
and Bj-stimulation, and mixed B-blockade were attained by
i.v. infusion of, isoprenaline alone, isoprenaline in rats
pretreated with ICI 118,551, isoprenaline in fats pretreated
with atenolol and isopfenaline in rats treated with both
atenolol and ICI 118,551, respectively. The infusien ef
normal saline'(group VII) did not significantly affect MAP,
TPR, CO or HR. Ieoprenaline (greup VIII) caused a signifi-
cant increase in HR (Fig 2) but did not significantly alter
MAP, TPR or CO. isoprenaline in rats given ICI 118,551
(group IX) did not‘significantly alter MAP, TPR or CO, but
caused a signifieant increase in HR (Fig 2). Isoprenaline
in rats pretreated with atenolol (group X) altered neither

HR nor CO, but significantly decreased MAP and TPR.
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Isoprenaline in rats pretreated with both B8-adrenoceptor

antagonists (group XI) did not significantly affect MAP,
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TPR, CO or HR, ‘although there was a tendency for TPR to

increase.

'3.2.2. Effects on blood flow and vascular conductances

The infusion of normal saline (group VII) altered nei-
ther tissue blood flow nor vascular conductance in any or-
gans or tissues (fig. 3). The infusion of iéoprenaline
(group VIII) caused a slight but not significant incfease in
coronary blood flbw bﬁf a large and a significant increase
in muscle blood flow (Fig. 4a). When flow was normalized
for variations in arterial pressure to give conductance
values, " isoprenaline was fdund to cause a  significant

increase (by 50%) in coronary arterial conductance and a

large increase (three times control value) in skeletal

mgscle vascular conductance (Fig. 4b). Flows and véscular
conductances in other. organs ‘and tissues were not
significantly affected. The ihfusion of isoprenaline in
rats treated with ICI 118,551 to reveal Bj;-stimulation
(group IX) caused significant increases in coronary and
muscle blood flow and conductances (Fig. 5a and 5b). Flows
and vascular conductances in other organs and tissues were
nbt_significantly affected by this treatment. The increase
in muscle vascular conductance (by 40%) in group IX was

significantly less than that in group VIII. Bj;-stimulation

by isoprenaline in rats treated
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Fig. 3. Effects of normal saline on the distribution
of blood flow (a) and vascular conductance (b) in
pentobarbital-anaesthetized rats (group VII, n = 8).
Values are mean * S.E. Organs or tissue samples are:
lungs (Lg), heart (Ht), 1liver (Li), stomach (St),
intestine (In), colon and caecum (Co), kidneys (Ki),
spleen (Sp), 40 g of skeletal muscle (Mu), 40 g of skin
(Sk), testis (Te) and brain (Br). Control (open bars);
Saline (hatched bars). :
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Fig. 4. Effects of isoprenaline (32 ng/kg/min) on the
distribution of blood flow (a) and vascular conductance
(b) in pentobarbital-anaesthetized rats (group VIII, n
= 8). Values are mean * S.E. Organs or tissue samples
are: lungs (Lg), heart (Ht), liver (Li), stomach.(St),
intestine (In), colon and caecum (Co), kidneys (Ki),
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spleen (Sp), 40 g of skeletal muscle (Mu), 40 g of skin

(Sk), testis (Te) and brain (Br). Control (open bars):;
isoprenaline (hatched bars). Significantly different
from control (p < 0.05). :



70

Sp Mu Sk Te Br

Sp Mu Sk Te Br

HIIMIMITHIHITITIITM

Co Ki
In Co Ki

In

St
St

Li
Li

~Lg Ht
Lg Ht

w O w O ‘0O VW O VW O W
N N - MmN § - - O
- ~ 0O O 6 6 O O

(utw/(w) MO74 QOOTE : (ulw-SHuwy/ (w) JINVLINANOD



Fig. 5. Effects of isoprenaline (32 ng/kg/min) on the
distribution of blood flow (a) and vascular conductance
(b) in pentobarbital-anaesthetized rats (group IX, n =
8) pretreated with ICI 118,551 (30 ug/kg). Values are
mean * S.E. Organs or tissue samples are: lungs (Lg),
heart (Ht), liver (Li), stomach (St), intestine (In),
colon and caecum (Co), kidneys (Ki), spleen (Sp), 40 g
of skeletal muscle (Mu), 40 g of skin (Sk), testis (Te)
and brain (Br). Control (open bars); isoprenaline in
he presence of ICI 118,551 (hatched bars) .
Significantly different from control (p < 0.05).
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Fig. 6. Effects of isoprenaline (32 ng/kg/min) on the
distribution of blood flow (a) and vascular conductance
(b) in pentobarbital-anaesthetized rats (group X, n =
8) pretreated with atenolol (100 ug/kg). Values are
mean * S.E. Organs or tissue samples are: lungs (Lg),
heart (Ht), liver (Li), stomach (St), intestine (In), .
colon and caecum (Co), kidneys (Ki), spleen (Sp), 40 g
of skeletal muscle (Mu), 40 g of skin (Sk), testis (Te)
and brain (Br). Control (open bars); isoprenaline in
he ' presence of atenolol (hatched bars) .

Significantly different from control (p < 0.05).
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Fig. 7. Effects of isoprenaline (32 ng/kg/min) on the
distribution of blood flow (a) and vascular conductance
(b) ‘in pentobarbital-anaesthetized rats (group XI, n =
8) pretreated with ICI 118,551 (30 pug/kg) and atenolol
(100 ug/kg). Values are mean * S.E. Organs or tissue
samples are: 1lungs - (Lg), heart (Ht), 1liver (Li),
stomach (St), intestine (In), colon and caecum (Co),
kidneys (Ki), spleen (Sp), 40 g of skeletal muscle
(Mu), 40 g of skin (Sk), testis (Te) and brain (Br).
Control (open bars); isoprenaline in the presence of
CI 118,551 and atenolol (hatched bars) .
Significantly different from control (p < 0.05).
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with atenolol (group X) caused a large increase in muscle
blood flow (Fig. 6a) similar to that in group VIII which
received isoprenaline oﬁly (Fig. 4a); vascular conductances
in the heart and muscle were also similarly, significantly
increased (Fig. 6b). Flows .and conductances in other
tissues and ﬁrgans were also not significantly altered by
isoprenaline in rats pretreated with atenolol. The infusion

of isoprenaline in rats treated with both adrenoceptor
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blockers (group XI) caused significant decreases in blood

flows and conductances in kidneys, colon and caecum. Flows
and vascular conductances in other - beds  were not

significantly affected by this treatment (Fig. 7a and 7b).

3.3. Effécts of isoprenaliné on MCFP_in conécioué rats

Table 2 includes the control valueé of MAP, HR and MCFP
for the six groups (XII - XVII). There were no significant
differences in control haemodynémic values among the groups.
Mean baseiine CVP in allvgroups was 2.9 £ 0.6 mmHg (n = 36)
prior to the inflation of the atrial balloon.or any drug (or
vehicle) treatment. None of the treatments significantly
altéred values of béseline CVP. |

The infusion of saline in group XIII caused no changes
in MAP‘and HR but it produced a small and gradual decrease
in MC?P with time which reached statistical significance at
the last dose (Fig. 8). In group XII, isoprenaline dose-
dependently increased HR and decreased MAP, accompanied by a

small increase in MCFP which, when compared with the predrug
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Table 2. Control values (means * S.E.) of mean arterial
pressure (MAP), heart rate (HR) and mean circulatory filling
pressure (MCFP) in conscious rats (groups XII - XVII, n = 6
per group).

MAP’ HR MCFP

(mmHg) (beats/min) (mmHg)

Group XII 110 + 4 416 * 9 5.5 # 0.3
Group XIII 108 = 3 377 * 14 5.4 £ 0.1
Group XIV

No hexamethonium 112 + 3 395 + 11 5.4 £+ 0.1

Hexamethonium 98 + 32 386 + 14 4.7 + 0.1%
Group XV

No hexamethonium 111 £ 4 368 + 14 5.7 £ 0.2

Hexamethonium 100 + 62 365 + 16 5.0 + 0.12
Group XVI : :

No noradrenaline 112 + 5 386 + 11 5.2 = 0.

Noradrenaline 156 + 22 369 + 14 7.9 + 0.2%
Group XVII

No noradrenaline 108 + 4 375 + 13 5.4 + 0.2

Noradrenaline 143 + 72 352 + 12 7.1 + 0.32

3Significant1y-different from values before the
administration of a drug (p < 0.05).



Fig. 8. Dose-response curves for the effects (represented
as change from control values) of isoprenaline (group
XII) or saline (group XIII) on mean arterial pressure
(MAP), heart rate (HR) and mean circulatory filling
pressure (MCFP) in conscious, intact rats, Each point
represents the mean * S.E. (n = 6 each). Significantly
different from the normal saline group (p <.0.05).
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control value priof to the infusion of isoprenaline, reached
statistical significance at the fourth infused dose and
when, compared with the correspoﬁding MCFP value in the
time~control group (XIII), reached statistical significance
at all doses (Fig. 8), In both groups XIV and XV, hexa-
methonium caused éimilar decreases in MAP and MCFP but it
had no significant effect on HR (Table 2). Saline infusion
in group XV affected neither MAP nor HR but caused a small
and gradual but insignificant decline in MCFP .(Fig. 9).
Isoprehaline in group XIV increased HR and decreaséd MAP but
it had no significant effect' on MCFP when compared. with
either the predrug control value within the same group or

the corresponding readings in the saline group (XV)
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(Fig. 9). In groups XVI and XVII, noradrenaline caused 2

similar increases in MAP and .MCFP and small but
insignificant reductions in HR (Table 2). The infusion of

saline in group XVII did not significantly affect MAP.

There was a tendency for HR to gradually increase and MCFP

to decrease'with the passage of time but these changes are

not statistically significant (Fig. 10). Isoprenaline
decreased MAP and MCFP and increased HR when compared with
the corresponding predrug control values within the same
"group or with the corresponding MAP, MCFP and HR readings in
the timefcontrol Qroup.. .Isoprenaline, however, did not
decrease MCFP back to the control 1level prior to the

infusion of noradrenaline (Fig. 10).

3.4. Pressor response to fB-adrenoceptor antagonists



Fig. 9. Dose-response curves for the effects (represented

as change from control values) of isoprenaline (group

XIV) or saline (group XV) on mean arterial pressure
(MAP), heart rate (HR) and mean circulatory filling

pressure (MCFP) in conscious, hexamethonium-treated rats.
ach point represents the mean * S.E. (n = 6 each).
Significantly different from the normal saline group

(p < 0.05)
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Fig. 10. Dose-response curves for the effects
(represented as change from control values) of
isoprenaline (group XVI) or saline (group XVII) on mean
arterial pressure (MAP), heart rate (HR) and mean
circulatory £filling pressure (MCFP) in conscious,
noradrenaline-treated rats. Each point represents the
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mean + S.E. (n = 6 each). Significantly different from

the normal saline group (p < 0.05).
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3.4.1. Haemodynamic changes in urethane-anaesthetized rats

3.4.1.1. Effects on MAP, TPR, CO and HR

The effects of saline (group XVIII), phentolamine (XIX),
propranolol in phentolamine-treated rats (group XX) and
saline (group XXI) in phentolamine-treated rats on cardio-
‘vascular functions are shown in figures 11 (MAP and TPR) and
12 (CO and HR); Groups XVIII and XXI are time controls for

- groups XIX and XX, respectively. MAP and HR readings were
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faken at the time of injection of the microspheres. The in--

fusion of normal saline in group XVIII did not produce any

significant effects on MAP and HR. There was a tendency for

CO to increase and TPR to decrease in the 10 min period be-
tween the injectiqns of the two sets of microspheres, but
these changes were not statistically significant. The in-
fusion -of phentolamine in group XIX significantly decreased
MAP by reducing TPR but did not alter HR. CO was slightly
but rot significantly decreased by phentolaﬁine. The in-
;fﬁsion of phentolamine in groups XX and XXI caused similar
M"deéreases in MAP as in group XIX; from 84 * 2 to 50 * 2 and
from 94 + 4 to 57 + 2 mmHg, respectively. The injection of
propranolol in rats given phentolamine in group XX signifi-
,cantly‘increased MAP to é level (90 mmHg) which is slightly,
but not significantly, higher than control MAP (84 mmHg)
prior to the infusion of phentolamine, and it raised TPR but
altered neither HR nor CO. The pressor response to propra-
nolol reached a peak within 1 min of injection of the drug

and was sustained at approximately 90% of the peak response



87

~ 1507
-J
£ *
-
£ 100" :
)
I
:
S 050;
i
g
0.00
XVIL - XIX XX XX
150 1
2 .
L 100 ,
£
- | N
Q 5
o 50
p
0
XVIE XIX XX XX

Fig. 11. Effects of normal saline (XVIII), phentolamine
(300 ug/kg/min, XIX), propranolol (100 pg/kg) in the
presence of phentolamine (XX), and saline in the presence
of phentolamine (XXI), ‘on total peripheral resistance
(TPR) and mean arterial pressure (MAP) in four groups (n
= 8 each) of urethane-anaesthetized rats. Open bars
denote pretreatment and - hatched bars  _denote post-
treatment values. Values are mean * S.E. Significantly
different from pretreatment (p < 0.05). :
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Fig. 12. Effects of normal saline (XVIII), phentolamine
(300 ug/kg/min, XIX), propranolol (100 ug/kg ) in the
. presence of phentolamine (XX), and saline in the presence
of phentolamine (XXI), on heart rate (HR) and cardiac
output (CO) in four groups (n = 8 each) of urethane-
anaesthetized rats. Open bars denote pretreatment and

. hatched bars anote post-treatment values. Values are

mean * S.E. Significantly different from pretreatment
(p < 0.05).
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10 min later, at the time of termination of the experiments.
The injection of saline in rats given phentolamine in
group XXI altered neither MAP nor HR. There was again a
tendenéy for TPR to decrease and CO to increase with the
passage of time but these changes were not statistically

significant.

3.4.1.2. Effects on blood flows and vascular conductances:
The infusion of saline in group XVIII neither affected
blood flow nof vascular conductance in any organs or tissues
(Fig. 13). The infusion of phentolamine in group XIX
significantly deéreased flows in "the liver, stomach, colon
and caecum, and kidneys but did not affect flows in any
other organs of tissues (Fig. 14a); Phentoiamine
significantly increased vascular conductances in the muscle
and skin beds but did not affect conductance in 6ther beds
(Fig. 14b). In group XX rats previously treated with
phentolamine, pfopranolol reduced muscle flow but increased
flows to the iungs, heart, 1liver, intestine, colon and
caecum, kidneys and spleen. Flows in_the other organs or

tissues were not affected (Fig. 15a). When flow was norma-
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lized for MAP (conductance), propranolol caused significant

decreases in arterial conductances in the muscle, skin and
kidneys but did not affect conductances in othef beds
(Fiq. 15b). The injection of saline in group XXI did not
produce any significant <change in flow or arterial

conductance in any tissue or organ (Fig. 16).
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Fig. 13. Effects of normal saline infusion on the
distribution of blood flow (a) and vascular conductance
(b) in urethane-anaesthetized rats (group XVIII, n = 8).
Values are mean * S.E. Organs or tissue samples are:
lungs  (Lg), heart (Ht), 1liver (Li), stomach (St),
intestine (In), colon and caecum (Co), Kkidneys (Ki),
‘spleen (Sp), 40 g of skeletal muscle (Mu), 40 g of skin
(Sk) and brain (Br). Control (open bars); normal saline
(hatched bars). '
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Fig. 14. Effects of phentolamine infusion (300
pg/kg/min) on the distribution of blood flow (a) and
vascular conductance (b) in urethane-anaesthetized rats
(group XIX, n = 8). Values are mean * S.E. Organs or
tissue samples are: lungs (Lg), heart (Ht), liver (Li),
stomach (St), intestine (In), colon and caecum (Co),
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kidneys (Ki), spleen (Sp), 40 g of skeletal muscle (Mu),:

'40 g of skin (Sk) and brain (Br). Control (open bars);
phentolamine (hatched bars). Significantly different
from control (p < 0.05). .
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Fig. 15. Effects of propranolol (100 pg/kg) on the dis-
tribution of blood flow (a) and vascular conductance. (b)
in phentolamine-treated (300 ug/kg/min), urethane-anaes-
thetized rats (group XX, n = 8). Values are mean * S.E.
Organs or tissue samples are: Lungs (Lg), heart (Ht),
liver (Li), stomach (St), intestine (In), colon and
. caecum (Co), kidneys (Ki), spleen (Sp), 40 g of skeletal
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muscle (Mu), 40 g of skin (Sk) and brain (Br). Phento-.
. lamine treatment (open bars); propranolol in the presence

of phentolamine treatment (hatched bars). Significantly
different from phentolamine treatment (p < 0.05).
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Fig. 16. Effets of normal saline on the distribution of
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blood flow (a) and vascular conductance (b) in phento-

lamine-treated (300 ug/kg/min), urethane-anaesthetized
rats (group XXI, n = 8). Values are mean * S.E. Organs
or tissue samples are: 1lungs (Lg), heart (Ht), 1liver
(Li), stomach (St), intestine (In), colon and caecum
(Co), kidneys (Ki), spleen (Sp), 40 g of skeletal muscle
. (Mu), 40 g of skin (Sk) and brain (Br). Phentolamine
treatment (open bars); saline in the presence of
phentolamine (hatched bars).
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3.4.2. Haemodynamic changes in conscious rats

3.4.2.1. Effects on MAP, TPR, CO and HR

Figure 17 shows the changes of MAP and TPR, while figure
18 showé the effects on CO and HR after the administrations
of normal saline, phentolamine, propranolol in phentolamine-
treated rats and atenolol in phentolamine-treated rats in
| groups XXII, XXIII, XXIV- and XXV, respectively; The in-
fusion of normal saline in group XXII did not significantly
affect MAP, TPR, CO or HR. The infusion of phentolamine in
group XXIIi significantly increased HR and decreaséd ﬁAP by
reducing TPR since CO was not altered. Phentolamine 1in
groups XXIV.and XXV caused similar decreases in MAP as that
in group XXIII, from 110 * 4 to 73 * 3 mmHg and from 111 % 2
to 71 * 3 mmHg, respectively. ﬁR was also increased froh
365 * 16 to 450 £ 15 and froh 368 * 12 to 471 * 8 beats/min
in group XXIV and XXV, respectively. The subseduent injec-
~ tion of propranolol (group XXIV) and atenolol (group XXV) in
‘rats given phentolamine significantly increased MAP back to
control 1levels (114 *+ 3 and 112 * 5 mmHg, respectively).
The pressor effects of propranolol and atenolol were accom-
panied by an increase in TPR, no change in CO and reduced

HR‘

3.4.2.2. Effects on blood flows and vascular conductances:
The infusion of normal saline in group XXII affected
neither blood flow nor vascular conductance in any organ or

tissue (Fig. 19). The infusion of phentolamine in
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Fig. 17. Effects of normal saline (XXII), phentolamine

(300 pg/kg/min,

XXIII), propranolol (100 ug/kg) in the

presence of phentolamine (XXIV) and, atenolol (100
ug/kg) in the presence of phentolamine (XXV), on total
peripheral resistance (TPR) and mean arterial pressure
(MAP) in four groups (n = 6 each) of conscious rats.
Pretreatment (open Dbars); post-treatment (hatched
bars). Values are mean * S.E. Significantly differ-
ent from pretreatment (P < 0.05).
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Fig. 19. Effects of normal saline infusion on the
distribution of blood flow (a) and vascular conductance
(b) in conscious rats (group XXII, n = 6). Values are

mean * S.E. Organs or tissue samples are: lungs (Lg),
heart (Ht), liver (Li), stomach (St), intestine (In),
colon and caecum (Co), kidneys (Ki), spleen (Sp), 30 g
of skeletal muscle (Mu), 30 g of skin (Sk), testis (Te)
and brain (Br). Control (open bars); normal saline
(hatched bars). )
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group XXIII significantly increased flows in the lungs,
heart and skeletal muscle, but decreased flows in the

stomach, kidneys and spleen (Fig. 20a). Phentolamine
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significantly increased vascular conductances in the lungs,.

heart and skeletal muscle but it did not affect conductances
in other vascular beds (Fig. 20b). In group XXIV rats
previously treated with phentolamine, éropranoiol reduced
muscle flow, increased flow to the lungs but did not affect
flows in other organs or tissues (Fig. 21a)Q Propranolol
caused significant decreases in vascular conductances in the
heart, intestine, kidneys, skeletal muscle and skin
(Fig. 21b). The injection of atenolol in group XXV
decreased bldod flow to the skeletal muscle and increased
blood flows to ﬁﬁe lﬁngs,' intestine, caecum and colon,
spleen, testis and brain (Fig. 22a). Atenolol reduced
vascular conductanées in the intestine, kidneys, skeletal

muscle and skin (Fig. 22b).

3.4.3. Effects of anaesthetic agents
3.4.3.1. Effects of urethane, pentobarbital and halothane

on dose-response curves to B-blockers

Baseline MAP (pooled values) in rats anaesthetized with
pentobarbital is significantly higher than MAP in rats
anaesthetized with ﬁrethane or halothane (Table 3).
Phentolamine reduced MAP in all nine groups (XXVI - XXXIV)
of rats (Table 3). An i. v. bolus of propranolol, ICI 118

,551 or atenolol dose-dependently increased MAP in rats
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Fig. 20. . Effects of phentolamine infusion (300
pg/kg/min) on the distribution of blood flow (a) and
vascular conductance (b) in conscious rats (group

XXIII, n = 6). Values are mean * S.E. - Organs or
tissue samples are: lungs (Lg), heart (Ht), liver (Li),
stomach (St), intestine (In), colon and caecum (Co),

kidneys (Ki), spleen (Sp), 30 g of skeletal muscle
(Mu), 30 g of skin (Sk), testis (Te) and brain (Br).
ontrol (open bars); phentolamine (hatched bars).
Significantly different from control (p < 0.05).
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Fig. 21. Effects of propranolol (100 ug/kg) on the -

distribution of blood flow (a) and vascular conductance
(b) in phentolamine-treated (300 ug/kg/min) conscious
. rats (group XXIV, n = 6). Values are mean + S.E.
Organs or tissue samples are: lungs (Lg), heart (Ht),
liver (Li), stomach (St), intestine (In), colon and
caecum (Co), kidneys (Ki), spleen (Sp), 30 g of
skeletal muscle (Mu), 30 g of skin (Sk), testis (Te)
and brain (Br). Phentolamine-treated (open bars); pro-
ranolol after phentolamine treatment (hatched bars).
Significantly different from phentolamine treatment
(p < 0.05).
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Fig. 22.  Effects of atenolol (100 ug/kg) on the
distribution of blood flow (a) and vascular conductance
" (b) in phentolamine-treated (300 ug/kg/min), conscious
rats (group XXV, n = 6). Values are mean * S.E.
Organs or tissue samples are: lungs (Lg), heart (Ht),
liver (Li), stomach (St), intestine (In), colon and
caecum (Co),. kidneys (Ki), spleen (Sp), 30 g of"
skeletal muscle (Mu), 30 g of skin (Sk), testis (Te)
and brain (Br). Phentolamine-treated (open bars);
tenolol after phentolamine treatment (hatched bars).
Signifcantly different from phentolamine treatment

(p < 0.05).
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Table 3. Mean arterial pressure (means * S.E.) prior to and
10 min after the infusion of phentolamine (300 pg/kg/min) in
rats anaesthetized with urethane (Groups XXVI - XXVIII),
pentobarbital (Groups XXIX - XXXI) or halothane (Groups
XXXII - XXXIV). S

n Control Phentolamine

Urethane:

Group XXVI 6 92 + 7 56 + 62

Group XXVII 6 84 * 2 48 * 62

Group XXVIII 6 92 + 7 47 + 28

Pocled 18 89 + 3 51 + 32
Pentobarbital:

Group XXIX 5 105 * 3 66 + 62

Group XXX 6 103 * 7 77 + 428

Group XXXI 6 100 * 3 80 + 228

Pooled. 17 102 + 2 75 + 32
Halothane:

Group XXXII 8 98 + 1 69 + 32

Group XXXIII 6 84 + 1 47 + 298

Group XXXIV 6 83 + 3 61 + 2@

Pooled 20 89 * 2 63 + 22
gsignificantly different from control values (p < 0.05).

Significantly different from pooled values in rats
anaesthetized with urethane or halothane (p <0.05).

A



anaesthetized with urethane but not pentobarbital (Fig. 23,
24 and 25). In rats anaesthetizéd with halothane,
ICI 118,551, but neither propranolol nor atenolol, caused a
small dose-dependent increase in MAP. The maximal increase
in MAP in response to the highést dose of ICI 118,551 under
the influence of halothane (group XXXIII) was approximétely
25% of the corresponding MAP value under the influence of
urethane (group XXVII) even when baseline MAPs prior to and
after the infusion of phentolamine were similar in‘the two

groups (Table 3).

3.4.3.2. Effects of pentobarbital, ambbarbital, ketamine

and chlofalose on i.v. bolus of propranolol
In groups rats anaesthetized with pentobarbital (XXXV),

amobarbital (XXXVI) and chloralose (XXXVIII), phentolamine
reduced MAP while propranoldl did not produce any
significant effect oh MAP (Fig. 26). In ketamine
anaesthetized rats (XXXVII), MAP was higher than in rats
anéesthetized with pentobarbital, amobarbital and chloralose
and phentolamine caused a greater reduction in MAP. The
injectién of propranolol partially restored MAP to a level

which is lower than baseline MAP (Fig. 26).

3.4.3.3. Effect of adrenaline infusion on .i.v. bolus

propranolol and étenolol in pentobarbital-anaesthetized rats
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Fig. 23. Dose-response curves for propranolcl on mean
arterial pressure (MAP) in groups of urethane (XXVI),
pentobarbital (XXIX) and halothane (XXXII) anaesthetized
rats pretreated with phentolamine (300 upg/kg/min). Each
point represents the mean * S.E. (n = 5-8 each).
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Fig. 24. Dose-response curves for ICI 118,551 on mean
arterial pressure (MAP) in groups of urethane (XXVII),
pentobarbital (XXX) and halothane (XXXIII) anaesthetized
rats pretreated with phentolamine (300 pg/kg/min). Each
point represents the mean * S.E. (n = 6 each).
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Fig. 25. Dose-response curves for atenolol on mean
arterial pressure (MAP) in groups of urethane (XXVIII),
pentobarbital (XXXI) and halothane (XXXIV) anaesthetized
rats pretreated with phentolamine (300 upg/kg/min). Each
point represents the mean * S.E. (n = 6 each).
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Fig. 27. Mean arterial pressure (MAP) in pentobarbital-
anaesthetized rats (n = 6 each) during control conditions
(open bars), 10 min after the start of a continuous
adrenaline (300 ng/kg/min) infusion (hatched bars), 10
min ‘after the start of phentolamine (300 pg/kg/min) infu-
sion in the presence of adrenaline (cross-hatched bars)
and 1 min after the injection of propranolol (100 ug/kg,
group XXXIX) or atenolol (100 pg/kg, group XL) during the
1nfu51ons of adrenaline and phentolamine (closed bgrs)
Slgnlflcantly different from control (p < 0.05); Slg—
nificantly different from adrenaline (p < 0.05); Slg—
nificantly different from phentolamine (p < 0.05).
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In groups XXXIX and XL, the infusion of adrenaline
caused a small increase in MAP which was significant in
group XL but not in XXXIX. The infusion of phentolamine
reduced MAP in both groups. An i.v. bolus of'propranolol
and atenolol partialiy restored MAP to levels lower than MAP

attained after the infusion of adrenaline (Fig. 27)..

3.4.3.4 Haemodynamic changes in pentobarbital-anaesthetized
rats | |

The infusion of saline (XLI) showed that time alone did
not cause any changes in MAP, TPR (Fig. 28), €O, HR
(Fig. 29) blood flow or vascular conductances (Fig. 30, 31).

In group XLII, the infusion of phentolamine reduced MAP and
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TPR - (Fig. 28), €O and HR (Fig. 29), however, only the

reduction in MAP reached statistical significance.
‘Propranolol injection in the presence of phentolamine did
not have any significant effects on MAP, TPR, CO or HR

(Fig. 28, 29). Phentolamine infusion increased blood flow

to the lungs and reduced flows to the skin and, caecum and

colon. When BF was normalized by MAP, vascular conductance
waé’increased only in the 1lungs. Subsequent prqpranolol
injection did not ha?é any significant effects on blood flow
of vascular conductances in any of the organs - or tissues

(Fig. 32, 33).

3.4.4. Effects of captopril

The control MAPs in the three groups, XLIII, XLIV and
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Fig. 28. Total peripheral resistance (TPR) and mean
arterial pressure (MAP) in two groups of rats. Group
(XLI, n = 6) during control conditions, 10 min after the
start of saline infusion and 1 min after saline injection
in the presence of saline infusion. Group (XLII, n = 8)
during control conditions, 10 min after phentolamine
infusion (300 A4g/kg/min) and 1 min after propranlol (100
M3/Kg) injection in the presence of phentolamine
infusion. . Control (open bars), after first treatment
(hatched bars) and after second treatment (cross-hatched
bars). @significantly different from control (p < 0.05).
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Fig. 29. CcCardiac output (CO) and heart rate (HR)'in two
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groups of rats. Group (XLI, n = 6) during control

conditions, 10 min after the start of saline infusion and
1 min after saline injection in the presence of saline
infusion. Group (XLII, n = 8) during control conditions,
10 min after phentolamine infusion (300 ug/kg/min) and 1
min after propranolol (100 ug/kg) injection in the
presence of phentolamine infusion. Control (open bars),
after first treatment (hatched bars) and after second
~ treatment (cross-hatched bars). '
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Fig. 30. Distribution of blood flow in pentobarbital-

anaesthetized rats (group XLI, n = 6), during control
conditions (closed bars), 10 min after the start of
normal saline infusion (hatched bars) and 1 min after
normal saline injection during the continuous infusion of
normal saline (cross-hatched bars). Values are mean £
S.E. Organs or tissue samples -are: lungs (Lg), heart
(Ht), liver (Li), stomach (St), intestine (In), colon and
caecum (Co), kidneys (Ki), spleen (Sp), 30 g of skeletal
muscle (Mu), 30 g of skin (Sk), testis (Te) and brain
(Br). :
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- Fig. 31. Vascular conductance in pentobarbital-
anaesthetized rats (group XLI, n = 6), during control
conditions (closed bars), 10 min after the start of
normal saline infusion (hatched bars) and 1 min after
normal saline injection during the continuous infusion of
normal saline (cross-hatched bars). Values are mean =
‘S.E. Organs or tissue samples are: lungs (Lg), heart
(Ht), liver (Li), stomach (St), intestine (In), colon and
caecum (Co), kidneys (Ki), spleen (Sp), 30 g of skeletal
muscle (Mu), 30 g of skin (Sk), testis (Te) and brain
(Br) . ' ' .
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Fig. 32. Distribution of blood flow in pentobarbital-
anaesthetized rats (group XLII, n = 8), during control
conditions (closed bars), 10 min after the start of
phentolamine (300 ug/kg/min) infusion (hatched bars) and
1 min after propranolol (100 ug/kg) injection during the
- .continuous infusion of phentolamine  (cross-hatched bars).
Values are mean * S.E. Organs or tissue samples are:
lungs (Lg), heart (Ht), 1liver (Li), stomach (St),
intestine (In), colon and caecum (Co), kidneys (Ki),
spleen (Sp), 30 g of skeletal muscle (Mu), 30 g of skin
(Sk), testis (Te) and brain (Br). 8significantly
different from control (p < 0.05).
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Fig. 33. Vascular conductance in pentobarbital-anaes-
thetized rats (group XLII, n = 8), during control condi-
tions (closed bars), 10 min after the start of phento-
lamine (300 pg/kg/min) infusion (hatched bars) and 1 min
after propranolol (100 ug/kg) injection during the con-
tinuous infusion of phentolamine (cross-hatched bars).
Values are mean * S.E. Organs or tissue samples are:
lungs (Lg), heart (Ht), liver (Li), stomach (St), intes-
tine (In), colon and caecum (Co), kidneys (Ki), spleen
(Sp), 30 g of skeletal muscle (Mu), 30 g of skin (Sk),
testis (Te) and brain (Br). d8significantly different
from control (p < 0.05).
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XLV were, 106 * 4, 105 i 1 and 107 * 2 mmHg, respectively.
Captopril reduced MAP in all three groups, however, only the
decrease in the second group reached statistical signifi-
cance. Phentolamine reduced MAP in the three groups while
subsequent injections of propranolol, atenolol and
ICI 118,551 increased MAP; however, MAP in the three groups
were not restored back to control levels prior to the infu-
sion of phentolamine (Fig. 34). The pressor response to
atenolol lasted for only 1 min after which MAP fell back to
the phentolamine baseline value while those to prqpranolol
and ICI 118,551 were sustained for the 20 min observation

time before the termination of the experiment.
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3.5. In vitro cumulative dose response curves of f-adreno-

ceptor antagonists ‘
In the three groups (XLVI, XLVII and XLVIII) of isolated

rat pulmonary arteries, noradrenaline (10'6M) caused an in-
crease in force which was subsequentlyAreduCed by phento-

lamine and maintained for 50 min. After a full recovery of

the response, noradrenaline again caused a similar increase -

- in force which was similarly reduced by phentolamine. The

subsequent addition of propranolol, ICI 118,551 and atenolol
dose-dependently increased force (Fig. 36) with ECgqg values
of 4.1 + 0.3 x 1078, 1.2 * 0.3 x 10~7 and 3.8 + 1 x 10~ M,
respectively. Maximum forces developed in response to the
B-adrenoceptor antagonists were not significanﬁly different

from force prodﬁced by noradrenaline (Fig. 35).
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Fig. 34. Mean arterial pressure (MAP) in groups of con-
scious rats (n = 6 each) during control conditions (open
bars), 10 min after the injection of captopril (5 mg/kg)
(closed bars), 10 min after the start of phentolamine in-
fusion (300 pg/kg/min) (hatched bars) and 1 min after the
injection of propranolol (100 ug/kg), atenolol (100

ug/kg) or ICI 118,551 (30 pug/kg) during the infusion of |

phentolamine (cross-hatched bars) in groups XLIII, XLIV
and XLV, respectiveiy. @gsignificantly different from
control (p < 0.05); *“Significantly different from capto-
pril (p < 0.05); Csignificantly different from phento-
lamine after captopril injection (p < 0.05).
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Fig. 36. Cumulative dose-response curves for propra-
nolol, ICI 118,551 and atenolol on the isolated rat gul-
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monary artery in the presence of noradrenaline (10~
and phentolamine (10""6 M).



4 DISCUSSION
4.1. Selectivity of atenolol and ICI 118,551

ICI 118,551 (30 ug/kg) shifted the dose-response curve
for the vasodepressor effect to salbutamol but had no effect
on the chronotropic response .to dobutamine. Atenolol
(100 ug/kg), on the other-hand, shifted the dose-response
curve for the chronotropic effect of dobutamine and had no
effect on the vasodepressor action of salbutamol.
Furthermore, ICI 118,551 completely abolished the
-vasodepressor and atenolol completely abolished the
chronotropic effect of isoprenaline, indicating the
effectiveness of blockade of B,;- and Bj-adrenoceptors by

ICI 118,551 and atenolol, respectively.

4.2. Role of Bj- and Bj-adrenoceptors in the vasculature

Infusion of the saline did not. affect haemodynamics,
indicating ‘the reproducibility - of the dual-isotope
miérosphere technique used in these experimental conditions.

Infusion of the low dose of isoprenaline significantly
increased HR and tended to decrease MAP and TPR and increase
CO; however the latter chanées were small and not
statistically significant. Although CO and TPR were not
significantly‘affected, distribution of regional blood flow
" was altered, with flow markedly increased in the muscle bed
and slightly but not significantly increased in the coronary
bed. Vascular conductances in both the muscle and coronary

beds were significantly elevated suggesting the relative
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iméortance of B-adrenoceptors in the skeletal muscle and
coronary Vvasculature. Vascular conductance was not
significantly changed in the lungs, liver, gastrointestinal
tract, testis and brain suggesting the relative lack of B-
adrenoceptors in the vascular beds in these sites. There
was a teﬁdency for conductance in the kidneys and skin to
decrease, perhaps as a result of a compensatory increase in
vasomotor influence to maintain MAP.

| When isoprenaline was infused into rats pretreated with
ICI 118,551 to obtund Bj;-adrenoceptor stimulation, HR was
increased to an extent similar to that in rats that received
isoprenaline only and MAP, CO and TPR alsé were not

affected. Blood flows and conductances 'in coronary and
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muscle beds were increased. The increase in muscle vascular

conductance was considerably 1less than that in rats that
received isoprenaline only,Asuggesting that B;-adrenoceptor
stimulation played a minor role in the vasodilator effect of
isoprenaline in the muscle bed. Since Bléadrenoceptor
stimulation caused both chronotropic .and corohary dilator
effects, it is not clear whether the increase in coronary
conductance was entirely secondary to increased metabolic
requirements or, in addition, there was a direct vasodilator
effect on Bjp-adrenoceptors in the coronary vasculaturé.
Flow and conductances in other vascular beds were not
affected by Bj-adrenoceptor stimulation.

The infusion of isoprenaline in in the presence of

ateolol to obtund Bj-adrenoceptor stimulation decreased MAP



and TPR but did not affect HR and CO. Since fhe previous
infusion of isoprenaline alone at the same rate did not
significantly reduce MAP and TPR, this suggests that
blockade of the cardiostimulatory effect of isoprenaline by
atenolol unmasked the depressor effect of isoprenaline. Ih
the atenolol-treated rats that received isoprenaline, £here
was increased blood flow and conductance in the muscle beds,
whereas only conductance was increased in the coronary bed;
.the magnitudes of these increases were similaf to those in
rats that received isoprenaline only. Flow and conductance

in other organs and tissues were not significantly affected.
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Therefore, our results suggest that only Bj-adrenoceptors

play a major role in the vasodilator effect of isoprenaline.

The infusion of isoprenaline in rats that received both .

ICI 118,551 and atenolol did not significantly affect MAP,
TPR, CO and HR. There was, however, a tendency for CO to
decréase and TPR to increase. The $light increase in
vasomotor tone after nonselective blockade of B-
adrenoceptors isl possibly due to the antagonism of the

effects of endogenously-released catecholamines on 8-

adrenoceptors. There were reductions in blood flows and

vascular conductances in the kidneys, colon and caecun.
Increase in . flow and conductances in the coronary or
skeletal muscle beds wére no longer evident. This confirms
that the slight increase in skeletal muscle blood flow after
the infusion of isoprenaline in the presence of ICI 118,551

described previously was most probably due to the activation



of Bj-adrenoceptors and not due to an unblocked residual B;-
adrenoceptor stimulation.

To summarize, the vascular beds most sensitive to the
actions of isoprenaline are those of the coronary and
skeletal muscle. The vasodilator effects of isOprenaline in
these two beds are mediated via the activation of both 8;-

and Bj-adrenoceptors.

Other studies have shown the presence of B;-
adrenoceptors in the vasculaf smooth muscles of différent

beds such as the canine renal vasculature (Taira et al.,
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1977), rat pulmonary artery (O'Donnell and Wanstall, 1981la),-

cat cerebral vessels (Edvinsson and Owman, 1974), rat
jugular vein (Cohen and Wiley, 1978), rat aorta (O'Donnell
and Wanstall, 1984a), ratlfemoral and mesentéric arteries
(Fujimoto et al., 1988) and the vasculature supplying the
adipose tissue (Belfrage, 1978).

In anaesthetized cats treated with phentolamihe, vasodi-
latatory responses-to_noradrénaline as well as to the selec-
tive Bj-adrenoceptor agonists oxymethyleneisoprenaline and
RO 363 were blockgd by atenolol while vasodilator responses
to adrenaline. were blocked by butoxaﬁine. This shows that
in the cat, activation of either B1- or Bjy-adrenoceptors
mediates vasodilatationb (McPherson et al., 1981). In
phentolamine-treated conscious dogs, the administration of
noradrenaline or | endogenously-released noradrenaline

elicited peripheral vasodilatation which was blocked by



atenolol suggesting that B1-adrenoceptors mediate
vasodilatation under.these conditions (Vatner et al., 1985).

In the coronary vasculature, most in ;itro experiments
show the presence of B;- but not Bj-adrenoceptors (O'Donnell
and Wanstall, 1984b; Toda and Okamura, 1990; Baron et al.,

1972; Drew and Levy, 1972; Nakane et al., 1988;
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Johansson, 1973; Delande et al., 1974; Purdy et al.,

1988)-.. Since large coronary arteries were used in all these

studies, the results may not be indicative of responses in

resistance blood _vessels.‘ Nyborg and Mickkelson (1985)
studied = B-adrenoceptor subtypes in isolated rat
intramyocardial resistance arteries (i.d. = 200 um) and they

concluded that ﬁl—adrenoceptors were present. in these
vessélé,_ Binding studies (Schwafté and,Vélly, 1983; Vather
et al., 1986; Nakane et al., 1988) suggested the presence
of both subtypes of B-adrenoceptive'sites in the coronary
vasculatﬁre..

Most in vivo. studies suggested the presence of B83-

vadrenoceptors in the éoronary vasculature (Feigl, 1983).

However, there is a technical problem with the use of

beating hearts for these studies since they were incapable'

of demonstrating the presence of coronary Bl—adrenoceptors,'

because Bl-adrenoceptor ‘stimulation increases myocardial
work thereby causing metabolic coronary ‘vasodilatation;
Lucchesi and Hodgeman (1971) .used‘ both isoprenaline and
calcium chloride to increase coronary blood flow and they

attributed the difference between the increases in coronary



blood flow induced by the two agents to be the result of
direct stimulation of coronary B-adrenoceptors by
isoprenaline. Since the selective B1-adrenoceptor blocker
practolol abolished the isoprenaline effect, the authors
concluded that B8j;-adrenoceptors were present only in the

coronary vasculature. However, Jackson et al. (1987), using
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the same method in which calcium chloride is compared to a

B-adrenoceptor agonist (but with a more selective Bj;-blocker
celiprolol) showed that the isoprenaline-mediated increase
in coronary blood flow‘was attenuated but not completely
blocked by celiprolol while that of nofadrenaline was
complete1y4blocked by celiprolol. Although, celiprorol is
known to have Bzfagonistic effect .(Taylor, 1988), the

authors used a dose (0.3 mg/kg) which was shown to have no

effect on zinoterol (selective Bj-agonist)-induced increase

in hindlimb blood flow indicating that this dose - of

celiprolol has no effect on Bj-adrenoceptors. The authors

proposed the presence of both $5- and Bz-adrenoceptofs in

the coronary vasculature. The use of calcium chloride as an
inotropic agent was criticized as it has direct

vasoconstrictor in addition to inotropic effects (Mark et

al., 1972). Arrested heart preparations were used to-

separate the increase in coronary blood flow due to
metabolic effects from that due to direct stimulation of
coronary BR-adrenoceptors. Howéver, there is a drawback of
this preparation due to its unphysiological condition. It

was concluded from the result of one study using potassium



chloride arrested hearts that Bj;-adrenoceptors predominate
in the coronary vasculature (Gross and Feigl, 1975).
Trivella et al. (1990), using a canine nonbeating

atrioventricular-blocked cardiac preparation to - determine
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coronary blood flow during prolonged asystoles after:

stopping cardiac pacing, concluded that both B3;- and B8;-
adrenoceptors are present in the coronéry vasculature.
Discrepancies in experimental findings between different

‘laboratories may have resulted from the use of different

species of animals and different methodologies, with

in vitro and in vivo resuits indicative of responses in
large arteries and émall resistance vessels, respectively.
Because small vessels are important determinants in blood
flow distribution it may not be Valid to use results;from
in vitro studies which wuse large arteries to indicate
responses 1in resistance blood vessels. In addition,
in vitfo results may depend on whether or not care was taken
to preserve the intimal surface of the vasculature during
preparation, as evidence shows that the arterial endothelium
may contribute to B-adrenoceptor-mediated relaxation

response (Rubanyi and Vanhoutte, 1985).

4.3. Role of B-adrenoceptors in the venous gystem

We examined the effect of isoprenaline under different
experimental conditions, namely, basal conditions, after
ganglionic blockade with hexamethonium, and after the

elevation of vascular tone with the infusion of



noradrenaline. In the three contrel groups, there was a
consistent Sutvsmall gradual decline of MCFP. This has been
observed previously (Waite et al., 1988; D'Oyley et al.,
1989). In the intact rat, isoprenaline decreased MAP, and
inc?eased both HR and MCFP. The increase in MCFP was more
prominent when the readings'were compared with those of the
time control group. To determine if the venoconstrictor
effect was mediated by a direct effect, or via reflex
sympathetic activation, isoprenaline was also given to rats
previously treated withl hexamethonium so as to attenuate
autonomic nerve activity. We selected to use. a dose of
hexamethonium which inhibited the tachycardic response to
acetylcholine by >50%. This regimen was chosen to allow for
a degree of venous tone in order thaﬁ further venodilatation
could be seen. ~ In accordance with published 'results
(D'OYley and Pang, 1990), hexamethonium reduced both MAP and
MCFP but had no significant effect on HR. Under these
X . _ )

conditions, isoprenaline again dose-dependently increased HR
and reduced MAP but failed to have any significant effect on
MCFP. This indicated that the constrictor effect of
isoprenaline on venous tone in the intact rat was indeed a
consequence of reflex activation of the sympathetic nervous
' system. There was, however, a small but insignificant
increase in MCFP at the highest ieoprenalihe dose level
possibly as a result of incomplete ganglionie blockade.
The infusion of noradrenaline significantly increased MAP

and MCFP while slightly but insignificantly reduced HR. It
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has been shown that the infusion of noradrenaline into rats
pretreated with propranoclol caused dose-dependent increéses
in MAP as well as MCFP and reduced HR (Pang and Tabrizchi,
1986). This suggests that the lack of a significant
bradycardic response in the present study was.due to the
opposing influence of direct Bj-adrenoceptor stimulation.
Under the condition of elevated vascular tone, the infusion
of iSoprenaline increased Hﬁ but reduced both MAP and MCFP.

In summary, in intact rats isoprgnaline increases MCFP
by an indirect effect, i.e;, hypotension-induced
venoconstrictibn. The direct effect of isoprenaline is
dependent on the initial venous tone so that after
ganglionic:biockade, isoprenaline had no venodilator effect
thle in conditions of high venous tone isoprenaline
produced venodilatation.

In in vitro venous preparations such as the rabbit
portal vein (Sutter, 1965; Hughes and Vane, 1967), rat
jugular vein (Duckles and Hurlbert, 1956) and canine
saphenous vein (Guihafaes and Osswald, 1969), isoprenaline,
at low doses, caused relaxation. Therefore, our in vivo
results showing direct vénodilatof respénses to isoprenaline
are 1in accordance with the results of 1low doses of
isoprenaline in in vitro studies.

Our results are also in accordance with studies on
perfused vascular beds where the intraarterial injection of

isoprenaline caused small dilator responses in the veins of

140

the paw and muscle of the foreleg of dog (Abboud et al.,v



1965) . The venodilator effects were enhanced when
isoprenaline was injected in the presence of venous
constriction induced by the intraarterial infusion of
noradrenaline. Webb-Peploe and Shepherd (1969), using dog
perfused lateral saphenous veins, showed that the effect of
isoprenaline is proportional to the initial degree of vein
wall tension. This conclusion was based.on the findings
that after sympathectomy, isoprenaline had no dilator
effect, while during venoconstriction produced by either
electrical stimulation of the 1umbar'stpath¢tic chain or
infusion of venoconstrictor drugs as serotonin, potassium
chloride, noradrenaline and adrenaline, isoprenaline
produced venodilatation.

Ouf results arebhot in accordance with the experiments
in dogs which showed that isoprenaline increases venous
return by stimulating B-adrenocéptors. Kaiser et al.
(1964), using an in vivo preparation consigting of complete
cardiopulmonary bypass 'surgery and a bubble oxygenator,
showed that isoprenaline caused a displacement of blood from
the vasculature of a dog to the oxygenator which denotes
venoconstriction. Since the venoconstriction was blocked by
the nonselective R-adrenoceptor antagonist nethalide, but
not by hexamethonium, the authors concluded that B8-
adrenoceptors mediéted venoconstriction. An alternative
explanation for tbe B-adrenoceptor. increase in venous return
was proposed by Green (1977), who suggested that

isoprenaline dilated the hepatic: outflow vessels thereby
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. reducing the splanchnic venous time constant and the
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effective splanchnic back pressure resulting in the release-

of spianchnic blood volume for redistribution to other areas

of the systemic circulation. Our results are also not in
agreement with those of Imai et al. (1978) who used an open-
loop method in dogs with cardiac output held constant. 1In
these experiments, isoprenaline increased the venous return;
the increase was not blocked by the interference of
sinoaortic baroreceptor reflex but was completely abolished
by propranolol. They concluded that B-adrenoceptors
mediated the increase in venous return by decreasing venous
resistance.

" The drawback of experiments wusing the open 1loop
reservoir system was reviewed by Greenway (1982) who
suggested that drug induced-changes in the reservoir volume
(unstressed volume)-could be due to changes in arterial or
venous resistances, heart rate and contractility in addition
to changes in venous compiiance; Therefore, although it is
possible to determine that there is a change in reservoir
‘volume, it is not possible to determine which factor caused
the éffecﬁ. He also warned that extracorpreal circuits may
modify drugs effects.

Our results are also not in accordance with the results
of another study in conséious' dogs with cardiac output
maintained constant via the production of atrioventicular
block and alteration of ventricuiar rate to compensate for

changes in stroke volume and in which isoprenaline was found
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to reduce MAP and increase central venous pressure (Bennett

et al., 1984). However, since autonomic function was not
interfered with, changes in central venous pressuré‘could be
a ‘result of reflex mechanisms. In ganglionic blocked
sedated dogs, terbutaline, a selective Bj-agonist, did not
affect MCFP but it reduced venous compliance (Lee et al.,
1984). The authors concluded that Bj-adrenoceptors mediate
venoconstriction.

Hirakawa et al. (1984) showed that in anaesthetized and
open-chest dogs, a single dose of isoprenaline did not
produce any changes in MCFP under normal conditions but
caused venodilatation after venous tone was increased with
infusion of angiotensin II. Our observations also
jillustrate the ability of isoprenaline to dilate veins in
conditions of elevated vascular tone. Rothe et al. (1990)
also showed that in anaesthetized dogs, isoprenaline had
little effect on ﬁCFP. The lack of reflex venoconstrictor
effect of isoprenaline at normal tone may be a consequence
ofv modulat}on by pentobarbital of autonomic reflex

mechanisms. Pentobarbital has been shown to decrease plasma

catecholamine levels, rectal temperature, MAP and HR in dogs

suggesting that the drug suppresses activities of the
sympathetic nervous system (Baum et al., 1985). When given

i.p. into conscious rats, pentobarbital lowered MCFP (Samar

and Coleman, 1978), suggesting that it reduced sympathetic

tone to the venous system. In whole animal experiments,

isoprenaline may cause variable venous effects, depending on



the methodologies used for the estimation of venous
‘requnsés, experimehtal conditions, presence or absence of
'anaesthetic agents and species of animals. Therefore,
ﬂinterpretations of results are difficult due to the
cohplexity of cardiovascular control mechanisms in the
intact animals.

In humans, when isoprenaline was injected locally in the
forearm vein at 'a dose which did not produce systemic
.effécts, there wés"venodilatation (Beck et al., 1970). When
infused i.v. at doses. which produce systemic effects,

isoprenaline constricted the human forearm vein (Eckstein
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"and Hamilton, '1959) suggesting that the  venoconstrictor -

response of isoprenaline was 1likely mediated by reflex
mechanisms rather than direct stimulation of B-adrenoceptors

on venous smooth muscle. Venous return changes have been

inferred from changes in left-ventricular end-diastolic

dimension (LVED) deterﬁined by echocardiography. By this
method, it was Shéwn that isoprenaline, adrenaline and
'terbﬁtaline diféctiy while hydralazine indirectly (by
inc:gasing endogenous sympéthetic nerve activity) increased
| vénbus return by stimulation of B-adrenoceptors in the
véiﬁs. Thié~‘studyf concluded that adrenaline mediates
;hcféases in wvenous return mainly by stimulating B8;3-
adrenoceptors and to a lesser extent by stimulating B;-
adrenoéeptors. In contrast, endogenous sympathetic activity
appears to increase venous return primarily via activation

of Bj-adrenoceptors (Leenen and Reeves, 1987). However, two



other possible mechaniémsvwere given to account for this
increase. First, B-adrenoceptor stimulation may incfease Lv
compliance and this may increase LVED. | Secondly, B8-
adrenoceptor stimulation may change respiration and
intrathoracic pressures thereby increasing  vehous return.
As reviewed by Greenway .(1982), venous return,ki.e, cardiac
output) is affected by venous cdmpliance as- well as other

factors which include cardiac contractility, HR, arterial
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and venous resistances. Therefore, it is not valid to use

changes in venous return to reflect changes 1in venous

compliance.

4.4. Pressor response to B-adrenoceptor antagonists in
ghentolamineétreated rats

4.4.1. Haemodynamic changes

In urethane-anaesthetized rats, baseline blood flow to

the skeletal muscle was markedly greater than the

corresponding readings in conscious rats, - halothane-

anaesthetized (Tabrizchi and Pang, 1987) and pentobarbital-
anaesthetized rats. This suggests that urethane anaesthesia

enhances blood flow to the skeletal muscle bed. Urethane

anaesthesia has been shown to block az;adrenoceptorS'

(Armstrongv et al., 1982). Since. it has béeh::shown that
either aj3- or aj-adrenoceptor blockade in the halothane-
anaesthetized rats increased the percent distribution of CO
to the skeletal muscle bed (Tabrizchi and Pang, 1987), it

might be reasoned that wurethane increased flow in the



skeletal muscle bed via the blockade of postjunctional aj-
adrenoceptors.

The infusion of phentolamine in urethane-anaesthetized
rats decreased MAP primarily by reducing TPR. CO was
slightly but not significantly decreased while HR was not
altered by phentolamine. Blood flow was decreased in the
liver, stomach, colon and caecum, and kidney. This
réduction of blood flow was probably a consequence of
decreased perfusion pressure caused by phentolamine since

conductance was not decreased in any of the named organs.
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Conductance was significantly increased by phentolamine in

skeletdl muscle and. skin Dbeds suggesting that a-
adrenoceptors afe important in mediaﬁing a resting
vasoconstriction in thése beds.

In phentolamine—treated rats, propranolol increased MAP
by increasing TPR. Blood flow to the lungs, heart, liver,
~intestine, colon and caecum, Kkidneys and spleen ' was
increased while flow to the §ke1etal muscle was decreased.
Since MAP was also increased, the increase of flow.in some
beds may reflect passive changes secondary to the increase
in perfusion preséure. Normalizatioh of flows to
_conductances shows decreases in skeletal ﬁuscle,'skin and
kidneys and no changes 1in other vascular beds. ' The
decreases 1in muscle andv skin conductances produced by
propranolol are -‘in accordance with the reversal of the
vasodilator effect of phentolamine in these beds. - The

decrease in conductance in the kidney bed suggests that



changes in addition to the reversal of a-adrenoceptor
blockade also may have taken place.

In conscious rats, phentolamine decreased MAP by
reducing TPR. HR was increased probably via hypotension-
induced reflex changes in autonomic nerve activities. Blood
flows were decreased in the stomach, kidneys and spleeﬁ.
The reduction of blood flow in these vascular beds was
probably a consequence of decreased perfusion pressure since
vascular conductance was not decreased in any organ or
tissue. Blood flows and vaseular conductances were in-
creased in the lungs, heart and skeletal muscle. This indi-
cates that a-adrenoceptors are mosf important in these ves—
cular beds although the increase in the coronary blood flow

-was- also due to the increase in metabolic demands as a
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result of the reflex increase 1in heart rate caused by

phentolamine.v

The increase in flows and conductances to the lungs and

skeletal muscle are in accofdaﬁce with the effects of .

phentolamine on the distribution of CO in halothane-anaes-
thetized rats (Tabrizchi and Pang, 1987). It is important
to note that the number of microspheres found in the lungs
is the sum of spheres trapped in the bronchial circulation
and those reaching the venous side of the circulation
through the arteriovenous anastomoses. Bronchial blood flow
is very small and large changes in the bronchial flow should
not affect greatly the number of microspheres in the lungs

(Hof and Hof, 1989). Therefore our results suggest that



phentolamine vasodilates the arteriovenous anastomoses
vessels which are in accordance with results in the dog leg
showing that phentolamine increased arterioyénous flow in
that bed (Spence et al., 1972).

In phentolamine-treated conscious rats, propranolol
increased MAP by increasing TPR since Cb was not altered.
HR was reduced as a result of the blockade of B8;-
adrenoceptors. Blood flow to the luﬁgs was increased while
flow to the skeletal muscle was decreased. The increase in
blood' flow to the 1lungs was related to passive changes
secondary to the iﬁcrease in MAP since vascular conductance
in the lungs was not altered. Conductances were decreaséd
in the heart, intestine, kidneys, skeletal muscle and skin
beds. _.In"phentolamine-treated rats, atenolol produced a
pressor response which was of similar magnitude to that
. produced by propranolblu MAP was also increased by the
elevation of TPR since Coiwas not aitered; HR was reduced

due to the blockade of Bj-adrenoceptors. Blood flow to the
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lungs, intestine, colon and caecum, spleen, testis and brain

was increased while skeletal muscle blood flow was reduced.
The increase in blood flow wés due to passive changes
secondary to ﬁhe increase in MAP since conductances in these
~beds were not altered. Vascular conductance was reduced by
atenolol in the intestine, kidneys, skeletal muscle and skin
beds. It is important to note that the dose of atenoibl
used in the present study is selective for the blockade of

B1-adrenoceptors since it has been shown that atenolol



(100 pg/kg) did not shift the EDgg value of salbutamol for
lowering MAP in conscious rats (Tabrizchi et al., 1988).
Therefore, selective blockade of Bj-adrenoceptors by
atenolol and nonselective blockade by propranolol prodﬁced
pressor responses of similar magnitudes and constrictions of
intestine, kidnejs, skeletal muscle and skin vascular beds.
The failure of both atenolol and propranolol to decrease
lunQ flow and conductance is most likely due to the lack of
control of the arteriovenous anastomoses by B-adrenoceptors
(Spehce et al., 1972). Coronary conductance was réduced by
propranolol but not by atenolol. Our results’suggést that
Bo-adrenoceptors are important in the mediation of
vasodilatation in the coronary vasculature and confirm our
previous'resﬁits on the effects 6f isoprenaline on céronary
conductance. They are in agreement with those of in vivo
studies as reviewed by Feigl (1983). In contrast to our
results on coronary flow, Vatner and Hintze (1983) reported
that propranolbl and atenolol produced similar degrees of
coronary vasoconstriction in ﬁhentolamine-treated dogs. The
use of different species of animals, doses of drugs and
experimental conditioné may account for the different
observations on coronary flow with selective 81—~ and
nonselectiVe B-blockade.

| It has been speculated that the pressor effect caused by
a B-adrenoceptor antagonist was due to the antagonism of B,-
adrenoceptor-mediated vvasodilatation (Kayaalp and Turker,

1979; Yamamoto and Sekiya, 1969; Himori et al., 1984;
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Himori and Ishimori, 1988). However, previous studies in
our laﬁoratory have shown that the injection of very small
doses of either atenolol or ECI 118,551 into the conscious
rat caused similar pressor response (Tabrizchi et al.,
1988). This suggests that the blockade of vasodilator B85~
adrenoceptors is not the mechanism of this pressor response.
Our haemodynamic studies in conspious rat confirm that the
pressor response to f-adrenoceptor antagonists is indeed not
due to the antagonism of By-adrenoceptor-mediated
vasodilatation sinée atenolol and propranolol produced
similar haemodynamic effects. |

In urethane-anaesthetized rats, propranolol reversed the
vasodilator effect of -phentolamine in the skin and skeletal
"muscle and in addifién, it vasoconstricted‘the kidneys. ih
conscious’rats,.either propranolol or atenolol reversed the
vasodilator effect of'phentolamine mainly in the skeletal
muscle but in addition, both drugs vasoconstricted the
kidneys, intestine and skin. This shows that the skeletal
muscle vasculature is the most-affected bed. This may also
explain the observation that in urethane-anaesthetized rats
where the skeletal mhscle blood flow is high, ﬁropfanblol
produced a pressor response with or without the infusion of
phehtolamine (Yamamoto and Sekiya, 1979; Regoli, 1970).
However, in conscious rats, pretreatment wiﬁh phentolamine
is needed to produce a pressor response (Tabrizchi ét al.,
1988) . Tabrizchi and Pang (1989) also showed that

propranolol did not produce a pressor response in conscious
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rats pretreated with either sodium nitroprusside or the
cholinergié agonist methacholine suggesting that ﬁrior a-
adrenoceptor blockade is needed for the pressor response to
a B-aﬁrenoceptor antagonist. However, it is not clear why
conductance was decreased in the kidneys, skin and intestine
with. the B-adrenoceptor antagonists although phentolamine
di@ not increase conductance in these beds. It is 1likely
that during the infusion of phentolamine, other endogenous
vasopressor agents are released to oppose the vasodilator
effect of phehtolamine. Phentolamine was shown to increase
the secretion of catecholamines (Tabrizchi and Pang, 1987)
and renin (Keeton and Campbell,.1981). Activation of the
reninfangiotensin systeﬁ may oppose the vaspdilatatory
effects of»phentolamine (Gardiner ahd_Behnett, 1988). It
has been shown that angiotensin II exerts the most prominent
vasoconstrictor effects in the kidneys and skin (Pang,
1983). . It is possible that phentolaminé did vasodilate the
kidnéys and skin bed, however, these effécts were concealed
by the vasoconstrictor effects of the'endogenously-reléased
angiotensin II. Therefore, it 1is possible ‘that the
vasoconsérictbr effect of the B-adrenoceptor antagonists in
the kidneys and skin beds also were due to antagonism of
vasodilator effects of phentolamine (presﬁmably due to
unopposed Vasoconstrictor action of angiotension II in these
beds) .

To explore the possible role of the renin-angiotensin

‘ system in the pressor response to B-adrenoceptor
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antagonists, captopril was injected in three‘groups of rats
before the start of phentolamine infusion and the subseduent
injection of B-adrenoceptor antagonists propranolol, Icr
118,551 and atenolol. Since MAP was reduced. more by
phentolamine in the presence of captopril than in its
absence in all the groups, it suggests that the renin-
angiotensin system was involved with opposing the direct
vasodilator effect of phentolamine. In the absence of the
renin-angiotensin system all threé B-adrenoceptor
antagonists produced pressor responses buﬁ MAPs were not
restored to the ipitial prephentolamine control value. This
confirms the importance of the renin-angiotensin system in

the production of the pressor response.

4.4.2. Effects of ahaesthetic agents

In urethane-anaesthetized rats pretreated - with
phentolamine, i.v. bolus doses of propranoiol, atenolol or
ICI 118,551 each produced a dose-dependent increése in MAP
which restored MAP to control values. However, in
halothane-anaesthetized rats pretreated with phentolamine,
the injection of propranolol or atenolol did not pro&uce'a
pressor response. Oon the other hand, ICI 118,551 caused a
small dose-dependent increase in MAP. . The maximum rise was

only 25% of that in conscious rats (Tabrizchi et al., 1988;
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Tabrizchi and Pang, 1989) and urethane-anaesthetized rats in

the present study. It has been shown that phentolamine

decreases MAP in halothane-anaesthestized rats by reducing



cardiac output and ‘noﬁ total ©peripheral resistance
(Tabrizchi and Pang, 1987). It is therefore conceivable
that the 1lack of pressor response with propranolol and
atenoloi in phentolamine-treated halothane-anaesthetized
rats is related to the possible further reduction of cardiac
output via the blockade of Bj-adrenoceptors. In addition,
halothane has been reported to attenuate the pressor re-
‘sponse to both phenylephrine and azepexole in dogs (Kenny et
al., 1990) and to block the pressor response to NG-nitfo-L-
arginine iﬁ rats (Wang et al., 1991). Halothane. also re-
duced the amplitude of oscillaﬁions produced by nof-
adrenaline in the rat isolated mesenteric vein and this was
attributed to the inhibition ofv calcium release from the
sarcoplasmic retiCulum-(Marijic et al., 1990). This anaes-
thetic agent also reduced phenylephriné-induced contraction
in isolated rat aorta (Sprague et al.; 1974) and.serotonin-
and acetylcholingQinduced contraction in endothelium free
porcine coronary artery and this was explained to be due to
the inhibitory effect of halothane on agonist induced-
inositol phosphate formation (Ozhan et al., 1990). Su and
Zhang (1990) showed that halothane decreased tension
‘development in the intact aortic ring due to combined

2+

effects of a depression of Ca“"-induced activation of the

contractile proteins and a decrease of sarcoplasmic

2+

reticulum ca?’ accumulation leading to reduced Ca release

for muscle contraction. Therefore, it is possible that non-

specific inhibition of' ca?*-release is responsible for the
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the inhibition of pressor response to fB-adrenoceptor
antagonists. '

In pentobarbital-anaesthetized, ‘phentolamine-treated
rats, all B-adrenoceptor antagonists failed to produce a
pressor response. Pentobarbital hés been shown to decrease
plasma catecholamine levels in rats (Farnebo et al., 1979)
and dogs (Zimpfer et al., 1982; Baum et al., 1985). Holmes
and Schneider (1973) reported that pentobarbital reduced
acetylcholine-induced catecholamine release in the isolated
bovine chromaffin vesicles. The mechanism may involve the
interruption of a 1link between recepﬁor activation and
catecholamine release. In order to examine whether or not
'catecholaminés affect the pressor response to B-adrenoceptor
'-antagénists, adrenaline was infused into two ’addifional
groups of rats. The 1infusion of adrenaline 1in rats
pretreated witﬁ phentolamine caused markedly (greater
reductions - in MAP. Thev subsequent injections of both
propranolol and atenolol 'partially ‘restored MAP. Since
propréndlol and atenolol caused similar pressor responses,
it is unlikely that the partial reversal involved only the
blockade of vasodilatory Bj-adrenoceptors. These results
are in agreement with those of Tabrizchi and Pang (1990)
which show that adrenaline is required for the partial
restoration of the pressor response to a RB-adrenoceptor
antagonist in phentolamine-treated rats. The haemodynamié
changes in pentobarbital-anaesthetized rats showed that

phentolamine increased blood flow only to the 1lungs while
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blood flow was reduced in the caecum, colon and skin,
Vascular conductance was increased only in the 1lungs which
indicates that phentolamine is an important vasodilator of

arteriovenous anastomoses. In contrast to the situation in
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conscious rats, blood flow to the skeletal muscle was not:

altered by phentolamine. Propranolol did not produce
changes in MAP, flow or conductance in any vascular bed.
This again shows that it is important to have increased
blood flow to the skeletal muscle by a-adrenoceptor blockade

in order to produce a pressor response to a B-adrenoceptor

antagonist. Further experiments were carried out to examine

if other barbiturate anaesthetic agents similarly suppressed
the pressor response to‘propranolol. ThejreSults show that
propraﬁolol also failed .'to produce a pressor réspons'e in
rats anaesthetized with amobarbital.

Under the influeﬁce of Kketamine, propranolol partially

reversed the hypotensive effect of phentolamine. The reason

for the partial reversal by B-adrenoceptor antagonists of

phentolamine-induced hypotension in ketamine-anaesthetized
rats is not clear at the present time. However, ketamine is
‘known to stimulate the cardiovascular system by centraily—
mediated sympathomimetic effects, and to inhibit
intraneuronal and extraneuronal catecholamine uptake (Riou
et al. 1989). This may explain why MAP was higher in
animals anaesthetized with ketamine than with other

anaesthetic agents. It has been shown in in vivo studies

that, in the absence of autonomic control, ketamine has



direct myocardial depressant properties in dogs (Schwartz
and Horwitz, 1975). It is therefore possible that following
a- and B-adrenoceptor blockade, the direct myocardial

depressant effect of ketamine attenuated the pressor effect
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of propranolol. In in vitro studies, ketamine, in doses

relevant to those used in sufgical induction, inhibited the
development of spontaneous mechanical activity and lowered
baseline tension of rat aortae and portal veins. In
addition, it attenuated agonist-induced contractions of rat
aortic strips (Altura et al., 1980). The relaxant effect of

ketamine in the rabbit ear artery was proposed to be due to
2+

a decrease of Ca“"-influx through the plasma membrane or an

interference with the process of signal transduction between

2+ release

receptor occupation on the plasma membrane and Ca
from intracelluler_stores via the inhibition 6f hydrolysis
of phosphatidylinositol 4 ,5-biphosphate (PIPé) (Kanamura et
al., 1989). Therefore, it 1is possible that ketamine
attenuated Athe " pressor response to B-adrenoceptor
antagonists by its direct relaxant effect.

In chloralose-anaesthesia, pressor response to a 8-
adrenoceptor antagonist was completely abolished.
Chloralose had a profound negative inotropic effect on the
dog heart-lung preparation (Bass and Buckley, 1966) .
Charney et al. (1970) showed that chloralose anaesfhesia'in
dogs was associated with a transient increase in cardiac

output which was abolished by a- and B-adrenoceptor

blockade. The intrinsic depressant effect of chloralose,



\

like that of ketamine, may have been normélly masked by the
sympéthomimetic effects of the anaesthetic. However,
following a- and B-adrenoceptor bldckade, the myocardial
depressant effect of chloralose may have been unmasked
resulting in the aboliﬁion of the pressor response to a B-
adrenoceptor antagonist.

Oour results show that anaesthétic agents variably affect
the response to a B-adrenoceptor antagonist. The injection
of . a B-adrenoceptor- antagonist caused a pressor response in
phentolamine-treated conscious rats and urethane-
anaesthetized rats. Pressor responses to propranolol were
‘attenuated in phentolamine-treated rats anaesthetized with
ketamine or . halothane and were abolished in rats
anaesthetized with barbituratés, halothane.and chlofaiose;
The reasons for the differential effects of anaesthetic
agents on the response'to B-adrenoceptor antagonists remain

obscure.

4.5. Reversal of a-adrenoceptor blockade by B-adrenoceptor

antagonists in the isolated rat pulmonary arterx

The rat pulmoﬁary artery which contains both «- and 8-
adrenoceptors was used to test the hypothesis that a 8-
adrenoceptor. antagonist reverses the effect of a-
adrenoceptor blockade. It was.shown by Fleish and Hookér
(1976) that B-adrenoceptors mediate relaxation in the rat
pulmonary artery. The predominant B—adrenocepfors in this

preparation were reported to be of the B;-subtype although a
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small population of B;-subtype was also present (O'Donnell
and Wanstall, 1981a). In preliminary experiments,
noradrenaline produced a maximum contraction of 12.1 + 1.3
mN indicating that this tissue was sensitive to the drug.
' Dose-response curves for noradrenaline were repeated four
times with no significant changes in either the ECsq value
or maximum response. - This shows that the preparation was
stable over the study period. It is to be noted that the
puimbnary artery is not a systemic artery. However, the aim
of the study'was only to show if there is an interaction
between B-blockers and a-blockers at the level of the
receptor. The responses from our in vitro preparation may
not be representativé of the results in in vivo preparations

of the interaction of BR-blockers and a-blockers. In in vivo
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‘the interaction between a- and B-blockers likely occurs in

small resistance vessels.

Noradrenaline caused a dose-dependent increase-in force.
Phentolamine partially blocked ﬁhe effect of noradrenaline
and“this antagonism was not affected by time indicating that
under the Aexperimental conditions, the effect of
phentolamine was not overcome by noradrenaline.
Proprandlol, atenolol and ICI 118,551 were shown to restore
completely and in a dose-dependent manner the effect of
noradrenaline which was previously antagonized by
phentolamine. Since all three B-adrenoceptor antagonists
were effective in reversing the effect of phentolamine, it

is most 1likely that the vasoconstrictor effect of the B8-



adrenoceptor antagonists was primarily due to the reversal
of a-adrenoceptor blockade. This cqnfirms that the pressor
responses of B-adrenoceptor antagonists are not due to the

blockade of vasodilatory By-adrenoceptors.

4.6. Interacﬁion between a- and ﬁfadrenocegtor antagonists
The mechanism of the pressor response to B-adrenoceptor
antagonists is unknown, however, several hypotheses were
proposed: first, B-adrenoceptor _antagonists may_”raise MAP
and vasoconstrict tissne Qasculature by antagonizing -Bé-
adrenoceptor. mediated vasodilation (Kayaalp and Turker,
©1967; Yamamoto and Sekiya, '1969; Himori et al., 1984;
Himori and Ishimori, 1984). -~ Our results are not in
agreement with this hypothesis aithough we cannot exclnde
the possibility that the blockade.oflﬁz—adrenoceptors may
contribute to the pressor response. Second, B-adrenoceptor
antagonist pressor effect is attributed to a centrally
mediated release of adrenal catecholamines (Kayaalp and
Kiran, 1967; Sugawara et al.}31986). Howevaf; Tabrizchi
et al. (1989) showed that B-adrenoceptor antagonists do nat
increase thé levels of plasma-catecholamines in conscious
rats. Third, B-adrenoceptbr antagonists may' reverse the
effects of a—adrenoceptor Blogkade by displacing a-
adrenoceptor antagonists by an unknown mechanism (Olivers
et al., 1965; Regoli, 1970). Fourth, B-adrenoceptor
antagonists, via the blockade of B-adrenoceptors, may allow

more adrenaline to react with a-adrenoceptors which are not

159



blocked (Prichard and Ross, 1966; Regoli, 1970). oOur
results are in accordance with the last two hypotheses that
a possible interaction of a- and B-adrenoceptor antagonists
occurs and this may result in subsequent stimulation of the

a-adrenoceptors. The mechanism of the interaction is not

quite clear. Moreover in in vivo experiments, additional
factors such as the renin-angiotensin system may also be
involved in the pressor response to B-adrenoceptor

antagonists.

4.7. Conclusions

1. Bj—-adrenoceptor stimulation by a small dose of
isoprenaline decreased TPR and MAP but B8;-adrenoceptor
stimﬁlatién affected neither TPR nor MAP. Isoprenaline
initiated coronary and skeletal muscle vasodilatation
via the activation of B83;- and Bj-adrenoceptors.
Vascular conductances in other vascular beds were not
affected.

2. Isoprenaline increased venous tone in intact, conscious
rats. It had no effect on venous tone in rats
prétreated with hexamethonium and it decreased venous
tone in‘ rats infuséd with noradrenaline to produce a
high venous tone. Therefore, B-adrenoceptor stimulation
mediated'direct venodilatation but a high venous tone is
needed.

3. B-adrenoceptor antagonists produced - pressor responses

primarily by reversing the effect of phentolamine in the

160



161

skeletal muscle bed in conscious rats and urethane-
anaesthetized rats. In addition, B-adrenoceptor anta-
gonists vasoconstricted skin, kidneys and intestinal
vascular beds.

4. The renin-angiotensin system had to be intact. in order
for complete reversal of phenfolamine-induced
hypotension by B-adrenoceptor antagonists.

5. Anaesthetic agents had varying effects on the pressor
effects of B-adrenoceptor antagqnists in phentolamine-
treated rats. This ranged from the absence of influence
with urethane, attenuated pressor | respoﬁse with
halothane and ketamine and absence-of a pressor response
with halothane, pentobarbital, amobarbital and
chloralose. | » | :

6. The haemodynamic changes induced by phentolamine wéfe
altered by the presence of anaesthetic agents, and fhis
might have subsequently affectéd the pressor fesponse to
B-adrenoceptor ahtagonists.

7. Under in vitro conditions, propranolol, atenolol and
ICI 118,551 reversed the a-adrenoceptor blockade effect
of phentolamine. This suggests that there is an

 interaction between an a—-adrenoceptor antagonist and a
B;adrenoceptor antagonist fesulting in the reversal of

the effect of a-adrenoceptor blockade.



REFERENCES

Abboud, F. M., Eckestein, J. W. and Zimmerman, B. G. Venous
and arterial responses to stimulation of beta adrenergic
receptors. Am. J. Physiol. 209:383-389, 1965.

Abel, J. J. and Crawford, A. C. On the blood pressure
raising constituent of the suprarenal capsule. Bull.
Johns Hopkins Hosp. 8:151-157, 1897.

Ablad, B., Carlsson, E. and Ek, L. Pharmacological studies
of two new cardioselective adrenergic beta receptor ant-
agonists. Life Sci. 12:107-119, 1973.

Adam, K. R., Baird, J. R. C., Burges, R. A. and Linnell, J.
The B-blocking potency and cardioselectivity of tolamolol

162

and its isomers in rodents. Eur. J. Pharmacol. 25:170-
175, 1974. ' -
Agrawal, D. K. and Daniel, E. E:. Two distinct populations

of [°H])prazosin and [“Hlyohimbine binding sites in the
plasma membranes of rat mesentric artery. J. Pharmacol.
Exp. Ther. 233:195-203, 1985.

Ahlquist, R. P. A study of the adrenotropic receptors. Am.
J. Physiol. 153:586-600, 1948.

Altura, B. M., Altura, B. T. and Carella, A. Effects of ke-
tamine on vascular smooth muscle function. Br. J. Phar-
macol. 70:257:267, 1980.

Andren, L., Hansson, L. and Bjorkman, M. Haemodynamic

» effects of noise exposure before and after beta-1 selec-
tive and non selective beta adrenoceptor blockade in pa-
tients with essential hypertension. Clin. Sci. 61suppl
7:89-91, 1981.

Armstrong, J. M., Lefevre-Borg, F., Scatton, B. and Cavero
I. ©Urethane inhibits cardiovascular responses mediated
by the stimulation of aj-adrenoceptors in the rat. J.
Pharmacol. Exp. Ther. 223:524-535, 1982 )



163

Atsmon, A., Blum, I., Steiner, M. Latz, A. and Wijsenbeek, -

H. Further studies with propranolol in psychotic pa-
tients. Psychopharmacologia 27: 249-254. 1972.

Augstein, J., Cox, D. A., Ham, A. L., Leeming, P. R. and
Sanrey, M. B-adrenergic blocking agents. 1. cardioselec-
tive 1-aryloxy-3-(aryloxy alkyloamino)propan-2-ols. J.
Med. Chem. 16:1245-1251, 1973.

Aurbach, G. D., Fedak, S. A., Woodard, C. J. Palmer, J. S.,
Hauser, D. and Troxler, F. B~adrenergic receptor:
stereospecific interaction of iodinated B-blocking agent
with high affinity site. Science 186:1223-1224, 1974.

Barnes, P., Karliner, J., Hamilton, €. and Dollery, C.
Demonstgation of aj-adrenoceptors in guinea pig 1lung
using [“H]prazosin. Life Sci. 25: 1207-1212, 1979.

Barnett, D. B., Rugg, E. L. and Nahorski, S. R. Direct evi-
dence of two types of B-adrenoceptor binding site in lung
tissue. Nature 273:166-168, 1978.

Barret, A. M., Carter, J., Fitzgerald, J. D., Hull, R. and
LeCount, D. A new type of cardioselective adrenoceptive
blocking drug. Br. J. Pharmacol. 48: 340P, 1973.

Bass, B. G. and Buckley, N. M. Chloralose anesthesia in the
dog: a study of drug actions and analytical methodology.
Am. J. Physiol. 210:854-862. '

Baum, D., Halter, J. B., Taborsky, G. J. Jr. and Porte, D.
Jr. Pentobarbital effects on plasma catecholamines:
temperature, heart rate and blood pressure. Am. J.
Physiol. 248:E95-E100, 1985.

Beck, J., Nadasdi, M. and Zsoter, T. T. Adrenergic recep-
tors in human veins, C. M. A. Journal. 102:1297-1299,

Belfrage, E. Comparison of B-adrenoceptors mediating vaso-
dilatation in canine subcutaneous adipose tissue -and
skeletal muscle. Acta Physiol. Scand. 102:469-476, 1978.



Bennett, T. D., Wyss C. R. and Scher, A. M. Changes in vas-
cular capacity in awake dogs in response to carotid sinus
occlusion and administration of catecholamines. Circ.
Res. 55:440~453, 1984.

Benovic, J. L.,'Shorr, R. G. L., Caron, M. G. and Lefkowitz,
R. The mammalian B8j3-adrenergic receptor: Purification
and characterization. Biochemistry 23:4511-4518, 1984.

Bilski, A. J., Halliday, S. E., Fitzgerald, J. D. and Wale,
J. L. The pharmacology of a Bp-selective adrenoceptor
antagonist (ICI 118,551). J. Cardiovasc. Pharmacol.
5:430-437, 1983. . .

Bilski, A., Dorries, S., Fitzgerald, J. D. Jessup, R.,
Tucker, H. and Wale, J. ICI 118,551, a potent By-adreno-

ceptor antagonist. Br. J. Pharmacol. 69: 292P-293P,
1980. '
Birnbaumer, L. G proteins in signal. transduction. Ann.

Rev. Pharmacol. Toxicol. 30:675-705, 1990.

Black, J. W. and Stephenson, J. S. Pharmacology of new
adrenergic beta receptor blocking compound (nethalide).
Lancet 2:311-314, 1962. .

Black, J. W., Growther, A. F., Shanks. R. G., Smith, L. H.
and Dornhorst, A. C. A new adrenergic beta receptor ant-
agonist. Lancet, 1:1080-1081, 1964.

Blaschko, H. The specific action of 1-dopa decarboxylase.
J. Physiol. 96:50-51p, 1939.

Boudot, J. P., Cavero, I., Fenard, S., Lefevre-Borg, F.,
Monoury, P and Roach, A. G.. Preliminary studies on
SL75212 a new potent cardioselective B-adrenoceptor ant-
agonist. Br. J. Pharmacol. 66:445P, 1979.

Bourne, H. R., Sanders, D. A., McCormidk,.F. The GTPase
superfamily conserved structure and molecular mechanism.
Nature 349:117-127, 1991.

Boyajian, C. L. and Leslie, F. M. Pharmacological evidence
for alpha-2 adrenoceptor heterogeneity: Differential

164



165

binding properties of [3H]- rauwolscine and [3H]idazoxan
in rat brain. J. Pharmacol. Exp. Ther. 241:1092-1098,
1987. . _ _

Boyajian, C€. L., Loughlin, S. E. and Leslie, F. M.
Anatomical evidence for alpha-2 adrenoceptor
heterogeneity: " Differential autoradiographic
distributions of [“H]Rauwolscine and [’H] idazoxan in rat
brain. J. Pharmacol. Exp. Ther. 241:1079-1091, 1987.

Brine, F., Cornish, E. J. and Miller, R. C. Effects of up-
take inhibitors on responses of sheep coronary arteries
to catecholamines and sympathetic nerve stimulation. Br.
J. Pharmacol. 67:553-561, 1979. ' ‘

Brittain, R. T., Jack, D. and Ritchie, A. . C. Recent 8-
adrenoceptor stimulants. Adv. Drug Res. 5:197-253, 1970.

Brodde, O. E. Bisprolol (EMD 33512), a highly selective 8-
adrenoceptor antagonist: In vitro and in vivo studies.
J. Cardiovasc. Pharmacol. 8 Suppl 11: S29-S35, 1986.

Brodde, 0. E. Leifert, F. J. and Krehl, H. J. Coexistence
of Bj- and Bjy-adrenoceptors in the rabbit heart: Quangi-
tative analysis of the regional distribution by (-)-"H-
dihydroalprenolol binding. J. Cardiovasc. Pharmacol.
4:34-43, 1982. :

Brown, G. L. and Gillespie, J. S. The output of sympathetic
transmitter from the spleen of the cat. J. Physiol.
138:81-102, 1957.

Brown, G. L. and Gillespie, J. S. oOutput of sympathin from
the spleen. Nature 178:980, 1956.

Bryan, L. J. Cole, J. J., O'Donnell, S. R. and Wanstall, J.
C. A study designed to explore the hypothesis that beta-
1 adrenoceptors are 'innervated' receptors and beta-2
adrenocetpors . are ‘'hormonal' receptors. J. Pharmacol.
Exp. Ther. 216:395-400, 1981.

Burgermeister, W., Nassal, M., Wieland, T. and Helmreich, E.
J. M. A carbene-generating photoaffinity probe for beta-’



adrenergic receptors. Bioch. Biophys. Acta 729:219-228,
1983.

Burns, J. J. and Lemberger, L. N-tertiary butyl
methoxamine, a specific antagonist of the metabolic
actions of epinephrine. Fed. Proc. 24:298, 1965.

Bylund, D. B., Ray-Prenger, C. and Murphy, T. J. Alpha-2A

166

and alpha-2B adrenergic receptor subtypes: antagonist:

binding in tissues and cell lines contain only one sub-
type. J. Pharmacol. Exp. Ther. 245:600-607, 1988.

Cannon, W. B. and Rosenblueth, A. Studies on conditions of
activity in endocrine organs. Sympathin E and Sympathin
I. Am. J. Physiol. 104:557-574, 1933.

Cannon, W. B. and Uridil, J. E. Studies on the conditions

of activity in endocrine glands. VIII. Some effect on the

denervated heart of stimulating the nerves of the liver.
Am. J. Physiol. 58:353-354, 1921.

Carlsson, E., Ablad, B., Brandstrom, A. and Carlsson, B.
Differentiated blockade of the chronotropic effects of
various adrenergic stimuli in the cat heart. Life Sci.
11:953-958, 1972.

Carlsson, E., Dahlof, ¢C., . Hedberg, A., Persson, H.,
Tangstrand, B. Differentiation of cardiac chronotropic
and inotropic effects of fB-adrenoceptor agonists.
Naunyn-Schmeid. Arch. Pharmacol. 300:101-105, 1977.

Chapleo, C. B., Meyers, P. L. Butler, R. C. M., Doxey, J.
C., Roach, A. G. and Smith, C. F. C. Alpha-adrenoceptor
reagents. 1. Synthesis of some 1,4-benzodioxans as selec-
tive presynaptic alpha-2 adrenoceptor antagonists and
potential antidepressants. J. Med. Chem. 26:823-831,
1983. ’

Charney, A. N., Bass, B. G. and Buckley, N. M.
Cardiovascular effects of chloralose in catecholamine-
depleted or receptor-blocked dogs. Arch. Int.
Pharmacodyn. 185:397-405, 1970.



Cheung, Y-D and Triggle, C. R. Alpha-adrenoceptor sites in
vascular smooth muscle: differentiation by selective ant-
agonist binding. Biochem. Pharmacol. 37:4055-4061, 1988.

Cheugg, Y., Barnett, 3 D. B. and Nahorski, S. R.
[H]Rauwolscine and [“H]Yohimbine binding to rat cerebral
and human platelet membranes possible heterogeneity of
ap-adrenoceptors. Eur. J. Pharmacol. 84, 79-85, 1982.

Cchiu, A. T., Bozarth, J. M. and Timmermans, P. B. M. W. M.
Relationship between phosphatidylinositol turnover  and
Ca mobilization induced by alpha-1 adrenoceptor stimu-
lation in the rata aorta. J. Pharmacol. Exp. Ther.
240:123-127, 1987.

Cleophas, T. J. M. and Kauw, F. H. W. '~ Pressor responses
from non-cardioselective beta blockers. Angiology
39:587-596, 1988. : :

Coates, J., Jahn, U., Weetman, D. F. The existence of a new
subtype of a-adrenoceptor on the rat anococcygeus is re-
vealed by SGD 101/75 and phenoxybenzamine. Br. J.
Pharmacol. 75, 549-552, 1982.

Cohn, M. L. and Wiley, K. S. Beta-jand beta-; receptor
mechanisms in rat Jjugular veins: Differences between
norepinephrine and isoproterenol induced relaxation.
Life Sci. 23:1997-2006, 1978.

1

Cook, D. J., Carton, E. G. and Housmans, P. R. Direct and
indirect effects of ketamine on mammalian ventricular
myocardium. Anesthesiology 73:A617, 1990.

Costin, B. I., O'Donnell, S. R. and Wanstall, J. C.
Chronotropic responses of rabbit isolated atria to B-
adrenoceptor agonists are mediated by only 8;- adrenocep-
tors. J. Pharm. Pharmacol., 35:752-754, 1983.

Cotecchia, S., Schwinn, D. A., Randall, R. R., Lefkowitz, R.
J., Caron, M. G. and Kobilka, B. K. Molecular cloning
and expression of the cDNA for the hamster «j-adrenergic
receptor. Proc. Natl. Acad. Sci. 85:7159-7163, 1988.

167



168

Coupar, I. M. The effect of isoprenaline on adrenoceptors
in human saphenous vein. Br. J. Pharmacol. 39: 465-475,
1970. .

Cubero, A. and Malbon, C. C. The fat cell RB-adrenergic
receptor. J. Biol. Chem. 250:1344-1350, 1984.

Dale, H. H. On some physiological actions of ergot. J.
Physiol. 34:163-206, 1906. : '

Dasgupta, N. K. Oon the mechanism of the pressor response
due to propranolol. Br. J. Pharmacol. 34:200P-201P,
1969.

De Jonge, A., Van Meel, J. C. A., Wilffert, B., Timmermans,
P. B. M. W. M. and Van 2wieten, P. a-adrenoceptors in
the cardiovascular systen. progress in Pharmacology.
62:15-35, 1986. »

De LA Lande, I. S., Harvey, J. A. and Holt, S. Response of
the rabbit coronary arteries to autonomic agents. Blood
Vessels, 11:319-337, 1974. :

DeBlasi, A. Advances on beta-adrenergic receptors. Molecu-
lar structure and functional regulation. Am. J. Hyper.
2:252s-256s, 1989.

DeMarinis, R. M., Wise, M., Hieble, J. P. and Ruffolo, R. R.
Structure activity relationships for alpha-1 adrenergic
receptor agonists and antagonists. In: alpha-1
adrenergic receptors. Ed. Ruffolo, R.R. Humana Press.
Clifton, New Jersey. 211-265, 1987.

Dickinson, K. E. J., Mckernan, R. M., Miles, C. M. M., Leys,
K. S. and Sever, P.S. Het%rogeneity of mammalian aj
adrenoceptors delineated by [“H]Yohimbine binding. Eur.
J. Pharmacol. 120:285-293, 1986.

Dickinson, K. E. J., Nahorski, S. R. and Willcocks, A. L.
Serotonin recognition sites are 1labelled in cerfbgal
cortex by the B-adrenoceptor antagonist 237-
hydroxbenzylpindolol. Br. J. Pharmacol. 72:165P, 1981.



Digges, K. G. and Summers, R. J. Characterization of post-
synaptic a-adrenoceptors in rat aortic strips and portal
veins. Br. J. Pharmacol. 79:655-665, 1983.

Dixon, R. A. F., Kobilka, B. K., Strader, D. J., Benovic, J.
L., Dohlman, H. G., Frielle, T., Bolanowski, M. A.,
Bennett, C. D., Rands, E., Diehl, R. E., Mumford, R. A.,
Slater, E. E., Sigal, I. S., Caron, M. G., Lefkowitz, R.
J. and Strader, C. D. Cloning of the gene and cDNA for

" mammalian B-adrenergic receptor and homology with
rhodopsin. Nature 321:75-79, 1986.

D'Oyley, H. M. and Pang, C. C. Y. Effects of aj;- and aj-
adrenoceptor antagonists on venous tone in conscious
rats. Eur. J. Pharmacol. 182:283-290, 1990.

D'Oyley, H. M., Tabrizchi, R. and Pang, C. C. Y. Effects of
vasodilator drugs on venous tone in conscious rats. Eur.
J. Pharmacol. 162:337-344, 1989.

Drayer, J. I. M., Keim, H. J., Weber, M. A., Case, D. B. and

Laragh, J. H. Unexpected pressor responses to propra-
nolol in essential hypertension. Am. J. Med. 60:897-903,
1976. : _ ‘

Drew,A G. M. and Levy, G. P. Characterization of the

coronary vascular beta-adrenoceptor in the pig. Br. J.
Pharmacol. 46:348-350, 1972.

Drew, G. M. and Whiting, S. B. Evidence for two distinct
types of postsynaptic a-adrenoceptor in vascular smooth
muscle in vivo. Br. J. Pharmacol. 67:207-215, 1979.

Duckles, S. P. and Hurlbert, J. S. Effect of age on beta
adrenergic relaxation of the rat jugular vein. J.
pharmacol. Exp. Ther. 236:71-74, 1986.

Dunlop, D. and Shanks, R. G. Selective blockade of adreno-
ceptive beta receptors in the heart. Br. J. Pharmacol.
Chemother. 32:201-218, 1968.

Eckstein, J. W. and Hamilton, W. K. Effects of isopro-

169

terenol on peripheral venous tone and transmural right

atrial pressure in man. J. Clin. Invest. 38: 342-346,
1959, ’



Edvinsson,

L. and Owman,

170
C. Pharmacological
characterization of alpha and beta receptors mediating
the vasomotor responses of cerebral arteries in vitro.
Circ. Res. 35:835-849, 1974.

Elliot, T. R. The action of adrenalin. J. Physiol. 32:401-
467, 1905.

Emorine, L.

J., Marullo, S., Briendsutren, M., Patey, G.,
Tate, K., Delarier-Klutchko, C. and Strosberg, A. D.
Molecular characterization of the human B8j3-adrenergic
receptor. Science 245:1118-1121, 1989.

Engel, qg, Hoyer, D., Berthold, R. and Wagner, H.
(i)[12 Iodo] Cyanopindolol, a new 1ligand for B-
adrenoceptors: Identification and quantitation of 8-
adrenoceptors in guinea pig. Naunyn-Schmied.
Pharmacol. 317:277-285, 1981.

Arch.

Euler, U. S. The presence of a substance with sympathin E
‘properties in splenic extracts. Acta physiol. Scand.
11:168-186, 1946a.

Euler, U. S. The presence of a sympathomimetic substance in
extracts of mammalian heart.
1946b. :

J. Physiol. 105:38-44,

Farmer, J. B., Levy, G. P.and Marshall, R. J.

A comparison
of the B-adrenoceptor stimulant properties of salbutamol,
orciprenaline and soterenol with those of isoprenaline.
J. Pharm.

Pharmacol. 22:945-947, 1970.
Farnebo, L-O anqsﬂamberger, B. Drug induced changes in the
release of [“H]-noradrenaline from field stimulated rat
iris. Br. J. Pharmacol.

43:97-106, 1971.

Farnebo, L., Hallman, H., Hambergér, B. and Jonsson, G.
Catecholamines and hemorrhagic shock in awake and anes-

thetized rats. Circ. Shock 6:109~118, 1979.

Feigl, E.O. Coronary physiology, Physiol.
1983. )

Rev. 63:1-205,



Fitzgerald, J. D. Perspectives in adrenefgic beta-receptor
blockade. Clin. Pharmacol. Ther. 10:292-306, 1969.

171

Fitzgerald, J. D. and O'Donnell, S. R. The antagonism by

propranolol and a-methylpropranolol (ICI 77602) of
vascular and cardiac responses to isoprenaline in anaes-
thetized dogs. Clin. Exp. Pharmacol. Phys. 5:579-586,
1978.

Flavahan, N. A. and Vanhoutte, P. M. aj-adrenoceptor sub-
classification in vascular smooth muscle. Trends
Pharmacol. Sci. 7:347-349, 1986.

Fleish, J. H. and Hooker, C. S. The relationship between
age and relaxation of vascular smooth muscle in the
rabbit smooth muscle in the rabbit and rat. Cir. Res.
38:243-249, 1976.

Foster, B. A., Ferrari-Dileo, G. and Anderson, D. R.
Adrenergic alpha-1 and alpha-2 binding sites are present
in bovine retinal blood vessels. Invest. Opthal. Vis.
Sci. 28:1741-1746, 1987. : :

Frielle, T., Caron, M. G. and Lefkowitz, R. J. Properties

of the B;- and Bj-adrenergic receptor subtypes revealed

by molecular cloning. Clin. Chem. 35:721-725, 1989.

Frielle, T., Collins, S., Daniel, K.W., Caron, M. G.,
Lefkowitz, R. J. and kobilka, B. K. Cloning of the cDNA
for the human B;-adrenergic receptor. Proc. Natl. Acad.
Sci. 84:7920-7924, 1987.

Fujimoto, S., Dohi, Y., Aoki, K. and Matsuda, T. Beta;- and
betajs-adrenoceptor mediated relaxation responses in
peripheral arteries from spontaneously hypertensive rats
at pre-hypertensive and early hypertensive stages. J.
Hypertens. 6:543-550, 1988.

Gracia-Sainz, J. A. al-adrenergic and Mj;-muscarinic actions
and signal propagation. Trends Pharmacol. Sci. 6:349,
1985. :

Garcia Sainz, J. A. Pathways of aj-adrenergic action: com-
parison with V;-vasopressin and Aj;-angiotensin. Circ.
Res. 61:I11-I1I5, 1987.



Gardiner, S. M. and Bennett, T. Involvement of Bjy-adreno-
ceptor mediated mechanisms in the <cardiovascular
responses to aj;- and ajz-adrenoceptor antagonism in
conscious unrestrained long evans and brattleboro rats.
Br. J. Pharmacol. 93:9-22, 1988.

Gilman, A. G. Regulation of adenylyl cyclase by G proteins.
Biol. Med. Sig. Transd. 24:51-57, 1990.

Gomes, C., Henning, M., Persson, B. and Trolin, G.
Interaction of a- and B-adrenergic receptor blocking
agents: Circulatory effects in the conscious rat. Clin.
Exp. Hyper. 1:141-165, 1978.

Graham, R. M., Hess, H. and Homcy, C. J. - Biophysical
characterization of the purified aj-adrenergic receptor
and identification of the hormone binding subunit. J.

Biol. Chem. 257:15174-15181, 1982.

Graziano, M. P., Moxham, C. P. and Malbon, C. C. Purified
rat hepatic Bjy-adrenergic receptor. J. Biol. Chen.
260:7665-7674, 1985. '

Green, J. F. Mechanism of action of isoproterenol on venous
return. Am. J. Physiol. 232, H152-H156, 1977.

Greenway, C.V. Mechanisms and quantitative assessment of
drug effects on cardiac output with a new model of the
circulation. Pharmacol. Rev. 33:213-251, 1982.

Grodins, F. S. Integrative cardiovascular physiology: a
mathematical synthesis of cardiac and blood vessel hemo-
dynamics, Q. Rev. Biol. 34:93-116, 1959.

Gross, G. J. and Feigl E. O. Analysis of coronary vascular
beta receptors in situ. Am. J. Physiol. 228:1909-1913,
1975.

Guellaen, G., Goodhardt, M., Barouki, R. and Hanoune, J.
Subunit structure of rat 1liver aj;-adrenergic receptor.
Biochem. Pharmacol. 31:2817-2820, 1982.

Guimaraes, S. and Osswald, W. Adrenergic receptors in the
veins of the dog, Eur. J. Pharmacol. 5, 133-140, 1969.

172



Guyton, A. C. Determinations of cardiac output by equating
venous return curves with cardiac response  curves.
Physiol. Rev. 35:123-129, 1955.

Guyton, A. C., Jones C. E. and Coleman T. G. Circulatory

173

Physiology: Cardiac Output and Its Regulation (Saunders,

Philadelphia). 1973.

Hall, J. A., Kaumann, A. J., Wells, F. C. and Brown, M. J.
Bz-adrenoceptor mediated inotropic responses of human
atria: Receptor subtype regulation by atenolol. Br. J.
Pharmacol. 93:116P, 1988. :

Hamilton, C. A. and Reid, J. L. A postsynaptic location of
alpha-2- adrenoceptors in vascular smooth muscle: in vivo
studies. in the conscious rabbit. CardioVa;c. Res. 16:11-

15, 1982.

Han, C., Abel, P. W. Minneman, K. P. aj-adrenoceptor sub-
types 1linked ' tqg different mechanisms for increasing
intracellular ca‘’ in smooth muscle. Nature, 329:333-
335, 1987. ' . .

Harrison, J. K., Pearson, W. R. and Lynch, R. Molecular
characterization of a@;— and aj-adrenoceptors. Trends

Pharmacol. Sci. 12:62-67, 1991.

Hedberg, A., Minneman, K. P. and "Molinoff, ©P. B.
Differential distribution of beta-1 and beta-2 adrenergic
receptors in cat. and guinea-pig heart. J. Pharmacol.
Exp. Ther. 213' 503 508, 1980.

Heitz, A., Schwartz, J. and Velly, J. B-adrenoceptors of
the human myocardium: determination of B; and B;-subtypes
by radlollgand blndlng. Br. J. Pharmacol. 80:711:717,
1983. :

Hess, H. J, Prazosin: biochemistry and structure activity
studies. Postgrad. Med. 58:9-17, 1975.

Hieble, J. P., Sulpizio, A. C., Nichols, A. J., Willette, R.
N. and Ruffolo, R. R. Pharmacologic characterization of
SK & F 104078, A novel alpha-2 adrenoceptor antagonist
which discriminates between pre~ and post-junctlonal
alpha-2 adrenoceptors. 247:645-652, 1988.



Himori, N. and Ishimori, T. Different responses to 8-
adrenoceptor blocking drugs of the blood pressure and
heart rate in the urethane-anaesthetized dog and rat.
Jap. J. Pharmacol. 47:71-80, 1988.

Himori, N., Ishimori T., Shiratsuchi, K., Tsuneda, K. and
Izumi, A. Role of Bj-adrenoceptor blockade and
circulating adrenaline level for the pressor responses to
B-adrenoceptor blocking drugs in rats. Naunyn-Schmied.
Arch. Pharmacol. 325:314-319, 1984.

- Hirakawa, S., Itoh, H., Kotoo, Y., Abe, C., Endo, T., Takada
N. and Fuseno, H. The role of alpha and beta adrenergic
receptors in constriction and dilation of the systemic
capacitance vessels: A study with measurements of the

174

mean circulatory pressure in dogs. Jap. Circ. J. 48:620-

632, 1984..

" Hoefle, M. L., Hastings, S. G., Meyer, R. F., Corey, R. M.,
Holmes, A. and Stratton, C. D. Cardioselective B-
adrenergic blocking agents 1. 1-{(3,4-Dimethoxyphenethyl)
amino]-3-aryloxy-2propranols. J. Med. Chem. 18:148-152,
1975. » .

"Hof, R. P. and Hof, A. Differential effects of antihyper-
tensive drugs of antihypertensive drugs on nutritive and
nonnutritive blood flow in anaesthetized rabbits. J.
Cardiovasc. Pharmacol. 13:565-571, 1989.

Hoffman, B. B., Delean, A., Wood, C. L., Schocken, D. D. and

Lefkowitz, R. J. Alpha-adrenergic receptor subtypes:

" quantitative assessment by 1ligand binding. Life Sci.
24:1739-1746, 1979.

Hoffman, B. B. and Lefkowitz, R. J. Adrenergic receptor
antagonists. In Goodman and Gilman's The pharmacological
basis of therapeutics. Ed. Gilman, A.F. 8th edition 84-
122, 1990. '

-Hokin, L. E. and Sherwin, A. L. Protein secretion and
phosphate turnover in the phospholipids in salivary
glands in vitro. J. Physiol. 135:18-29, 1957.

Holmes, J. C. and Schneider, F. H. Pentobarbitone inhibi-
tion of catecholamine secretion. Br. J. Pharmacol. 49:
205-213, 1973.



Homcy, C. J. and Graham, R. M. Molecular characterization
of adrenergic receptors. Circ. Res. 56:635-650, 1985.

Homcy, C. J., Rockson, S. G., Countaway, J. and Egan, D. A.
Purification and characterization of the mammalian B3~
adrenergic receptor. Biochemistry 22: 660-668, 1983.

Honda, K., Takenaka, T., Miyata-Osawa, A., Terai, M. and
Shiono, K. Studies on YM-12617: A selective and potent
antagonist of postsynaptic alphaj-adrenoceptors. Naunyn-
Shmied. Arch. Pharmacol. 328:264-272, 1985.

Hughes, J. and Vane, J. R. An analysis of the responses of
the isolated portal vein of the rabbit to electrical
stimulation and to drugs. Br. J. Pharmacol. Chemother.
30:46-66, 1967. '

lakovidis, D., Malta, E., McPherson, G. A. and Raper, C. In
vitro activity of RO0363, A Bj,-adrenergic selective
agonist. Br. J. Pharmacol. 68:677-685, 1980.

Imai, Y., Satoh, K. and Taira, N. ©Role of the peripheral
vasculature in changes in venous return caused by isopro-
terenol, norepinephrine, and methoxamine in anaesthetized
dogs.. Circ. Res. 43:553-561, 1978.

Imbs, J. L., Miesch, F., Schwartz, J., Velly, J., Leclerc,
G., Mann, A. and Wermuth, C. G. A potent new By-adreno-
ceptor blocking agent. Br. J. Pharmacol. 60:357-362,
1977. ‘

Isom, L. L., Gragoe, E. J. and Limbrid, L. E. aj-adrenergic
receptors accelerate Na'/H exchange in neuroblastoma X
glioma cells. J. Biol. Chem. 262: 6750-6757, 1987.

Jackson, C. V., Pope, T. K. and Lucchesi, B. R. Coronary
artery vasodilation in the canine: physiological and
pharmacological roles of R-adrenergic receptors. J.

.Cardiovasc. Pharmacol. 10:196-204, 1987.

Jaiswal, R. K. and Sharma, R. K. Purification and
biochemical characterization of aj-adrenergic receptor
from the rat adrenocortical carcinoma. Bioch. Biophys.

Res. Comm. 130:58-64, 1985.

175



Jauernig, R. A., Moulds, R. F. W. and Shaw. J. The action
of prazosin in human vascular preparations. Arch. Int.
Pharmacodyn. 231:81-89, 1971.

Jennings, G., Bobik, A., 0Oddie, C., Hargreaves, M. and
Korner, P. Cardioselectivety of prenalterol and isopro-
terenol. Clin. Pharmacol. Ther. 34:749-757, 1983.

Johansson, B. The beta-adrenoceptors in the smooth muscle
of pig coronary arteries. Eur. J. Pharmacol. 24:218-224,
1973. '

Johansson, L. H. and Persson, H. Bj-adrenoceptors in guinea
pig atria. J. Pharm. Pharmacol. 35:804-807, 1983.

Kaiser, G. A., Ross, J. Jr. and Braunwald, E. Alpha and
beta adrenergic receptor mechanisms in the systemic
venous bed. .J. Pharmacol. Exp. Ther. 144: 156-162, 1964.

Kanmura, Y., Yoshitake, J. and Casteels, R. Ketamine-
induced relaxation in intact and skinned smooth muscles
of the rabbit ear artery. Br. J. Pharmacol. 97:591-597,
1989. : ' , , .

Kato, H., Nishiyama, H., Nakao. K. and Takagi K. Pressor
effects of orally administered beta-adrenergic receptor
blocking agents in conscious spontaneously hypertensive
rats. Jap. J. Pharmacol. 26:772-775, 1976.

Kaumann, A. J. Is there a third heart B-adrenoceptor?
Trend. Pharmacol. Sci. 10:316-320, 1989.

Kaumann, A. J. And 1lemoine, H. Direct 1labelling of

176

myocardial j-adrenoceptors. = Comparison of binding

affinity of “H-(-)-bisoprolol with its blocking potency.
Naunyn-Schmied. Arch. Pharmacol. 33:27-39, 1985.

Kayaalp, S. O. and Kiran, B. K. Mechanism of a sympatho-
mimetic action of propranolol in dog. Br. J. Pharmacol.
Chemother. 28:15-22, 1966.

Kayaalp, S. 0. and Turker, R. K. Further observations on
the pressor action of propranolol. Br. J. Pharmac.
Chemother. 30:668-675, 1967.



Keeton, T. K. and Campbell, W. B. The pharmacologic

alteration of renin release. Pharmacol. Rev. 32: 81-227,
1980. '

Kenny, D., Pelc, L. R., Brooks, H. L., Kampine, J. P.,
Schmeling, W. T. and Warltier, D. C. Calcium channel
modulation of a;- and aj-adrenergic pressor response in
conscious and anaesthetized dogs. Anesthesiology 72:874-
881, 1990. ‘

Kirpekar, S. M. and Puig, M. Effect of flow-stop on nor-
adrenaline release from normal spleens and spleens
treated with cocaine, phentolamine or phenoxybenzamine.
Br. J. Pharmacol. 43:359-369, 1971.

Klainer, L. M., Chi, ¥Y-M., Freidberg, S. L., Rall, T. W. and
Sutherland, E. W. Adenyl cyclase IV. The effects of

177

neurchormones on the formation of adenosine 3, 5-phos-
phate by preparations from brain and other tissues. J.

Biol. Chem. 237:1239-1243, 1962.

Kobilka, B. K., Dixon, R. A. F., Frielle, T., Dohlman, H.
G., Bolanowski, M. A., Sigal, I. S., Yang-Feng, T. L.,
Francke, U., Caron, M. C. and Lefkowitz, R. J. CcDNA for
the human Bj-adrenergic receptor: A protein with multiple
membrane~spanning domains and encoded by a gene whose
chromosomal location is shared with that of the receptor
for platelet-derived growth factor. Proc. Natl. Acad.
Sci. 84:46-50, 1987a. _

Kobilka, B. K., Kobilka, T. S., Daniel, K., Regan, J. W.,
"Caron, M. G. and Lefkowitz, R. J. Chimeric aj-, B8o-
adrenergic receptors: Delineation of domains involved 1in
effector coupling and 1ligand binding specificity.
Science 240:1310-1316, 1988.

Kobilka, B. K., Matsui, H., Kobilka, T. S., Yang-Feng, T.
L., Francke, U., Caron, M. G., Lefkowitz, R. J. and
Regan, J. W. Cloning, sequencing and expression of the
gene coding @ for the human platelet aj-adrenergic
receptor. Science 238:650-656, 1987b.

Labrid, €., Rocher, I and Guery, O. Structure-Activity
relationships as a response to the pharmacological
differences in beta receptor ligands. Am. J. Hyper. 2:

245S8-2515, 1989.



Lands, A. M., Arnold, A., McAuliff, J. P., Luduéna, F. P.
and Brown, T. G. Differentiation of receptors systems
activated by sympathomimetic amines. Nature 214:597-598,
1967.

-]

Langer, S. 2. The regulation of transmitter release
elicited by nerve stimulation through a presynaptic feed-
back mechanism. In: Usdin E, Snyder SH (eds). Frontiers
in catecholamine research. Pergamon Press, New York,
543-549, 1973.

Langer, S. 2. Presynaptic regulation of catecholamine
release. Biochem. Pharmacol. 23:1793-1799, 1974.

Langer, S. Z., Adler, E., Energo, A. and Stefano, F. J. E.
The role of the alpha receptors 1in regulating nor-
adrenaline. overflow by nerve stimulation. Proc. Intl.
Congress. Physiol. Sci. 25:335, 1971.

"Langer, S. 2., Shepperson, M. B. and Massinham, R.
Preferential noradrenergic innervation of alpha-
adrenergic receptors in vascular smooth muscle.
Hypertension Suppl. 1, 3:112-118, 1981. »

Langley, J. N. Observations on the physiological action of
extracts of the suprarenal bodies. J. Physiol. 27:237-
256, 1901

Langley, J. N. On the reaction of cells and of nerve
endings to certain poisons, chiefly as regards the
reaction of striated muscle to nicotine and to curare.
J. Physiol. 33:374-413, 1905. '

Lattimer, N., McAdams, R. P., Rhodes, K. F., Sharma, S.,
Turner, S. J. and Waterfall, J. F. Alpha-2 adrenoceptor
antagonism and other pharmacological antagonist

178

properties of some benzoquinolizines and yohimbine in .

vitro. Naunyn-Schmied.  Arch. Pharmacol. 327:312-318,
1984. . .

Lavin, T. N., Nambi, P., Healed, S. L.,_ _Jeffs, P. W.,

Lefkowitz, R. J. and Caron, M.G. 1251_1abeled p-
Azidobenzylcarazolol, a photoaffinity 1label for the B-
adrenergic receptor. J. Biol. Chem. 257:12332-12340,

1982.



179

Leclerc, G., Rouot, B., Velly, J. and Schwartz, J. B-
adrenergic receptor subtypes. Trends Pharmacol. Sci.
5: 18 20, 1984. _

Lee, R. W., Raya, T. E., Gay, R. G., Olajos M. and Goldman,
S. Beta-2 adrenoceptor control of the venous circulation
in intact dogs. J. Pharmacol. Exp. Ther. 242:1138-1143,
1987.

Leenen, F. H. H. and Reeves, R. A. B-receptor-mediated
increase in venous return in humans. Can. J. Physiol.
Pharmacol. 65:1658~-1665, 1987.

Lefkowitz, R. J. and Williams, L. T. Catecholamine binding
to the B-adrenergic receptor. Proc. Natl. Acad. Sci.
74:515-519, 1977. :

Lefkowitz, R. J., Hoffman, B. B. and Taylor, P.
Neurochumoral transmission: The autonomic and somatic
motor nervous systens. In Goodman and Gilman's The
pharmacological basis of therapeutics. Ed. Gilman, A. F.
8th edition 84-122, 1990. .

Lefkowitz, R. J., Mukherjee, C., Coverstone, M. and Caron,

‘ M. G. Stereospecific -“H-(-)-alprenolol binding sites.
B-adrenergic receptors and adenylate cyclase. Biochem.
Biophys. Res. Commun. 60:703-709, 1974.

Lemoine, H., Ehle, B. and Kaumann, A. J. Direct labellgng
‘of By-adrenoceptors Comparison of binding potency of
ICI 118,551 and blocking potency of ICI 118,551. Naunyn-
Schmeid. Arch. Pharmacol. 331:40-51, 1985.

Levin, R. M., Ruggieri, M. R. and Wein,- A. J.
Identification of receptor subtypes in the rabbit and

human urinary bladder by selective radioligand binding.
J. Urol. 139:844-848, 1988.

Levitzki, A., Atlas, D. and Steer, L. The binding
characteristics and number of B-adrenergic receptors on
the turkey erythrocyte. Proc. Natl. Acad. Sci. 71:2773-
2776, 1974. :



Levy, B. The adrenergic blocking activity of N-tert-butyl-
methoxamine (Butoxamine). J. Pharmacol. Exp. Ther.
151:413-422, 1966.

Levy, B. A Comparison of the adrenergic receptor blocking
properties of 1-(4-methylphenyl)-2-isopropyl-amino-
propranolol HCL and propranolol. J. Pharmacol. Exp.
Ther. 156:452-462, 15967.

Lewandowsky, M. Ueber eine wirkung des nebennieren extr-
actes auf das auge. 2Zentrabl. Physiol. 12:599-600, 1898.

Limbird, L. E. Receptors linked to inhibition of adenylate
cyclase additional signaling mechanisms. FASEB J.
2:2686-2695, 1988.

Lloyd~Mostyn, R. H. and Oram, S. Modification by
propranolol of cardiovascular effects of induced hypo-
glycemia. Lancet 1:1213-1215, 1975. _

Loewi, O. Ueber humorale uebertragbarkeit der herznerven-
wirkung. Arch. Ges. Physiol. 18:239-242, 1921.

Lomasney, J. W., Lorenz, W., Allen, L. F., King, K., Regan,
J. W., Yang-Feng, T. L., Caron, M. G. and Lefkowitz, R.
J. Expansion of the aj-adrenergic receptor family:
cloning and characterization of a human aj-adrenergic
receptor subtype, the gene for which 1is 1located on
chromosome 2. Proc. Natl. Acad. Sci. 87:5094-5098, 1990.

Lorenz, W., Lomasney, J. W., Collins, S., Regan, J. W.,
Caron, M. G. and Lefkowitz, R. J. Expression of three
ap-adrenergic receptor subtypes in rat tissues:
Implications for a3 receptor «classification. Mol.
"Pharmacol. 38: 599-603, 1990.

Lucchesi, B. R. and Hodgeman, R. J. Effect of 4-(2-hydroxy-
3-isopropylaminopropoxy) acetanilide (AY 21,011) on the
myocardial and coronary vascular responses to adrenergic
stimulation. J. Pharmacol. Exp. Ther. 176:200-211, 1971.

Lynch, C. J. Charest, R., Blackmore, P. F. and Exton, J. H.
Studies on the hepatic aq-adrenergic receptor.
Modulation of guanine nucleotide effects by calcium,
temperature and age. J. Biol. Chem. 260:1593-1600, 1985.

180



Majid, P. A., Meeran, M. K., Benaim, M. E., Sharma, B. and
Taylor, S. H. Alpha- and beta-adrenergic receptor
blockade in the treatment of hypertension. Br. Heart. J.
36:588-596, 1974.

Malchoff, C. D., and Marinetti, G. V. Hormone action at the
membrane 1level V. binding of (%)-[3H]isoproterenol to
intact chicken erythrocytes and erythrocyte ghosts.
Bioch. Biophys. Acta 436:45-52, 1976.

Malik, A. B., Kaplan J. E. and Saba, T. M. Reference sanmple
method for cardiac output and regional blood flow deter-

181

minations in the rat. J. Appl. Physiol. 40: 472-475,

1976.

Malta, E., Mcpherson, G. A. and Raper, C. Selective B4-
adrenoceptor agonists, fact or fiction. Trends
Pharmacol. Sci. 6:400-403, 1985a.

Malta, E., Mian, A. and Raper, C. The in vitro pharmacology
of  xamoterol (ICI 118, 587). Br. J. Pharmacol. 85:179-
187, 1985hb. : '

Manalan, A., Besch, H. R. and Watanabe, A. M. Characteriza-
tion of v[3H](i) carazolol binding to R-adrenergic
receptors. Application to study of B-adrenergic receptor
subtypes in canine ventricular myocardium and lung.
Circ. Res. 49:326-336, 1981.

1

Marijic, J., Madden, J. A., Kampine, J.P and Bosnjak, 2. J.
The effect of halothane on norepinephrine responsiveness
in rabbit small mesentric veins. Anesthesiology. 73:479-
484, 1990. '

Mark, A. L., Abboud, F. M., Schmid, P. G. Heistad, D. D. and

Mayer, H. E. Differences in direct effects of adrenergic
stimuli on coronary, cutaneous, and muscular vessels. J.
Cl. Invest. 51:279-287, 1972.

McCaffrey, P. M., Riddell, J. G. and Shanks, R. G. Selec-
tivity of xamoterol, prenalterol and salbutamol as
assessed by their effects in the presence and absence of
ICI 118,551. Eur. Heart. J. 11A, 54-55, 1990.



McGrath, J.C. Evidence for more than one type of postjunc-
tional a-adrenoceptor. Biochem. Pharmacol. 31:467-484,
1982. :

McMurtry, R. J. Propranolol, hypoglycemia, and hypertensive
crisis. Annals Int. Med. 80:669-670, 1974.

McPherson, G. A., and Angus, J. A. Phentolamine and struc-
turally related compounds selectively antagonize the vas-
cular actions of the K% channel opener, cromakalin. Br.
J. Pharmacol. 97, 941-949, 1989.

McPherson, G. A., Coupar, I. M. and Taylor, D. A. Competi-

"~ tive antagonism of aj-adrenoceptor mediated pressor re-
sponses in the rat mesenteric artery. J. Pharm.
Pharmacol. 36:338-340, 1984.

McPherson, G. A., Malta, E. and Raper, C. B-adrenoceptor
mediated actions of RO363 and (-)-isoprenaline in anaes-
thetized cats, rats and rabbits. J. Pham. Pharmacol.
32:374-375, 1980. :

McPherson, G. A., Malta, E. and Raper, C. Effects of some
catecholamines on ' the cat cardiovascular system:
Interactions with adrenoceptor antagonists. J. Cardio-
vasc. Pharmacol. 3:739-752, 1981.

Meier, R. and Yonkman, F. F. A new antiadrenergic agent, 2-
[N-P-toly]-N-(m-hydroxyphenyl)-aminomethyl]- Imidazo}ine.
HCL (C-7337). Fed. Proc. 8:320, 1949.

Melchiorri, C., Brasili, L., Giardina, D., Pigini, M. and
Strappaghetti, G. 2-[[[2-(2, 6-Dimethoxyphenoxy)ethyl]-
amino]methyl]- 1, 4-benzoxathian: A new antagonist with
high potency and selectivity towards alphaj-adrenocep-
tors. J. Med. chem. 27:1535-1536, 1984.

‘Miach, P. J., Dausse, J. and Meyer, P. Direct biochemical
demonstration of two types of «a-adrenoceptor in rat
brain. Nature 274:492-494, 1978.

Minneman, K. P., Han, C. and Abel, P. W. Compérison of a1~
adrenergic receptor subtypes distinguished by chlorethyl-
clonidine and WB410l1l. Mol. Pharmacol. 33:509-514, 1988.

182



Minneman, K. P.; Hedberg, A. and Molinoff, P. B. Comparison
of beta adrenergic receptor subtypes in mammalian
tissues. J. Pharmacol. Exp. Ther. 211:502-508, 1979a.

Minneman, XK. P., Hegstrand, L. R. and Molinoff, P. B.
Simultaneous determination of beta-1 and beta-2
adrenergic receptors in tissues containing both receptor
subtypes. Mol. Pharmacol. 16:34-46, 1979b.

Moran, N. C. and Perkins, M. E. Adrenergic blockade of the
mammalian heart by a dichloro-analogue of isoproterenol.
J. Pharmacol. Exp. Ther. 124:223-237, 1958.

Morrow, A. L. and Greese, I. Characterization of aj-
adrenergic receptor_subtypes in rat brain, reevaluation
of [3H]WB4104 and [3H]prazosin binding. Mol. Pharmacol.
29:321-330, 1986.

Moulds, R. E. W. and Jauernig, R. A. Mechanism of prazosin
collapse. Lancet 1:200-201, 1977.

Mukherjee, C., Caron, M. G., Coverstone, M. and Lefkowitz,
R. J. 1Identification of adenylate cyclase B-adrenergic
receptors in frog erythrocytes with (-)-("H]alprenolol.
J. Biol. Chem. 250:4869-4876, 1975.

Murphy, T. J. and Bylund, D. B. Characterization of alpha-2

183

adrenergic receptors in the OK cell, an opsum kidney cell

"line. J. Pharmacol. Exp. Ther. 244:571-578, 1988.

Muramatsu, I. Ohmura, T. Kigoshi, S. Hashimoto, S. and
Oshita, M. Pharmacological subclassification of ;-
adrenoceptors in vascular smooth muscle. Br. J.
Pharmaceol. 99:197-201, 1990.

Nahorski, S. R. Receptors, inositol polyphosphates and
intracellular ca?*. Br. J. Clin. Pharmacol. 30:238-26S,
1990. ' '

Nakane, T., Tsujimoto, G., Hashimoto, K. and Chiba, S. Beta
adrenoceptors in the canine large coronary arteries:
beta-1 adrenoceptors predominate in vasodilation. J.
Pharmacol. Exp. Ther. 245:936-943, 1988. '



184

Nakano, J. and Kusakari, J. Effect of bropranolol on the

peripheral vascular bed. Nature 209:923-924, 1966.

Nakao, K., Kato, H. and Takagi, K. Effects of beta-
adrenergic receptor blocking agents on blood pressure in
conscious hypertensive rats. Japan J. Pharmacol. 25:25-
34, 1975.

Nies, A. S. and Shand D. G.  Hypertensive response to
propranolol in a patient treated with methyldopa a
proposed mechanism. Clin. Pharmacol. Therap. 14: 823-
826, 1973. :

North, R. A., Williams, J. T., Surprenant, A. and Christie,
M. J. 4 and o opiod receptors belong to a family of
receptors that are coupled to potassium channels. Proc.
Natl. Acad. Sci. 84:5487-5491, 1987.

Nuttall, A. and Snow, H. M. The cardiovascular effects of
ICI 118,587 a Bj;-adrenoceptor partial agonist. Br. J.
Pharmacol. 77:381-388, 1982.

Nyborg, N. C. B., and Mikkelson, E, O. Characterization of
B-adrenoceptor subtype in isolated ring preparations of
intramural rat coronary small arteries. J. Cardiovasc.
Pharmacol. 7:1113-1117, 1985. : '

O'Donnell, S. R. and Walduck, K. How Bz-seléctive is the

adrenoceptor antagonist drug, IPS 339. ° J. Pharnm.
Pharmacol. 33:223-225, 1980. _

O'Donnell, S. R. and Wanstall, J. C. pAj; values of selective
B-adrenoceptor antagonists on isolated atria demonstrate
a species difference in the B-adrenoceptor populations
mediating chronotropic responses in cat and guinea pig.
J. Pharm. Pharmacol. 31:686=-690, 1979a. '

O'Donnell, S. R. and Wanstall, J. C. The importance of

choice of agonist in studies designed to predict B85:8;
adrenoceptor selectivity of antagonists from pA; values
on guinea pig trachea and atria. Naunyn-Schmeid. Arch
Pharmacol. 308:183-190, 1979b.

O'Donnell, S. R. and Wanstall, J. C. Evidence that ICI
118,551 is a potent, highly betaj-selective adrenoceptor



antagonist and can be used to characterize beta adreno-
ceptor populations in tissues. 27:671-677, 1980.

O'Donnell, S. R. and Wanstall, J. C. Demonstration of both
B1- and Bj-adrenoceptors mediating relaxation of isolated
ring preparations of rat pulmonary artery. Br. J.
Pharmacol. 74:547-522, 1981a.

O'Donnell, S. R. and Wanstall, J. C. Pharmaéological
approaches to the characterization of B-adrenoceptor
populations in tissues. J. Auton. Pharmacol. 1:305-312,
1981b. '

O'Donnell, S. R. and Wanstall, J. C. ‘Beta-1 and beta-2
adrenoceptor mediated responses in preparations of
pulmonary artery and aorta from young and aged rats. J.
Pharmacol. Exp. Ther. 228:733-738, 1984a.

185

O'Donnell, S. R. and Wanstall, J. C. The classification of -

B-adrenoceptors in isolated ring preparations of canine
coronary arteries. Br. J. Pharmacol. 81: 637-644, 1984Db.

O'Donnell, S. R. and Wanstall, J. C. Responses to the B,-
selective agonist procaterol of vascular and atrial
preparations with different functional B-adrenoceptor
populations. Br. J. Pharmacol. 84:227-235, '1985.

Olivares, G. J., Smith, N. T. and Aronow, L. Effect of

propranolol on alpha adrenergic blockade in the dog and
isolated rabbit aortic strip. Br. J. Pharmacol.

Chemother. 30:240-250, 1967.

Oliver, G. and Schafer, E. A. The physiological effects of
extracts of the suprarenal capsules. J. Physiol.
28:230~-276, 1896.

Ozhan; M., Sill, J. €., Katusic, Z., Nelson, R. and Iaizzo,

P. Isoflurane, halothane and second messenger pathways
in isolated pig coronary arteries. Anesthesiology
73:A554.

Paget, G. E. Carcinogenic action of pronethalol. Br. Med.
J. 2:1266-1267, 1963.



Pang C. C. Y. Vasopressin and angiotensin in the control of
arterial pressure and regional blood flow in anaes-
thetized surgically-stressed rats. Can. J. Physiol.
Pharmacol. 61:1494-1500, 1983.

Pang, C. C. Y and Tabrizchi, R. The effects of nor-
adrenaline, B-HT 920, methoxamine, angiotensin II and
vasopressin on mean circulatory filling pressure in
conscious rats. Br. J. Pharmacol. 89:389-394, 1986.

Parini, A., Homcy, C. J. and Graham, R. M. Structural
properties of the aj;-adrenergic receptor: Studies with
membrane and purified receptor preparations. Circ. Res.
61 Suppl I: 100-104, 1987.

Peart, W. S. The nature of splenic sympathin. J. Physiol.
108:491-501, 1949. ’

Pegram, B. L., Bevan, R. D. and Bevan, J. A. Facial vein of
the rabbit neurogenic vasodilation mediated by 8-
adrenergic receptors. Circ. Res. 39:854-860, 1976.

Phillips, D. K. Chemistry of alpha- and beta-adrenoceptor
agonists and antagonists. Handb. Exp. Pharm. 54:3-61,
1980.

Pichler, L. and Kobinger, W. Presynaptic activity at

peripheral adrenoceptor sites and blood pressure effect
of a-adrenoceptor stimulating drugs. Eur. J. Pharmacol.

52:287-295, 1978.

Powell, C. E. and Slater, I. H. Blocking of inhibitory
adrenergic receptors by a dichloro analog of isopro-
terenol. J. Pharmacol. Exp. Ther. 122:480-488, 1958.

Prichard, B. N. C. B-adrenergic receptor blockade in hyper-
tension, past, present and future. Br. J. Clin.
Pharmacol. 5:379-399, 1978..

Prichard, B. N. and Ross, E. J. Use of propranolol in
conjunction with alpha receptor blocking drugs in
pheochromocytoma. Am. J. Cardiol. 18, 394-398, 1966.

186



. 187

Purdy, R. E., Stupecky, G. L. and Coulombe, P. R. Further
evidence for a homogeneous population of beta-1 adreno-
ceptors in bovine coronary artery. J. Pharmacol. Exp.
Ther. 245:67-71, 1988.

Rall, T. W. and Sutherland, E. W. Formation of a cyclic
adenine ribonucleotide by tissue particles. J. Biol.
Chem. 232:1065-1076, 1958.

Raper, . C., McPherson,  G. A. and Malta, E.
Phenoxypropanolamines as selective B;-receptor agonists.
Circ. Res. 46 SupplI:I53-I56, 1980.

Rashidbaigi, A. and Ruocho, A. E. Iodoazidobenzylpihdolol, a
photoaffinity probe for B-adrenergic receptor. Proc.
Natl. Acad. Sci. 78:1609-1613, 1981.

Rashidbaigi, A. and Ruoho, A. E. Photoaffinity labeling of
B-adrenergic receptors: Identification of the B-receptor
binding site(s) from turkey, pigeon and frog erythrocyte.
106:139-148, 1982.

Raymond, J. R., Hnatowich, M., Lefkowitz, R. J. and Caron,
M. G.  Adrenergic receptors. Models for regulation of
signal transduction processes. Hypertension, 15:119-131,
1990. ‘

Regan, J. W., Kobilka, T. S., Yang-Feng, T. L., Caron, M.
G., Lefkowitz, R. J. and Kobilka, B. K. Cloning and.
~expression of a human kidney cDNA for an aj-adrenergic
receptor subtype. Proc. Natl. Acad. Sci. 85:6301-6305,
1988." - .

Regan, J. W., Nakata, H., DeMarinis, R. M., Caron, M. G. and
Lefkowitz, R. J. Purification and characterization of
the human platelet ajy;-adrenergic receptor. J. Biol.
Chem. 261:3894-3900, 1986.

Regoli, D. Pressof action of beta blocking agents in rats.
.Can. J. Physiol. Pharmacol. 48:481-489, 1970. '

Repaske, M. G., Nunnari, J. M. and Limbird, L. E. Purifica-
tion of the aj-adrenergic receptor from porcine brain
using a yohimbine-agarose affinity matrix. J. Biol.
Chem. 262, 12381-12386, 1987. ~



Riou,'B., Lecarpentier, Y. and Viars, P. Inotropic effect
of ketamine on rat cardiac papillary muscle.
Anesthesiology 71:116-125, 1989.

188

Roberts, G., Richardson, A. W. and Green, H. D. Effects of

regitine (C-7337) wupon the blood flow responses to

epinephrine in the innervated hind limb of the dog J.

Pharmacol. Exp. Ther. 105:466-476, 1952.

Rothe, C. F., Flanagan, D. and Maass-Moreno, R. Role of B-
adrenergic agonists in the control of vascular
capacitance. Can. J. Physiol. Pharmacol. 68, 575-585,
1990.

Rubanyi, G. and Vanhoutte, P. M. Endothelium-removal
decreases relaxations of canine coronary arteries caused
by B-adrenergic agonists and adenosine. J. Cardiovasc.
Pharmacol. 7:139-144, 1985.

Ruffolo, R. R., Messick, K. and Horang, J. S. Interactions
of three inotropic agents, ASL-7022, Dobutamine and
dopamine, with a- and B-adrenoceptors in vitro. Naunyn-
Shmied. Arch. Pharmacol. 326:317-326, 1984. -

Rugg, E. L., Barnett, D. B. and Nahorski, S. R. Coexistence
of beta; and beta; adrenoceptors in mammalian 1lung:
Evidence from direct binding studies. Mol. Pharmacol.
14:996-1005, 1978.

- Samar, R. E. and Coleman, T. G. Measurement of mean

circulatory filling pressure and vascular capacitance in
the rat. Am. J. Physiol. 234: H94-H100, 1978.

Schwartz, D. A. and Horwitz, L. D. Effects of_ketamine on
left ventricular performance. J. Pharmacol. Exp.  Ther.
194: 410 414, 1975. )

Schwartz,  J. and Velly, J. The B?adrenoceptbr :Of pig
coronary arteries: determination of B; and B; subtypes
by radioligand binding. Br. J. Pharmacol. 79:409-414,
1983. _

Schwinn, D. A. Lomasney, J. W., Lorenz, W., Szklut, P. J.
Fremeau, R. T., Yang-Feng, T. L., Caron, M. G.,
Lefkowitz, R. J. and Coteqchia, S. Molecular cloning and



expression of the cDNA for a novel l—adrenergic'receptor
subtype. Science 256:8183-8189, 1990.

Shorr, R., Lefkowitz, R. J. and Caron, M. G. Purification
of the B-adrenergic receptor: identification of the
hormone binding subunit. J. Biol. Chem. 256:5820-5826,
1981.

Shorr, R. G. L., Strohsacker, M. W., Lavin, T. N.,
Lefkowitz, R. J. and Caron, M. G. The B;-adrenergic
receptor of the turkey erythrocyte. Molecular hetero-
geneity revealed by purification and photoaffinity
labeling. J. Biol. Chem. 257:12341-12350, 1982.

Shreeve, S., Fraser, C. M. and Venter, G. Molecular
comparison of a;- and ag-adrenergic receptors suggests
that these proteins- are structurally related
“jsoreceptors". Proc. Natl. Acad. Sci. 82:4842-4846,
1985. '

Shulz, A. and Hasselblatt, A. An insulin releasing property
of imidazoline derivatives is not 1limited to compounds
that block alpha-adrenoceptors. Naunyn-Schmied. Arch
Pharmacol. 340: 321-327, 1989. v

Spence, R. J., Rhodes, B. A. and Wagner, H. N. Jr.
Regulation of arteriovenous anastomotic and capillary
blood flow in the dog leg. Am. J. Physiol. 222:326-332,
1972.

Sporn, J. R. and Molinoff, P. B. 'B-adrenoceptors in rat
brain. J. Cycl. Nucl. Res. 2: 149-161, 1976.

Sprague, D. H., Yang, J. C. and Nagi, S. H. Effects of

'~ isoflurane and halothane on contractility and cyclic
3/5'- adenosine monophosphate system in the rat aorta.
Anesthe51ology 40:162-167, 1974.

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

Starke, K. a-adrenoceptor subclassification. Rev. Physiol.
Biochem. Pharmacol. 88:199-236, 1981.

189



Starke, K., Borowski, E. and Endo, T. Preferential blockade
of presynaptic a-adrenoceptors by yohimbine. Eur. J.
Pharmacol. 34:385-388, 1975a.

Starke, K., Endo, T. and Taube, H. D. Relative pre- and
postsynaptic potencies of a-adrenoceptor agonists in the
rabbit pulmonary artery. " Naunyn-Schmied. Arch.
Pharmacol. 291:55-78, 1975b. o

Starke, K. Influence of a-adrenoceptor stimulants on nor-
adrenaline release. Nature Wissen. 58:420, 1971.

Steppeler, A., Tanaka, T. and Starke. K. A comparison of
pre- and postsynaptic a-adrenergic effects of phenyl-
ephrine and tramazoline on blood vessels of the rabbit in
vivo. Naunyn Schmied. Arch. Pharmacol. 304:223-230,
1978. .

Stiles, G. L. Mechanisms of receptor activation in adeny-
late cyclase systems. J. Cardiovasc. Pharmacol. 14:S1-
S5, 1989. ‘

190

Stiles, G. L., Strasser, R. H., Lavin, T. N., Jones, L. R.,

Caron, M. G. and Lefkowitz, R. J. The cardiac B-
adrenergic receptor, structural similarities of B; and B85
receptor subtypes demonstrated by photoaffinity labeling.
J. Biol. Chem. 258:8443-8449, 1983.

Strader, C. D., Sigal, I. and.Dixon, R. A. F. = Structural
basis of B-adrenergic receptor function. FASEB J.
3:1825-1832, 1989.. :

Su, J. Y. and 2Zhang, C. Intracellular mechanisms of
halothane’s effect on isolated aortic strips of the
rabbit. Anesthesiology 71:409-417, 1989.

Sugawara, K., Takami, N., Maemura, S., Niwa, M., -and Ozaki,
M. B-adrenoceptor blocking agents release catecholamines
from rat adrenal medulla. Eur. J. Pharmacol. 62:287-295,
1980. '

Sutter, M.C. The pharmacology of isolated veins, Br. J.
Pharmacol. 24: 742-751, 1965. ’



Tabrizchi, R., King, K. A. and Pang, C. C. Y. Pressor
response to B;- and Bj-blockers in conscious rats treated
with phentolamine. Pharmacology 37: 385-393, 1988.

Tabrizchi, R. and Pang, C. C. Y. Comparative effects of
rauwolscine, prazosin and phentolamine on blood pressure
and cardiac output in anaesthetized rats. Can. J.
Physiol. Pharmacol. 65:1421-1427, 1987.

Tabrizchi, R. and Pang, C. C. Y. Propranolol antagonizes
hypotension induced by a-blockers but not by sodium
nitroprusside or methacholine. Can. J. Physiol.
Pharmacol. 67:83-87, 1989.

Tabrizchi, R. and Pang, C. C. Y. Adrenalectomy abolishes

antagonism of a-adrenoceptor-mediated hypotension by a #-

blocker in conscious rats. Br. . J. Pharmacol. 101:358-
362, 1990. :

Taira, N., Yabuuchi, Y. and Yamashita, S. Profile of B-
adrenoceptors in femoral, superior mesenteric and renal
vascular beds of dogs. Br. J. Pharmacol. 59:577-583,
1977. '

Takamine, J. The isolation of the active principle of the
suprarenal gland. J. Physiol. 27:xxix-xxx, 1902.

Taylor, S. H. Pharmacological and therapeutic propertiesAof
an ideal BR-blocker. J. Int. Med. Res. 16 suppl 1:8A-16A,
1988.

Taylor, S. S., Bubis, J., Toner-Webb, J., Saraswat, L. D.,
First, E. A., Buechler, J. A., Knighton, D. R. and
Sowadski, J. cAMP-dependent protein kinase: prototype
for a family of enzymes. FASEB J. 2:2677-2685, 1988.

Timmermans, P. B. M. W. M. Calcium antagonism and aj3-
adrenoceptor activation. Naunyn-Schmeid Arch. Pharmacol.

316 (Suppl) R57.

Timmermans, P. B. M. W. M. and Van 2Zwieten, P. A. ajs-adreno-
ceptors classification, 1localization, mechanisms and
targets for drugs. J. Med. Chem. 25:1389-1401, 1982.

191



Timmermans, P. B. M. W. M., Kwa, H. Y. and Van 2Zwieten, P.
‘A. Possible subdivision of postsynaptic a-adrenoceptors
mediating pressor responses in the pithed rat. Naunyn-
Schmied. Arch. Pharmacol. 310:189-193, 1979.

Timmermans, P. B. M. W. M. and Van Zwieten, P. A. aj-adreno-
ceptors classification, localization, mechanisms and
targets for drugs. J. Med. Chem. 25:1389-1401, 1982.

Toda, N. and Okamura; T Beta adrenoceptor subtype in iso-
lated human, Monkey and dog epicardial coronary arteries.
J. Pharmacol. Exp. Ther. 253:518-524, 1990.

Tolbert, M. E. M., White, A. C., Ospry, K., Cutts, J., and
Fain, J. N. Stimulation by vasopressin and a~cate-
cholamines of phosphatidyl-inositol formation in isolated
liver parenchymal cells. J. Biol. Chem. 255: 1938-1944,
1980.

Turner, J. T. Pierce, D. L. and Bylund, D. B. Alpha-2
adrenergic regulation of norepinephrine release in the
rat submandibular gland as measured by HPLC-EC. Life Sc.

©15:1385-1394, 1984. -

Trivella, M. G., Broton, T. P. and Feigl, E. 0. B-receptor
subtypes in the canine coronary circulation. Am. J.
Physiol. 259:H1575-H1585, 1990.

U'Pr%chard, D.C. and Synder, S.H. [3H]Epinephrine and
[°H]norepinephrine binding to a-noradrenergic receptors
in calf brain membranes. Life Sci. 20:527-534, 1977.

U'Prichard, D. €. and Synder, S. H. Distinct ¢a-
noradrenergic receptors  differentiated by binding and
physiological relationships. Life Sci. 24:79-88, 1979.

Vatner, D. E., Knight, D. R., Homcy, C. J., Vatner, S. F.
and Young, M. A. Subtypes' of B-adrenergic receptors in
bovine coronary arteries. Circ. Res. 59:463-473, 1986.

Vatner, S. F. and Hintze, T. H. Mechanism of constriction
of 1large coronary arteries by B-adrenergic receptor
blockade. Circ. Res. 53:389-400, 1983.

192



vVatner, S. F., Knight D. R. and Hintze, T. H. ' Nor-
epinephrine-induced Bj;-adrenoceptor peripheral vaso-
dilation in conscious dogs. Am. J. Physiol. 249:H49-56,
1985.

-]

Venter, J. C. The structure and evolution of adrenergic and
muscarinic cholinergic receptors. J. Cardiovasc.
Pharmacol. Suppl. 12:S69-S73, 1987.

Venter, J. C., Eddey, B., Hall, L. M. and Fraser, C. M.
Monoclonal antibodies detect the <conservation of
muscarinic cholinergic receptor structure from drosophila
to human brain and detect possible structural homology
with @j;-adrenergic receptors. Proc. Natl. Acad. Sci.
81:272-276, 1984.

WéaléManning, H. d. Atenolol and three non selective beta-
blockers in hypertension. Clin. Pharmacol. Ther. 25:8-
18, 1979.

Waelbroeck, M., Taton, G., Delhaye, M., Chatelain, P.,
Camus, J.C., Pochet, R., Leclerc, J. L., De Smet, J. M.,
Robberecht, P. and Christophe, J. The human heart beta-
adrenergic receptors. II.. Coupling of betaj-adrenergic
receptors with the adenylate cycalse system. Mol.
Pharmacol. 24:174-182, 1983.

Waite, R. P., Pang C. C. Y. and Walker, M. J. A. Effects of
calcium antagonists on mean circulatory filling pressure
in the conscious rat, J. Cardiovasc. Pharmacol. 12:499-
504, 1988. '

Wallace, M. ‘and Fain, J. Guanosine 5-0O-thiotriphosphate
stimulates phospholipase C activity in plasma membranes
of rat hepatocytes. J. Biol. Chem. 260:9527-9530, 1985.

Walter, M., Lemoine, H. and Kaumann, A. J. Stimulant and

193

blocking effects of optical isomers of pindolol on the.

sinoatrial node and trachea of guinea pig. Role of B-
adrenoceptor subtypes 1in the dissociation between
blockade and stimulation. Naunyn-Schmeid. Arch.
Pharmacol. 327:159-175, 1984.

Wang, Y-X, 2Zhou, T., Chua. T. C. and Pang, C. C, Y. Effects
of 1inhalation and intravenous anaesthetic agents on



pressor response to NG-nitro-L-arginine. Eur. J.
Pharmacol. 1In press (1991).

Webb-peploe, M. M. and Shepherd, J. T. Beta receptor
mechanisms in the superficial limb veins of the dog. J.
Clin. Invest. 48:1328-1335, 1969.

Weiner, N. Norepinephrine, epinephrine and the sympatho-
mimetic amines. In Goodman and Gilman's the pharmacolog-

ical basis of therapeutics. Ed. Gilman, A.F., Goodman,
L. S., Rall, T. W. and Murad, F. 7th Edition. 145-181,

1985.

" Weiss, E. R., Kellecher, D. J., Woon, C. W., Soparkar, S.,
Osawa, S., Heasley, L. E. and Johnson, G. L. Receptor
activation of G proteins. FASEB J. 2:2841-2848, 1988.

Weitzell, R., Tanaka, T. and Starke, K. Pre- and post-
synaptic effects of yohimbine stereoisomers on nor-
adrenergic transmission in the pulmonary artery of the
rabbit. Naunyn-Schmeid. Arch. Pharmacol. 308:127-136,
1979. ‘ :

Williams, L. T. and Lefkowitz, R. J. Slowly reversible
binding of catecholamine to a nucleotide-sensitive state
of the B-adrenergic receptor. J. Biol. Chem. 252: 7207-
7213, 1977. ‘ : :

williams, L. T., Mullikin, D. and Lefkowitz, R. J. 1Identi-
fication of a-adrenergic receptors in uterine smooth
muscle membranes by‘[3H] dihydroergocryptine binding. J.
Biol. Chem. 251:6915-6923, 1976. ’

Wilson, C., Wilson. S., Piercy, V., Sennit, M. V. and Arch,
J. R. S. The rat 1lipolytic B-adrenoceptor: studies
using novel R-adrenoceptor agonists. Eur. J. Pharmacol.
100:309-319, 1984.

Yamamoto, J. and Sekiya, A. On the pressor action of
propranolol in the rat. Arch. Int. Pharmacodyn. 179, 372-
380, 1969. ' '

194



195

Yamamoto, J., Trippodo, N. C., Ishise, S. and Frohlich, E.
" D. Total vascular pressure-volume relationship in the
conscious rat. Am. J. Physiol. 238:H823-H828, 1980.

Yarden, Y., Rodriguez, H., Wong, S., Brandt, D. R., May, D.
c. Burnier, J., Harkins, R. N., Chen, E.. Y.,
Ramachandran, J., Ullrich, A. and Ross, E. M. The avian
B-adrenergic receptor: Primary structure and membrane
topology. Proc. Natl. Acad. Sci. 83:6795-6799, 1986.

Yoshizaki, S., Tanimura, K., Tamada, S., Yabuuchi, Y. and
Nakagawa, K. Sympathomimetic amines having a carbostyr11
nucleus. J. Med. Chem. 19:1138-1142, 1976.

Zahir, M., Gould, L. Phentolamine and beta-adrenergic
receptors. J. Clin. Pharmacol. 11:197-203, 1971.

Zimpfer, M., Manders, W. T., Barger, A. C. and Vatner, S. F.
Pentobarbital alters compensatory neural and humoral
mechanisms in response to hemorrhage. Am. J. Physiol.
243:H713-H721, 1982. '



