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I. Introduction

EVERY organ contains smooth muscles. Their func-

tions and properties differ depending on the organ in
Which they occur and on the particular location within

the organ. The activity of smooth muscle can be influ-

enced by many factors, but it is mainly regulated through

the autonomic nervous system and through hormones in
the circulation. Both norepinephrine, the sympathetic
neurotransmitter, and epinephrine, the hormone re-
leased from the adrenal medulla, have strong effects on

smooth muscle activity. Their action is very complex
and, although there are recent significant advances in
our understanding, many unsolved problems remain con-
cerning the nature of different receptors and, most im-

portant, the mechanisms by which the catecholamines
produce their effects.

The inherent properties of smooth muscles are gener-

ally correlated with the electrical activity of the plasma
membrane, as pointed out by Creed (92). The pattern of
the electrical activity varies greatly, and different smooth

muscles can therefore be classified according to their
excitability, although a clear definition of distinct cate-
gories is often difficult. Some muscles, such as large
blood vessels, do not produce a clear active response,
while others, such as the taenia of guinea pig caecum,

produce action potentials of a simple spike type in an

all-or-nothing manner. However, most smooth muscles
have intermediate properties; i.e., the evoked action po-
tential is graded in amplitude, depending on stimulus

intensity, and the configuration of the action potential
is variable. Poorly excitable muscles are inevitably quies-
cent and generally lack muscle tone, but highly excitable

muscles may exhibit spontaneous myogenic activity, and
the frequency of spike discharge determines the pattern
of mechanical activity. Quiescent, but excitable muscles
respond to nerve stimulation with depolarization (the
excitatory junction potential) which leads to the gener-
ation of action potentials. These differences in electrical
properties might be expected to be correlated with the
different mechanisms by which catecholamines affect
the activity of different muscles.

This review is confined to the action of catecholamines
on postjunctional receptors located in the smooth muscle
cell membrane, as observed, in most experiments, on
isolated preparations. The review has been restricted

mainly to those observations in which the mechanism of
the catecholamine action has been analysed to some

extent. The material has been arranged, as far as possi-

ble, according to the order of excitability of the muscles
that have been investigated. One would naturally expect

that the inhibitory control is dominant in a muscle with
high spontaneous activity, whereas the excitatory control
would be dominant in a quiescent muscle. There is such

a tendency, but our aim, to find a possible correlation

between the mode of action of catecholamines and the
properties of smooth muscle, has only partially been

achieved, because of the lack of necessary information.
One has an impression that, the more the studies are

expanded, the greater the confusion. This may be an
inevitable result of the real diversity of smooth muscles

in different organs and different species. On the other

hand, the confusion may have come from the interpre-
tation of results obtained without appropriate analysis

of the individual electrical and mechanical properties of
the smooth muscle under investigation. Though this
review may, therefore, be unable to present clear-cut
conclusions, it is hoped that it may be useful in indicating
possible approaches for future research.

H. Distribution of Adrenoceptors

Adrenergic receptors have been classified into a- and

f�-receptors (8). The fl-adrenoceptors which mediate
bronchodilatation were shown to differ pharmacologi-
cally from those which mediate cardiac actions, and

hence they were classified as fl2- and �31-receptors, re-
spectively (234, 235). Subsequently, a-adrenoceptors
were also subdivided since they were shown to be present

not only on smooth muscle cells (“postjunctional” recep-
tors) but also on nerve terminals (“prejunctional” recep-
tors) which innervate the smooth muscle. From the ef-
fects of various agonists and antagonists, it was found
that post- and prejunctional receptors have different
properties, and thus, they were subdivided into ai- and

a2-receptors, respectively (236).
It became clear, however, that both a1- and a2-recep-

tors, as well as th- and f�2-receptors, pharmacologically
defined, are present in the postjunctional smooth muscle

membrane (414). Therefore, the different types of recep-
tors cannot be subdivided by their location, but they are
now classified according to their relative responsiveness
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to agonists and to antagonists. For example, a1-receptors

are more powerfully activated by phenylephrine than by

clonidine, and the reverse is true for a2-receptors. The
responses mediated by a1-receptors are antagonized by

prazosin or phenoxybenzamine, while those mediated by
a2-receptors are antagonized by yohimbine or rauwol-

scine. Similarly, examples of agonists and antagonists
for fi1-receptors are trazolol and practolol, respectively,

while those for $2-receptors are fenoterol and ICI 118,
551 (erythro-dl-1-(7-methylindan-4-yloxy)-3-isopropyl-
aminobutan-2-ol), respectively (see Table 1).

This differentiation of the adrenoceptors may have a
functional significance in that the a1- and p1-receptors

are likely to be located postjunctionally near the site
where the neurotransmitter (norepinephrine) is released

from the sympathetic nerve terminals and that the a2-

and p2-receptors are located extrajunctionally (and pre-

junctionally) being particularly sensitive to the hormone

(epinephrine) released from the adrenal medulla (16, 237,
238). However, this hypothesis is likely to oversimplify
the actual situation because there are many exceptions.

The identification of the individual receptors has been
based, in the first place, on the mechanical response

evoked by a given agonist and on the abolition of this
response by a specific antagonist. However, the specific-

ity of these agents is often not sufficiently high for a

clear differentiation of receptor types. Another compli-

cation arises from the different sites of action in smooth

muscle preparations which contain other tissue compo-

nents such as nerve fibers, ganglion cells, and endothe-
hum. An indirect action through these components may

influence the direct action of catecholamines on the

particular smooth muscle cells under investigation. It is

known, for example, that, after blocking a1- and $-

adrenoceptors, norepinephrine exerts a relaxing effect in

some vascular muscles mediated through a2-adrenocep-

tors located on the endothelium (15a). In the intestine

and the myometrium, the activity of one muscle layer
may be influenced by the activity of an adjoining muscle

layer. If the effectiveness of catecholamines on the lon-

gitudinal layer differs quantitatively and/or qualitatively
from that on the circular layer, a complex result can be

obtained which may lead to confusion.
The distribution of receptors in smooth muscles may

depend on the density of innervation and on the distance
between the adrenergic nerve terminals and the muscle
cell membrane. In several blood vessels from the rabbit,

it has been shown that the sensitivity to externally
applied norepinephrine is higher in densely innervated

vessels than in sparsely innervated ones, even after

blockade of neuronal uptake and of �9-receptors (33a,

251a). In vascular muscles (dog mesenteric artery and

saphenous vein), a-receptors seem to be located more
closely to the nerve endings compared with fl-receptors,

because inhibition of neuronal uptake by cocaine poten-
tiated a-effects of catecholamines more than fl-effects

TABLE 1

Glossary of compound designations

Compound designation

A23187

AA 497

BE 2254 2-(�-(4-Hydroxyphenyl)ethyhamino-
methyl)tetralone

BHT 920 6-Ahlyl-2-amino-5,6,7,8-tetrahydro-

4H-thiazolo(4,5-d)azepin dihy-

drochloride

Gallopamil

7-[3-(4-Acetyl-3-hydroxy-2-propyh-

phenoxy)-2.hydroxypropoxyl-4-

oxo-8-propyl-4H-1-benzopyran-2-

carboxylate

dt-Erythro-4-methyl-a-(1-isopropyl-
aminoethyl)benzyl alcohol hydro-

chloride

IC! 118,551 Erythro-dl-1-(7-methyhindan-4-

yloxy)-3-isopropylaminobutan-2-ol

M-7 2-N,N-Dimethylamino-5,6-dihy-

droxyl-1,2,3,4-tetrahydronaphtha-
lene

2-Methyl-6-methoxy-8-nitroquinoline

4-(3-Butoxy-4-methoxybenzylj-2-imi-

dazolidone

Indanidine

Proadifen

5,8-Dimethoxy-2-aminotetralin

8-Methoxy-2-aminotetralin

5,8-Dimethoxy-N,N-dimethyl.2-ami-

notetralun

SK & F 89748 1-1,2,3,4-Tetrahydro-8-methoxy-5-
(methylthio)-2-naphthalenainine

SQ 20,009 1-Ethyl.4-(isopropylidenehythazino).
1H-pyrazolo[3,4-b]pyridine-5-car-

boxylic acid, ethyl ester

St 587

imino)imidazohine

Tetraethylammonium

2-(8-Bromoquinoxalyl-7-imino)-

imidazoline tartrate

WB 4101 2-I(2’,6’-Dimethoxy)-
phenoxyethyhamino]methylbenzo-

dioxane

(152a). This conclusion is supported by the observation
that the concentration of phentolamine and prazosin
required to inhibit nerve-mediated contractions was
about 5 to 7 times higher than that required to inhibit
the contraction produced by applied epinephrine or nor-
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epinephrine, whereas propranolol was equipotent in re-
ducing fl-effects of nerve stimulation and of applied

epinephrine (152b).
Most smooth muscles seem to contain several subtypes

of adrenergic receptors, but at the moment it is difficult
to define whether different types are present on the same
muscle cell or whether they occur on different cells within

small regions, and whether receptors are distributed ho-
mogeneously or whether they occur in clusters. Further-

more, it is still not certain that the ai- a2-, flu-, and fl2-

receptors are the final classification for adrenoceptors.
For example, there is some evidence for adrenoceptors
which are apparently resistant to adrenoceptor blocking

agents, as described in section VII (168, 169, 282). Since

receptors have probably more than one binding site and
are linked to intracellular mechanisms regulating cell

function, it is quite possible that, due to the presence or
absence of certain metabolic pathways, specific enzyme
systems, second messengers, etc., slightly different mech-
anisms operate to produce the mechanical response.

III. Catecholamine Action

Contraction of smooth muscle is thought to be the
result of actin-myosin interaction caused by phosphoryl-

ation of myosin light chain. The light chain is phosphor-
ylated when myosin light chain kinase is activated by

calmodulin and Ca. Thus, an increase of the intracellular
free Ca concentration leads to contraction. When the

intracellular Ca concentration is decreased, the muscle
relaxes due to dephosphorylation of the light chain me-

diated by phosphatase. The final effect of catechol-
amines, contraction or relaxation, is thus mainly pro-
duced by modulation of these processes, chiefly by a
change of the intracellular free Ca concentration. The

diversity of the properties and also of the mode of action
of catecholamines in different smooth muscles is mainly
determined by the way in which the intracellular Ca

concentration is regulated in each individual tissue.
For the excitatory action (contraction), catechol-

amines may increase Ca influx, release Ca from intracel-

lular stores, and/or suppress Ca extrusion or sequestra-
tion. When the muscle is electrically excitable, Ca influx
occurs during the action potential, whose configuration
is modulated directly through mechanisms acting on

ionic channels or indirectly through changes in mem-
brane potential. In less excitable, or poorly excitable,
muscles, activation of adrenoreceptors may increase Ca

influx through the plasma membrane, without generating
action potentials, and/or it may release intracellular Ca,

which is probably mediated by intracellular second mes-
sengers, as discussed in section IX.

The relaxation by catecholamines can also be caused
by several different mechanisms, such as suppression of
Ca influx, Ca extrusion from the cell, sequestration of
Ca into intracellular stores, and/or interference with the
contractile machinery. Ca influx can not only be directly
blocked by closing Ca channels, but it can also be sup-

pressed indirectly by blocking the generation of action

potentials, for example, as a result of hyperpolarization
of the membrane due to an increase in K conductance.

The contribution of each of these processes seems to
vary greatly from one muscle type to another and also

depends on experimental conditions. Although various

hypotheses have been presented for the action of cate-

cholamines, the actual analysis is still rather superficial,
mainly due to limitations of available techniques.

For electrophysiological observations, the sucrose-gap
method has often been used. This is a very useful method
when muscle fibers are electrically well coupled and their

properties are homogeneous. One must be aware, how-
ever, that the electrical changes are average values of

many cells. Therefore, if the receptor distribution in the
recording region is uneven, the conclusion derived from

results recorded with the sucrose-gap method may not
be reliable and, to obtain more precise information, it is
necessary to record intracellularly. It is often assumed

that the membrane effect of catecholamines can be ne-
glected in depolarized preparations in excess K medium.
However, the important factor is not the change in

membrane potential, but the change in Ca conductance
of the membrane. The Ca channels, which are not mac-

tivated by depolarization (410), may still be affected by
catecholamines even in the depolarized condition with-
out significant alteration of the membrane pQtentlal.
Thus, one must realize the limitations of each method

and be cautious in interpreting the results.
Most of the information available in the literature is

concerned with electromechanical coupling. Hence, the
main part of this review (sections IV to VII) describes
the coupling of receptor activation and contractility
through modulation of membrane activity and of the
movement of Ca across the cell membrane. The pathways

of the intracellular translocation of Ca by second mes-
sengers, i.e., the biochemical coupling mechanisms, are
described separately in the two final sections VIII and
IX.

Iv. Spontaneously Active, Highly Excitable

Muscles

A. The Taenia of Guinea Pig Caecum

1. a-Action. The longitudinal muscle of the gastroin-
testinal tract is highly excitable and spontaneously ac-
tive. This activity is suppressed not only by activation
of fl-receptors but also of a-receptors. A typical example
is seen in the taenia of guinea pig caecum (often called

the taema coli), which has been most extensively studied.
In this muscle, activation of the a-receptors by epineph-

rine causes hyperpolarization of the membrane by in-
creasing K (and probably Cl) conductance and cessation
of spontaneous activity resulting in relaxation (55, 199,
200, 374). This action is mediated by a1-receptors, be-
cause it is mimicked by phenylephrine and methoxamine,
but not by clonidine, and it is abolished by a1-selective
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CATECHOLAMINE ACTION ON SMOOTH MUSCLE 53

blockers (carbidine or phenoxybenzamine), not by an a2-

selective blocker, yohimbine (27, 420).
The initial phase of hyperpolarization of the mem-

brane caused by epinephrine is not much affected by
removal of the external Ca, but the late phase disappears

within 2 to 3 mm during continued application of epi-

nephrine (104, 105, 415, 417). After prolonged exposure
(20 mm) to Ca-free solution, the early phase is also

abolished, and epinephrine has no effect. Mn and La also

suppressed more effectively the late phase than the early

phase. Following treatment with Ca-free, excess (6 to 12

mM) Mg solution, readmission of Ca increased the mem-
brane resistance in the absence of epinephrine, but it

decreased the membrane resistance in the presence of
epinephrrne (59). These results suggest that epinephrine
facilitates Ca influx through the plasma membrane, re-

suiting in increased K and Cl conductances, and that the

early transient component of the hyperpolarization ob-
served in Ca-free solution may be due to Ca released
from some binding sites (58, 103, 415, 417).

Epinephrine increased Ca loss, and this loss disap-
peared in Ca-free solution (105). The K efflux, repre-

sented by 86Rb efflux, was also increased by epinephrine,

and this was blocked by the bee toxin, apamin. When Ca
was replaced with Ba, the effect of epinephrine in

suppressing the mechanical activity (450) and in reduc-
ing the membrane resistance and suppressing the spike

activity disappeared (57). The action of Ba was partly

antagonized by increasing external Ca. Apamin (103, 257,
258) and TEA (tetraethylammonium) (29) abolished the

hyperpolarization induced by a-receptor activation or

converted the response to depolarization, probably by

blocking the increase in K conductance. The relaxation

caused by amidephrine (a-agonist) was also diminished

by 1 to 3 nM apamin (20). When the preparations were

exposed to K-free solution for 4 to 5 hr, the membrane

was depolarized to a range between -10 and 0 mV. Under

these conditions, instead of producing hyperpolarization

and relaxation, norepinephrine (1 zM) caused a transient

depolarization accompanied by contraction still in K-

free medium, suggesting an increase in Ca influx (18).

The mechanism by which the K (and possibly Cl)

conductance is increased by activation of a-receptors is

still a matter of speculation, but the above results all

seem to support the hypothesis that Ca may increase the
K conductance from the inside of the plasma membrane,

as is known for the Ca-activated K conductance in many

other cells, and that activation of a-receptors mobilizes
Ca into this active site from some binding sites at the

outer surface of the membrane, from the external me-

dium, and possibly also from some intracellular store

(58, 103, 414, 416). In recent experiments with the patch-

clamp method, supporting evidence for the contribution

by Ca-activated K conductance to the a-inhibitory action

has been obtained (H. Tokuno and T. Tomita , unpub-
lished observations). When norepinephrine (1 �M) was

applied to the outside of a single cell, the probability of

open state ofthe Ca-activated K channels recorded under
the cell-attached condition was greatly increased with
little change in the single channel conductance. This

effect was the same as that of increasing the intracellular

Ca concentration.

2. fl-Action. Activation of fl-receptors by isoproterenol

causes relaxation by suppressing the spike activity ac-

companiedby a small hyperpolarization (56). This action
is abolished by propranolol (a nonselective blocker), but

only partially by practolol (fl1-blocker). A fl1-agonist,

tazolol, is inactive, suggesting the main involvement of

fl2-receptors in the suppression of spike generation (27).
A similar conclusion has been reached by using a fl2-

selective agonist, AA 497 (5-hydroxymethyl-6-hydroxy-

2-isopropylamino-1,2,3,4-tetrahydronaphthalene-1-ol)
(216). The suppression of spike activity by AA 497 is

markedly inhibited by butoxamine (fl2-selective antago-
nist), but not by practolol. In addition to this mechanism

at the membrane mediated by fl2-receptors, isoproterenol

seems to activate also fl1-receptors, which influence in-
tracellular mechanisms causing relaxation (216). The

involvement of /31-receptors can easily be demonstrated

in the depolarized condition in excess K medium. Stim-

ulation of adenylcyclase, which is coupled to the fi-
receptor, results in an increase of the intracellular cyclic

AMP level, as described in section VIII.
In the guinea pig taenia, both the a- and the fl-action

are inhibitory. The electrophysiological analysis of the

underlying mechanisms, using the sucrose-gap method,
has shown that both suppressed the spontaneous spike

discharge. However, the hyperpolarization and the de-

crease of membrane resistance caused by fl-receptor ac-
tivation were either absent or much smaller than those

caused by the a-action (52, 56).

Recently, it was found with intracellular microelec-
trodes that isoproterenol, through activation of fi-recep-

tors, causes a substantial hyperpolarization (about 70%
of that caused by epinephrine at the same concentration

of 0.3 �iM through activation of a-receptors). Only occa-

sionally, when a cell was not spontaneously active, iso-

proterenol failed to cause a change in membrane poten-
tial, while epinephrine in the same cell invariably pro-

duced a large hyperpolarization. The hyperpolarization

caused by isoproterenol is likely to be due to an increase
in K conductance, like that caused by a-receptor acti-

vation, because it is significantly increased by removing

the external K (416). Supporting evidence for an increase
in K conductance is the observation that, during the

hyperpolarization induced by isoproterenol or epineph-

rime in K-free solution, K-readmission depolarized the
membrane, and that TEA (10 mM) or Ba (2.5 mM), which

are both known to decrease K conductance, abolished

the catecholamine-induced hyperpolarization. In the ab-

sence of catecholamine, the readmission of K, after ex-
posure to zero K, hyperpolarizes the membrane due to
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54 BULBRING AND TOMITA

activation of the electrogenic Na pump (68, 418). The
discrepancy between the earlier results obtained with the
sucrose-gap method and the recent observations with

intracellular recording might be due to the possibility

that fl-receptors are not as homogeneously distributed as
a-receptors, but that they are confined to scattered spots

where spontaneous activity is generated. This uneven

distribution of the receptors may attenuate the hyper-
polarization and the conductance change when measured

with the sucrose-gap method.

Since isoproterenol increased 45Ca efflux by about 20%
without affecting ‘�Ca influx, it has been suggested that

the fl-action is due to activation of an electrogenic Ca

pump at the plasma membrane, which accounts for a
small hyperpolarization observed with the sucrose-gap

method (52). An involvement of cyclic AMP in the fi-

action (see section VIII) is suggested by the observation

that the total tissue Ca did not change during relaxation
caused by a phosphodiesterase inhibitor (Ro 20-1724, 4-

(3-butoxy-4-methoxybenzyl)-2-imidazolidone), which
mimicked the isoproterenol relaxation, indicating that

the fl-action is partly due to an increase in Ca sequestra-

tion (302). A contribution by Ca sequestration has also

been suggested by a study on the carbachol-induced
contractions in Ca-free solution (70). The guinea pig

taenia produced a transient contraction when carbachol

(1 �LM) was given after 3-mm exposure to Ca-free solution

(5.9 mM K, 2 mM EGTA), following treatment with 42

mM K solution containing 1.5 mM Ca to fill intracellular

Ca stores. This contraction was increased by about 40%

when isoproterenol (1 tiM) was added during the Ca-

filling procedure in excess K solution. This result was
interpreted to indicate that the Ca uptake by intracellu-

lar stores was facilitated by isoproterenol, and thus a

larger amount of Ca became available for the subsequent

stimulation by carbachol in Ca-free solution. The final

agreement on which of the mechanisms involved in the
intracellular Ca regulation plays the main role in the fl-

effect should be reached by further experiments.
The relaxing effect of isoproterenol is reduced by de-

polarization with excess K, but the degree of reduction

depends on several factors, such as the Na concentration
remaining, the duration of exposure, and the concentra-

tion of isoproterenol. There are apparent discrepancies

among the publications on the effect of isoproterenol in

depolarized preparations, but the reason is often not
clear because the experimental conditions are usually not
fully described. In the guinea pig taenia, during exposure

to excess (24 mM) K solution, when observed with the
sucrose-gap method, 0.4 �zM isoproterenol produced

nearly complete relaxation without reducing spike fre-
quency or amplitude (216), confirming similar previous

observations using 35 mM K (444). On the other hand,

verapamil decreased the spike frequency and caused re-
laxation roughly in parallel (217). It was therefore con-

cluded that the relaxation caused by isoproterenol was

not simply due to a direct effect on spike activity (Ca
influx), but on some intracellular mechanism. However,
when intracellular microelectrodes were used, such a

dissociation between spike activity and relaxation was

not clear (H. Tokuno and H. Tomita, unpublished ob-

servations).
The relaxation of the taenia through fl-receptor acti-

vation is reduced by lowering the external Na concentra-
tion, but its degree varies to some extent in different

experiments. When spike activity was blocked by in-

creasing the external K, norepinephrine no longer caused
relaxation, but isoproterenol still reduced the tension.

However, the presence of some (about 15 mM) Na and

Cl was necessary for the relaxant action of isoproterenol
and, furthermore, Ca could not be substituted by Sr or
Ba for this action (262). In general, isoproterenol (0.4 to

100 �sM) failed to relax the taenia when NaCl was corn-

pletely replaced by KC1 (leaving 6 mM Na as NaHCO3)
(135, 183), although in some experiments using a similar

solution, a clear relaxation (but smaller than the control)
was also demonstrated, for example, in the taenia and

the circular muscle of rabbit colon (13, 14).

The disappearance of the isoproterenol effect in Na-

free solution was confirmed and considered to be partly

due to suppression of the Na pump, because ouabain also
reduced the relaxant effect (442). However, in K-free

medium, isoproterenol was still very effective in causing

relaxation (442). During the early stage of ouabain (50

�M) treatment, the effect of isoproterenol was even p0-

tentiated, although after about 30 mm it was finally
. abolished, probably not due to blockade of the Na pump,

but to an indirect effect, for example, excessive accu-
mulation of Na and/or loss of intracellular K (52). No

contribution by the Na pump or by Na-Ca exchange to
the fi-adrenergic relaxation was also suggested by obser-
vations that isoproterenol could still produce relaxation

in the presence of ouabain and in Na-free, K-substituted

medium (302). However, in this experiment Na was only
removed for 3 min before isoproterenol was applied. If

Na removal had been prolonged, the relaxant effect of

isoproterenol might have been markedly reduced.

There is a report of a clear inhibitory effect of iso-

proterenol in Na-free solution (323). In this experiment,

the preparation was first exposed to Ca-free, excess K
Tyrode (Na-free) solution and, at intervals of 10 mm,
2.0 mM Ca was readmitted for a short time, 2 mm, to

produce a contraction. When Ca was readmitted in the
presence of isoproterenol (0.5 �sM), the Ca-induced con-

traction was about 30% smaller. It is likely that the

relaxing effect of isoproterenol is reduced when the in-

tracellular Ca accumulation is excessive. Thus, if iso-

proterenol had been applied after a more prolonged ap-

plication of Ca in Na-free excess K solution, the effect

of isoproterenol might have been negligible. It was found
that, when isoproterenol had become ineffective in Na-
free medium, its relaxing effect was restored by reducing
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the external Ca concentration (K. Baba, S. Nakayama,

and T. Tomita, unpublished observation). Complete re-

moval of external Na or prolonged treatment with oua-
bain may interfere with the intracellular Ca regulation

through fl-receptor activation due to excessive intracel-

lular Ca accumulation.

B. Small a&I lizrge Intestine

1. a-Action. The longitudinal muscle layer of the in-

testine has similar properties as the taenia (37, 38, 406).
It produces spike-type action potentials, and the spon-
taneous activity occurs in bursts. When the muscle is
isolated and the underlying circular layer is removed,
spontaneous activity is reduced and may stop. Activation

of a-receptors in the longitudinal muscle of small intes-
tine produces an inhibitory effect. In the guinea pig, the
main action of catecholamines through a-receptors is

likely to be the suppression of acetylcholine release from
cholinergic nerve fibers by activating the a2-subtype (48,

221, 333, 447). However, there is also a direct inhibitory

action on the smooth muscle cells (45b, 48, 445). In the
proximal and terminal ileum of guinea pig, the relaxant

action of norepinephrine was antagonized by prazosin

and phenoxybenzamine in concentrations that have no
effect on acetylcholine release, suggesting the presence
of inhibitory a1-receptors (125, 126). On the other hand,

Bauer (26) obtained some evidence that the inhibitory
postjunctional effect of epinephrine or ephedrine on the
proximal ileum was mediated through a2-receptors,

mainly because it was inhibited by yohimbine. The pres-
ence of inhibitory a-receptors in the smooth muscle cells

has also been demonstrated in the rabbit jejunum using

the denervated longitudinal muscle. This muscle, con-
tracted by acetylcholine, was relaxed by phenylephrine,

norepinephrine, or oxymetazoline in the presence of a fl-

blocker, sotalol, and the relaxation was blocked by diben-
amine (447).

The mechanism of action of catecholamines in the
small intestine has not been as much investigated as in
the guinea pig taenia. Using intracellular microelec-

trodes, it was demonstrated, in the longitudinal muscle
of guinea pig proximal ileum, that in the presence of
propranolol, norepinephrine (1 �M) hyperpolarized the

membrane by about 10 mV, decreased membrane resist-
ance, and stopped the spike activity (28). This effect was

not affected by prazosin (1 tiM), but converted to a weak
depolarization with acceleration of spike activity by yo-

himbine, supporting the observation that a2-receptors
are responsible for the inhibitory action (26). Thus, the
inhibitory action of catecholarnines in the small intes-
tine, mediated by a-receptors, is apparently similar to
that observed in the taenia but, in the small intestine, it

seems to be mediated by a different subtype, the a2-
receptor in contrast to the a1-receptor in the taenia.

The electrical activity of the longitudinal muscle of
rabbit jejunum consists of slow waves and spikes super-
imposed on the slow wave, and the mechanical activity

is correlated with the spike component. Epinephrine (1

�M) abolished the spike and contraction without affect-

ing the slow wave. This effect was followed by hyperpo-

larization and slight increase in slow wave amplitude.

The hyperpolarization was still observed in the absence

of K ions but blocked by Cl removal (propionate substi-

tution) (123). It was considered that the hyperpolariza-

tion is due to an increase in K conductance and that this

depends on the presence of Cl.

In the longitudinal muscle layer of the rabbit colon,

replacement of Ca with Ba (4 mM) produced contraction.

This contraction was not suppressed by phenylephrine

(5 tiM) (10). Similarly, the maintained contraction of the
longitudinal muscle of rabbit jejunum, caused by 5 mM

Ba in the absence of Ca, was not affected by phenyleph-

rifle (10 MM), but in the presence of 2.5 mM Ca, the

contraction by 1 mM Ba was relaxed by phenylephrine

(10 �sM) through activation of a1-receptors. When the Ba

concentration was increased, relaxation by phenyleph-

rifle became transient and was followed by contraction.

At concentrations of 10 to 15 mM Ba, phenylephrine

produced only contraction. In 5 mM Ba and a low Ca

concentration (0.2 to 2 mM), only contraction was elicited

by phenylephrine, but when Ca was increased to 5 mM,

this response was changed to the normal relaxation. A

high concentration of Mg (20 mM) preferentially blocked

the contractile response. Essentially the same results

were obtained with the guinea pig taenia. Thus, it was

concluded that Ca is essential for both the relaxant and

the contractile response mediated through a1-receptors,

but that Ba and Mg modify the response (450). It is not
certain from these experiments, however, whether Ba

blocked the inhibitory response uncovering the remain-

ing excitatory response or whether Ba converted the

inhibitory effect to an excitatory effect by blocking the

increase in K conductance.

In the small intestine, in addition to the inhibitory

effect, an excitatory effect of a-receptor agonists can also

be demonstrated, particularly in the terminal ileum. The

contraction induced by norepinephrine, epinephrine, or

phenylephrine in the presence of atropine and a fi-

blocker, sotalol, was antagonized by phenoxybenzamine

and dibenamine, but not by yohimbine (25, 448, 449).

Clonidine and oxymetazoline produced only weak con-

tractions. These results indicate that a1-receptors are
responsible. The excitatory response varies with the dis-

tance from the ileocaecal junction. Norepinephrine and

epinephrine produce contraction mediated by the a�-

postjunctional receptors up to 20 cm from the junction,

although the contraction by phenylephrine can be dem-

onstrated throughout the ileum with stronger potency

towards the junction (25, 26). Using intracellular record-

ing, it was shown that, in the longitudinal muscle of the

terminal part of guinea pig ileum, norepinephrine and
phenylephrine depolarized the membrane and increased
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the spike frequency, accompanied by a decrease in mem-
brane resistance, through activation of a1-receptors (28).

2. fl-Action. The activity of the longitudinal muscle of

guinea pig ileum is suppressed through activation of the
fl-receptors located on the smooth muscle cells (48, 147,
221). When various agonists and antagonists were tested

in the middle region of the ileum, contracted by 100 mM

KC1, it was found that relaxation was mediated only
through the fl1-receptor subtype (147). The same results

were obtained in the rabbit upper intestine (duodenum

and jejunum) (234, 235). However, other experiments
revealed the existence of the fl2-receptor subtype in ad-
dition to fl1-receptors. In the rabbit ileum, only fl1-recep-

tors seem to be activated by epinephrine and norepi-
nephrine, because the inhibitory action was blocked by

metoprolol, a fl1-selective blocker, not by H35125 (dl-

erythro-4-methyl-a-(1-isopropylaminoethyl)benzyl al-
cohol hydrochloride), a fl2-selective blocker. On the other

hand, isoproterenol is able to stimulate both flu- and fl2-

receptors (438). According to the effects of methoxamine,

isoproterenol, salbutamol (fl2-agonist), and dobutamine

(fl1-agonist), the fl-receptors of the large intestine of the
rabbit are predominantly fl2-type, and those of the small
intestine are predominantly fl1-type (377).

In the longitudinal muscle ofguineapig ileum, studied
with intracellular microelectrodes, isoproterenol (0.3 to
1 ,zM), by activating fl-receptors, decreased the frequency

of spontaneous spikes without changing the membrane

potential and membrane resistance (28). It would be
interesting to investigate whether in the ileum there are

some spots where activation of fl-receptors produces a
significant hyperpolarization as in the taenia, but
whether they are less densely distributed than in the
taenia.

The postjunctional fl-receptor in the rat and cat colon
was found to be the fl2-subtype, and the inhibitory mech-
anism involved in the enteric nerves was mediated
through the fl1-subtype (122).

The mechanism underlying the action of catechol-
amines on intestinal smooth muscles have not been
analysed to the same extent as in the taenia of the

caecum. The fundamental mechanisms causing relaxa-
tion by fl-receptor activation are probably the same in
all gastrointestinal muscles. But the importance of

changes in membrane function in relation to modifica-
tion of intracellular regulatory processes may be quite
different in different regions of the gastrointestinal tract

and may also be different in the longitudinal compared

with the circular muscle layer.

C. Myometrium

The activity of the myometrium is influenced by hor-
monal conditions, or gestation, and varies in different

species. Furthermore, the pattern of activity in the lon-
gitudinal layer differs from that in the circular muscle
layer; e.g., the configuration of the action potential is a

spike type in the former but a plateau type in the latter.

When one investigates the action of catecholamines,

these factors must be taken into consideration. Cate-
cholamines inhibit the myometrium only through fl-

receptors, while the activation of a-receptors causes con-

traction. The proportion in which the two receptor types

occur varies in different species and also in different
hormonal conditions (270, 271), and recently it became

clear that catecholamine effects in longitudinal muscle
are significantly different from those in the circular
muscle layer.

1. a-Action. Binding of [3HJdihydroergocryptine (a-
antagonist) to a-receptors was 3 times greater in the

myometrium from estrogen-treated rabbits than from
rabbits treated with estrogen followed by progesterone,

suggesting that the number of a-receptors increases with

estrogen domination (346, 347, 452). This change was
found to be due to an increase in a2-receptors (173).

There was no change in the number of a1-receptors, and

the contractile response was coupled only with a1-recep-
tors, not with a2-receptors, explaining the finding that
estrogen treatment did not change the sensitivity of the

myometrium to norepinephrine or phenylephrine. This

observation is in accord with the result obtained in the

circular muscle of the guinea pig myometrium (2). The
significance of the increase in a2-receptors obtained by

the radioligand study remains to be clarified in relation

to the two different muscle layers.
In the preparturient (the 22nd day) rat myometrium,

the relative population of a1- and a2-subtypes was as-

sessed by studying competition between [3H]dihydroer-

gocryptine and selective agonists and antagonists, or by

using [3H]prazosin and [3Hjrauwolscine (267). The re-
sults indicated that the membrane fraction obtained from
a mixture of longitudinal and circular muscles contained
45% a1-receptors and 55% a2-receptors. However, their

modification by pregnancy has not been analysed.

In the circular muscle ofthe pregnant rat myometrium,

a-receptors predominate, and norepinephrine increases

spontaneous contractions. The sensitivity of circular
muscle to the stimulant action of norepinephrine de-

dined during mid-pregnancy, and at term, norepineph-
rine (1 �sM) inhibited contractions, probably due to an
increase in sensitivity and/or the number of fl-receptors

(82). In the mid-pregnant (12- to 15-day) rat myomet-
rium, the a-excitatory action was clearly observed only
in the circular muscle whose action potential consists of

spike and plateau phase. Phenylephrine (0.5 �M) pro-

longed the duration of the plateau potential leading to
an increase in the mechanical response, but the mem-

brane potential, membrane resistance, and the amplitude

of plateau were apparently not affected (213, 214). With
norepinephrine, a slight depolarization of the membrane

and increase in frequency, duration, and amplitude of

the plateau phase of action potentials were observed (9
to 20 days) (219). Some depolarization accompanied by

a decrease in membrane resistance was also observed
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during excitation caused by norepinephrine or phenyl-

ephrine in the 21-day-pregnant rat, suggesting an in-

crease in Ca and/or Na conductance (331). Although an

inhibitory fl-action was predominant in the longitudinal

muscle, the excitatory a-action appeared with a low
concentration (0.1 �M) of norepinephrine during and 1

day after the delivery (219).
Since the plateau potential was very sensitive to the

external Ca concentration and the effect of phenyleph-
rine could be demonstrated in Cl-deficient solution, a-
receptor stimulation was considered mainly to increase

the Ca conductance, causing prolongation of the plateau
and increasing contraction (213, 214). When Na was

replaced by choline, leaving 15.7 mM Na as NaHCO3
buffer, the membrane was initially depolarized to the

plateau level, but slowly the action potential reappeared
with a prolonged plateau. At this stage, the effect of
epinephrine was nearly abolished, suggesting an involve-

ment of Na conductance in the control of Ca channels
opened by a-receptors.

In the longitudinal muscle of estrogen-dominated

guineapig myometrium, a-receptor stimulation produced

depolarization with a decrease in membrane resistance

and increased spike frequency. The depolarization and

the decrease in membrane resistance could still be ob-

served in the presence of La (1 mM). The depolarization

was probably mainly due to an increase in Cl conduct-

ance, because it was abolished by replacing Cl with

glutamate, benzene-sulphonate, or isethionate, but not

by replacing Na with Tris. However, Na was necessary

for the increased spike activity (54, 408).

Since the spike configuration is different between lon-

gitudinal (spike-type) and circular muscle (plateau-type),

it is possible that, in the longitudinal muscle, activation

of a-receptors is mainly mediated by slow depolarization
of the membrane (due to an increase in Cl conductance)
which leads to an increase in spike frequency, while in

the circular muscle, it is mediated by prolongation of the
plateau of action potentials (due to an increase in Ca

conductance).
2. fl-Action. In most species, the fl-receptors in the

myometrium are mainly of fl2-type (rat: 44, 234, 235;

guineapig: 229, 319). In the progesterone-primed rat, fl2-

receptors predominate, but the presence of f31-receptors

can also be demonstrated in estrogen-primed rat (204).
In the rat, the fl-inhibitory effect increased in the circular

muscle at term (78, 82, 219). In the longitudinal muscle,

either no significant change (82) or an increase in the
sensitivity to fl-agonists (78) was found at the end of

pregnancy. In the longitudinal muscle of the guinea pig,

the relaxing effect of epinephrine through fl-receptors
was significantly greater after treatment with estradiol

and progesterone (2). In the rabbit, fl-receptors decreased

markedly at the end of gestation, and this agreed with

the binding studies using [3H]dihydroalprenolol (fl-

blocker), although no discrimination was made between

longitudinal and circular muscle layers (424). However,

in other studies with [19]iodohydroxybenzylpindolol (fi-

blocker), the number of fl-adrenergic binding sites in the

rabbit myometrium was not changed by treatment with

estrogen or with estrogen followed by progesterone (346,
347). This suggests that the hormonal influence is on

some process beyond the agonist-receptor interaction.
In the longitudinal muscle of pregnant rat myomet-

rium, studied by microelectrodes, the relaxation caused

by isoproterenol (0.4 �tM) was accompanied by a consid-

erable hyperpolarization (about 12 mV) of the mem-

brane. Isoproterenol decreased the tissue Ca content in

the myometrium contracted by excess K, measured with

the lanthanum method (273). However, an increase in
�Ca efflux could not be demonstrated because of the
high background of Ca exchange, probably due to the

enormous contribution of extracellular binding sites to
the Ca exchange (228). The degree of hyperpolarization

was not affected by removal of K or Cl, but reduced by

about 50% by ouabain (1 mM). Reducing the temperature
to 10#{176}Calso decreased the hyperpolarization and in-

creased the latency of the onset of hyperpolarization.
From these results, activation ofan electrogenic Ca pump

was suggested for the hyperpolarization caused by iso-
proterenol, in addition to a contribution by the Na pump

(273). In subsequent studies, however, it was found that

the hyperpolarization by isoproterenol was inversely pro-

portional to the external K concentration and accom-

panied by a decrease in membrane resistance. Thus, an
increase in K conductance was proposed as the underly-

ing mechanism for the hyperpolarization (226). The hy-

perpolarization accompanied by a reduction of mem-

brane resistance during activation of fl-receptors was

confirmed in the longitudinal muscle of pregnant (13- to
19-day) rat myometrium (214).

The circular muscle of estrogen-treated rat myomet-

rium was also hyperpolarized with a reduction of mem-

brane resistance in response to isoproterenol (10 nM)
(330). At a lower concentration (1 nM), isoproterenol

suppressed the plateau of the action potential without

much change in membrane potential. These effects of
isoproterenol were observed in Locke solution containing

no Mg, but they were slowly potentiated when 0.5 mM

Mg was added. Similarly, in the circular muscle of preg-

nant (13- to 19-day) rat myometrium, isoproterenol (0.4

tiM) suppressed the action potential with a decrease in
membrane resistance when studied with the sucrose-gap

method (214, 329). Thus, the fl-action on the plasma
membrane may be fundamentally the same in the myo-

metrium and the taenia in increasing the K conductance

of the plasma membrane, and the only difference may be
the density or homogeneity of fl-receptor distribution.

Recently, the effects of cycloheximide (a protein syn-

thesis inhibitor) on the circular muscle of pregnant rat
myometrium have been reported (276). In this muscle,

norepinephrine (0.1 to 0.3 �sM) had an excitatory effect
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on the 18th day of pregnancy, but this was converted to
inhibition on the 22nd day. This alteration was prevented

when the rat was treated with cycloheximide (50 �sg)
daily from the 18th day. In the preparation freshly iso-
lated on the 21st day, norepinephrine evoked an excita-

tory response, which became inhibitory after prolonged
exposure to Krebs solution for more than 7 hr. This in
vitro conversion of the response was also prevented by

application of 6 �M cycloheximide to the incubation
solution. The results suggest that protein synthesis is
involved in the appearance of fl-receptor dominance in

the late stage of pregnancy.
In the pregnant mouse myometrium, isoproterenol (1

�sM) also hyperpolarized the membrane (by about 15 mV)
and blocked spontaneously generated spikes, but a spike
of normal amplitude could be evoked by electrical stim-
ulation. No obvious change of membrane resistance was

detected during the hyperpolarization, but due to tech-
nical difficulties in measuring the membrane resistance,
this may not be conclusive. The inhibitory effect of

isoproterenol could still be demonstrated even after 1 to
2 hr of exposure to Na-free (Tris-substituted) solution.

It seems that the relaxation mediated by fl-receptors in
the myometrium is more resistant to Na removal than
that in the guinea pig taenia. The depolarization and
block of spontaneous spike activity caused by Na removal

were both restored by isoproterenol, but the presence of

Ca was necessary for this action. The results were inter-
preted to be related to a decrease in the intracellular free
Ca concentration caused by isoproterenol (264).

In the pregnant rat myometrium, a low concentration
(0.01 12M) of isoproterenol stopped the spontaneous
spikes without change in membrane potential. The con-
tracture produced by 47.5 mM (80 mM Na) or 127 mM K
(0 mM Na) was partially (about 30%) suppressed by 1

�sM isoproterenol. This relaxation was not accompanied
by hyperpolarization and was not affected by complete
removal of the external Na in 47.5 mM K medium. The

results indicate that hyperpolarization is not a prereq-
uisite for relaxation mediated through fl-receptors (287),
supporting previous similar observations (110). It would
be interesting to investigate whether, as in the taenia,

different subtypes of fl-receptors are responsible for the
membrane effect and the intracellular effect. Further-
more, it should be clarified whether a causal relation

exists between the increase in net Ca efflux and the
hyperpolarization with or without a reduction of mem-
brane resistance.

D. Portal Vein

The portal vein is different from most other vascular
smooth muscles which are normally electrically quies-
cent. In the longitudinal muscle of the portal vein, spon-
taneous spike activity appears in bursts, as in the small
intestine (145, 307, 411). This similarity to the longitu-
dinal muscle of the small intestine is probably related to

the fact that they have the same embryonic origin (184,
371).

1. a-Action. Pharmacological analysis shows that the

portal vein of rabbit contains both a1- and a2-receptors,
although the a1-receptors predominate (111, 117). In the

canine portal vein, the main a-receptor was found to be
the a1-subtype (372).

In the guinea pig portal vein, phenylephrine, norepi-

nephrine, and epinephrine depolarized the membrane,

increased the frequency of burst discharges, and pro-

longed burst duration (411, 437). According to studies
with the sucrose-gap method on the rat portal vein,

spontaneous activity was increased, and membrane re-
sistance was decreased during depolarization caused by

epinephrine or norepinephrine, and the effects of modi-
fying the external ionic composition indicated that this
was due to increases in Ca, Cl, and Na conductances

(374). Also in the rat, norepinephrine (6 SM), by stimu-
lating a-receptors, increased �Cl efflux by 85% and 42K

efflux by 15 to 20%, but had no effect on 24Na efflux
(439). Thus, the depolarization was considered to be

mainly due to an increase in Cl permeability. Further-

more, the sensitivity to norepinephrine was increased
when Cl was replaced with more permeant anions (NO3

or Br), but the responsiveness was reduced by Cl replace-
ment with less permeant anions (isothionate or benzene-

sulfonate). These results are also in accord with the
hypothesis that norepinephrine increases Cl conductance

through a-receptors (440).

In the rat portal vein, the contraction caused by 15.5

�sM norepinephrine was reduced to 11% by 25 �tM verap-

amil (36). In the guinea pig portal vein, the contraction
caused by norepinephrine (15 iM) was blocked by re-
moval of external Ca within a few min, and 0.5 to 2 mM
La also suppressed the response. Thus, Ca influx was

thought to be responsible for the norepinephrine con-

traction (143). However, when the norepinephrine con-

centration was high (50 to 500 �sM), approximately 40%

of the contraction was insensitive to verapamil or D 600

(gallopamil) (5 to 10 �tM), a concentration that blocked

the K contracture. Verapamil (5 �sM) blocked the spike

activity but only partially reduced the slow depolariza-

tion of the membrane caused by norepinephrine (10 tiM)

(144). Thus, the spike-independent component of trans-

membrane Ca influx activated by norepinephrine ap-

peared to be resistant to organic Ca channel blockers. In

other experiments, norepinephrine (10 �sM) produced

contraction in Ca-free medium after treatment with 10
mM caffeine, whereas caffeine failed to evoke contraction
after norepinephrine application. Since caffeine is gen-

erally assumed to release Ca from the sarcoplasmic retic-

ulum (SR), norepinephrine seemed to release Ca from
some other source in addition to the SR (308).

In recent studies with electron probe X-ray micro-
analysis on the guinea pig portal vein, it was found that

the amount of Ca contained in the SR was reduced when
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a contraction was evoked by norepinephrine (30 �sM) in

Ca-free medium containing 3 mM La (42). A contraction
of nearly maximum size could be produced repeatedly at

2-mm intervals for up to 15 min, provided that norepi-
nephrine was washed out at the peak of contraction. This
suggests that Ca released from the SR can recycle intra-

cellularly. It was also shown in the rabbit portal vein
with the same method that cytoplasmic Ca was signifi-

cantly increased during maximal contraction caused by

norepinephrine or high (80 mM) K (43).
An important role of the intracellular store, probably

the SR, has been recognized, not only as a store site
which releases and sequestrates Ca, but also as an am-

plifying apparatus capable of increasing the intracellular
Ca concentration. There is some evidence to indicate

that Ca entering the cell through the plasma membrane
is not directly utilized by the contractile machinery, but

acts on the intracellular Ca stores as a trigger of the Ca-

induced Ca-release mechanism (233). This is further
discussed in section IX.

In the ferret portal vein, the intracellular free Ca
concentration has been measured with a Ca-sensitive

dye, aequorin. Aequorin was loaded into the cells by
making the membrane permeable in Ca-free solution,

and the membrane was resealed by gradually readmitting

Ca. When a sustained contraction was produced by phen-

ylephrine, the aequorin signal increased rapidly but soon

declined to a level slightly above the basic level already

during the rising phase of the contraction. In contrast,

during the K contracture, the light signal was maintained

(100, 299). Thus, there is no close correlation between

the intracellular free Ca concentration and the tension

development caused by phenylephrine. Ca may act only

as a trigger of the contractile response, and some other
process may increase the effectiveness of Ca in activating

the contractile machinery by an as yet unknown mech-

anism (e.g., through a contribution of protein kinase C
(194, 316, 317), as discussed in section IX.

2. fl-Action. Not much information is as yet available

on the fl-action in the portal vein. Isoproterenol, over
0.04 iM, produced hyperpolarization of the membrane

and stopped the spike activity in the guinea pig portal
vein (411). Both the longitudinal and circular muscles of

dog portal vein, contracted by methoxamine (10 tiM) or

KC1 (50 mM), were rather insensitive to isoproterenol.

They were only relaxed by less than 25% with a concen-
tration of 3 �zM isoproterenol (215b).

The effect of isoproterenol on the intracellular free Ca
concentration was investigated by using aequorin in the

ferret portal vein contracted by excess K (33 to 46 mM)

(300). The results indicated that the cytoplasmic Ca level
was not affected or even slightly increased during the

relaxation caused by isoproterenol, although a decrease

of intracellular free Ca was detected when relaxation was
induced by the removal of external Ca or by addition of

sodium nitroprusside. Thus, at least in this preparation,

isoproterenol is not lowering cytoplasmic Ca levels, but
uncoupling the process between Ca ions and force gen-

eration, probably at the contractile protein (see section

VIII).
The changes of the intracellular free Ca concentration

in the ferret portal vein, measured by the aequorin
method, are fascinating findings for both a- and fl-

receptor activation, but whether these findings can be

applied to the mechanisms involved in adrenoceptor

activation in other smooth muscle types is an urgent
problem to be solved. It would be also interesting to know

the responsible receptor subtype and the relationship

between the intracellular free Ca concentration and the
electrical activity. Further experiments are necessary
with different Ca indicators and other smooth muscles.

E. Summary

In smooth muscles with spontaneous spike activity,

catecholamines increase spike frequency to increase the
muscle tone through a-receptor activation, and they
decrease spike frequency to cause relaxation, either
through a- or fl-receptor activation. These changes are

generally induced by depolarization or hyperpolarization
of the membrane, respectively. The ionic mechanism for
depolarization is not well established, but a contribution

by increased Cl conductance has been considered for the
longitudinal muscle of guinea pig myometrium and rat

portal vein. In the circular muscle of myometrium, pro-
longation of the plateau phase of the action potential
also contributes to an increase in tension development,
probably mediated through a1-receptors.

The hyperpolarization mediated through a1-receptors
in the taenia, but probably a2-receptors in the small

intestine, is due to an increase in K conductance. The
hyperpolarization caused by fl2-receptor activation in the
taenia may also be due to the same mechanism, but

further careful studies are necessary. The increase in K
conductance in the a-action is due to activation of the
Ca-dependent K channel, at least in the taenia. Although
phosphoinositides are thought to be involved in activa-

tion of a1-receptors in some smooth muscles (see section
IX), this problem has not been investigated in relation
to the membrane conductance.

In addition to the membrane phenomena, some intra-
cellular action is also involved in the suppression of

contraction, probably mediated through the fl1-subtype.
This includes a reduction of the intracellular free Ca
concentration by Ca extrusion, Ca sequestration, and/or
a direct inhibition of the contractile machinery. Cyclic

AMP is considered to be involved in these mechanisms.
However, in order to avoid confusion, the contribution
of cyclic AMP to the fl-action and also the involvement
of phosphoinositides in the a-action are described sepa-

rately in sections VIII and IX.
The correlation between the changes of membrane

properties and the changes of intracellular Ca regulation

produced by the action of catecholamines is one of the
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most interesting fields to investigate. The relative con-
tribution by these two mechanisms in determining the
response to a1- and a2- as well as flu- and fl2-receptor

activation should be clarified. It may be that transloca-
tion of intracellular Ca to the plasma membrane, caused

by the catecholamine, modifies the ionic permeability of
the membrane, or that a second messenger acts simul-
taneously on the intracellular regulatory system as well

as on the plasma membrane. But in physiological con-
ditions, the most sensitive response of highly excitable
muscles to low concentrations of catecholamines is the

modulation of spike activity at the plasma membrane,

whereas contractions evoked in experimental conditions

by action potential-independent processes are relatively

resistant to the inhibitory action of catecholamines.

V. Quiescent, but Highly Excitable Muscles

The vas deferens and the ureter fall into this category.
They are normally quiescent, but in vivo the vas deferens

is excited by nerve impulses and the ureter by propagated
action potentials arising from a pacemaker region in the
calix. The vas deferens shows a simple spike-type action

potential, whereas the ureter shows a plateau-type action

potential.

A. Vas Deferens

The vas deferens is densely innervated, and nerves
may release not only norepinephrine but also some other

transmitter, such as ATP. The action potential evoked

by nerve activity can propagate through electrical cou-
pling between cells, but the range of propagation greatly
varies in different species and probably along the vas,

due to the different degrees of cell-to-cell coupling.
1. a-Action. In the rat vas deferens, the excitatory

effects of phenylephrine were abolished by prazosin (6

tiM) and WB 4101 (2-[(2’,6’-dimethoxy)phenoxyeth-
ylaminojmethylbenzodioxane) (0.1 �M) (259), and the
pA2 values for prazosin were 8.00 against norepinephrine

and 8.35 against phenylephrine (5). On the other hand,
the pA2 value of yohimbine as an antagonist of phenyl-
ephrine was 5.99, which is much smaller than the values
(average, 7.82) expected for a2-receptors (353). These

results indicate that a1-receptors are responsible for the
postjunctional excitation by catecholamine. When ami-

dephrine and WB 4101 were used as a1-agonist and
-antagonist, respectively, the pA2 value in the rat vas
deferens was very similar (8.82) to that in the guinea pig
taenia (8.91), suggesting that the same type of a-recep-
tors is probably involved for excitation in the former and

for inhibition in the latter preparation (59). The presence
of a homogeneous population of a1-receptors was also
demonstrated by studying radioligand binding with 125I

labelled BE 2254 (2-(fl-(4-hydroxyphenyl)ethyl-
aminomethyl)tetralone), a highly selective a1-antagonist
(296). Similarly, in the mouse vas deferens, yohimbine
had no effect on the contraction induced by phenyleph-

rine, although it antagonized the inhibitory effect of

norepinephrine and clonidine on the twitch response to
electrical stimulation (269).

The vas deferens responds to nerve stimulation with

two phases, an initial fast phase and a later slow tonic

contraction. In the guinea pig, rabbit, and rat, the first

component was preferentially antagonized by a P2-purmn-
oceptor antagonist, arylazido aminopropionyl ATP

(ANAPP3), or by a stable analogue of ATP (a,fl-meth-
ylene ATP), and the second component was abolished

by prazosin, phenoxybenzamine, or dibenamine (127,
293, 383, 386). In the rat vas deferens, the first phasic

component of the contraction, resistant to a-blockers,
appears predominantly in the prostatic portion, while

the second slow component, susceptible to a-blockers, is
prominent in the epididymal portion (50, 51). In the
guinea pig vas deferens, the early phasic response is

considered to be mainly due to ATP, whereas in the

mouse, mainly due to norepinephrine. The late response
is evoked mainly by norepinephrine in both species,

although ATP may act as a cotransmitter (394).
In the rat vas deferens, the contraction evoked by

nerve stimulation could not be abolished but was often

enhanced by high concentrations of a-blockers, such as

phentolamine, piperoxan, thymoxamine, and WB 4101

(59, 119a). This is probably due to the fact that the nerve

fibers release ATP and also some other substance (e.g.,

neuropeptide Y) in addition to norepinephrine. The pro-

portion of these substances may differ in different re-

gions of the vas, in different species, and in different

experimental conditions, such as frequency of stimula-
tion (50, 51, 127, 293, 385, 386).

The ineffectiveness of a-blockers on the nerve-me-

diated response can be theoretically explained by assum-
ing that the “junctional” receptors, which are selectively

activated by norepinephrine released from the nerve,
differ in their properties from the “extrajunctional” re-
ceptors, which have the typical properties of a-receptors
and can be easily activated by exogenous norepinephrine

(181). However, since evidence for the involvement of
ATP as a transmitter is strong, at least in the vas

deferens, it may not be necessary to assume two special

receptor types for norepinephrine (281), although the

concept of “junctional” receptors still holds.

The guinea pig vas deferens was depolarized by both

norepinephrine and ATP applied into the bath, but the

time course was much slower for norepinephrine than
ATP. On the other hand, when applied locally for about

20 ms by a micropressure ejection device, ATP produced
a rapid depolarization, mimicking the excitatory junction

potential (ejp), but norepinephrine failed to produce

depolarization (383, 385).
In the guinea pig vas deferens, it has been shown with

the double sucrose-gap method that electrotonic poten-

tials were reduced during the depolarization induced by
norepinephrine (0.5 to 5 �M) and that the depolarization
was suppressed by removal of the external Na, but not
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by Cl substitution with benzenesulfonate (261). Thus, it
was concluded that norepinephrine probably increases

Na and Ca conductances. The decrease of the electro-

tonic potentials, however, could be a secondary effect
due to the large depolarization and the spike activity.

According to a recent report in which a similar method
was used, the depolarization induced by norepinephrine

(50 ��M) was associated with an increase in electrotonic

potentials, and the norepinephrine-induced depolariza-
tion was increased during conditioning depolarization,

while the direction of the potential change was reversed
when the membrane was hyperpolarized by more than

20 mV. These results suggest that a decrease in K con-

ductance is responsible for the depolarization which leads

to the spike generation (441).

In the rat vas deferens, the K (160 mM) contracture

was much more sensitive to Ca channel blockers [50%

inhibitory concentration (ICro) of nifedipine and verap-

amil, 0.05 to 0.09 �M and 0.6 to 1.5 �M, respectively]

than the methoxamine-induced contraction (ICro of ni-

fedipine and verapamil, 2.4 �M and 29.8 �M, respectively)

(162, 163). Verapamil (0.03 to 0.1 zM) inhibited noncom-

petitively the contraction evoked by norepinephrine (1

to 100 tiM), but competitively the contraction evoked by

Ca in the presence ofexcess K (96). The prostatic portion

of the rat vas deferens produced a biphasic response to

norepinephrine, which disappeared on removal of the

external Ca. The initial part ofthe response was resistant

to Ca channel blockers, but the late part was abolished

(164, 395). In the epididymal portion, the entire response

was abolished by verapamil (10.2 tiM), D 600 (9.6 SM), or

nifedipine (1.44 zM). The initial response ofthe prostatic

portion was not affected by nifedipine up to 14.4 �M, but

reduced by very high concentrations of verapamil [50%

inhibitory dose (IDro), 74.5 �sM] and D 600 (ID�,o, about

100 �M) (164), probably due to unspecific effects. In the
guinea pig vas deferens, both the action potential and

the initial twitch response are abolished by nifedipine

(10 to 30 �sM), whereas the ejp is nifedipine resistant

(36b). The effects of Ca channel blockers should be

further clarified in relation to the mechanism of excita-

tion-contraction coupling following receptor activation,

in which the turnover of phosphoinositides plays an

important role (see section IX).

2. fl-Action. In the vas deferens of rat (137, 259) and
guinea pig (137), the presence of inhibitory fl-receptors

has been demonstrated by the effects of isoproterenol

and salbutamol and their abolition by fl-blockers such as

sotalol, propranolol, and pronethalol. Isoproterenol also

had an a-excitatory action. Salbutamol, a fl2-agonist,

produced inhibition without any excitatory action (259).
The effects of selective agonists (terbutaline, tazolol) and

antagonist (atenolol) suggest that the rat vas deferens

contains only fl2-receptors and no fl1-receptors (254). The

presence of a homogeneous population of fl2-receptors

has also been demonstrated by using ‘�I-pindolol binding
assays (280).

B. Ureter

In the guinea pig ureter, norepinephrine (50 �M) pro-

longed the plateau of the action potential, without in-
creasing its amplitude, and increased the contraction
through activation of a-receptors (373). The resting

membrane potential and membrane resistance were
either not affected or, occasionally, the membrane was

slightly depolarized accompanied by a small increase in
membrane resistance. In the absence of Na, the effect of

norepinephrine disappeared. Mn (2 mM) blocked the
spike component superimposed on the plateau and mark-

edly diminished the contraction, although a slow action

potential of plateau type could still be evoked. Norepi-
nephrine produced no effect in the presence of 2 mM Mn.
The main effect of norepinephrine was considered to be

an increase in the slow Na conductance responsible for
the plateau (373). There seems to be some similarity
between the a-excitatory action on the ureter and on the

circular muscle of myometrium in prolonging the plateau
potential, although the underlying ionic mechanism dif-
fers, the increase of membrane conductance in the myo-

metrium being mainly for Ca and in the ureter mainly

for Na.

C. Summary

In the vas deferens, activation of a1-receptors by ex-

ogenously applied catecholamines, in low doses, can
cause contraction with little or no change in membrane
potential. High concentrations of norepinephrine cause
depolarization and discharge of action potentials. The
depolarization is likely to be due to a decrease in K
conductance of the membrane. Nerve stimulation re-
leases norepinephrine and ATP, both of which produce

contraction through different mechanisms. The ejp is
resistant to adrenoceptor blocking agents and is probably

caused by ATP; it does not produce a mechanical re-
sponse. When the ejp reaches threshold, action potentials

are triggered which lead to the initial fast component of

the contraction. This is resistant to adrenoceptor block-
ing agents; it is abolished by nifedipine (36b, 164). The
role of norepinephrine, simultaneously released from
nerve fibers in the nerve-mediated contraction, has not
yet been wholly clarified. It may be that norepinephrine
has to reach extrajunctional receptors to cause depolar-

ization (like exogenously applied norepinephrine), re-
sulting in the slow component of the contraction. This
is abolished by adrenoceptor blocking agents and is abol-

ished by Ca-channel blockers. Depending on the animal

species, contraction produced by exogenous norepineph-
rine may be partly the result of intracellular Ca release,
since the initial rapid phase is resistant to Ca-channel

blockers (164). However, the contribution of intracellular
Ca release to the contraction seems much smaller in the
vas deferens, compared with vascular smooth muscle (see
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section VII), because it is quickly abolished by removal
of external Ca. The important role of phosphoinositides

in the coupling of the a-receptor activation with the
contractile response is described in section IX.

In the ureter, the main excitatory effect of a-receptor
activation is reflected in the prolongation of the plateau
of the action potential, although there is also some in-

dication that a-receptor activation may decrease the
resting K conductance. From a functional point of view,

it would be interesting to investigate the catecholamine
action on the pacemaker activity in the calix region.

The inhibitory fl-receptors may exist in quiescent,

excitable muscles, but their role is probably less signifi-
cant compared with that of excitatory a-receptors, and

the mechanism of the fl-action in these muscles has not

much been analysed.

VI. Poorly Excitable Visceral Muscles

In contrast to those smooth muscles that are quiescent
but, nevertheless, highly excitable, there are others in
which it is very difficult to evoke an action potential.
The muscles in the wall of large blood vessels (e.g., the
aorta) and in some parts of the stomach, airways, or

anococcygeus belong to this category. Many of these
muscles have intermediate degrees of electrical excita-

bility and may maintain various degrees of muscle tone,

associated with slow fluctuations of the membrane po-
tential. For example, those in the stomach and the tra-
chea of guinea pig produce slow potential changes (a few

mV to about 40 mV in amplitude), but electrical stimu-
lation generally fails to evoke an all-or-none action po-
tential, although the spike generation is markedly facil-
itated by TEA, probably by suppressing the K conduct-
ance of the membrane.

The properties of vascular smooth muscle differ mark-

edly in different regions (see section VII). The properties
of the smooth muscle of the airways have not yet been

analysed in detail, but it has been found that the inner-
vation and the receptor density change along the

branches of the bronchial tree. Regional differences vary
also in different species, and they may be related to the
animal behavior (herbivorous, carnivorous, etc.).

A. Stomach

The properties of the stomach muscle are different in
the longitudinal and the circular layer and also differ
with the region. The fundic part generates an irregular

muscle tone, while a slow rhythmic mechanical activity
dominates towards the antrum. The muscle tone of the
fundic region, at least in the guinea pig, is likely to be

sustained by endogenous prostaglandins, because it is
abolished by indomethacin. The rhythm of activity in

corpus and antrum regions is determined by slow regular
oscillation of the membrane potential (slow wave), but
the strength of contractions is mainly determined by a
spike component superimposed on the slow wave or by a
plateau phase of the slow wave. Only few studies have

been done on the action of catecholamines, as to the
regional difference, the difference between longitudinal

and circular muscle layers, or the interaction with pros-

taglandin production.
1. a-Action. In the guinea pig and rabbit stomach,

stimulation of a-receptors produces both excitatory and
inhibitory effects, depending on the portion of the stom-

ach, on the degree of existing mechanical activity, and
on the concentration of agonists (19, 152, 156). For
example, the circular muscle of guinea pig stomach (cor-

pus region) was contracted by low concentrations of

epinephrine, but relaxation appeared as the concentra-

tion was increased (in the presence of propranolol) (357,
358). The relaxation was mimicked by phenylephrine

and antagonized by prazosin or phentolamine, but not
by yohimbine or rauwolscine, while the contraction was

mimicked by clonidine and antagonized by yohimbine

and phentolamine but not by prazosin. Therefore, it was
concluded that the relaxation was mediated by a1- and

the contraction by a2-receptors. However, recently it was
found that the contraction caused by epinephrine was

strongly inhibited by prazosin, suggesting that activation
of a1-receptors also produces the contraction (S. Chihara

and T. Tomita, unpublished observations).
In the circular muscle (longitudinal layer attached) of

guinea pig stomach, norepinephrine (5 �sM) abolished the

slow wave and hyperpolarized the membrane, accom-

panied by a reduction of membrane resistance (263). In

the circular muscle obtained from the lower corpus re-

gion, epinephrine (up to 100 zM) only transiently reduced
the amplitude of slow waves, but the frequency was

always increased (about 50% at 100 tiM). This effect was

mainly mediated through a1-receptors (S. Chihara and
T. Tomita, unpublished observations). The acceleration
of rhythmic contractions associated with slow waves

appeared already during the hyperpolarization and with

a reduction in the amplitude of the slow waves. The

transient suppression was followed by an increase in

amplitude, shortening of duration, and potentiation of
the spike component on top of the slow waves.

In the circular muscle of the antral region of dog

stomach, the spontaneously generated action potential
consisted of a spike and plateau component. Norepi-

nephrine (10 ,.iM), by activating a-receptors, increased
the frequency and decreased the amplitude and duration
of the plateau, without much change in membrane po-

tential (124). In a few preparations, a clear hyperpolari-

zation (up to 9 mV) was observed.
In the longitudinal strips of rabbit stomach, a-receptor

stimulation increased 42K efflux irrespective of excitation

or inhibition of the mechanical response, suggesting that

the increase in K efflux is concomitant with a-receptor
stimulation, but that it is not necessarily a link in the

chain of events which produce the mechanical response
(157, 158).

2. fl-Action. Inhibitory effects on both longitudinal and
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circular muscle in the guinea pig and rabbit stomach are

only produced by activation of fl-receptors (19, 152, 156).
In the methacholine-contracted fundic strip (longitudi-

nal muscle) of rat stomach, isoproterenol and fenoterol

(fl2-agonist) produced complete relaxation, but prenal-
terol (fl1-agonist) produced about 50% relaxation, and

tazolol (fl1-agonist) had no effect. Both fl1-blocker (prac-

tolol) and fl2-blockers (H�1� and ICI 118, 551) shifted
the concentration-response curve for isoproterenol to the
right. These results suggest that both postjunctional flu-
and fl2-receptors are present in the rat gastric fundus
(244).

B. Trachea

The guineapig tracheal muscle produces a high muscle

tone, in contrast to the tracheal muscle of most other

species (e.g., dog, 208, 392; cat, 256). In the guinea pig

trachea, the muscle tone was abolished by indomethacin
or aspirin, suggesting an involvement of prostaglandins

in the generation of the tone (46, 326, 327, 356). In
isolated human trachea and bronchus, a muscle tone also
exists. This is insensitive to indomethacin (47, 99, 182),
but is suppressed by an antagonist to leukotrienes, FPL

55712 (7-[3-(4-acetyl-3-hydroxy-2-propylphenoxy)-2-
hydroxypropoxyj-4-oxo-8-propyl-4H-1-benzopyran-2-
carboxylate) (186). The tone of guinea pig as well as

human tracheal muscles is closely related to a sponta-
neous rhythmic slow wave activity (180, 380; K. Honda

and T. Tomita, unpublished observations). Thus, the fl-
inhibitory action is easily demonstrated in guinea pig

and human tracheal muscle but, in other species, the
tone has generally to be increased by muscarinic agonists
or excess K to demonstrate relaxation by fl-receptor
stimulation.

1. a-Action. Norepinephrine caused contraction, after
fl-receptor blockade, in the tracheal muscle ofguinea pig,

rabbit, cat, and old (not young) rat (130). Canine tracheal

and bronchial muscles in situ were contracted by norepi-
nephrine in the presence of propranolol, the response of

the bronchus being much stronger than that of the
trachea (246, 247). The contractile response of the dog

and human trachea mediated by a-receptors seemed to
depend on the basal tone. An increase in the muscle tone

by methacholine, histamine, serotonin, or excess K
markedly potentiated the response to a-stimulation (22,
220, 325). No evidence for the presence of a-receptors
has been obtained in bovine (243) and porcine tracheal
muscles (142).

In the dog, intraarterial administration of phenyleph-

rine contracted the trachea after fl-receptor blockade,
and this was markedly reduced by prazosin, but not by
yohimbine (245). Clonidine also produced contraction
which was blocked by yohimbine, but not by prazosin.

Contraction caused by norepinephrine was partially an-
tagonized by either prazosin or yohimbine. These results
indicate that both a1- and a2-subtypes are present in this
tracheal preparation. However, the contraction mediated

by a2-receptors seems to be predominant. This is in

contrast to vascular smooth muscle where the ratio of
the two receptor types is reversed, probably related to

the paucity of innervation of airway smooth muscle

compared with vascular muscle (21-23). Norepinephrine

(5 SM), in the presence of propranolol, depolarized the
membrane by 8 mV with a slight decrease (10%) in

membrane resistance (407). Although it is possible to
reveal the presence of an a-excitatory action by blocking
fl-receptors, the underlying mechanism has not been

investigated.

2. fl-Action. The original subdivision of fl-receptors

was based on the finding that the relative potency of a
series of catecholamines causing bronchodilation in the
guinea pig differed from that causing cardiac stimulation

in the rabbit, and thus, their receptors were termed fl2

and flu, respectively (234, 235). In later studies, using
selective antagonists, it became clear that the guinea pig

tracheal muscle contained both flu- and fl2-receptors,
although fl2-receptors predominated in both central and

peripheral airways (136, 249a, 318, 320, 375, 438, 455).
In the trachea, epinephrine and isoproterenol preferen-

tially activated the fl2-type, while norepinephrine acti-
vated the fl1-type. The cat tracheal muscle contains pre-

dominantly fl1-receptors, but the presence of fl2-receptors

could be demonstrated (321). In human airway muscle,
only fl2-receptors were found, and this was considered to

be related with the lack of adrenergic innervation (344).
The relaxation of guinea pig trachea caused by iso-

proterenol or epinephrine was shown to be accompanied
by suppression of the slow waves and membrane hyper-

polarization through activation of fl-receptors (probably

fl2-subtype) and, under physiological conditions, there
was a good correlation between the relaxation and the

membrane phenomena measured intracellularly (9, 83,

180, 380). The relaxant action of isoproterenol was not
affected by apamin (0.1 �sM), TEA (8 mM), or procaine

(5 mM), although TEA and procaine abolished the hy-

perpolarization caused by isoproterenol. The fact that
relaxation occurs without hyperpolarization in the pres-

ence of TEA or procaine or in excess (40 to 120 mM) K

medium shows that hyperpolarization is not a prerequi-

site for relaxation (9).

In the guinea pig (51a, 211, 215a) and bovine (428a)
tracheal muscles, cholinergic agonists (carbachol, meth-

acholine) antagonized the relaxation caused by fl-recep-
tor agonists dose dependently, and this effect was

stronger for the relaxation caused by partial agonists,

such as soterenol or norfenefrine, than by a full agonist,

isoproterenol. In the depolarized condition in 40 mM K

medium, isoproterenol was still effective in causing re-
laxation, but the 50% effective dose (EDro) was increased

from 7.2 to 27 flM in the guineapig tracheal muscle (187).
When the K concentration was increased to 120 mM, the
sensitivity to isoproterenol decreased greatly (9).

In the bovine tracheal muscle, studied with the sucrose-
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gap method, it was also found that norepinephrine, iso-

proterenol, and epinephrine at a concentration of about

5 �M produced hyperpolarization of the membrane and

reduced the excitatory junction potential elicited by
nerve stimulation (218). Similarly, in the dog tracheal

muscle, a high concentration of isoproterenol (1 tiM)

hyperpolarized the membrane by 7 mV without change
in electrotonic potential when measured with the micro-

electrode technique (407). In the later studies, it was
found that a lower concentration of isoproterenol (0.5

�M) reduced the resting tension without change in mem-

brane potential and resistance, when measured with the

double sucrose-gap method (191). The lack of any effect
on the membrane potential was also demonstrated with

intracellular microelectrodes; hyperpolarization and a
decrease in membrane resistance only appeared when

the concentration was increased to 5 �zM. In the presence

of TEA (5 mM), a spike could be evoked by depolarizing
current pulses. Isoproterenol (5 jAM) strongly reduced the

contraction induced by the spike in the presenceof TEA,

but did not affect the spike generation.
In the dog tracheal muscle, depolarized by 120 mM K

(14.5 mM Na), the relaxation caused by isoproterenol

depended on the external Ca concentration (232). In the

presence of 10 mM Ca, the relaxation by 10 �M iso-

proterenol was only 10%, while in 0.1 mM Ca, the relax-

ation reached 70%. As discussed for the taenia (see

section IV), excessive loading of intracellular Ca stores
seems to reduce the relaxant effect of isoproterenol.

In the acetyicholine-contracted dog tracheal muscle,

oxygen consumption was not decreased during the max-

imal relaxation caused by isoproterenol (10 SM). There-

fore, it was considered that energy was required for
relaxation, e.g., for the activation of the Ca pump, and

that this cancelled out the decrease of energy consump-

tion due to relaxation (231, 232). Although energy ex-
pencliture for relaxation due to fl-receptor activation

would theoretically be expected, this has also not been

observed in the guinea pig taenia (52a). These results on

oxygen consumption of dog tracheal muscle are interest-

ing, but should be further analysed.

In the cat trachea exposed to Ca-free solution contain-
ing 2 mM EGTA, 10 mM caffeine caused a transient

contraction probably by releasing Ca from intracellular

stores (188). The effect of isoproterenol on the amount
of stored Ca could therefore be estimated from the size

of the caffeine-induced contraction in Ca-free solution,

following a period of Ca readmission. When isoproterenol
(0.01 �M) was applied during the loading period with 2.5

mM Ca, the subsequent caffeine contraction (1 mm after

removal of Ca) was not affected. When acetylcholine (0.1

zM) was applied during the loading period (i.e., in the

presence of Ca), it caused a contraction which was re-

duced if isoproterenol (0.01 �tM) was also applied, but the
size of the subsequent caffeine contraction (in the ab-

sence of Ca) was larger than the control. Thus, the

potentiating effect could only be demonstrated if iso-
proterenol and acetylcholine were applied simultane-

ously during the loading period, not with isoproterenol
alone. It was, therefore, considered that isoproterenol
reduces the acetyicholine contraction by facilitating Ca

sequestration into an intracellular store which is caffeine
sensitive. It seems that, in the cat tracheal muscle, this

Ca store was nearly saturated under normal conditions
(in the absence of acetylcholine) and that isoproterenol
acted only when Ca was released from the store (in the
presence of acetylcholine).

C. Anococcygeus Muscle

The anococcygeus muscle of most animals is densely
innervated by adrenergic nerves, and sympathetic nerve
stimulation evokes an excitatory junction potential, as
in the vas deferens. Although the excitability appears to

be less than that of the vas deferens, this muscle often
shows spontaneous activity in several species, especially

the rabbit (139).
In the pithed rat, the contraction of anococcygeus

muscle produced by phenylephrine was abolished by

prazosin, as expected for a1-receptors, but the contrac-
tions produced by a2-agonists (clonidine, oxymetazoline,
guanabenz, and xylazine) were only moderately antago-

nized by prazosin. Yohimbine was much less potent than
prazosin in reducing the response to phenylephrine, ox-
ymetazoline, and clonidine, but it was as potent as pra-

zosin at reducing the response to guanabenz and xyla-
zine. Thus, in addition to the predominant population of
a1-receptors, postjunctional a2-receptors are present in
this tissue (115). This conclusion was supported by ob-
servations on isolated preparations (5, 116). For example,
xylazine was a potent agonist, and rauwolscine (a2-selec-
tive) was a more potent antagonist against xylazine than
against a-methylnorepinephrine or phenylephrine, al-
though prazosin was more potent than rauwolscine

against xylazine (116).

In this muscle, the dose-response curves of phenyleth-
anolamines (phenylephrine, methoxamine) have two

components. In contrast, other agonists, such as naphaz-

oline and oxymetazoline, produced a monophasic curve.
This has been interpreted by assuming that two different
a1-receptors (a15 and aib) are present in this muscle, and
that the response to high concentrations of phenyletha-
nolamines is mediated by aib-receptors (282). A similar

subdivision of a1-receptors in the rat was made using a
derivative of clonidine, Sgd 101/75 (84). This compound
produced a maximum response not significantly different

from that of norepinephrine, and the same pA2 value was
obtained for phentolamine with both Sgd 101/75 (indan-
idine) and norepinephrine. However, low concentrations
ofphenoxybenzamine (0.3 nM) blocked only the response
to Sgd 101/75 without much effect on the norepinephrine
effect, indicating the presence of different receptors. The
effect of phenoxybenzamine was considered not to be

due to inhibition of neuronal and nonneuronal uptake of
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norepinephrine, because of the low concentration used.

The receptor activated by Sgd 101/75 was designated to

be a18.

A single pulse applied by field stimulation to the rat

anococcygeus muscle evoked an ejp with a latency of 100

to 250 ms and a contraction, without producing spikes
(95). At frequencies higher than 0.5 Hz, a second active

depolarization appeared accompanied by a marked in-
crease in tension development. Both electrical and me-

chanical responses to field stimulation were blocked by
phentolamine (0.25 saM). Norepinephrine (0.1 to 30 �sM)

depolarized the membrane, reduced the membrane re-
sistance, and often produced oscillatory potentials super-

imposed on the depolarization, particularly during the
early phase.

In later studies at room temperature (20-23#{176}C), it was

found that field stimulation produced three types of
membrane response: a fast excitatory junction potential

(ejp) with a latency of less than 100 ms and a time to
peak of 300 ms; a slow ejp with a latency of several
hundred ms and a time to peak of 1 to 2 5; and an

inhibitory junction potential which had a much slower

time course. The fast ejp was resistant to prazosin and
was mimicked by ionophoretic application of ATP,

whereas the slow ejp was mimicked by ionophoretically

applied norepinephrine, and these responses were

blocked by prazosin (61). These results suggest that the
first ejp is caused by ATP and that the slow ejp is caused

through a1-receptor activation by norepinephrine re-
leased from the nerve.

When norepinephrine (0.1 to 1 �tM) was added to the

bath, it depolarized the membrane in two phases: an

initial fast phase reaching a peak within 1 to 2 s and a

slow sustained phase (62, 242). A low concentration of

prazosin (0.01 �sM) reduced or abolished both compo-

nents. When Cl was substituted with benzene-sulfonate,

the first component of the depolarization and the nor-
epinephrine-mediated “slow” ejp were abolished, leaving

the slow component of the depolarization intact. Thus,

the fast phase of the depolarization which corresponds

to the “slow” ejp is considered to be due to an increase
in Cl conductance of the membrane (62).

In the rat anococcygeus muscle, the contraction pro-

duced by norepinephrine and by 5-hydroxytryptamine
(5-HT) disappeared in Ca-free solution. However, verap-

amil inhibited only the 5-HT response, not the norepi-
nephrine response. Thus, it was supposed that there are

two different Ca channels in this muscle, one being
verapamil (and 5-HT) sensitive and the other verapamil

insensitive (norepinephrine sensitive) (328). Similar re-

suits were obtained with D 600; i.e., the contractions

produced by various a1-agonists were insensitive to D

600, while the responses to excess K were blocked (435).

K contractions were tested in the presence of prazosin,
or on muscles taken from rats pretreated with reserpine,

to eliminate the effect of norepinephrine released from

nerves. The ineffectiveness of Ca-channel blockers may

be explained by assuming that activation of a-receptors
opens “receptor-operated Ca channels” which have dif-

ferent properties from those of “voltage-operated Ca
channels” which are sensitive to Ca blockers. This will

be further discussed in the section on vascular smooth

muscles.
In the mouse anococcygeus, the order of potency of a-

antagonists suppressing the contraction produced by cat-

echolamines was prazosin > phentolamine > yohimbine.
This suggested that the postjunctional a-receptors were

of the a1-type. However, the order of potency of agonists
was confusing, because it was oxymetazoline > naphaz-

oline > norepinephrine > phenylephrine > methoxamine

> xylazine; i.e., the agonist considered to be a2-selective
(oxymetazoline) was much more potent than the a1-

selective agonists (methoxamine and phenylephrine),
suggesting the presence of more than one receptor sub-
type (138). Norepinephrine and Sgd 101/75 had nearly
the same potency, but phenoxybenzamine depressed the
response to Sgd 101/75 more than that to norepinephrine
(85). This was considered to be due to the fact that Sgd

101/75 activates mainly a18-receptors and norepineph-
rine both a18- and typical a1-receptors, as in the rat

anococcygeus muscle.
In the mouse anococcygeus muscle, both the ejp and

the depolarization caused by ionophoretically applied

norepinephrine were antagonized by prazosin, not by
yohimbine (240). a2-Agonists (naphazoline and oxyme-
tazoline) also caused depolarization with a long latency,

but often produced contraction without depolarization.
Since the responses to naphazoline were antagonized by
prazosin (0.01 SM), not by yohimbine (1 �sM), the possi-

bility was considered that there are two different a1-
receptor subtypes, one being responsible for contraction

accompanied by depolarization and another for contrac-
tion without depolarization (241).

The innervation of the rabbit anococcygeus has a low
density compared with the rat (94), and it contains
homogeneous a1-receptors (85). Norepinephrine in con-

centrations higher than 0.3 tM produced a tonic contrac-
tion which reached maximum at 300 �M. The contraction
evoked by nerve stimulation and that caused by applied
norepinephrine were both antagonized by phentolamine.
It was often difficult to observe a clear ejp because of the

interference by an inhibitory junction potential in re-
sponse to nerve stimulation (93). The appearance of
prominent inhibitory junction potentials is probably re-

lated to the high spontaneous activity compared with the
rat muscle. When the muscle tone was high or raised by
histamine, the relaxation caused by isoproterenol was
demonstrated to be mediated through activation of fl-
receptors (94).

D. Summary

The effect of catecholamines on the stomach muscle
is complicated in that, in addition to the inhibitory action
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through fl-receptors, activation of a-receptors produces

both contraction and relaxation, the relaxation being
significant particularly when the preexisting muscle tone

is high. The contraction seems to be mediated through

both a1- and a2-receptors, and the relaxation through a1-
receptors. Potentiation of mechanical activity (particu-
larly phasic contraction) is probably related to an in-
crease of spike components appearing on top of the slow

wave. The underlying mechanisms of the catecholamine
actions are still not known.

In the tracheal muscle, excitatory a-receptors exist,
but the mechanisms responsible for contraction have not

been analysed. It is clear that the relaxation mediated
through fl-receptors can occur without change in mem-
brane potential and that some intracellular process,
probably mediated by cAMP, is involved in relaxation.

This is discussed in detail in section VIII. Under normal

conditions, however, it is likely that hyperpolarization of
the membrane (and suppression of slow waves in the
guinea pig) play a causal role facilitating relaxation.

In the anococcygeus muscle, excitation is transmitted

through activation of a1-receptors by norepinephrine
released from nerve fibers. A small contribution by ATP
as cotransmitter has been found in the rat. The receptor

type responsible for the response to exogenous catechol-
amines is mainly the a1-subtype, but another subtype
(a2- or an atypical a1-receptor) may also be present at
least in the rat and mouse. The functional significance
for these receptor subtypes is not known.

The anococcygeus muscle of rabbit, dog, cat, and ox

contains inhibitory fl-receptors, but in the rat they seem
to be lacking (139). This may be related to the low
spontaneous muscle tone in the rat. In the rabbit ano-
coccygeus, which is highly spontaneously active, a non-

adrenergic, noncholinergic inhibitory innervation can be
easily demonstrated, but the transmitter has not been
identified.

According to studies on rat anococcygeus, the depolar-
ization caused by endogenous and exogenous norepi-
nephrine is mainly the result of an increase in Cl con-
ductance of the membrane. The contraction produced by
norepinephrine is abolished by Ca removal, but insensi-

tive to verapamil and D 600. The nature of the Ca
channels and the mechanism of Ca utilization in this
tissue need further investigation.

VII. Vascular Smooth Muscles

The contractility of vascular smooth muscles largely
depends on the diameter of the blood vessel and on the
proportion of the vessel wall occupied by smooth muscle
and by the collagen skeleton. Large blood vessels contract
slowly and within a very limited range, while small
vessels, particularly in the gut, contract quickly and very

strongly and are under strong nervous control. The den-
sity of innervation and also the distance between nerve

terminals and smooth muscle cells vary considerably
(33b). The larger the blood vessel, the greater is the

separation, and in some large arteries the innervation
only reaches the outer muscle layer, the inner layer not

being innervated. On the other hand, small arterioles, in
many regions, are densely innervated. The variety of

functions is such that the muscle cell membrane of each
kind of blood vessel appears to have its own character-
istic properties. However, the number of electrophysio-
logical investigations of vascular smooth muscle is as yet
very limited. Large vessels are generally very poorly

electrically excitable, probably mainly due to the high K
permeability of the membrane, while small arteries or

arterioles can generate an action potential in response
to nerve stimulation and also to exogenous application
of catecholamines. Many others have intermediate prop-
erties. In this section, we have tentatively divided vas-
cular muscles into small arteries, large arteries, and veins
to see whether any correlation can be demonstrated

between their functional characteristics and the mecha-
nism of their response to catecholamines. The involve-

ment of intracellular second messengers in the responses

to the a- and fl-action is discussed in the following two

sections VIII and IX.

A. a-Action

Pharmacological analysis of the mechanical response
of vascular muscles to exogenous catecholamines and

their antagonists has led to the hypothesis that post-
junctional a1-receptors are located at the neuroeffector
junction and are activated by norepinephrine released
from nerve fibers, whereas a2-receptors are located ex-
trajunctionally and are activated by epinephrine released
from the adrenal medulla or by exogenously applied

catecholamines (237, 451, 453). However, in some vas-
cular muscles the situation is more complicated, probably

due to the presence of atypical receptor subtypes or a
mixture of heterogeneous receptors. Another complica-
tion may arise from the contribution by active substances
released from the endothelium (iSa), as already pointed

out in section II. Electrophysiological studies, particu-
larly the recordings of excitatory junction potentials in
response to perivascular nerve stimulation, provide some

evidence for the existence of a receptor which differs
from a1- and a2-subtypes.

The contraction of vascular smooth muscles in re-

sponse to a-receptor activation can be explained by an
increase in the intracellular free Ca concentration due to
facilitation of Ca influx and/or to intracellular Ca re-
lease. The degree of membrane depolarization differs

greatly in different muscles, but Ca influx is not neces-
sarily related to depolarization, because Ca can enter the
cell through receptor-operated Ca channels which may
be voltage insensitive. It is generally considered that
there are at least two different Ca pathways in the plasma
membrane, one being controlled by the membrane poten-

tial (potential-dependent channel) and the other by ag-
onist-receptor interaction (receptor-operated channel)
(39, 425). This classification of Ca channels is largely
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based on the susceptibility to Ca channel blockers (see

below). It is assumed that activation of the receptor by

an agonist increases the probability of the open state of

receptor-operated Ca channels. However, the properties

of this channel have not been properly analysed. It is
possible that, in some contractions, thought to be me-

diated through receptor-operated Ca channels, a carrier-

mediated Ca transport is, at least partly, involved. When
Ca influx is mediated by a carrier (or ionophore) system,
there may be no increase in membrane conductance, and

any changes in membrane potential during Ca influx
would then depend on the direction of the net charge

movement across the membrane. The question whether
Ca influx takes place through different channels or is

mediated by ionophores should be clarified. It has been
shown, using the patch clamp method, that multiple

voltage-dependent Ca channels with different properties

exist on the cell membrane in several tissues (280a).

Thus, the membrane control of Ca influx and the mode

of action of Ca channel blockers on smooth muscle can
probably be further analysed in the near future.

The potential-dependent Ca channel seems to be more

sensitive to organic Ca channel blockers, such as verap-

amil, D 600, or nifedipine, than the receptor-operated Ca
channel. Thus, Ca channel blockers inhibit strongly the

contraction caused by excess K, but only slightly the

contraction induced by catecholamines, as demonstrated
in the rat (140, 277), rabbit aorta (285, 364, 427), and rat

(140) and rabbit mesenteric artery (364). However, the
sensitivity of the catecholamine response to Ca channel

blockers varies significantly in different types of vascular
muscle and also depends on the type of receptor activated

(283).
Although the low sensitivity of a response to Ca chan-

nel blockers may be explained by assuming a large con-

tribution by receptor-operated channels, it is also possi-

ble that the properties of Ca channels are modified to
various degrees by the surrounding receptor proteins,

and as a result of receptor activation. Furthermore, an-

other factor which may affect the apparent relative sen-
sitivity to Ca channel blockers is the contribution of

intracellular Ca release to the contraction. One idea

which has been put forward is that Ca that is released

from intracellular stores not only acts on the contractile

machinery but also acts on the receptor-operated Ca
channels to reduce their sensitivity to Ca channel block-
ers (72, 73, 76).

The Ca release mechanism from the intracellular store

has not been fully analysed, but Ca-induced Ca release

may be partly involved and, as described later (section

IX), substances related to phosphatidylinositol may act
as intracellular second messengers to release Ca. When

Ca release is induced by a-receptor stimulation, refilling

of the intracellular Ca pool may occur through a direct
pathway from the extracellular space to the pool (66).

According to a model proposed by Putney (340a), this

pathway is controlled by the Ca concentration in the

pool, so that Ca influx to the pool continues as long as

Ca is being released by the action of the agonist. On the
other hand, sequestration of intracellular Ca into stores
is thought to be inhibited during the receptor activation,

so that Ca influx is effectively utilized for activation of
the contractile machinery (255). These possibilities are
very attractive, but need further confirmation. Our Un-

derstanding of the role of second messengers in the
mechanisms of intracellular Ca translocation is as yet

incomplete, but recent advances are described in detail

in sections VIII and IX.
1. Small arteries and arterioles.

a. Responses to exogenous catech.olamines.

Mesenteric artery. The contractile response of the rat

mesenteric artery to exogenous norepinephrine is me-
diated mainly through a1 receptors. This conclusion was

based on pharmacological analysis, but the additional
presence of a2-receptors is suggested from the slope of

the Schild plot and the large pA2 value for rauwolscine
(175). The peculiarity of the receptor is emphasized by

the observation that the response to phenylephrine (a1-

agonist) and to naphazoline (a2-agonist) was antagonized

to a very similar extent by either prazosin or yohimbine,
but that the slope of the Schild plot was nearly unity for

these antagonists. The possibility has therefore been
considered that neither agonists nor antagonists may

possess a clear selectivity, or that the preparation con-

tains only one class of receptors, close to the a1-type, but

having affinities also to a2-agonists and antagonists (7,

378). The contraction induced by norepinephrine in the

rat mesenteric artery consists of a phasic component,

which depends primarily on intracellular Ca release, and

a tonic component, which depends completely on Ca

influx. Prazosin was three orders of magnitude more

potent than yohimbine in inhibiting both components
(74).

The contraction of rat mesenteric artery caused by

norepinephrine (1 to 10 �M) was accompanied by mem-

brane depolarization (from -59.2 to -34 mV by 10 tiM)

(305). However, the norepinephrine contraction was

much larger than that induced by excess K which pro-
duced the same depolarization. Furthermore, when the

membrane was depolarized by excess (40 mM) K, nor-

epinephrine produced contraction without further
change in membrane potential. Thus, norepinephrine
seems to release Ca from intracellular stores and also to

increase Ca influx through a mechanism not directly
related to depolarization of the membrane. In this prep-

aration, both the K contracture and the norepinephrine

contraction were dependent on external Ca, and they
were inhibited by La to a similar extent. On the other

hand, nifedipine relaxed the K-contracted artery, but

only partially the norepinephrine-contracted artery.
Thus, in the artery depolarized by 124 mM K and treated

with nifedipine (0.03 �M) to suppress the K contracture,
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norepinephrine (10 �zM) could still produce a sustained

contraction which was only approximately 20% smaller
than the control (174, 379). Similar results were obtained

also in the cat mesenteric artery (379).
The guinea pig mesenteric artery was depolarized by

clonidine (10 �sM), and this was blocked by prazosin (1

�sM), but not by yohimbine (1 SM), suggesting activation
of a1-receptors for the depolarization (195). The contrac-

tions induced by norepinephrine were much larger than

those induced by excess K which depolarized the mem-

brane to the same degree as norepinephrine (1 to 10 �sM)

(41). The membrane resistance was decreased by norepi-

nephrine at concentrations which depolarized the mem-

brane by more than 5 mV, but this was mainly a second-
ary effect due to the depolarization. When the membrane
was depolarized by more than 12 mV, the decrease in

membrane resistance by norepinephrine was greater than

that observed during depolarization by passing current
only.

In the dog mesenteric artery, the membrane was de-
polarized by norepinephrine at concentrations higher

than 0.03 �sM, and electrical slow waves were induced

with concentrations higher than 0.1 �sM. These effects

were antagonized markedly by yohimbine (1 SM), but

only weakly by prazosin (1 SM), suggesting that mainly

a2-receptors contributed to the depolarization (403). This

is interesting because the receptors responsible for con-
traction produced by phenylephrine and naphazoline are

reported to be atypical a1-receptors similar to those in

the rat artery and very effectively antagonized by pra-

zosin (7). This suggests that the contraction is not linked

with membrane depolarization. Furthermore, there
seems to be a species difference in the receptor type

responsible for the depolarization between dog and

guinea pig.

In the rabbit mesenteric artery, the contraction caused

by norepinephrine (0.5 to 12 �sM) was blocked by prazosin
(0.3 SM), not by yohimbine (3 �sM) (230), and the mem-

brane depolarization caused by norepinephrine (0.1 to 10
zM) was also suppressed by prazosin (1 �tM) (196, 297).

The maximum depolarization by norepinephrine (100

�M) was completely blocked by 10 �sM diltiazem, whereas

that induced by 80 mM K was unaltered, suggesting that

an increase in Ca conductance contributes to the depo-

larization (73). In the main part of the rabbit mesenteric

artery, the K contracture was more sensitive to Ca chan-

nel blockers than the norepinephrine contraction (49).

But in the peripheral part of mesenteric artery, the

contraction induced by norepinephrine (10 �sM) was more
sensitive to diltiazem than the K contracture (75). This

part has a 104-fold higher sensitivity to diltiazem than

the aorta, probably due to the fact that the norepineph-
rine contraction in the peripheral part of the artery is

nearly entirely dependent on Ca influx (76), in contrast

to the main part of the artery where intracellular Ca

release is also involved.

In the rabbit mesenteric artery exposed to Ca-free

(bicarbonate) buffer containing 2 mM EGTA and 2.5 mM
Mg, the contractions evoked by norepinephrine (10 sM)

applied every 5 mm for 1 mm decreased successively and

disappeared after the fourth application (196). On the
other hand, similar applications of caffeine (10 mM)

produced a contraction only once or twice. Norepineph-

rime failed to produce a contraction after caffeine appli-

cation, while caffeine could produce a small contraction

after the norepinephrine-evoked contraction had ceased.
The results were interpreted as indicating that Ca is

partly reaccumulated into the intracellular store after

the norepinephrine contraction, but that Ca is effectively
extruded from the cell after the caffeine contraction. In
other experiments, in which Ca-free solution [N-(2-hy-

droxyethyl)-1-piperazine-N-2-ethanesulphonic acid
(HEPES buffer)] containing 2 mM EGTA and 0 mM Mg

was used, norepinephrine (10 �M) produced a transient
contraction only once, a second application being inef-

fective. On the other hand, 25 mM caffeine, given after
the norepinephrine response, was still able to produce a

large contraction. Thus, the norepinephrine-sensitive Ca

store seems to be different from the caffeine-sensitive

store. The possibility has been considered that Ca is
released from the norepinephrine-sensitive store, located

at the plasma membrane, and triggers in turn Ca release

from the caffeine-sensitive store which is probably the

sarcoplasmic reticulum (360).

Splenic artery. In the dog splenic artery, the presence

of a single population of a-receptors was shown which
had characteristics of both a1- and a2-types, judging from

the Schild analysis using prazosin and rauwolscine (165),
but this receptor was much closer to the a1-type (102).

In this artery, verapamil (0.5 to 50 �M) reduced the

contraction caused by norepinephrine and methoxamine

at concentrations of 2.5 to 13 zM (102), but it is possible
that this effect of verapamil in high concentrations is

partly due to a-receptor blocking action (36a).
Renal artery. In the guinea pig renal artery, norepi-

nephrine (0.5 �sM) or phenylephrine (0.5 �M) produced

contraction accompanied by depolarization of the mem-
brane (about 5 mV) and reduction of the membrane

resistance (about 10%). These responses were blocked

by prazosin (0.1 �sM), not by yohimbine (266).

Coronary artery. In the dog large coronary (left circum-

flex) artery, studied on helical strips, a1-receptors are

dominant (345), while in the small coronary artery (re-

sistance vessels), monitored by coronary flow, a2-recep-
tors are dominant (178).

Although most vascular muscles can produce a tran-
sient contraction in response to a-receptor activation at
least once in Ca-free solution, the dog large coronary

artery, which has predominantly a1-receptors, is very

sensitive to Ca removal. The contractile response to 10
�M norepinephrine or 10 �zM cirazoline (a1-selective ag-

onist) was almost completely blocked by a 5- to lO-min
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exposure to Ca-free solution containing 2 mM EGTA

(345, 428). A similar suppression was observed by adding
10 mM La or organic Ca channel blockers (verapamil, D

600, nimodipine, diltiazem, or 5K & F 525A (proadifen))
in the presence of Ca. Thus, the large coronary artery
seems to rely nearly exclusively on the influx of external

Ca for its contraction. The dog circumflex coronary ar-
tery contracted upon stimulation of either a1- or a2-
receptors, when examined with a1- (phenylephrine) and

a2- (guanfacine) agonists, and with a1- (corynanthine
and prazosin) and a2- (rauwolscine and yohimbine) an-

tagonists. Nifedipine was equally potent in inhibiting

both the responses to a1- and a2-receptor activation
(304).

Cerebral artery. The cat middle cerebral artery has
predominantly a2-receptors (379). In this muscle, the

contractile response to norepinephrine (10 �M) was

quickly abolished by removal of Ca. On the other hand,
in the rat middle cerebral artery, which has mainly a1-

receptors, the early part of the contractile response to
norepinephrine was resistant to Ca removal, indicating

that it was partly due to intracellular Ca release.

Saphenous artery. In the rabbit saphenous artery, a
low concentration of norepinephrine (lower than 5 �sM)

produced contraction without depolarizing the mem-
brane. At higher than 5 �M, the membrane was depolar-

ized by norepinephrine dose dependently (177). This
depolarization was not blocked by phentolamine,

phenoxybenzamine, or prazosin, although these blockers

completely abolished norepinephrine-induced contrac-
tions. In the dog saphenous artery, nifedipine blocked

the contraction caused by guanfacine (a2-agonist), but

had a weak inhibitory effect on that caused by phenyl-
ephrine (a1-agonist) (304).

Ear artery. The rabbit ear artery contains only typical

a1-receptors, according to studies with selective antago-
nists (prazosin and rauwolscine) (165). It was shown that

there was a good correlation between membrane depo-
larization and tension generated by norepinephrine (0.1

to 10 �sM) (421). In other reports, it was observed that
norepinephrine at low concentrations (between 5 nM and

1 �LM) caused contraction without modifying the mem-
brane potential, although the membrane was depolarized

at high concentrations (121, 177). The a-antagonists did

not suppress the depolarization, whereas they abolished
the norepinephrine-induced contraction, as in the saphe-
nous artery (177). In spite of the insensitivity of the

membrane potential, an increased permeability to K, Na,
and Cl ions was suggested from the effects of norepi-

nephrine on the ion fluxes (121).

In the rabbit ear artery perfused at a constant flow,
extra- and intraluminally, the pressure response to nor-

epinephrine and phenylephrine was measured. The de-
pendence of the response on external Ca suggested that
activation of a1-receptors mobilized both extra- and in-

tracellular Ca, which was suppressed by prazosin (0.03

to 0.3 SM), but not by yohimbine (3 sM) (268). The

external Ca-dependent contraction produced by norepi-
nephrine (5 �sM) was concentration dependently inhib-
ited by nifedipine (10 to 300 nM) and verapamil (1 to 50

SM), while the contraction due to mobilization of intra-
cellular Ca was not affected by nifedipine (300 nM), but
slightly (by 20%) inhibited by verapamil (50 �sM) (265).
The size of contraction of a helical strip, induced by

norepinephrine (1 �sM), decreased roughly exponentially
with the time of exposure to Ca-free solution containing

2 mM EGTA, the half-time being about 35 mm (121).
The amount of 45Ca which can be released by norepi-
nephrine also decreased with a similar time course after

Ca removal. Two different pathways are proposed for
filling the norepinephrine-sensitive store with external

Ca (66). One is a pathway in the plasma membrane
through which Ca passes into the cytoplasm and is then
taken up by the store, and the other is a direct pathway
through which Ca penetrates into the store, without

passing through the cytoplasm, i.e., without causing con-

traction. The direct filling process during readmission of
external Ca was blocked by Mn or La, but was not

affected by organic Ca channel blockers, such as D 600
or nifedipine, as observed for the rabbit aorta by Karaki

et al. (209; see section on large arteries).
The guinea pig ear artery was depolarized by norepi-

nephrine at concentrations higher than 0.1 �sM, and this
was accompanied by a decrease in membrane conduct-

ance (207).
Tail artery. In the rat tail artery, using prazosin and

corynanthine as a1-antagonists and idazoxan as an a2-
antagonist, it was demonstrated that exogenous norepi-
nephrine activates predominantly a1-receptors and
partly a2-receptors. On the other hand, since 1 nM pra-

zosin reduced the response to nerve stimulation (1 to 5
Hz) by over 80% and since 100 nM virtually abolished
the response, it was concluded that only a1-receptors are

involved in the response to norepinephrine released by
sympathetic stimulation (284). In the rat tail artery, the
response to the low concentration of norepinephrine

applied to the bath was essentially the same as that seen
in the rabbit ear artery; i.e., the contraction occurred
without depolarization of the membrane (177).

b. Electrical responses to nerve stimulation. In small
arteries, stimulation of perivascular nerves produces an
ejp, and this is often followed by a slow depolarization,

particularly with high frequency repetitive stimulation.
The ejp is due to activation of junctional receptors by

the transmitter (norepinephrine or possibly some other
substance). The slow depolarization is considered to be
due to norepinephrine released from nerve terminals,
diffusing beyond the junctional membrane area, and
activating a-receptors situated in the extrajunctional
area ofthe membrane. In large arteries, such as the rabbit

carotid artery, where nerve terminals and muscle cells
are widely separated, nerve stimulation does not evoke a
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70 BULBRING AND TOMITA

discrete ejp, but repetitive stimulation at high frequen-

des causes only a slow depolarization of the membrane
(291).

Submucosal arteriole. In the submucosal arterioles (15-

to 150-sm inner diameter) of cat stomach, the ejps were

not suppressed by phentolamine (3 �zM), probably due to

block of a2-receptors located on nerve fibers which would

result in an increase of the amount of norepinephrine
released from the nerve. However, the ejps were reduced
by 82% by prazosin (3 tiM) in 30 mm (301). Norepineph-

rime and phenylephrine (1 to 100 tiM), exogenously ap-
plied, clearly depolarized the membrane and often initi-

ated oscillatory potentials or spikes, while clonidine (10
to 300 tiM) produced no significant depolarization. The
phenylephrine contraction was larger than that caused

by clonidine. When concentrations of phenylephrine

were adjusted to produce the same mechanical response

as clonidine, the depolarization was 5 to 9.8 mV with

phenylephrine and less than 0.5 mV with clonidine. The

responses to phenylephrine were antagonized by prazosin
(1 sM), and those to clonidine were antagonized by

yohimbine (1 �LM). Therefore, it seems that a1-receptors

mediate the “electromechanical” coupling (the ejp by

endogenous and the depolarization by exogenous norepi-
nephrine), while a2-receptors mediate “pharmacome-

chanical” coupling. The electro- and pharmacomechani-

cal coupling will be described further in the section on

large arteries.
The properties of submucosal arterioles (25- to 60-tim

diameter) of the guinea pig small intestine seem to differ

from those of cat stomach. In these arterioles, the ejp
was not affected by a-blockers (phentolamine, tolazoline,
prazosin, or labetalol, at 2.5 to 5 �M) (168). The most

common response to iontophoretic application of nor-

epinephrine with a microelectrode was a localized con-
traction without change in membrane potential, and this

response was abolished by phentolamine. Occasionally,

at some particular spot of the arteriole, norepinephrine
produced a depolarization, similar to the ejp, without

contraction, even in the presence of phentolamine (170).
These results have been interpreted to indicate that the

receptor at the junctional spot close to nerve fibers has
different properties from those of the a-receptor located

in the extrajunctional area. Thus, a third subtype, resist-

ant to a-blockers, has been proposed and called “‘y-
receptor” (169, 171, 310), similar to the idea of the

“junctional” receptor proposed for the guinea pig vas

deferens (181).
Basilar artery. The rat basilar artery does not contract

in response to exogenous norepinephrine (171, 175). This

artery was very insensitive to norepinephrine, which

caused a very slow depolarization only at high concen-

trations (more than 200 zM), and the depolarization was

not affected by either prazosin, phentolamine, or pro-
pranolol. A similar insensitivity to norepinephrine has

been reported in the guinea pig basilar artery (210), but

the cat basilar artery was depolarized and contracted by
norepinephrine (0.03 to 1 tiM) (159). External field stim-

ulation evoked ejps in the rat basilar artery, presumably
due to norepinephrine release, but since they were also

resistant to adrenergic blocking agents, it was thought

that the “‘y-receptor” might be responsible for the neu-

roeffector transmission (171), as in the submucosal ar-

teriole (169). In this artery, local application of norepi-
nephrine close to the preparation, but not bath applica-

tion, evoked a fast depolarization, possibly by activating
so-called “y-receptors (60).

It has been argued that the failure to block the ejps by

a-blockers might be due to the extremely high concen-

tration of transmitter at the junctional cleft (33), or to

another transmitter, different from norepinephrine, for
example ATP, as described in the section on the vas

deferens (281). lontophoretic application of norepineph-

rine may stimulate nerve terminals and may result in
the release of some yet unidentified transmitter. Further

demonstration of the existence of “‘y-receptors” in many

other tissues will be necessary before the concept of a

third type of catecholamine receptor is finally accepted.
In the dog basilar artery, perivascular nerve stimula-

tion produced an initial transient contraction followed
by a relaxation, or a late slow contraction, or a transient
relaxation and slow contraction (307). Electrical stimu-

lation increased the release of [3H]-norepinephrine or
[3Hjpurine compounds, after preincubation with these

substances. When exogenously applied, norepinephrine

(10 to 100 �sM) produced a slow contraction, while ATP

(0.5 to 3 �M) produced a transient contraction followed

by a slow relaxation, similar to electrical stimulation.
These results suggest that, in this muscle, ATP may act

as a transmitter in addition to norepinephrine.

Ear artery. In the rabbit ear artery, perivascular stim-

ulation evoked ejps. An all-or-none action potential was
initiated following summation of ejps at frequencies

higher than 1 Hz (177, 400). Contraction was associated

with action potentials. The ejps and the neurally evoked
contractions were insensitive to phenoxybenzamine, pra-

zosin, or labetalol, even at 25 to 30 jzM, but phentolamine

(3 to 30 ,�M) depressed neurally evoked contractions.
In other experiments in which only the mechanical

response was studied (332), it was also found that phen-

tolamine (1 �M) blocked the response to stimulation of

perivascular nerves at 2 Hz and decreased it by at least

90% at 4 and 8 Hz. However, since phentolamine also
depressed the contraction produced by direct muscle

stimulation, the possibility was considered that it inter-

feres with some step in excitation-contraction coupling,

rather than blocking the receptors (177).

In later studies, it was noted that a slow depolarization

followed the ejp evoked by nerve stimulation of the rabbit

ear artery (405). This depolarization was suppressed by
prazosin (1 tiM) without affecting ejps. The contraction

mediated by nerve stimulation (10 Hz) was reduced to

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CATECHOLAMINE ACTION ON SMOOTH MUSCLE 71

49% of the control by prazosin (1 �LM). Norepinephrine

application depolarized the membrane and produced con-

traction, and both responses were also antagonized by

prazosin. At high frequencies (>5 Hz), a spike was evoked

on top of a facilitated ejp, the spike being blocked by

nicardipine (a Ca channel blocker, 0.1 SM). In the pres-

ence of prazosin and nicardipine, the contraction evoked

by perivascular nerve stimulation was reduced to 34% of

the control. Since the slow depolarization and spike

activity were blocked by these drugs, the remaining ejp

seemed to produce some mechanical response. This is

different from the observation on the arteriole of guinea

pig intestine, in which ejps did not evoke contraction

(168).

Recently it was shown with the method of iontophor-

etic application that ATP produced a rapid depolariza-

tion similar to the ejp, while norepinephrine produced

only a slow depolarization (404). However, further evi-

dence has to be presented before ATP is accepted to be

a transmitter in this artery.

Tail artery. In the rat tail artery, nerve stimulation

evoked ejps and a slow depolarization which were not

affected by yohimbine (130 �M) (79). Prazosin (12 nM)

abolished only the slow depolarization without affecting

the ejp (80), as in the rabbit ear artery. In contrast, in
the rat tail artery, the slow depolarization caused by

nerve stimulation and, also, the depolarization by nor-

epinephrine application were not blocked by prazosin (1

�zM), but reversibly antagonized by yohimbine (0.5 SM),

although the contraction induced by norepinephrine was

more effectively suppressed by prazosin than yohimbine

(195). The reason for the different results is not clear.

The mechanical response to a single stimulus of pen-

vascular nerves in the rat tail artery consisted of two

components, an initial small contraction due to a muscle
action potential and a second slow contraction due to

depolarization by extrajunctional a-receptor activation

(309). A weak single stimulus produced only an ejp and

no tension response. As the stimulus intensity was in-

creased, some active electrical response (graded action

potential) appeared, and this was accompanied by ten-

sion development. The contraction caused by a train of

stimuli was mainly due to a-receptor activation (which

was blocked by prazosin, 1 �LM), even when an action

potential was evoked by the ejp in response to each
stimulus. Thus, the contribution of the action potential

to the muscle contraction seems rather small. The phys-

iological significance of the ejp and of the generation of

action potentials for the muscle contraction needs fur-

ther clarification.

There is some evidence in the rat tail artery that the

transmitter for the ejp is ATP, while that for the slow

depolarization is norepinephrine, because the former was

selectively suppressed by a,fl-methylene ATP (1 �sM), a

stable analogue of ATP, and the latter was blocked by

phentolamine (2 �zM) (384). This agrees with the finding

in the guinea pig vas deferens (383, 385).

Saphenous artery. The properties of the ejp and the
response to exogenously applied norepinephrine in the
rabbit saphenous artery were essentially similar to those

in the rabbit ear and rat tail arteries (177).

Mesenteric artery. In the guinea pig mesenteric artery,
perivascular nerve stimulation produced an ejp without

a slow depolarization (195). Prazosin (0.1 tiM) failed to

modify ejps, but suppressed the contraction evoked by

nerve stimulation. Thus, also in the mesentenic artery,

the ejp and contraction are not closely linked.
In the rabbit mesenteric artery, in addition to ejps, a

slow depolarization was observed with high frequency
stimulation (over 5 Hz) (297). The ejp was not suppressed

by a-blockers, but the slow depolarization was blocked

by prazosin. As in the tail artery, ATP may be responsible
for the ejp, because there is some evidence that ATP and

norepinephrine act as cotransmitters (230, 306). ATP (3

to 1000 �M) applied extraluminally produced vasocon-
striction. The nerve-mediated constriction was slightly

reduced either by a-blockers or by a,fl-methylene ATP

(3 to 15 �M) and, in the presence of a,fl-methylene ATP,

the contraction was abolished by phentolamine or pra-

zosin. Supporting evidence for involvement of ATP in

the ejp was also obtained by studying the suppressing

effect of a,fl-methylene ATP (0.1 to 1 zM) on ejps (185).

Renal artery. In the guinea pig renal artery, a single

stimulus applied to penivascular nerves did not evoke
any response, but repetitive stimulation (5 pulses, 50 Hz)

produced a small transient depolarization (less than 2

mV). This response was resistant to a-blockers. Prazosin

produced a weak suppression only at higher concentra-
tions over 10 �M, although it completely blocked the
norepinephrine-induced depolarization at 0.1 MM (266).

2. Large arteries.

Aorta. In the dog, guinea pig, and rabbit aorta, the
predominant receptor is the a1-type (113, 148, 337, 352,
354). The a1-selective agonists (phenylephrine, methox-

amine) and antagonist (prazosin) are relatively potent in

most species, while the sensitivity to a2-agonists and

antagonists differs in different species. The rabbit and

guinea pig aortae were shown to be least sensitive to

clonidine and yohimbine, while the hamster, cat, and dog

aortae were intermediate, and the rat aorta was highly
sensitive to both drugs (118, 119, 351). There is general
agreement that the rat aorta contains a1-receptors, be-

cause of the high affinity for prazosin (111, 260, 341, 354)
and because corynanthine was much stronger than rau-

wolscine in antagonizing a1- and a2-agonists (112). How-

ever, clonidine (a2-agonist) is also very effective in pro-

ducing contractions (355). Since the contraction pro-
duced by cionidine is more effectively antagonized by

prazosin than by yohimbine, it is considered that the rat
aorta contains, in addition to a1-receptors, another type

of receptors which cannot be simply classified as a1- or
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72 BULBRING AND TOMITA

a2-type (341), or that it is a receptor with both a1- and
a2-properties (352, 354).

In the rabbit aorta, the contraction caused by 10 �M
norepinephrine decreased during exposure to Ca-free

(Mg-free) solution. After 15-mm exposure, the remaining

tension development was dependent on the concentra-

tion of EDTA added to the solution. The response nearly
disappeared with 1.5 mM EDTA. Since EDTA is mainly
confined to the extracellular space, the slowly depleted

Ca stores responsible for the norepinephrine response
were considered to be located at relatively superficial

membrane sites (446). A recent study of 45Ca uptake
indicated also that the Ca supply for the increased Ca

influx by 10 sM norepinephrine came from two different
sources (252). The results suggested that the Ca source

responsible for the initial phase of the contraction is a

pool bound at the plasma membrane, and that for the

maintained phase it is the free Ca in the extracellular

space. The contraction induced by norepinephrine (1
�M) in Ca-free medium at pH 7.3 was decreased after

pretreatment with a medium at pH 5.1, and the norepi-
nephrine-sensitive 45Ca efflux disappeared. Since the

microsomes prepared from the rabbit aorta had high
affinity binding sites for Ca, which were reduced at low
pH, the possibility has been considered that pH-sensitive

Ca-binding sites at the plasma membrane are the nor-

epinephrine-sensitive Ca pool (149).

The initial fast phase of the norepinephrine contrac-

tion was only slightly reduced by 2 mM La or Ca removal

(with 10 mM EGTA, 10- to 15-mm treatment), but the

slow maintained phase of the contraction was strongly
depressed (108). Similar results were obtained with phen-
ylephrine as an agonist (91). Thus, for the early phase of

the contraction, in addition to Ca influx, intracellular Ca
is likely to be utilized. In the presence of La or EGTA, a

second application of norepinephrine failed to evoke a
contraction. There seems to be no reuptake of intracel-

lular Ca into the norepinephrine-sensitive store which is

likely to be different from the store responsible for Ca

uptake during relaxation (108). Prazosin was three orders
of magnitude more potent than yohimbine in inhibiting

the increase of 45Ca influx by norepinephrine in the

presence of Ca, and also inhibiting the contraction in

Ca-free medium (17, 71). The same results were obtained
with rat aorta (74). Thus, in these preparations, ai-

receptors are responsible for both Ca influx and Ca
release. The norepinephrine-sensitive Ca store was grad-

ually depleted with a half-time of 12 mm or 24 mm in

Ca-free (1 mM EGTA) solutions containing bicarbonate

or HEPES buffer, respectively (209). Readmission of Ca

quickly refilled the store, but the Ca loading was greatly
reduced by pretreatment with La (0.1 to 0.5 mM), not

with verapamil or D 600 at a concentration of 1 j�M.

In the rabbit aorta, both norepinephrine and caffeine
produced a transient contraction and increased �Ca ef-

flux when applied 10 mm after removal of external Ca.

A prior application of caffeine depleted the norepineph-

rime-releasable Ca store, suggesting that norepinephrine
and caffeine release Ca from a common source, likely to

be the SR (107). The amount of Ca in the store was

studied by observing contraction and �Ca efflux in Ca-

free medium and was estimated to be 74 �smol/kg wet
weight under normal conditions. The concentration of

Ca was calculated to be 5.3 mM, assuming that smooth
muscle cells occupy 40% of the muscle weight and that

the SR occupies 3.5% of the cell volume (249). This
amount decreased exponentially with a half-time of 34

mm after Ca removal at 37#{176}C.
A Ca channel blocker, cinnarizine (10 �sM), had no

effect on the response to norepinephrine (10 1uM), al-

though it strongly inhibited the K contracture (49). Sim-
ilarly, the Ca-induced contracture in excess K solution
was noncompetitively inhibited by diltiazem, and this

inhibition was parallel to the blockade of �Ca influx.

Diltiazem markedly suppressed the contraction induced

by a low concentration of norepinephrine (0.01 tiM), but

less effectively that induced by high concentrations (1 to
10 �sM), probably due to a significant contribution by

intracellular Ca release (426). Ca released intracellularly

may reduce the sensitivity of the Ca channels to Ca
channel blockers at the plasma membrane (72, 73, 76).

In the rat aorta, contractions produced by phenyleph-

rime, cirazoline (a1-selective), or norepinephrine were

only weakly suppressed by D 600 or cinnarizine, whereas

contractions produced by partial agonists, St 587 (2-(2-

chloro-5-trifluoromethylphenylimino)imidazoline), Sgd

101/75 (a2-selective), clonidine, or oxymetazoline (a2-

selective) were very markedly inhibited by the Ca chan-
nel blockers at concentrations of 1 to 10 �tM (30, 312).

The contractions caused by these agonists were all very
effectively antagonized by prazosin. Similar results were
obtained by removing the external Ca; i.e., omission of

Ca resulted in a greater reduction of the response to

clonidine or oxymetazoline than that to norepinephrrne

or phenylephrine (141, 313). Thus, the a-receptors in rat

aorta seem to contain two different subtypes, both of

which have pharmacological properties similar to the a1-

subtype, but their sensitivity to Ca channel blockers and
Ca removal is different. However, when interpreting such

data, it has to be borne in mind that the response to

partial agonists may be more susceptible to block than
that to full agonists (201a).

More detailed observations have also been reported.
The contractions due to activation of a1-receptors by

phenylephrine, as well as those due to activation of a2-

receptors by clonidine, consisted of an initial fast com-

ponent and a slow component. The fast component
caused by norepinephrine (1 �sM) or phenylephrine (10

�zM) was somewhat larger (74%) than that caused by

clonidine (10 �zM) (43%), probably reflecting a contribu-
tion by intracellular Ca release to a1-receptor activation.
The slow component was selectively suppressed by nife-
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dipine, independent of the type of receptors activated

(362).
In contrast to the observation on rat aorta, the con-

tractions of the guinea pig aorta produced by St 587, Sgd
101/75 (a1-selective), as well as clonidine (a2-selective)

were not much affected by D 600 (30). Pharmacological

analysis indicated that these agonists stimulate typical

a1-receptors. Thus, the guinea pig aorta contains only a
single type of a1-receptors which mediate the contraction
that is resistant to Ca channel blockers.

Camtid artery. In the sheep carotid artery, the inner

(noninnervated) muscle layer was more sensitive to nor-

epinephrine than the outer (innervated) layer, even in
the presence of desipramine, which prevents uptake of

norepinephrine by the nerves (146, 215). However, nerve

activation by nicotine (10 �sM) produced roughly similar

degrees of contraction in both layers, indicating an effi-

cient nervous control of the inner layer (215). When the
pressure throughout the vessel wall was raised by placing

a cylindrical clip around the artery in vivo for more than
10 days, the nerve fibers disappeared (146). This sug-

gested that the lack of innervation of the inner muscle

layer may be due to the high pressure.
In the rabbit carotid artery, a difference was found

between the responses of the outer and inner muscle
layers to nerve stimulation and to exogenously applied

norepinephrine (291). The muscle fibers in the outer,

innervated layer produced no clear ejps in response to

nerve stimulation at low frequency, but at high frequency

(above 20 Hz), they produced a slow depolarization.
However, a contraction without depolarization was ob-

served at frequencies below 5 Hz. The muscle fibers in

the inner, noninnervated layer were depolarized by nor-
epinephrine (5 to 8 mV at 1 �M, 12 to 15 mV at 10 �.iM),

whereas those in the outer layer were less sensitive (no

significant depolarization below 10 �M, 4 to 8 mV at 50

�iM,6to 12mVat200�M).

The depolarization caused by epinephrine was accom-

panied by a reduction of membrane resistance (292). In

some preparations, epinephrine (1 �sM) produced oscil-
latory electrical activity. Substitution of Cl with sul-

phate, NaCl with sucrose, or Na with choline all reduced

the effects of epinephrine on the membrane, suggesting
that a change in Na and Cl conductances contributed to

the depolarization.
Pulmonary artery. The rabbit and dog pulmonary ar-

teries contain postjunctional a1-receptors (88, 116, 390).

However, the rabbit pulmonary artery was shown to be

also sensitive to clonidine (a2-agonist), but the response

to clonidine was more effectively antagonized not only
by yohimbine but also by prazosin than the response to

methoxamine (a1-agonist). These results suggest that

this artery may contain atypical a1-receptors or some

receptors similar to the a2-type which are sensitive to
prazosin, in addition to a1-receptors (176). In the rabbit

main pulmonary artery, the contraction evoked by nerve

stimulation was suppressed by corynanthine (a1-antag-

onist), and a nearly complete block was obtained with 10
zM (445). As in the aorta, the contraction of the rabbit

main pulmonary artery caused by methoxamine was only
weakly reduced while the clonidine contraction was

markedly reduced by verapamil and also by removal of

external Ca (176).
In the rabbit main pulmonary artery, low concentra-

tions (0.02 to 0.1 �tM) of norepinephrine elicited mechan-

ical responses but no depolarization of the membrane
when measured with microelectrodes inserted from

either the intimal surface (396) or the adventitial surface

(69). The process which underlies a contraction without
depolarization has been termed “pharmacomechanical

coupling” (387, 389). However, at high concentrations (5

tiM), norepinephrine depolarized (9 mV) and elicited a
larger contraction (69). When the microelectrode was

inserted from the endothelial side, a dose-dependent
depolarization (from -60 mV to -43- to -45 mV) was
observed with norepinephrine (0.01 to 1 �tM) or with
methoxamine (0.3 to 10 �sM), associated with an increase
in tension. The depolarization reached a more or less

steady level at 1 sM norepinephrine, but the tension
increased further with higher concentrations (153, 154).

In the presence of 10 mM TEA, which decreased the

membrane potential roughly from -60 to -50 mV, the

depolarization by norepinephrine was potentiated. Since,

in the rabbit carotid artery (see above), the inner layer

was depolarized by lower concentrations of norepineph-

rifle than the outer layer (301), such differences between

the properties of the muscle layers may be one of the
reasons for the discrepancy concerning the change of

membrane potential reported by Casteels et al. (69) and

by Haeusler (153, 154).

The membrane resistance was decreased by methoxa-
mine dose dependently over the entire range of the

concentration-contraction curve (154). These catechol-

amine effects were blocked by prazosin, suggesting a
main contribution by a1-receptors. The norepinephrine

contraction was markedly increased by TEA. Presum-

ably, in the absence of TEA, the increase of intracellular

Ca by norepinephrine activates the K conductance,
thereby counteracting the depolarization, but in the pres-

ence of TEA, this counteraction is suppressed, because

the increase in K conductance is blocked (155).
When NaCl was replaced with sucrose, the depolari-

zation by norepinephrine disappeared, and the contrac-

tion was markedly decreased (69). In addition to its

contribution to the norepinephrine-induced depolariza-

tion, Na may influence the pharmacomechanical cou-

pling. The slow sustained contraction caused by low

concentrations of norepinephrine, without depolariza-
tion, was dependent on the presence of external Ca,

suggesting that Ca influx is responsible for the contrac-
tion. On the other hand, high concentrations (above 0.25

kiM) of norepinephrine produced a phasic contraction in
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Ca-free solution, probably by causing Ca release from

cellular stores.
Using electron probe X-ray microanalysis, it was

shown in the rabbit pulmonary artery that the Ca content

in the sarcoplasmic reticulum was reduced during the

norepinephrine contraction (223), as observed for the

guinea pig portal vein (42).
The guinea pig pulmonary artery was depolarized by

norepinephrine at concentrations (above 0.05 �M) lower

than those effective in the rabbit pulmonary artery (402).

The depolarization reached maximum at 0.25 �sM which
depolarized the membrane from about -50 to -40 mV.

When the concentration was increased to more than 1
�sM, action potentials were elicited, superimposed on the

sustained depolarization.
Perivascular nerve stimulation produced an ejp with a

very slow time course in the guinea pig main pulmonary

artery. The time to reach the peak was 10 to 15 s after
stimulation, and the falling phase lasted 2 to 3 mm. The

depolarization occasionally evoked a spike during the
rising phase. Phentolamine (1 �zM) blocked the spike and

the ejp, as well as the electrical response to exogenous

norepinephrine 15 mm after application. Phenoxybenz-

amine (0.5 �M) and prazosin (1 �M) had a similar block-

ing action (402).
3. Potassium efflux in arteries.

Catecholamines affect the K permeability of the mem-

brane; i.e., they may directly reduce the K conductance
leading to membrane depolarization. However, it is also

possible that they may secondarily increase the K perme-
ability as a result ofmembrane depolarization, or through

an increase of the intracellular Ca concentration (by way
of the Ca-activated K conductance).

Norepinephnne (10 to 100 sM) was found to increase
K efflux in a number of arteries (studied with �Rb). The

increase of the efflux in rabbit ear artery and aorta and

in rabbit and guinea pig pulmonary artery (high fluxing

arteries) was larger than that in rabbit and guinea pig

mesenteric artery, rabbit brachial artery, and guinea pig
abdominal aorta (low fluxing arteries) (40). There was

no correlation between �#{176}Rbefflux and the degree of

membrane depolarization. Prazosin (0.1 �sM) produced
roughly a 10-fold shift of the dose-tension curve for

norepinephrine in both rabbit aorta (high fluxing) and

mesenteric artery (low fluxing), and it reduced the nor-
epinephrine-induced 96Rb efflux and contraction to a

similar extent in both arteries. Thus, the difference in
96Rb efflux in these arteries does not appear to be related

to the difference in receptor subtype. In the guinea pig
pulmonary artery, the depolarization, the contraction,

and the increase in �Rb efflux during activation of a-

receptors by epinephrine (at 23#{176}C)were not affected by

apamin (0.3 sM) which blocked the epinephrine response

in the guinea pig taenia, suggesting that different mech-

anisms are involved in the increase in K conductance in

these tissues (105).

In the rabbit aorta, the increase of �Rb or 42K efflux

caused by norepinephrine (10 �M) was significantly

greater in Ca-free medium containing 0.1 to 0.2 mM
EGTA than in the presence of Ca, suggesting that the K

channels opened by a-receptor activation differ from Ca-
activated K channels (40). This conclusion is supported

by the observation that TEA (10 to 20 mM) reduced
substantially the �Rb efflux evoked by excess K, whereas

that evoked by norepinephrine was only slightly reduced.
The contraction of the rabbit aorta caused by norepi-

nephrine (0.01 to 10 �sM) was accompanied by a parallel

increase in 96Rb efflux (275). However, dissociation of

these changes was observed in the presence of verapamil
and La. Verapamil (10 tiM) reduced the contractile re-

sponse only 12%, but the increase in 96Rb efflux by 65%.
In the presence of 1.3 mM La, norepinephrine (1 �tM)

still produced a significant contraction, although only
once, without any concomitant increase in �Rb efflux.
This suggests the possibility that 96Rb efflux is increased

as a result of Ca influx, not by intracellularly released
Ca. However, in recent studies on 42K efflux in the rabbit

aorta, the increase of the rate constant for 42K efflux and

ofthe mechanical response caused by a low concentration

of norepinephrine (0.1 �sM) was abolished by diltiazem
(10 SM), but that caused by a high concentration of

norepinephrine (10 �tM) was only slightly diminished (1).

This indicates that intracellularly released Ca is also able

to increase 42K efflux. Furthermore, the increase of the

rate constant for 42K efflux caused by norepinephrine

became transient in Ca-free (15 mM Mg) solution, and
the norepinephrine effect declined exponentially with a

half-time of 46 mm by prolonging Ca depletion (1). 45Ca
efflux, probably reflecting intracellular Ca release, in

response to norepinephrine decreased also exponentially,
but with a half-time of 21 mm. Thus, it was concluded

that norepinephrine increases Ca influx and intracellular

Ca release and that this results in an increase in K

permeability.

Similar results were obtained with the rat aorta (382).
In this tissue, norepinephrine increases Na, K, and Cl
effluxes, as observed in the rabbit ear artery (121). In the

aorta, Ca removal in the presence of 10 mM Mg inhibited
the increase in 42K and �Cl effluxes caused by norepi-

nephrine, without much effect on 24Na efflux. When Ca
was removed or diltiazem was applied, the inhibition of

contraction was closely correlated with that of 42K efflux,
both for the early phasic contraction and the late tonic

contraction. This result suggests that the increase in K
(and probably Cl) efflux is caused by intracellular Ca

supplied from the external medium as well as from
intracellular stores (382).

In the rabbit ear artery, norepinephrine (10 tiM) in-

creased �Rb efflux in two phases, an initial large increase

and a small sustained increase (67). When norepineph-
rime was applied during exposure to excess K, esRb efflux

was inhibited after a transient increase. In normal solu-
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tion, the initial component was decreased when the ex-

ternal Ca concentration was reduced, while the late corn-
ponent was largely independent of Ca. However, follow-

ing a prolonged (about 60 mm) exposure to Ca-free
solution, norepinephrine failed to affect the esRb efflux.

These results also suggest the regulation of K permea-

bility by intracellular Ca.
Several mechanisms are probably involved in the ac-

tion of catecholamines on K efflux. The Ca-activated K
channel is likely to be one of the pathways (or the main

pathway) for the increase in K efflux at least in the aorta

and in the taenia, and this should be confirmed with

electrophysiological methods in other types of smooth

muscles. Before we can apply the results from radioiso-

tope experiments to the analysis of membrane properties,
it seems necessary to gain a better understanding of the

kinetics of ionic fluxes measured with this method in
multicellular tissues, like smooth muscle.

4. Veins.

The canine veins could be divided into two groups

according to their sensitivity to norepinephrine, 5-HT,

and histamine. The veins which originate embryologi-

cally from the body wall (external jugular, brachioce-

phalic, azygos, femoral veins, and superior vena cava)

are sensitive to norepinephrine and 5-HT, whereas those
originating from the intestinal system (portal, inferior

vena cava just beneath the diaphragm, mesenteric, and

pulmonal veins) are highly sensitive to histamine, but
less sensitive to norepinephrine (184). In the dog, all

veins obtained from 15 different regions seem to contain

a1-receptors judging from the response to phenylephrine,

but the distribution of a2-receptors is probably limited

to some regions, because only 7 veins (saphenous, ce-
phalic, jugular, mesenteric, femoral veins, inferior vena

cava just below the liver, and portal vein) responded

significantly to clonidine (372). The relative sensitivity

to the agonists varied in these preparations; the sensitiv-

ity to phenylephrine was higher than that to clonidine

in the portal vein and inferior vena cava, while the

reverse was true in the saphenous, cephalic, femoral, and

external jugular veins, probably related to their embryol-

ogical origin. In longitudinal strips of the mesenteric
vein, the sensitivity to the two agonists was similar.

Saphenous vein. In the dog saphenous vein, the effect

of phenylephrine and norepinephrine and the high pA2
value for prazosin (8.15 against phenylephrine, 8.48
against norepinephrine) suggest that both agonists acti-
vate postjunctional a1-receptors (399). Furthermore, the

agonists specific for a1-receptors (5K & F 89748, 1-1,2,3,4-
tetrahydro-8-methoxy-5-(methylthio)-2-naphthalen-

amine, methoxamine) produced a much greater contrac-
tion than the specific agonist for a2-receptors (BHT 920,
6-allyl-2-amino-5,6,7,8-tetrahydro-4H-thiazolo(4,5-

d)azepin dihydrochloride) (132). However, this tissue has
atypical properties in that the blocking potency of yohim-

bine (pA2 value, 7.51 against phenylephrine, 7.53 against

norepinephrine) is about 10 times greater than is gener-

ally found for a1-receptors. This peculiarity has been

shown to be due to the coexistence of a1- and a2-receptors
(89, 102, 132, 369). The presence of both a1- and a2-

receptors was also demonstrated using agonists selective

for a1-receptors (cirazoline, St 587) and for a2-receptors
(xylazine, BHT 920, M-7, 2-N,N-dimethylamino-5,6-di-
hydroxyl- 1 ,2,3,4-tetrahydronaphthalene, guanfacine,

UK 14304, 2-(8-bromoquinoxalyl-7-imino)imidazoline
tartrate), and antagonists selective for a1-receptors (pra-

zosin, phenoxybenzamine) and for a2-receptors (rauwol-
scine) (129). The potency ratio of clonidine and phenyl-

ephrine and the order of potency of rauwolscine, yohim-

bine, and prazosin indicate that the human saphenous
vein contains mainly a2-receptors (391). However, a low

slope of the Schild plot for rauwolscine and some inhibi-

tory effect of prazosin on the contraction induced by

norepinephrine suggest the existence of a small popula-

tion of a1-receptors. The contraction evoked by nerve
stimulation was also more strongly inhibited by yohim-

bine than prazosin, suggesting that the neurotransmitter

acts predominantly on a2-receptors (114).
In the dog saphenous vein, both a1- and a2-agonists

(phenylephrine and clonidine, respectively) produced

fundamentally similar responses, i.e., an increase in �Ca

uptake, and in Ca-free solution, a transient contraction

accompanied by �Ca efflux (198). These results suggest

that activation of a1- and a2-receptors causes both influx

of Ca and release of intracellular Ca. Although verapamil

(100 sM) shifted the dose-contraction curve of clonidine

to the right more effectively than that of phenylephrine,

this was interpreted that a high concentration of verap-

amil acts on the receptor level. However, there are many
other reports which indicate some difference between the

responses to a1- and a2-receptor activation in this vein.

The contractile response to an a2-selective agonist, M-7,

was totally, while that to phenylephrine was only par-

tially, abolished by Ca removal (238). Thus, the response

mediated by a2-receptors appeared to be more dependent

on Ca influx. The results obtained with a Ca channel

blocker, diltiazem, also support the importance of Ca
influx for a2-receptor activation (77). In these experi-

ments, diltiazem (1 to 100 sM) preferentially inhibited

the contraction caused by M-7 (a2-agonist) and had little

effect on that caused by cirazoline (a1-agonist). The
blocking action of nifedipine on the response mediated

by a2- (not by a1-) receptors was also demonstrated (304).

Studies on the mechanical response and �Ca uptake
caused by a1- and a2-selective agonists suggest that ac-

tivation of a1-receptors facilitates Ca influx and also

causes intracellular Ca release, and that activation of a2

receptors only causes Ca influx (202, 278). In these

experiments, the response to 10 �sM BHT 920 (a highly

selective a2-agonist) was accompanied by an increase in

�Ca uptake. The contracture was nearly abolished (to
about 3% of the control) by removal of the external Ca,
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whereas 100 �tM phenylephrine still produced some re-

sponse (14%).
The blocking action of nifedipine on the a1-receptor-

mediated response was studied more in detail by Jim et
al. (201). The contractions evoked by various a1-agonists
were investigated in the presence of rauwolscine (a2-

blocker) and propranolol (fl-blocker). Norepinephrine,
phenylephrine, and 5K & F 89748, acting as full agonists,
produced similar maximum contractions, whereas the

other agonists produced smaller maximum contractions

(methoxamine > 5K & F 87696 (5,8-dimethoxy-2-ami-
notetralin) = 5K & F 88444 (5,8-dimethoxy-N,N-di-

methyl-2-aminotetralin) > 5K & F 88254 (8-methoxy-2-

aminotetralin)) due to differences in intrinsic activity.
The contractions evoked by these agonists were all af-

fected significantly more with La (5 mM) than with
nifedipine (1 zM). Since 5 mM La blocked �Ca uptake,
the contractions evoked by norepinephrine and phenyl-

ephrine in the presence of La (about 50% of the control)
were thought to be due to Ca released from intracellular
stores. On the other hand, the contraction induced by
5K & F 89748 was markedly decreased by La (to 17%),

suggesting a large contribution by Ca influx. However,
the contraction caused by 5K & F 89748 was as resistant

to nifedipine as the response to other full agonists. Ni-

fedipine had a stronger depressing action on the contrac-
tions and 45Ca uptake produced by partial agonists; i.e.,

the antagonism was stronger against an agonist with
weaker intrinsic activity. The same conclusion has been

reached using nimodipine as a Ca channel blocker, cira-

zoline as a full a1-agonist, and St 587 as a partial a1-
agonist (90).

There are some complications in the relationship be-

tween changes in membrane potential and Ca influx
(278). When the membrane potential was measured from

the endothelial surface of the vessel with microelec-

trodes, activation of a1-receptors by methoxamine or

norepinephrine (prazosin sensitive) was more closely
related to membrane depolarization, but caused intracel-

lular Ca release in addition to Ca influx, whereas a2-

receptor activation by BHT 920 did not produce much

depolarization, but was dependent on Ca influx which

was suppressed by verapamil (1 �M) and nifedipine (1
zM). Changes in membrane potential in relation to acti-

vation of different receptor subtypes were further inves-

tigated (279). Norepinephrine (0.1 tiM) produced 50% of
the maximum contraction without causing depolariza-

tion, but higher concentrations depolarized the mem-
brane. Selective agonists for a1-receptors, methoxamine

and 5K & F 89748, produced depolarization dose de-
pendently accompanied by contraction, and the ED�,o

values were nearly identical for depolarization and con-

traction. On the other hand, selective activation of a2-

receptors by BHT 920 and M-7 (up to 1 �sM) had no
significant effect on the membrane potential, although

the contraction reached 80% of its maximum response.

Thus, it was concluded that electromechanical coupling

was mediated through a1-receptors and pharmacome-

chanical coupling through a2-receptors. Since the depo-
larization by BHT 920 was increased by TEA (10 mM),

the small depolarization caused by a2-receptor activation
was considered to be due to an antagonizing action of

Ca-activated K conductance resulting from an increase
in Ca influx, as proposed for the rabbit pulmonary artery

by Haeusler (153).
The rat saphenous vein produced ejps and a slow

depolarization in response to nerve stimulation (81). The
ejps were not blocked by prazosin or yohimbine. On the

other hand, both the slow depolarization evoked by nerve

stimulation and the depolarization caused by norepi-
nephrine, BHT 920, or clonidine were antagonized by
yohimbine, but not by prazosin. Phenylephrine and

methoxamine produced neither a clear electrical nor
mechanical response. These results suggest that a2-re-

ceptors are responsible for the slow depolarization. Since

the dog saphenous vein was more depolarized by activa-
tion of a1-receptors than of a2-receptors (279), there

seems to be a species difference as to the proportion in
which different receptor types contribute to the depolar-

ization in the saphenous vein.

Mesenteric vein. In guinea pig mesenteric vein, norepi-

nephrine (more than 1 tiM) depolarized the membrane
and generated electrical slow waves or action potentials,

and the response was completely blocked by 5 �M phen-

tolamine (401). The depolarization was associated with

an increase in membrane resistance, probably due to a

decrease in K conductance. However, since reduction of
external Na depolarized the membrane from -64.2 mV

to -50 mV and blocked the depolarization by norepi-
nephrine, a contribution by a change in Na conductance
to the depolarization is also likely. Reduction of Cl by

substitution with glutamate did not modify the mem-

brane potential nor the norepinephrine-induced depolar-

ization. In this preparation, the only response to nerve
stimulation was a slow depolarization, without a preced-

ing ejp, and this was readily blocked by phentolamine
(401). On the other hand, in the dog mesenteric vein, a

single stimulus of perivascular nerves produced an ejp
(403). When repetitive stimulation was applied, the ejp

was facilitated and slow depolarization appeared at a

frequency higher than 0.2 Hz. Yohimbine (0.1 juM) pref-

erentially blocked the slow depolarization (403).

In dog mesenteric vein, norepinephrine (1 �M) depo-

larized the membrane and caused contraction (222). Yo-

himbine (higher than 0.1 �sM) blocked these responses,

but prazosin (up to 10 �M) partially inhibited the con-

traction only. Perivascular nerve stimulation produced

ejp and slow depolarization. The ejp was partially re-

duced by 10 j�M yohimbine, while the slow depolarization

was completely blocked by 0.1 �sM yohimbine. These

results suggest that a2-receptors are responsible for the

slow depolarization in both dog andguineapig mesenteric

veins, and that the ejp is either mediated by the so-called
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“‘1 receptors” or evoked by a nonadrenergic cotransmit-

ter.

Renal vein. In the guineapig renal vein, norepinephrine
(0.5 �tM) depolarized the membrane by about 8 mV and

decreased the membrane resistance by about 30%. These
effects were blocked by yohimbine (0.1 aM), but not by

prazosin (1 sM), suggesting involvement of a2-receptors

(266).
5. Summary.

The a-receptors activated by exogenous catechol-

amines are mostly ofthe a1-type. Additional a2-receptors

are present in large arteries, but less prominent or absent
in smaller arteries. In the rat, the vascular adrenoceptors

seem to be atypical in that they possess ai- as well as a2-

properties. The distribution of the two subtypes is not

clear cut. It is not related to particular blood vessels, but
may vary even in the same blood vessel among different

species. The lack of specificity of both agonists and
antagonists is probably one of the main factors prevent-

ing exact definition.
In electrophysiological experiments, agonists and an-

tagonists have generally been used in high concentra-

tions and a very limited range. Therefore, when they

produce an effect, the conclusion is not necessarily reli-
able because of their nonselective action. There is, how-

ever, general agreement that the excitatory junction p0-

tential (ejp) evoked by sympathetic nerve stimulation is
resistant to a-antagonists. The controversy of whether

this is due to the presence of another adrenoceptor type

e)�) or to the corelease of a nonadrenergic transmitter,
such as ATP, has not yet been resolved. However, there

is growing evidence for the involvement of a nonadre-

nergic cotransmitter.
The contraction and the slow depolarization of the

membrane evoked by nerve stimulation are mediated not

only by a1- but also by a2-receptors. Application of

catecholamines can produce contraction without change

in membrane potential or associated with depolarization.
As described later, phosphoinositides in the plasma
membrane may be involved in the contraction which is

independent of membrane depolarization (i.e., the phar-

macomechanical coupling), mediated through a1-recep-

tors (see section IX). Membrane events are not neces-

sarily linked with contraction and may be modified via

different receptor subtypes.
The contraction mediated by a2-receptors is more

strongly suppressed by Ca channel blockers than that
mediated by a1-receptors, where receptor-operated, volt-

age-independent Ca channels are involved (201a, 430,
431). In general, the contractions mediated through a2-

receptors depend strongly on Ca influx, while those me-
diated through a1-receptors rely on intracellular Ca re-

lease in addition to Ca influx. This implies that a1-

receptors would be more effective in causing the phasic
component ofthe contraction, while the tonic component

would be evoked through a2-receptors. This is largely

what has been observed, but exceptions to this generali-

zation are found when a1-receptors are activated with

partial agonists in some vascular muscles. This has also

been demonstrated for the pressor response in the pithed
rat and has been interpreted to be due to the presence of
spare receptors (201a). However, in isolated preparations
(rabbit aorta, dog saphenous vein), the idea of “spare

receptor” does not seem to hold (45a). It is possible that
the properties of Ca channels (e.g., their susceptibility to

Ca channel blockers) are modified during agonist-recep-

tor interaction, for example, by conformational changes
of the proteins surrounding the channel. The changes
produced by this interaction may depend not only on the

receptor type but also on the agonists used. Thus, it may
be that full agonists for a1-receptors reduce the affinity
of Ca channel blockers after agonist-receptor interaction.

B. fl-Action

As in other smooth muscles, activation of fl-receptors

generally produces inhibitory effects on vascular muscles.

One exception, recently reported, is that isoproterenol

and norepinephrine both produced a very slow depolari-
zation of the membrane (and presumably contraction) in

the basilar artery of neonatal rat (60). No excitatory fi-
receptors were found in the adult rat.

1. Arteries.

The occurrence of fl-receptor subtypes varies in differ-

ent arteries and different species. For example, the
guinea pig pulmonary artery contains only fl2-receptors,

the rat and rabbit pulmonary artery and rat aorta contain
predominantly fl2-receptors but also some fl1-receptors,

and the dog left circumflex coronary artery contains flu-
receptors only (322).

Mesenteric artery. In the guinea pig mesenteric artery,

isoproterenol (below 1 tiM) did not modify the membrane
potential, and only a small hyperpolarization (about 3

mV) was observed with more than 10 j.tM, although the

threshold concentration reducing the resting muscle tone
was 0.1 �M (192).

In the same preparation, the amount of Ca releasable

from cellular stores was assessed by producing contrac-

tions with caffeine in Ca-free solution (192). The prep-

arations were first exposed to Ca-free solution for 5 mm,
2.5 mM Ca was then readmitted for various durations to
refill the store, and thereafter 5 mM caffeine was applied
for 2 mm after Ca had been removed again. When
isoproterenol (3 �sM) was included in the Ca-loading
solution, the subsequent caffeine contraction was in-
creased. Thus, in this artery, isoproterenol seemed to
increase intracellular Ca sequestration.

Ear artery. The effect of isoproterenol on Ca uptake
was studied on the rabbit ear artery (429). A transient

contraction produced by histamine (10 �zM) in Ca-free
solution was taken as an indicator of intracellular Ca
release. When isoproterenol was added to the Ca-loading

medium (40 mM K, 1.5 mM Ca), the subsequent hista-
mine response observed 5 mm after exposure to Ca-free
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solution was larger than the control without isoprotere-

nol pretreatment, suggesting stimulation of Ca uptake
into stores by isoproterenol.

Tail artery. The isoproterenol relaxation of the rat tail

artery, contracted by 1 mM Ba, was suppressed dose

dependently by ouabain. Removal of external K also
inhibited the isoproterenol relaxation by approximately

80%. Furthermore, isoproterenol increased the degree of

relaxation caused by readmission of 6 mM K during the
norepinephrine contraction in 1 mM K, and ouabain (0.1

mM) blocked the K-induced relaxation in both the pres-

ence and absence of isoproterenol (443). Ouabain had no
effect on the isoproterenol relaxation of rat tail artery

contracted with KC1, although ouabain inhibited the
relaxing effect of isoproterenol on pig tail artery con-

tracted with KC1. While it is possible that stimulation of
the Na pump is to some extent involved in the relaxing

effects ofisoproterenol in some mammalian smooth mus-

des, as suggested for the amphibian (Bufo marinus)

stomach muscle (363), more direct evidence is necessary
to establish this mechanism for the fl-action. Further-

more, the contribution of the Na pump may vary greatly
in different smooth muscles and in different species, and

it very likely depends on the experimental conditions

prevailing.

Coronary artery. In the dog, the large coronary artery
has a high percentage of a-receptors compared with fi-
receptors, while the small coronary artery has almost

exclusively fl-receptors (86, 298). The fl-receptors in dog

and pig coronary arteries are of the fl1-type, as opposed

to most other vascular muscles, in which the fl2-type is
usually found (6, 24, 120, 203).

The smooth muscle cells of the dog coronary artery

(1.5 to 2.0 mm in diameter) were hyperpolarized (6 to 10

mV), with a reduction of membrane resistance, by 1 �sM
norepinephrine or isoproterenol through activation of fi-

receptors (189). On the other hand, in the dog coronary

artery (0.5 to 1.0 mm in diameter), isoproterenol (or

phenylephrine in the presence of phentolamine) (up to

50 �sM) reduced the resting tension without altering the

membrane potential or the membrane resistance (190).
In Ca-free solution, the contraction of rabbit coronary

artery, produced by 10 �M histamine, was increased by

pretreatment with isoproterenol when it was applied
during a preceding Ca-loading procedure in 30 mM K

solution, probably due to a larger amount of Ca being
available for release. When Ca loading was carried out
in normal K (5.9 mM) instead of excess K, the pretreat-

ment with isoproterenol reduced the subsequent hista-

mine response in Ca-free solution. These results were

interpreted to indicate that, under normal conditions,

the main action of isoproterenol was inhibition of Ca

influx, but that in excess K, it stimulated Ca uptake into

the intracellular store (429).

In the pig coronary artery, isoproterenol inhibited the
K contracture, but phosphorylase a activity remained at

an elevated level during the relaxation (334, 335). Since

the activity of this enzyme is Ca dependent, the intra-
cellular free Ca concentration was considered to be suf-

ficiently high for actin-myosin interaction. Thus, it was

concluded that isoproterenol produced relaxation by re-
ducing the sensitivity of the contractile machinery to Ca,

which agrees with the conclusion reached in aequorin

experiments on the ferret portal vein (300).

Aorta. In the rabbit aorta, depolarized by excess (80 or
145 mM) K (0 mM Na), isoproterenol (1 �sM) produced

relaxation accompanied by suppression of �Ca influx

and an increase in cyclic AMP levels (290). These effects
were mimicked by dibutyryl cyclic AMP (1 mM). No

evidence was found for stimulation of Ca efflux by iso-
proterenol.

Carotid artery. In the cat carotid artery, K readmission
following exposure to K-free solution produced relaxa-

tion which was blocked by ouabain, suggesting that ac-

tivation of the Na pump was responsible for this relax-

ation. Since isoproterenol caused relaxation in K-free
solution, which was not affected by ouabain, the Na
pump did not seem to be involved in the relaxation

caused by isoproterenol (45).
2. Veins.

Saphertous vein. Contractions of the dog saphenous
vein evoked by acetylcholine (27 �M) were easily inhib-

ited by isoproterenol, while those evoked by norepineph-

rine were more resistant. Similarly, acetylcholine con-

tractions were much more inhibited by Ca removal or by

verapamil than norepinephrine contractions. These re-

sults were interpreted as indicating that inhibition of Ca
influx was the main effect of isoproterenol (87). Since
the norepinephrine response is partly due to intracellular

Ca mobilization, the isoproterenol effect is expected to
be weaker. Although the K (80 mM) contracture was

highly dependent on external Ca, it was relatively resist-

ant to the relaxing effect of isoproterenol. This could be

explained by the possibility that there are two different
Ca channels. One type is activated by acetylcholine, less

dependent on membrane potential, and sensitive to iso-

proterenol but less sensitive to verapamil. The other is

activated by K, causing depolarization, and relatively
insensitive to isoproterenol but highly sensitive to verap-

amil (87).

Facial vein. A large hyperpolarization was observed in

the rabbit facial vein in response to isoproterenol, nor-

epinephrine, as well as intramural nerve stimulation
through activation of fl-receptors (340). The membrane
potential was increased from -46.8 to -70.8 mV with 10

nM isoproterenol, the relaxation being preceded by the

hyperpolarization by about 200 ms.

3. Summary.

Effects on the plasma membrane. Activation of fl-recep-
tors hyperpolarizes significantly some vascular muscles

(pig coronary artery, rabbit facial vein), but not others
(dog coronary artery, guinea pig mesenteric artery). The
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significance of these differences between various vascular

muscles and between different species remains to be clar-
ified. Depending on the experimental method, observa-
tions might be partly determined by differences in density

or homogeneity of the fl-receptor distribution, which has

already been discussed for the fl-action on highly excitable
visceral muscles. The importance of changes in the mem-

brane function for the fl-action, including hyperpolariza-

tion, is still not clear, but suppression of Ca influx seems
to be the main factor involved in the fl-action on rabbit

aorta and dog saphenous vein. Activation of the Na pump

has been suggested, because the relaxation by isoprotere-
nol was blocked by ouabain or K removal. However, this
could be a secondary effect, resulting from a significant

accumulation of intracellular Na and Ca in unphysiolog-
ical experimental conditions.

Intracellular effects. It is very likely that the fl-action
involves intracellular mechanisms in addition to an al-
teration of membrane function. The main action is prob-

ably the decrease of intracellular free Ca by an increased
Ca uptake into stores, e.g., the SR. However, some doubts

about this mechanism have also been raised; i.e., phos-
phorylase a activity, which is highly sensitive to Ca, was
not affected during isoproterenol-induced relaxation in
the pig coronary artery (334, 335). Therefore, if the
properties of the contractile proteins were modified, for
example, by cyclic AMP-dependent protein kinase, as

described later, relaxation might take place without
much decrease in the intracellular free Ca concentration

(see section VIII).
A correlation between the types of blood vessel and

the mechanism of the fl-action has not been found, as it
has for the a-action, but this point warrants further

investigation.

VIII. Cyclic AMP and Catecholamine Action

Activation of both flu- and fl2-receptors is known to

stimulate adenylate cyclase, while activation of a2-recep-
tors inhibits this enzyme (393). The relaxation caused
by fl-agonists is thought to involve an increase in cyclic
AMP (cAMP) formation by stimulating adenylate cy-

clase, because (a) the relaxation is correlated with a

concomitant increase in cAMP content, (b) cAMP (ap-
plied as the dibutyryl compound) mimicks the effect of
fl-agonists, and (c) inhibitors of phosphodiesterase also

have a relaxing effect. Intracellular cAMP controls
smooth muscle contractile function by activating a pro-
tein kinase (11, 160). It may regulate the intracellular Ca
distribution (302, 315). In addition, cAMP may suppress

directly the contractile machinery by reducing the affin-
ity of myosin light chain kinase for Ca-calmodulin (3, 4,

274, 288, 350). The affinity is reduced when the kinase
is phosphorylated by cAMP-dependent protein kinase.

Although the fl-receptor-mediated relaxation is not nec-
essarily correlated with an increase in cAMP, the evi-
dence for an essential role of cAMP in the fl-action is
strong.

Forskolin, a diterpene isolated from the roots of Coleus

forskohli, is known to stimulate adenylate cyclase di-
rectly, resulting in an increase of intracellular cAMP
levels (365-367), and to relax smooth muscles (303). This
provides a good pharmacological tool to investigate the
role of cAMP.

A. Gastrointestinal Muscle

When the mechanical activity of the rabbit colon was

suppressed by isoproterenol, there was a good correlation

between the relaxation and the increase in cAMP. Fur-
thermore, the mechanical effects of the fl-agonist were

mimicked by cAMP (10, 15).
In the guinea pig taenia, isoproterenol increased intra-

cellular cAMP levels through activation of fl-receptors.
However, at a concentration of isoproterenol which re-

duced spontaneous contractions to 50% (ED�,o 5.5 nM),
there was not always a significant increase in cAMP and,

10 5 after the isoproterenol application, the relaxation
reached 57% of the maximum before a significant in-
crease in cAMP was detected. Furthermore, the pA2 value
(7.92) for propranolol, measured against isoproterenol-

induced relaxation, was different from that (8.57) meas-
ured against isoproterenol-induced accumulation of
cAMP. Thus, the relaxation mediated through fl-recep-
tors seemed to be a separate phenomenon, independent
of cAMP accumulation (179). On the other hand, the

effects of isoproterenol and forskolin were similar: both

caused relaxation accompanied by a small hyperpolari-
zation and an increase in �Ca efflux (106). Therefore, a
contribution by cAMP to the fl-action remains an at-

tractive idea.

As described in section IV, the modification of electri-
cal properties of the plasma membrane seems to be
mediated through fl2-receptors, and the intracellular
mechanism through fl1-receptors, at least in the guinea
pig taenia (27, 216). However, the relative contribution

of fl-receptor subtypes to cAMP production remains to

be clarified in each smooth muscle.
The actions of dibutyryl cAMP (0.3 mM) and iso-

proterenol (0.1 �sM) are similar on the electrical and on
the mechanical activity of the guinea pig taenia. But, in

contrast to the decrease of the isoproterenol effect, the
action of dibutyryl cAMP remained the same when Ca
was substituted with Sr. In glycerinated (chemically
skinned) muscle, contracted in the presence of 0.5 zM Ca
and 4 mM Mg-ATP, dibutyryl cAMP (0.6 mM) was

ineffective in suppressing the contraction. Therefore, it
was thought that cAMP was not directly acting on the

contractile machinery, but that it was either reducing Ca
influx across the plasma membrane or inhibiting Ca

release from Ca stores (409). On the other hand, iso-
proterenol and dibutyryl cAMP increased the loss of �Ca
from the muscle, suggesting a possible involvement of

Ca extrusion in the mechanism of relaxation caused by
activation of fl-receptors (419). In this experiment, the
curve relating Ca concentration to tension, obtained by
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80 BULBRING AND TOMITA

adding Ca to excess K (158 m�i KC1, 6 mM NaHCO3),

was shifted to the right by dibutyryl cAMP (0.2 mM),

but �Ca uptake by the preparation was not significantly
decreased. However, in other experiments, in which NaC1

was completely replaced with KC1 (137 mM KC1, 6 mM

NaHCO3), isoproterenol (0.4 �M) lost its relaxing action,

and concomitantly the increase in cAMP levels caused
by isoproterenol was abolished (183). This loss of the

action of isoproterenol may be due to the excessive
increase in intracellular Ca.

The spontaneous contractions of guinea pig taenia

were inhibited by cAMP (10 to 100 zM) (370), but, when

studied with the sucrose-gap method, electrical and me-
chanical activities were not affected by dibutyryl cAMP
at concentrations of 1 to 500 �M (135) or only weakly

diminished at a concentration of 1 mM (53). Similar

results were obtained in the circular muscle of rabbit

colon, in which application of cAMP (0.4 to 3.2 mM) had

a relaxing effect, while dibutyryl cAMP (1 mM) applied

for 3 mm produced no relaxing effect in 145 mM K (6
mM Na) medium (13). The reason why dibutyryl cAMP

was effective in some experiments but ineffective in

others remains to be clarified.

�Ca accumulation by a microsomal fraction prepared

from the rabbit colonic muscle was potentiated 2- to 3-

fold by isoproterenol (4 tiM) or by cAMP (10 �M) in the

presence of 0.35 mM ATP (15). The ATP concentration

in the medium seems to be critical for these potentiating

effects. When the ATP concentration was high (5 mM),

cAMP had no effect on Ca accumulation. Furthermore,

stimulation of adenylate cyclase by isoproterenol (2 zM)
was observed only at 0.35 mM but not at 5 mM ATP
(314). It would be important to characterize the micro-

some, such as the sideness of the membrane formed, to

know the distribution of fl-receptors and to correlate the
results with the fl-action in the intact preparation.

The microsomal fraction, derived from the sarcolemma

and sarcoplasmic reticulum of guinea pig taenia, was

phosphorylated, and its Ca uptake was increased when

pretreated with cAMP and cAMP-dependent protein

kinase (172). The sarcoplasmic reticulum, rather than
the sarcolemma, is probably responsible for this Ca up-

take, because the enhancement of Ca uptake by the

microsomes was observed only when oxalate was added,

and Ca uptake by the sarcolemmal vesicles was not
stimulated by oxalate. These results suggest that the
mechanism underlying the relaxation caused by iso-

proterenol is a decrease in the free myoplasmic Ca con-

centration by Ca extrusion or sequestration.
In the guinea pig taenia skinned with 1% Triton X-

100, in which the sarcoplasmic reticulum is not function-

ing, tension development was inhibited by cAMP, and

this action was mimicked by the catalytic subunit of

cAMP-dependent protein kinase (350). cAMP (100 tiM)

produced a maximal relaxation of 75% (25#{176}C)in the
presence of 0.53 �iM Ca and 0.05 �M calmodulin, but this

effect decreased with increasing Ca concentration. It was

therefore suggested that the relaxing effect of cAMP is
first to reduce the myoplasmic free Ca concentration and

then probably to act directly on the actin-myosin system

as the Ca concentration is lowered (288).

B. Airway Smooth Muscle

Isoproterenol increased the cAMP content, and there

was a close correlation between the changes in cAMP
levels and the degree of relaxation in the carbachol-
contracted canine bronchial 423), the bovine tracheal (12,

212), andguineapig tracheal (324) muscles. In the canine
bronchial muscle, contracted by carbachol, dibutyryl

cAMP (1 to 2 �sM) and isoproterenol (0.1 �tM) had similar
relaxing effects (423).

Using six different methylxanthine derivatives and one

nonxanthine agent (SQ 20,009 (1-ethyl-4-(isopropyl-
idenehydrazino)- 1H-pyrazolo[3,4-b]pyridine-5-carbox-

ylic acid, ethyl ester)), a strong correlation was found
between phosphodiesterase inhibition and the relaxation

of dog tracheal muscle, contracted by 0.1 �iM methacho-
line, when one of five different phosphodiesterases sep-

arated by column chromatography was selected (338).
Essentially similar results have been obtained from

guineapig tracheal muscle (134). In bovine tracheal mus-
cle, the relaxant effect of isoproterenol was weaker when
the contraction was produced with carbachol than with

histamine. Similarly, the increase in cAMP by iso-
proterenol was less in the carbachol-contracted prepa-

ration (12, 253).

There is, however, not always a good correlation be-
tween the degree of relaxation and the increase in the
level of cAMP. For example, in bovine tracheal muscle,
contracted by carbachol (0.1 to 0.3 tiM), isoproterenol (4
�M) and theophylline (a phosphodiesterase inhibitor, 10
mM) did not significantly elevate cAMP levels even
though they reduced the contraction by 85 to 90% (253).

In bovine trachea, contracted by methacholine (0.15 �sM),

salbutamol (fl2-agonist, 0.28 �M) and carbuterol (0.2 �sM)

failed to increase cAMP, although they produced maxi-

mum relaxation (243). Furthermore, fl2-selective blockers
(butoxamine and H351�) antagonized the increase in
cAMP but not the relaxation produced by isoproterenol.
With several fl-agonists, such as isoproterenol, epineph-
rime, terbutaline (fl2-agonist), and soterenol, the time-
response relationship for relaxation and for increased

cAMP content was generally parallel. Nevertheless,
sometimes a clear dissociation between the relaxation
and the increase in cAMP occurred.

In the guinea pig tracheal muscle, the degree of relax-
ation caused by isoproterenol decreased when the prep-

arations were exposed to increasing concentrations of
carbachol (51a, 211, 215a). The relaxing potency of the-
ophylline, however, was less affected compared with that
of isoproterenol when the carbachol concentration was

increased (211), suggesting that their action is not simply
mediated by a common mechanism resulting from an
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CATECHOLAMINE ACTION ON SMOOTH MUSCLE 81

increase in intracellular cAMP. The antagonizing effect
of carbachol on the increase in cAMP level caused by

isoproterenol was much weaker than that on the iso-

proterenol-induced relaxation, and when the external Ca
was removed, the carbachol effect disappeared (452a).

Studies of Ca uptake by microsomes (oxalate sensitive)
and plasma membrane obtained from bovine tracheal

smooth muscle failed to show a clear effect of cAMP and
protein kinase (361). These experiments are difficult to
evaluate, because of the poor characterization of the
microsomes, whose properties may be influenced by

many experimental factors.
When the catalytic subunit of cAMP-dependent pro-

tein kinase was added, purified myosin light chain kinase
or endogenous myosin light chain kinase in a homogenate

of the bovine tracheal muscle was phosphorylated, and
as a result, the Ca sensitivity of the myosin light chain
kinase was decreased. However, the Ca sensitivity of the

kinase was unchanged when the endogenous cAMP-

dependent kinase was activated by the addition of cAMP
(5 �LM). Furthermore, isoproterenol (0.3 SM), applied to

intact muscles, either relaxed or contracted by carbachol

or KC1, failed to affect the myosin light chain kinase
activity. These results suggest that the relaxation by
activation of the fl-receptors does not necessarily involve

phosphorylation of the myosin light chain kinase (295).

On the other hand, in both relaxed and methacholine (1
�LM)-contracted canine tracheal muscle, forskolin in-

creased the cAMP level and also phosphorylated the

myosin light chain kinase. This was taken to indicate
that cAMP produced relaxation at least partly by this
mechanism (101). Moreover, in cat tracheal muscle
skinned with saponin, simultaneous application of cAMP

(0.1 mM) and cAMP-dependent protein kinase (50 �sg/

ml) reduced contractions evoked by 0.3 to 10 �iM Ca
(188). These observations support the hypothesis that

inhibition of the actin-myosin interaction may be the

result of phosphorylation of myosin light chain kinase

by protein kinase.

C. Myornetrium

In pregnant rat myometrium, the cAMP content was
more than doubled after 30-s exposure to 0.4 �sM iso-

proterenol (227, 273), and the fl-effects (relaxation and
hyperpolarization of the membrane) were mimicked by
dibutyryl cAMP (1 mM) (226), supporting previous ob-
servations on the estrogen-primed rat myometrium
(422). It was therefore considered that cAMP played a
major role in the fl-action. The increase in cAMP levels

in response to isoproterenol became markedly greater
during the middle stage of gestation, particularly in the

longitudinal muscle of rat myometrium. In the circular
muscle, a significant increase of cAMP content by iso-

proterenol was also observed after the 21st day of gesta-

tion (219). These changes are in accord with the devel-
opment of responses mediated by fl-receptors (214, 219,
331).

Under some experimental conditions, a close correla-

tion between the tissue content of cAMP and the degree
of relaxation was not necessarily found. The cAMP levels

of the estrogen-primed rat myometrium were increased
(by 40%) during contracture produced in excess (125

mM) K (23.8 mM Na) solution, and this was considered
to be due to release of endogenous norepinephrine, or

due to stimulation of adenylate cyclase by an increase in

intracellular Ca. Isoproterenol (5 nM) caused significant
relaxation (by 35%), but increased cAMP only by an

additional 16% over the depolarized condition (109). A

clearer dissociation between cAMP levels and relaxation
was seen when the estrogen-primed rat myometrium was

exposed to 127 mM K solution containing no Na (Tris
buffer) (434). Even at a very high concentration (100

sM), isoproterenol did not significantly increase cAMP,
although the K contracture was clearly relaxed. The

importance of Na in the increase of cAMP was confirmed
by Meisheri et al. (289). The degree of relaxation pro-

duced by isoproterenol (100 MM) was similar in 47.5 mM
K (80 mM Na), in 47.5 mM K (0 mM Na, sucrose substi-
tution), and in 127 mM K (0 mM Na) media, but an

increase of cAMP was 337% in the presence of 80 mM
Na and only 100% in the absence of Na, and 600% in

normal medium. On the other hand, isoproterenol in-

creased cAMP, to a similar degree to the control, when

the K contracture was prevented by D 600 (10 �sM) or by

removal of Ca (286, 289, 434). It is possible that Ca exerts

an inhibitory effect on the adenylate cyclase complex

and that activation of fl-receptors removes Ca from this

inhibitory site and activates the cyclase (286). One cause

for a dissociation between cAMP levels and relaxation

might be excessive accumulation of intracellular Ca.

Under normal conditions, isoproterenol inhibited the

spontaneous mechanical activity of rat myometrium at

much lower concentrations than that needed to increase

cAMP. The increase in cAMP production was more

closely correlated with binding of isoproterenol to fi-
receptors than with relaxation. Thus, occupancy of less

than 10% of the receptors and a correspondingly small

elevation of cAMP levels accounted for 50% of the max-

imal relaxation caused by isoproterenol (224).
In pregnant rat myometrium, forskolin was 10 times

less effective than isoproterenol in suppressing sponta-

neous and K-induced contractions, but it increased
cAMP significantly more than isoproterenol at equief-
fective doses. It was suggested that activation of fl-
receptors can inhibit the tension development via cAMP-

dependent as well as cAMP-independent mechanisms
(272).

In cultured myometrium cells from the rat, 45Ca efflux
was increased by isoproterenol dose dependently. This

effect was blocked by propranolol and mimicked by 8-

bromo-cAMP. Using broken cell membranes, it was
found that adenylate cyclase was stimulated by GTP

(300 �M) and by isoproterenol (ED� = 0.5 tiM) in the

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


82 BULBRING AND TOMITA

presence but not in the absence of GTP. Thus, guanyl

nucleotides were required for the activation of adenylate
cyclase through fl-receptors (131). It was also found that
adenylate cyclase was stimulated directly by Ca (ED� =

0.1 �M) without GTP, suggestingthe existence of another
receptor-independent mechanism for cAMP production
which may play a role in autoregulation of intracellular

Ca by increasing Ca efflux.

cAMP (5 tiM) increased the accumulation of Ca into a
microsomal fraction (mainly sarcoplasmic reticulum)

prepared from rat (ovariectomized) uterus by more than

50%. The increase in Ca accumulation by the microsomes

was also demonstrated when the myometrium was

treated with isoproterenol (100 jIM) for 10 mm prior to
membrane isolation (225). Phosphorylation of a specific
protein in the microsome is likely to be responsible for

cAMP-dependent Ca accumulation in microsomes pre-

pared from rat myometrium (315).
The spontaneous activity ofestrogen-dominated rabbit

myometrium was suppressed by 0.02 �sM isoproterenol,
unaccompanied by an increase in cAMP. At a higher

concentration of isoproterenol (2 SM), cAMP was in-

creased (259% increase after 3 mm). In the presence of

propranolol (3.4 �zM) and phentolamine (0.53 jzM), iso-

proterenol (2 tiM) still inhibited the mechanical activity,

but did not increase cAMP. The results were interpreted

to indicate that isoproterenol stimulates fl-receptors as
well as some unknown receptors, both resulting in the

suppression of mechanical activity, and that cAMP is

not an obligatory mediator for relaxation (311). In a later

study on the longitudinal muscle of rabbit myometrium,

using the sucrose-gap method, it was found that dibutyryl
cAMP (1 mM) and isoproterenol (1 �M) produced similar

inhibitory responses. The possibility was considered that

a small increase in intracellular cAMP, undetectable by

the method used, is involved in the inhibitory action of
isoproterenol (312). The hyperpolarization caused by

dibutyryl cAMP was blocked by propranolol (3 iM). This

observation needs further confirmation.
The estrogen-primed rabbit myometrium was much

less sensitive than the pregnant rat myometrium to the

cAMP-increasing action of isoproterenol and forskolin.
Isoproterenol (0.005 to 0.5 �sM) and forskolin (0.1 �M)

reduced spontaneous and acetylcholine-induced contrac-

tions, without a significant change in cAMP levels, sug-
gesting that cAMP was not an obligatory mediator (272).

In the pregnant rat myometrium and estrogen-primed

rabbit myometrium, 1 mM dibutyryl cAMP mimicked the

inhibitory action of isoproterenol on the mechanical and

electrical responses, as already mentioned, while in the

estrogen-treated guinea pig myometrium, 1 mM dibutyryl

cAMP produced an excitatory action, similar to that

mediated by a-receptors (53). It is likely that derivative
compounds of cAMP applied exogenously may have a

different action from cAMP which acts intracellularly
through activation of fl-receptors.

D. Vascular Smooth Muscle

Relaxation mediated by fl-receptors in the canine cor-
onary artery was accompanied by an increase in cAMP
content. Dibutyryl cAMP (1 to 2 mM) and aminophylline

(25 to 625 sM) produced relaxation in the muscle strip
contracted by excess K (36 mM) (368). In the bovine

coronary artery, relaxation with isoproterenol was highly

correlated with an increase in both the cAMP levels and

the activity of cAMP-dependent protein kinase, suggest-
ing a causal relationship between these processes (376,

433). cAMP-dependent protein kinase phosphorylates

specific proteins, such as contractile and Ca-transport

proteins, and promotes relaxation. In the porcine coro-

nary artery, treated with Triton X-100 for chemical
skinning to destroy the function ofthe plasma membrane

and the Ca-sequestrating system, contractions produced
by Ca and calmodulin were antagonized by addition of
the catalytic subunit of the cAMP-dependent protein
kinase (0.01 to 0.5 tiM) (336). The Ca required for half-

maximal contraction was shifted from 1.1 �iM to 6.3 �iM

by 0.5 sM protein kinase. These results support the idea
that relaxation can be achieved by reducing the activity

of myosin light chain kinase by cAMP, without a de-

crease in intracellualr free Ca concentration.
. In the bovine coronary artery, forskolin (1 �M) pro-

duced the same effects as isoproterenol but, at a concen-

tration of 0.1 �M, significant increases in cAMP and
cAMP-dependent protein kinase activity occurred with-

out relaxation. Furthermore, low concentrations of for-

skolin did not potentiate the effects of isoproterenol.
These results were interpreted to indicate that either

cAMP is not solely responsible for the relaxation, or
there is a functional compartmentalization of cAMP and
cAMP-dependent protein kinase in the coronary artery
(432, 433).

In the porcine coronary artery, isoproterenol (5 tiM)

reduced the contraction produced by excess (118 mM) K

without increasing the cAMP contents, although a clear
increase in cAMP was observed in normal (5.9 mM K)

medium. No enhancement of phosphorylation by iso-
proterenol was detected in the muscle homogenate, even
under conditions in which cAMP levels were increased.

Thus, the Ca regulation mediated through cAMP-de-

pendent phosphorylation and the relaxation did not ap-
pear to be causally related (167). The basal activity of a

particulate adenylate cyclase from bovine coronary arter-
ies was strongly inhibited by 1 �iM diisopropyl-fluoro-

phosphate (DFP). The stimulating effect of isoproterenol
(1 �sM) on the cAMP synthesis was abolished by DFP
(10 sM), even in intact tissues. On the other hand, the

relaxation induced by isoproterenol was not affected by
DFP. These results do not support the idea that fl-
adrenergic relaxation is mediated by cAMP (128). It

would be well worthwhile to extend this kind of experi-
ment to other smooth muscle types.

In the rabbit pulmonary artery, contracted by sero-
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tonin (62 zM), the relaxing effects of isoproterenol (8

�LM) and theophylline (1.6 mM) were not correlated with

an increase in cAMP (97). In this preparation, the activ-

ity of phosphodiesterase, rather than that of adenylate
cyclase, seems to play an important role in controlling

intracellular levels of cAMP.

In the rat aorta, forskolin (0.5 �M) decreased the

contraction caused by 1 �sM norepinephrine and increased

the level ofcAMP (251). The relaxation by forskolin was

very slow, reaching a steady state after more than 15

mm, and was much slower than the increase of the cAMP

level and of the activity of the cAMP-dependent protein

kinase. The difference in their time course needs to be

clarified. The contractions caused by 0.1 �iM norepineph-

rime and 117 mM KC1 were similarly reduced by 0.5 �iM

forskolin (44.7 to 54.6%) and also by 100 �M dibutyryl

cAMP (60.3 to 65.2%), but the mechanism underlying

the inhibition is not clear. In other experiments, a clear

difference was found between the effects of forskolin on
the contractions induced by norepinephrine (3 �M) and

KC1 (80 mM) (205). The concentration of forskolin re-

quired to inhibit the norepinephrine contraction was

significantly lower than that required to decrease the K

contracture. When the norepinephrine contraction was

reduced by 50%, the cellular cAMP levels were increased

by 40%, and 90% inhibition was observed with a 2- to 3-
fold increase in cAMP content. The tissue cAMP levels

associated with the inhibition of the K contracture were

6 to 10 times higher than those observed with the inhi-

bition of the norepinephrine contraction to the same

extent. Thus, a direct action of cAMP on the contractile

machinery is unlikely to be a major mechanism in relax-

ation. Since forskolin reduced 42K and �Cl effluxes stim-

ulated by norepinephrine at concentrations similar to

those which were effective for mechanical inhibition, it

is more likely that cAMP is reducing the intracellular Ca

which controls the membrane permeability.

In the rabbit aorta, contracted by 145 mM KC1 (0 mM

Na), the relaxation caused by isoproterenol (1 �tM) was

accompanied by an increase in cAMP levels and inhibi-

tion of Ca influx, but Ca efflux was not affected. A
phosphodiesterase inhibitor, Ro 20-1724 (1 mM), also

caused relaxation, increased cAMP levels, and inhibited

Ca influx. The effects of isoproterenol were potentiated

by Ro 20-1724. Dibutyryl cAMP (1 mM) caused slow

relaxation and also inhibited Ca influx. These results

support the involvement of cAMP in the relaxation

mediated through fl-receptors, and the mechanism is

supposed to be suppression of Ca influx (290).
The phosphorylation of a protein component of micro-

somes obtained from rat aortic smooth muscle was aug-

mented by cAMP-dependent protein kinase. Ca uptake

into microsomes was enhanced when they were phos-

phorylated in the presence of 1 �M cAMP or 1 �M cAMP

plus 0.1 mg/mI protein kinase (35). This process is con-

sidered to be an important mechanism for the relaxation

mediated by cAMP.

Interaction of cAMP at the site of the contractile
protein through cAMP-dependent protein kinase is also
proposed as a possible mechanism for fl-receptor-me-

diated relaxation (34). Purified myosin light chain ki-

nase, from the bovine carotid artery, was phosphorylated
by cAMP-dependent protein kinase (20 ig/ml). This
decreased the myosin light chain kinase activity, increas-

ing 3- to 5-fold the amount of calmodulin required for
half-maximal stimulation of the kinase. A similar con-

clusion, i.e., suggesting interaction at the contractile
protein, was reached by using muscles ofporcine carotid

and coronary arteries, skinned by Triton X-100. In these
preparations, it was demonstrated that cAMP (in the
presence of 0.1 mM isobutylmethylxanthine) as well as

the catalytic subunit (70 �tg/ml) of cAMP-dependent

protein kinase strongly reduced contractions produced

by Ca (0.2 to 0.5 zM) in the presence of calmodulin (348,
349).

In the rabbit mesenteric artery, dibutyryl cAMP could

produce two different effects (359). One effect was to

inhibit the tonic phase of the norepinephrine contrac-

tion, probably the result of a reduction of the intracel-
lular free Ca concentration through stimulation of Ca

extrusion or Ca sequestration. Another effect was to

increase the norepinephrine contraction probably by fa-
cilitating Ca-induced Ca release from the sarcoplasmic

reticulum. Which of the two effects was observed was

assumed to depend on the amount of Ca accumulated in

the store. When the Ca content of the sarcoplasmic
reticulum was more than a certain level, cAMP would

predominantly stimulate the Ca-induced Ca release,

thereby potentiating the contraction.

In the guinea pig mesenteric artery, Ca accumulation

into store sites was increased by isoproterenol (0.1 �sM),

accompanied by an increase in cAMP levels. The Ca

concentration-tension relationship in the fibers skinned
with saponin was not affected by cAMP (3 tiM) plus

cAMP-dependent protein kinase (50 �g/ml), but the Ca-

induced contraction was suppressed when the cAMP

concentration was increased to more than 10 �sM. The

amount of Ca stored intracellularly was estimated from

the size of the caffeine-induced contraction observed in

Ca-free solution after the Ca-loading procedure. When
the store was loaded with a low Ca concentration (1 .tM)

for less than 2 mm, cAMP (3 MM) and protein kinase (50
�g/ml) potentiated the loading, but they had the opposite

effect with higher Ca concentrations and longer loading

periods, probably due to activation of Ca-induced Ca

release (192). Similar results have been obtained with

the rabbit mesenteric artery (193). Thus, in these mus-

des, the relaxation caused by isoproterenol appears to

be mainly due to Ca sequestration mediated by a cAMP

system, and the direct inhibitory effect on the contractile

protein seems to be minor.
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In the rat and pig tail arteries, dibutyryl cAMP (10 zM

to 1 mM) potentiated the relaxation induced by K read-
mission following an exposure to K-free solution. Iso-

proterenol (1 nM to 10 sM) had the same effect, and this
was interpreted by assuming that isoproterenol caused

relaxation partly by activating the electrogenic Na pump
and that this was mediated by intracellular cAMP (443).
It has also been shown that the Na-K-ATPase activity

of microsomes prepared from canine mesenteric arteries
was activated by isoproterenol (1 �zM) and also by cAMP

(1 nM to 1 �zM) (250). Although some contribution of the
Na pump to the fl-action cannot be ruled out, this is

probably not playing a major role (see also section VII).
In the dog saphenous vein contracted by methoxamine

(10 �sM), isoproterenol (3 �sM) produced a marked relax-
ation (93%) and increased the cAMP content from about
0.2 to 0.45 nmol/g wet weight. On the other hand, in the

dog portal vein, only a weak relaxation (about 25%) was
observed by 3 sM isoproterenol, although cAMP was

significantly increased (from 0.25 to 0.4 nmol/g wet
weight) (215b). Essentially similar results were obtained

with forskolin: methoxamine contraction was completely

inhibited by 1 �sM forskolin in the saphenous vein,
whereas it was only reduced by 30% by 10 �sM forskolin
in the portal vein. The increase in cAMP was, however,

over 4-fold higher in the portal vein than in the saphe-
nous vein. Furthermore, dibutyryl cAMP (1 mM) had a

marked inhibitory effect on the sephenous vein, but only
a very weak effect on the portal vein. These differences

were considered to be related to the fact that the portal
vein belongs embryologically to the gastrointestinal mus-

cle.

E. Summary

It is clear that adenylate cyclase is linked with fl-

receptors and that cAMP production is increased by fl-

receptor activation. The relaxation mediated by /3-recep-
tors is likely to be, at least partially, mediated through a

cAMP-dependent process. But, there are some observa-

tions indicating no clear correlation between an increase
in cAMP and the relaxation caused by fl-receptor acti-
vation. This may be due to the fact that some cAMP-

independent process is also involved. However, the lack

of correlation can be explained by many other possibili-
ties. (a) Adenylate cyclase may be located at several
different sites, and only at one site is it functionally
important for relaxation. Then, if an increase in cAMP
content is sufficient at the critical site, this might not be
detectable with the methods employed, if this compart-

ment is relatively small. Such an idea could explain the
discrepancy between the effects of forskolin and iso-
proterenol, especially if the degree of activation of ade-

nylate cyclase by the two agents is not the same in
different compartments. (b) An increase in cAMP con-

tent may not necessarily be the result of an increased
rate of turnover which is much more important for the
regulatory function of cAMP. Even when no clear in-

crease in cAMP concentration is observed, the relaxation

may nevertheless be achieved by its increased rate of
turnover. (c) Many different coupling mechanisms be-
tween cAMP and relaxation may exist, as has been
proposed for different preparations, and it is likely that

the relative contribution of each mechanism varies in
different types of smooth muscle and also depends on

the experimental conditions. The regulatory efficiency

of cAMP is probably different in each mechanism in-
volved in relaxation.

cAMP is likely to reduce the free Ca concentration
and modify the contractile protein, but in addition, it

seems to act also at the plasma membrane, by hyperpo-
larizing the membrane and suppressing spike activity,
judging from the similarity of the effects of isoproterenol
and dibutyryl cAMP on some smooth muscles. However,

the effects of cAMP on the cell membrane have not been
analysed as much as its other intracellular effects. The

contribution of cAMP to the fl-action on the plasma
membrane is one of the most interesting areas to inves-

tigate.

Another point worth investigating would be to find the
relative contribution by different fl-receptor subtypes to

each mechanism involved in the processes of relaxation
and of cAMP production. It is not known whether the
predominant subtype contributes to both processes to
the same degree.

Ix. Involvement of Phosphoinositides in the a-

Action

Phosphatidylinositol (P1), phosphatidylinositol-4-
monophosphate (PIP), and phosphatidylinositol-4,5-bis-
phosphate (PIP2) account in most cells for less than 10%
of the total phospholipid contents. All three are found
on the inner leaflet of the cell membrane, and their
turnover is thought to have an important role in the
sequence of events between the interaction of agonists
with receptors and the final Ca-mediated response of the

cell (31, 32, 294, 342). The agonist-receptor reaction
activates phospholipase C, which catalyzes the hydrolysis
of PIP2 in the plasma membrane. The cleavage results
in the formation of myo-inositol-1,4,5-trisphosphate
(1P3) and diacylglycerol (DG). The phosphorylation of
DG leads to the formation of phosphatidic acid. IP3 may
act as a second messenger to trigger the Ca release from
intracellular stores, i.e., the sarcoplasmic reticulum (SR)
(63). DG may mediate other intracellular processes by

activating Ca- and phospholipid-dependent protein ki-
nase C and by promoting arachidonic acid metabolism
(316, 317). There is growing evidence for the hypothesis

that PIP2 hydrolysis is the initiating step in the mecha-
nism by which a-receptor activation elicits the smooth
muscle contraction (412). The protein kinase C activated

by DG may increase the sensitivity of the contractile
protein to Ca and is probably involved in the slow sus-
tamed phase of the norepinephrine contraction in vas-

cular muscles (343). A phorbol ester, 12-0-tetradeca-
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noylphorbol-13-acetate (TPA), is known to be an acti-
vator of protein kinase C (316, 317). In the porcine

coronary artery, TPA (0.1 �tM) potentiated the K (39

mM) contracture. This effect was also observed on the
tension development at low Ca concentrations (0.1 to 0.3

�sM) in the saponin-skinned preparation. Since TPA had
no effect on the intracellular Ca transient, measured
with quin-2 (2-methyl-6-methoxy-8-nitroquinoline),
during the K contracture, TPA may act on the regulatory

mechanism of the contractile protein by activating pro-

tein kinase C (194).

A. Nonvascukzr Muscles

It has been shown that epinephrine (1 mM) decreased

the tissue content of P1 in the rat vas deferens (206),
and that, through activation of a-receptors, the incor-
poration of 32P into P1 was stimulated in the guinea pig
ileum by 125 jzM epinephrine (197), and in the rat vas

deferens by 0.1 to 1 mM norepinephrine (64), all suggest-
ing an increase in the turnover of P1. Since very high

concentrations of catecholamines were used in these
experiments, it was important to demonstrate a quanti-
tative relationship between the inositol response and

lower catecholamine concentrations. In the rat vas def-

erens, the 32P incorporation into phosphatidic acid was
increased in a dose-dependent manner by norepinephrine

(1 to 100 SM), and the amount of phosphatidic acid in
the membrane was also increased by norepinephrine.
These responses were significantly larger in denervated

preparations which have a higher sensitivity to norepi-
nephrine. It was concluded that phosphatidic acid may
play a role in increasing Ca influx (413), as hypothesized
by Michell (294).

Norepinephrine (0.1 to 100 zM) increased [3H]inositol
1-phosphate (IP1) accumulation in the rat vas deferens

(ED� approximately 3 �tM) when incubated with [3H]

inositol for 3 h in the presence of 10 mM Li to block
breakdown of myo-inositol-1-phosphatase, suggesting an
increase in phosphatidylinositol turnover (133). The
maximal contractions produced by partial agonists, such

as clonidine and propanolamine, were about 50% of that
caused by norepinephrine, but they were nearly as effec-
tive as norepinephrine in increasing [3H]inositol 1-phos-
phate (1P1). The reason for this discrepancy is at present

not clear.
IP3 released Ca from microsomes derived from the

sarcoplasmic reticulum of pregnant bovine myometrium

(65). At 5 �sM, it released 40% as much Ca as a Ca

ionophore, A23187 (calimycin, 0.2 �sM) within 60 s.

B. Vascular Muscles

Norepinephrine, phenylephrine, and methoxamine in-

creased [3H]inositol phosphate production in the rat tail
artery incubated with [3H]inositol, through activation of
a1-receptors (133). Norepinephrine (1 to 100 �M) and
methoxamine (10 to 100 zM) markedly increased the 32P
labelling of P1 in the cat aorta as well (239). Similarly,

a-stimulants increased the 32P labelling of P1 and phos-

phatidic acid in the rabbit aorta. Epinephrine and meth-

oxamine produced their maximal effect at a concentra-
tion of 30 �M, but phenylephrine failed to elicit the

maximal increase of P1 labelling, although it acted as a

full agonist for contraction. The ED�,o values of these

agonists for contraction (approximately 0.1 �sM) were

lower than those for incorporation of 32P into P1 (more

than 0.5 tiM), suggesting the presence of spare receptors.

Prazosin was about three orders of magnitude more

potent than yohimbine in antagonizing the 32P incorpo-

ration and contraction, indicating that these effects were
mediated by a1-receptors (436). These results were con-

firmed and extended to show that loss of 32P from PIP2
was rapid, being significant already 30 s after norepi-

nephrine (10 �sM) application, and was correlated with

an increase in Ca efflux, whereas 32P incorporation into

phosphatidic acid was slow, reaching a peak 2 mm after

norepinephrine application (63). The possibility was con-

sidered that IP3 produced from PIP2 causes intracellular
Ca release, while phosphatidic acid increases Ca influx.

Similar results were obtained with the rat thoracic

aorta. Provided that degradation of 1P1 was inhibited by

lithium, norepinephrine increased IP1 accumulation with

an EC� of 0.1 �M, and this effect was antagonized by

prazosin, not by yohimbine (248). The formation of IP1

was not affected by nifedipine (1 �M) which inhibited

only the tonic phase of norepinephrine contraction (362).

The phasic component of the contraction mediated by

a1-receptors was therefore thought to be due to mobili-

zation of intracellular Ca caused by increased P1 turn-
over.

In the rabbit pulmonary artery, skinned with saponin
or digitonin, contraction could be evoked repeatedly by

1P3 (0.5 to 30 �sM) (388). The contraction evoked by IP3

was sustained, while that evoked by caffeine (20 mM)
was transient, probably due to the secondary relaxing

action of caffeine. Ca release by 1P3, detected with a Ca-
sensitive electrode, was not influenced by metabolic in-

hibitors of oxidative phosphorylation (KCN and oligo-

mycin), therefore ruling out mitochondrial sites for the
source of the mobilized Ca.

In saponin-skinned single muscle fibers, taken from

the porcine coronary artery, micromolar concentrations

of IP3 released Ca from intracellular nonmitochondrial
stores (397, 398). Studies on the microsomes of sarco-

plasmic reticulum prepared from the porcine aorta

showed that Ca release by 5 sM IP3 occurred within 1
mm, and that this release was most effective when the
store had accumulated Ca to about half the maximum

capacity (398). Ca release was inhibited when the Ca
concentration outside the microsomes was higher than
1.5 �M. The Ca release by 1P3 in the saponin-skinned

fiber was increased by ATP and its unhydrolyzable an-
alogue, 5-adenylyl-imidodiphosphate (AMPPNP), but

not by ADP or AMP. Since Ca-induced Ca release from
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the sarcoplasmic reticulum is increased as the store
accumulates more Ca, and since it is stimulated not only
by ATP and AMPPNP but also by ADP and AMP, it

was concluded that the IP3-induced Ca release is differ-
ent from the Ca-induced release.

Similar results have been obtained from cultured rat

aorta smooth muscle cells, skinned with saponin (381).
In these experiments, IP3 transiently increased �Ca re-
lease from intracellular stores (maximally at 20 �sM), and

the presence of ATP (maximum effect at 3 mM) was
necessary for Ca release. Since unhydrolyzable ATP

analogues (fl#{231}y-imido and fl#{231}y-methylene derivatives)
were as effective as ATP and the effect of lowering the

temperature was weak, it was considered that IP3 acti-
yates a Ca channel in the membrane of the intracellular

Ca store, independent of ATP metabolism. Using the
same preparation (saponin-skinned, primary cultured

smooth muscle cells of rat aorta), it was demonstrated
that 10 sM 1P3 released Ca from intracellular stores with
a half-time of less than 10 s, and that 100 �sM IP3
produced a maximal release of 97% of the Mg-ATP-

dependent �Ca uptake, and this was much larger than

that attained by caffeine (25 mM) (454). Since 1P3 was
very effective compared with caffeine at a low free Ca

concentration (1 �sM), it was suggested that Ca release
by IP3 was independent of cytoplasmic Ca, while that by

caffeine requires the presence of some Ca outside the
sarcoplasmic reticulum.

In the rabbit mesenteric artery, PIP2 was reduced and

phosphatidic acid was increased by norepinephrine
higher than 1 nM, and the maximum effect was obtained
with 1 �sM norepinephrine (161). Norepinephrine (10 �sM)

increased the synthesis of IP3 within 10 s, reaching a
peak at 30 5 when measured with incorporation of myo-

2-[3Hjinositol. The Ca-releasing action of IP3 on intra-

cellular stores was studied in saponin-treated muscle
cells of the dog mesenteric artery dispersed with colla-
genase (161). After loading the store with 45Ca in the
presence of 0.3 �M Ca and 2 mM ATP, 3 �iM IP3 reduced
the amount of stored Ca within 1 mm. The contraction
due to Ca release by 1P3 (0.1 to 10 �M) was demonstrated
in the rabbit mesenteric artery skinned with saponin
(161).

In the porcine coronary artery, the activity of the

sarcolemmal Ca-ATPase was inhibited by IP3 (0.2 to 1
�M (339). This suggests that IP3 is very effective in
increasing the intracellular Ca concentration because of

a dual mechanism: Ca release from the sarcoplasmic

reticulum and inhibition of the Ca pump.

C. Summary

It is highly probable that IP3 is responsible for the

early phase of the contraction mediated by a1-receptors
by releasing Ca from the sarcoplasmic reticulum (SR).
The 1P3-induced Ca release from the SR is different from

the Ca-induced Ca release, but whether Ca-induced Ca
release is involved in the action of catecholamines is not

clear. It will be interesting to see whether Ca-induced Ca
release is perhaps involved in the response mediated by

a-receptors, particularly the a2-subtype. And the possi-
bility remains, even for the a1-receptor-mediated con-

traction, that some other process, including Ca-induced
Ca release, is also involved in addition to the 1P3-me-
diated intracellular Ca release.

The mechanism for the late sustained phase of the
norepinephrine contraction is still not clear. It is possible

that protein kinase C activated by DG increases the
efficiency of the contractile machinery so that a large

contraction can be maintained at a low Ca concentration.
However, it is also likely that an increased Ca influx is

responsible for maintaining the late contraction, because
of its high sensitivity to the external Ca concentration.
No electrophysiological study is as yet available in rela-

tion to Ca influx across the plasma membrane which is
involved in the late sustained phase of the contraction.
This needs to be done to characterize the mechanism of

Ca influx and to clarify the mechanism of action of Ca-
channel blockers. It is not certain at the moment whether

some endogenous Ca ionophores, such as products of
arachidonic acid or phosphatic acid, are also involved in

the excitatory action on vascular muscle, as well as in
the inhibitory action on intestinal smooth muscle me-
diated by a1-receptors. A linkage of the a-receptor to an
ionophore for the inward Ca transport, which is facili-
tated by epinephrine, has been proposed for the guinea

pig taenia (417). This problem is left for the future. Since
the P1 response in the a-action is one of the most
interesting fields for investigation, one would expect to
have a much clearer and definite view on its mechanism
within a few years.

x. General Conclusion

The mechanisms which control the contractile activity
of smooth muscles in the body are complicated. The

action of catecholamines is only one factor in the con-
certed action of many substances which cause contrac-
tion or relaxation, at various speeds and to various de-
grees, according to the requirements for their specific
function. Under physiological conditions, smooth muscle
activity is considered to be mainly regulated by the Ca
movement across the plasma membrane. An increase or

a decrease of Ca influx is probably the most sensitive
way of causing contraction or relaxation, and the most

important action of catecholamines under physiological
conditions is thought to be on the membrane.

When the mechanical activity is regulated by sponta-
neous spike activity, as that of the longitudinal muscle
layer of the intestine, the muscle tone is increased or

decreased by increasing or decreasing the spike fre-
quency. When a brisk contraction of a quiescent muscle,
like the vas deferens, is required, action potentials of
large amplitude are generated to evoke the contraction.
When a weak and slow contraction (or relaxation) is

appropriate, as in large blood vessels, Ca influx is con-
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trolled by slow depolarization (or hyperpolarization) or

without much change in membrane potential.

The Ca channel controlled by agonist-receptor inter-
action (the receptor-operated channel) is insensitive to
the membrane potential, while that responsible for the

generation of an action potential (the voltage-operated
channel) is sensitive to the membrane potential (39, 425).

One would expect that a membrane with a high receptor
density is electrically less excitable, as pointed out by

Grundfest (150, 151). In skeletal muscle, the acetylcho-

line receptors are mainly restricted to the end plate
region which is surrounded by the electrically excitable

membrane. In smooth muscle, however, the receptor-

operated as well as voltage-operated channels seem to be

distributed over the whole surface area of the cells, but

their density and homogeneity are probably quite differ-
ent in different types of smooth muscle. In order to solve

these problems, the study of radioligand binding to the

receptors is important.
Another factor which determines the excitability is, of

course, the nature of ionic channels, particularly for Ca

and K. Since the inward current responsible for the

action potential is believed to be carried by Ca in most

smooth muscles, the density and kinetics of the Ca

channels are important in determining excitability. In
vascular smooth muscles, it seems that the electrical

excitability is closely correlated with the density of sym-
pathetic innervation (166). It may be that, in highly

excitable vascular smooth muscles, the receptor mole-

cules are packed in clusters, as at the motor endplate of

skeletal muscle, and that the adjacent membrane con-

tains a high density of voltage-dependent Ca channels.

On the other hand, in poorly excitable vascular smooth
muscles, the receptors may be distributed homogenously,

limiting the development of voltage-dependent Ca chan-

nels, as Grundfest suggested. In addition to these geo-

metrical factors, some trophic substance may be released

from the nerve to regulate Ca and/or K channels, as
assumed by Hill et al. (166).

It is possible that the outward K current, which op-

poses the depolarizing action of the inward current, is a

more important factor controlling excitability than the
inward current. There is good evidence that a relatively

high K conductance stabilizes the membrane at a high

resting potential and that the K channel blockers, such
as TEA or Ba, increase the excitability or generate

spontaneous action potentials in many quiescent smooth

muscles (e.g., tracheal or vascular). Excitatory agents,
including catecholamines, may reduce the K conductance

of the plasma membrane, while inhibitory agents may

have the opposite effect, and the K conductance is prob-
ably controlled by Ca acting at the internal surface of

the plasma membrane, which has been termed “Ca-

activated K conductance.” Thus, translocation of Ca to

and from the plasma membrane should be investigated
in relation to catecholamine actions, and the difference

between the responses mediated through different recep-
tor subtypes should be clarified with regard to this par-

ticular point.
The contractions caused by Ca influx through the

channel controlled by receptors, or by Ca influx through
Ca ionophores in the plasma membrane, or by Ca re-

leased intracellularly, are not expected to be significantly
affected by modification of the K conductance of the

plasma membrane. When contractions are evoked in

experimental conditions that are not physiological (e.g.,

in excess K medium or using skinned muscle fibers),

then the membrane effect is reduced or abolished. To

suppress this kind of contraction, one has to have a

substance which acts at the receptor site or at intracel-
lular sites regulating contraction. Any mechanism that

is proposed on the basis of observations under such
unphysiological conditions may be involved in addition

to that which modifies membrane function, but the most

important control mechanism exerted by catecholamines
is probably set in the plasma membrane.

It is quite possible that adrenoceptors actually present
in various smooth muscles cannot be classified simply as

four different subtypes (a1, a2, flu, and fl2) but that they

are composed of a spectrum of receptors with different

properties. Therefore, the mechanism underlying the

response may differ to some degree among different
smooth muscles, even though it is mediated through

receptors belonging apparently to the same subtype. A

new idea is that there may be another receptor subtype,

the so-called ‘y-receptor, which would be located close to
the site of transmitter release from the nerve terminal

and would be responsible for the excitatory junction

potential in vascular smooth muscle (168, 169). Another

suggestion is that the ejp may be due to ATP, released

as a cotransmitter, as observed in the vas deferens (3M).
It is clearly most important for a better understanding

of the nervous control of smooth muscles to analyse the
properties and the ionic mechanism of the junction po-

tential further. In addition, the influence of other sub-
stances, simultaneously released with the sympathetic

nervous transmitter, will have to be considered.

The relationship between the catecholamine receptor,

or receptor type, and the intracellular coupling mecha-

nisms has not yet been fully analysed. Phosphatidylinos-

itol may be involved in the contractile response mediated
through a1-receptors, and cyclic AMP may be involved

in the inhibitory response mediated through flu- as well
as /32-receptors. The contribution of these second mes-

sengers in the coupling process between the receptor and

the contractile protein has been postulated and is in-

creasingly likely. But their regulatory roles at the cell
membrane are not well understood and may well be of

equal importance. In highly excitable smooth muscles, it

is possible that intracellular cAMP, increased by fl-re-

ceptor activation, effectively inhibits Ca influx caused by
membrane activity, but inhibits less effectively other
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mechanisms which increase the intracellular Ca concen-
tration and activate the contractile machinery.

Another factor in the coupling processes between the
receptor and the fmal response is the variable sensitivity

of the contractile apparatus to Ca. Experiments with a
Ca-sensitive fluorescent substance, aequorin, suggest
that the tension development is not simply related to the

intracellular free Ca concentration, as usually supposed
(100, 300, 301). In the a-receptor-mediated contraction,
some intermediate process seems to increase the effi-

ciency of Ca binding to the contractile protein, probably
via activation of protein kinase C (98, 343). This is a
fascinating field to be explored.

It must be kept in mind that intracellular processes

can vary even if the same receptor initiates the response.
(a) The properties of the receptor or the events leading

to the mechanical response can be modified in many

ways, such as ionic environment, the temperature, the
metabolic state of cells, the age, or hormonal state of the

animal, etc. (b) It may be that several different intracel-

lular processes are activated simultaneously or consecu-

tively by the receptor-agonist interaction, probably in
relation to the location of the smooth muscle in different
organs and, hence, to the function. As already mentioned,
the innervation, the distribution, and properties of re-

ceptors and the character of the mechanical responses
vary according to function. This variability is one of the

characteristics of smooth muscle, and it is also a reason
for the difficulty of smooth muscle research, in addition
to the technical difficulties due to the complex structure

of the tissue. However, in general, lack of precision in

the experimental approach and insufficient considera-
tion of the special, individual mechanisms that, in each
muscle, lead to the mechanical response may be greater

factors causing confusion than the complexity of smooth
muscle itself.

We have now reached a stage when new techniques
can be applied, such as the patch clamp method, to
analyze the properties of single ionic channels, accurate
methods for measuring the intracellular free Ca concen-

tration, advanced biochemical and histological tech-
niques, and recent gene technology. We can, therefore,

expect that, within a few years, we will be able to identify
much more precisely the mechanisms operating in recep-
tor-agonist interaction at the membrane, in ionic perme-
ability changes, and in the intracellular regulation of the

contractile machinery, including the involvement of in-
tracellular second messengers, such as substances related
to phosphatidylinositol, and the role of cyclic AMP.

REFERENCES

1. AARONSON, P. I., AND JONES, A. W.: Calcium regulation ofpotaesium fluxes

in rabbit aorta during activation by noradrenaline or high potassium
medium. J. Physiol. (Lond.) 367: 27-43, 1985.

2. ADAM, S. P., HARTLEY, M. L., PENNEFATHER, J. N., AND STORY, M. E.:
Effects of adrenaline and noradrenaline in separated longitudinal and
circular myometrial preparations from the guinea-pigS. selective module-
tion by ovarian steroids. J. Auton. Pharmacol. 4: 1-9, 1984.

3. ADELSTEIN, R. S., CONTI, M. A., HATHAWAY, D. R., AND KLan, C. B.:
Phosphorylation of smooth muscle myosin light chain kinase by the

catalytic subunit of adenosine 3’,5’-monophosphate-dependent protein
kinase. J. BioL Chem. 253: 8347-8350, 1978.

4. ADELSTEIN, R. S., SELLERS, J. R., C0NTI, M. A., PATO, M. D., AND DE

LANEROLLE, P.: Regulation of smooth muscle contractile proteins by
calmodulin and cyclic AMP. Fed. Proc. 41:2873-2878,1982.

5. ADENEKAN, 0. 0., AND TAYO, F. M.: Pharmacological analysis of the
postjunctional a-adrenoceptors of the rat anococcygeus muscle and yes
deferens. Arch. mt. Pharmacodyn. Ther. 276: 106-111, 1985.

6. AGARwAL, 0. P.: Effect of norepinephrine on isolated coronary artery of

normal and myocardial infarcted pigs. Artery 10:368-378,1982.

7. AGRAWAL, D. K., ThIGGLE, C. R., AND DANiEL, E. E.: Pharmacological
characterization of the postaynaptic a�pha adrenoceptors in ‘iascular
smooth muscle from canine and rat mesenteric vascular beds. J. Phar-
macol. Exp. Ther. 229: 831-838, 1984.

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

9. ALLEN, S. L, BEEcH, D. J., Fosran, R. w., MORGAN, G. P., AND SMALL,
R. C.: Electrophysiological and other aspects of the relaxant action of

isoprenaline in guinea-pig isolated trachealis. Br. J. Pharmacol. 80: 843-
854, 1985.

10. ANDERSSON, R.: Role of cyclic AMP and Ca� in metabolic and relaxing
effects of catecholamines in intestinal smooth muscle. Acta PhysioL
Scant 85: 312-332. 1972.

11. ANDERSSON, R. G. G., AND JOHANSSON, S. R. M.: Beta-adrenoceptors and
the cyclic AMP system. Acts Pharmacol. ToxicoL 44: suppL II, 21-27,
1979.

12. ANDERSSON, R. G. G., KOvEsI, G., AND ERICSSON, E.: Beta-adrenoceptor
stimulation and cyclic AMP levels in bovine tracheal muscle of old and
young animals. Acts PharmacoL ToxicoL 43: 323-327, 1978.

13. ANDERSSON, R., AND MOHME-LUNDHOLM, E.: Studies on relaxing actions
mediated by stimulation of adrenergic a- and fl-receptors in taenia coli of
the rabbit and guinea pig. Acts PhysioL Scand. 77: 372-384, 1969.

14. ANDERSSON, R., AND MOHME-LUNDHOLM, E.: Metabolic actions in intes-
tinal smooth muscle associated with relaxation mediated by adrenergic a-
and fl-receptors. Acts PhysioL Scand. 79: 244-261, 1970.

15. ANDERSSON, R., AND NIL8SON, K.: Cyclic AMP and calcium in relaxation
in intestinal smooth muscle. Nature (Lond.) New Biol. 238: 119-120,
1972.

iSa. ANGUS, J. A., CocKs, T. M., AND SATOH, K.: a,-Adrenoceptors and endo-
theium-dependent relaxation in canine large arteries. Br. J. Pharmacol.
88: 767-777, 1986.

16. ARIENS, E. J., AND SIMONIS, A. M.: Physiological and pharmacological
aspects of adrenergic receptor classification. Biochem. PharmacoL 32:
1539-1545, 1983.

17. AWAD, R., PAYNE, R., AND DEm, R. C.: Alpha-adrenergic receptor subtype
associated with receptor binding, Ca� influx, Ca� release, and contractile
events in the rabbit aorta. J. PharinacoL Exp. Ther. 227: 60-67, 1983.

18. BAIDAN, L. V., TISHKJN, S. M., AND SHUBA, M. F.: Possible mechanism of

adrenergic and nonadrenergic inhibition in intestinal smooth muscle cells.
Pfluegers Arch. Gesamte PhysioL Menschen Tiers 403: 429-432, 1985.

19. BAiLEY, D. M.: Inhibitory and excitatory effects ofeympathomimetic amines

on muscle strips from the stomach of the guinea-pig. Br. J. Pharmacol.
41: 227-238, 1971.

20. BANKS, B. E. C., BROWN, C., BURGESS, G. M., BURNSTOCK, G., Ci.�uia’r,
M., COCKS, T. M., AND JENKINSON, D. H.: Apamin blocks certain
neurotransmitter-induced increases in potassium permeability. Nature

(Lond.) 282: 415-417, 1979.
21. BARNEs, P. J., BASBAUM, C. B., NADEL, J. A., AND ROBERTS, J. M.:

Pulmonary a-adrenoceptors: autoradiographic localization using ‘H-pra-

zosin. Eur. J. PharmacoL 88: 57-62, 1983.

22. BARNEs, P. J., SKOOGH, B.-E., BROWN, J. K., AND NADEL, J. A.: Activation
of a-adrenergic response in tracheal smooth muscle: a postreceptor mech-

anism. J. AppL PhysioL 54: 1469-1476, 1983.

23. BARNEs, P. J., SKOOGH, B.-E., NADEL, J. A., AND ROBERTS, J. M.: Post-
synaptic alpha,-adrenoceptors predominate over alpha,-adrenoceptors in
canine tracheal smooth muscle and mediate neuronal and hormonal alpha-
adrenergic contraction. MoL Pharmacol. 23: 570-575, 1983.

24. BARoN, G. D., SPEDEN, R. N., AND BOHR, D. F.: Beta-adrenergic receptors
in coronary and skeletal muscle arteries. Am. J. PhysioL 223: 878-881,
1972.

25. BAUER, V.: Distribution and types of adrenoceptors in the guinea-pig ileum:
the action of a- and fl-adrenoceptor agonists. Br. J. Pharmacol. 72: 201-
210, 1981.

26. BAuER, V.: Distribution and types of adrenoceptora in the guinea-pig ileum:
the action of a- and �9-adrenoceptor blocking agents. Br. J. PharmacoL
76:569-578,1982.

27. BAuER, V.: Inhibition of guinea-pig taenia-coli mediated by alpha-1-adre-
noceptor, beta-2-adrenoceptor, and ATP-receptor activation. Con. Phys-

ioL Biophys. 1: 175-188, 1982.

28. BAUER, V., AND KURIYAMA, H.: Homogeneous and non-homogeneous dis-

tribution of inhibitory and excitatory adrenoceptors in the longitudinal
muscle ofthe guinea-pig ileum. Br. J. PharmacoL 76: 603-611, 1982.

29. BAuER, V., AND RUSKO, J.: TEA-sensitive potassium conductance changes
induced by a,-adrenoceptor and ATP-receptor activation in guinea-pig

taenia coli. Con. PhysioL Biophys. 2: 89-102, 1982.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CATECHOLAMINE ACTION ON SMOOTH MUSCLE 89

30. BECKERINGH, J. J., THOOLEN, M. J. M. C., DE JONGE, A., WILFFERT, B.,
TIMMERMANS, P. B. M. w. M., AND VAN ZWIE’rEN, P. A.: Differential
effects of the calcium entry blocker D 600 on contractions of rat and
guinea-pig aortas, elicited by various alpha-i adrenoceptor agonists J.

PharmaCOL Exp. Ther. 229: 515-521, 1984.
31. BERRIDGE, M. J.: Inositol trisphosphate and diacylglycerol as second mes-

sengers� Biochem. J. 220: 345-360, 1984.
32. BEmUDGE, M. J., AND IRVINE, R. F.: Inositol trisphosphate, a novel second

messenger in cellular signal transduction. Nature (Lond.) 312: 315-321,

1984.
33. BEvAN, J. A.: ‘The -y-connection’: are we ready to throw out the a-adre-

noceptors in sympathetic vasoconstriction? Trends Pharmacol. Sci. 5:

53-55, 1984.
33a. BEvAN, J. A., HO8MER, D. W., LJUNG, B., PEGRAM, B. L., AND Su, C.:

Norepinephrine uptake, smooth muscle sensitivity, and metabolizing en-
zyme activity in rabbit veins. Circ. Sea. 34: 541-548, 1974.

33b. BEVAN, J. A., AND Su, C.: Variation of intra- and perisynaptic adrenergic
transmitter concentrations with width of synaptic cleft in vascular tissue.

J. Pharmacol. Exp. Ther. 190: 30-38, 1974.
34. BHAu.A, R C., SHARMA, R. V., AND GUPTA, R C.: Isolation of two myosin

light-chain kineses from bovine carotid artery and their regulation by

phosphorylation mediated by cyclic AMP-dependent protein kinase.
Biochem. J. 203:583-592,1982.

35. BHALLA, R. C., wEBB, R. C., SINGH, D., AND BROCK, T.: Role of cyclic
AMP in rat aortic microsomal phosphorylation and calcium uptake. Am.

J. PhysioL 234: H508-H514, 1978.

36. BILEK, I., LAVEN, R., PEIPER, U., AND REGNAT, K.: The effect of verapamil
on the response to noradrenaline or to potassium-depolarization in iso-
lated vascular strips. Microvasc. Res. 7: 181-189, 1974.

384. BLACKMORE, P. F., EL-REFAI, M. F., AND EXTON, J. H.: a-Adrenergic
blockade and inhibition of A23187 mediated Ca’� uptake by the calcium
antagonist verapamil in rat liver cells. MoL PharmacoL 15: 598-606,

1979.
36b. BLAKELEY, A. G. H., BROWN, D. A., CUNNANE, T. C., FRENCH, A. M.,

McGRATH, J. C., AND SCOTF, N. C.: Effects of nifedipine on electrical
and mechanical responses of rat and guinea pig vas deferens. Nature
(Lond.) 294: 759-761, 1981.

37. B0LT0N, T. B.: On the nature of the oscillations of the membrane potential
(slow waves) produced by acetyicholine or carbachol in intestinal smooth
muscle. J. Physiol. (Lond.) 216: 403-418, 1971.

38. BOLTON, T. B.: The depolarizing action of acetylcholine or carbachol in
intestinal smooth muscle. J. PhysioL (Lonci) 220: 647-671, 1972.

39. B0LTON, T. B.: Mechanism of action of transmitters and other substances

on smooth muscle. PhysioL Rev. 59: 606-718, 1979.
40. BOLT0N, T. B., AND CLAPP, L H.: The diverse effects of noradrenaline and

other stimulants on ‘9th and ‘�K efflux in rabbit and guinea-pig arterial
muscle. J. PhysioL (LoncL) 355: 43-63, 1984.

41. B0LTON, T. B., LANG, R. J., AND TAKEWAKI, T.: Mechanisms of action of
noradrenaline and carbachol on smooth muscle of guinea-pig anterior
mesenteric artery. J. Physiol. (Lond.) 351: 549-572, 1984.

42. BOND, M., KITAZAWA, T., SOMLYO, A. P., AND SOMLYO, A. V.: Release and
recycling of calcium by the sarcoplasmic reticulum in guinea-pig portal
vein smooth muscle. J. PhysioL (Lond.) 355: 677-695, 1984.

43. BOND, M., SHUMAN, H., SOMLYO, A. P., AND SOMLYO, A. V.: Total
cytoplasmic calcium in relaxed and maximally contracted rabbit portal
vein smooth muscle. J. Physiol. (Lond.) 357: 185-201, 1984.

44. BORDA, E., SAUVAGE, J., STERIN-BORDA, L., GIMENO, M. F., �t�D GIMENO,

A. L.: Adrenoceptors involved in the contractile activity of isolated preg-
neat rat uterus. Eur. J. Pharmacol. 56: 61-67, 1979.

45. BOSE, D., AND INNES, I. R: Isoprenaline-induced relaxation of smooth

muscle not due to electrogenic sodium pumping. Can. J. Physiol. Phar-
macoL 50: 378-380, 1972.

45a. Bou, J., AND MASSINGHAM, R.: Effect of diltiazem upon contractile re-
sponses to phenylephrine, cirazoline, Sgd 101/75, St 587, and B-HT 920
in rabbit aorta and dog saphenous vein preparations. Eur. J. Pharmacol.
121: 319-325, 1986.

45b. Bowman, w. C., and Hall, M. T.: Inhibition of rabbit intestine mediated by
a- and �9-adrenoceptors. Br. J. PharmacoL 38: 399-415, 1970.

46. BRINK, C., DUNCAN, P. G., AND DOUGLAS, J. S.: Histamine, endogenous
prostaglandins, and cyclic nucleotides in the regulation of airway muscle
responses in the guinea pig. Prostaglandins 22: 729-738, 1981.

47. BRINK, C., GRIMAUD, C., GUILLOT, C., AND OREHEK, J.: The interaction
between indomethacin and contractile agents on human isolated airway
muscle. Br. J. PharmacOL 69: 383-388, 1980.

48. BROADLEY, K. J., AND GRASSBY, P. F.: Alpha- and beta-adrenoceptor-
mediated responses of the guinea-pig ileum and the effects of neuronal
uptake inhibition. Arch. Pharmacol. 331: 316-323, 1985.

49. BR0ECKAERT, A., AND GODFRAIND, T.: A comparison of the inhibitory
effect of cinnarizine and papaverine on the noradrenaline- and calcium-
evoked contraction of isolated rabbit aorta and mesenteric arteries. Eur.
J. PharmacoL 53: 281-288, 1979.

50. BROWN, C. M., McGitam, J. C., AND SUMMERS, R. J.: The effects of a-
adrenoceptor agonists and antagonisis on responses of transmurally stim-
ulated prost.atic and epididymal portions of the isOlated yes deferens of
the rat. Br. J. PharmacoL 66: 553-564, 1979.

51. BRoWN, D. A., DocHEwrY, J. R., FRENCH, A. M., MACDONALD, A., Mc-
GRATH, J. C., AND SCOTF, N. C.: Separation of adrenergic and non-
adrenergic contractions to field stimulation in the rat vas deferens. Br. J.
Pharmacol. 79: 379-393, 1983.

51a. BUCKNER, C. K., AND SAINI, R. K.: On the use of functional antagonism to
estimate dissociation constants for �9-adrenergic receptor agonists in iso-
lated guinea-pig trachea. J. PhSrInSCOL Exp. Ther. 194: 565-574, 1975.

52. BULBIuNG, E., AND DEN Hawroo, A.: The action of isoprenaline on the
smooth muscle ofthe guinea-pigtaenia coli. J. PhysioL (Lond.) 304: 277-
296, 1980.

52a. BULmUNG, E., AND GOLENHOFEN, K.: Oxygen consumption by the isOlated
smooth muscle of guinea-pig teethe coli. J. PhysioL (Lond.) 193: 213-
224, 1967.

53. BULBRING, E., AND HARDMAN, J. G.: Effects on smooth muscle of nucleo-
tides and the dibutyryl analogues of cyclic nucleotides. INSERM (Inst.
NatL Sante Bach. Med.) Colloq. 50: 125-133, 1976.

54. BULBRING, E., AND SZURSZEWSKI, J. H.: The stimulant action of noradren-
slime (a-action) on guinea-pig myometrium compared with that of acetyl-
choline. Proc. R. Soc. Lond. B BioL Sci. 185: 225-262, 1974.

55. BULBmNG, E., AND TOMITA, T.: Increase of membrane conductance by
adrenaline in the smooth muscle of guinea-pig taenia coli. Proc. R. Soc.
Lond. B BioL Sd. 172: 89-102, 1969.

56. BULBRING, E., AND TOMITA, T.: Suppression of spontaneous spike genera-
tion by catecholamines in the smooth muscle of the guinea-pig taenia cell.
Proc. R. Soc. Lond. B BioL Sci. 172: 103-119, 1969.

57. BULBRING, E., AND TOMITA, T.: Effect ofcalcium, barium, and manganese
on the action of adrenaline in the smooth muscle of the guinea-pig taenia
coli. Proc. R. Soc. Lond. B BioL Sci. 172: 121-136, 1969.

58. BULBRING, E., AND TOMITA, T.: Calcium requirement for the a-action of
catecholamines on guinea.pig taenia coil. Proc. R. Soc. Lond. B Biol. Sci.
197: 271-284, 1977.

59. BU’rLEn, M., AND JENKINSON, D. H.: Blockade by WE 4101 of a-adrenocep-
tore in the rat vu deferens and guinea-pig taenia coil. Eur. J. Pharmacol.
52: 303-311, 1978.

60. BYRNE, N. G., Miner, G. D. S., �riD LARGE, w. A.: Electrophysiological
analysis of the nature of adrenoceptors in the rat basilar artery during
development. Br. J. Pharmacol. 86: 217-227, 1985.

61. BYRNE, N. G., AND LARGE, w. A.: Comparison of the biphasic excitatory
junction potential with membrane responses to adenosine triphosphate

and noradrenaline in the rat anococcygeus muscle. Br. J. PharmaCOL 83:
751-758, 1984.

62. BYRNE, N. G., AND LARGE, w. A.: Evidence for two mechanisms of depo-

larization associated with a,-adrenoceptor activation in the rat anococ-
cygeus muscle. Br. J. PharmacOL 86: 711-721, 1985.

63. CAMPBELL, M. D., Dam, R C., PAYNE, R A., AND HONEYMAN, T. w.:
Phosphoinositide hydrolysis is correlated with agonist-induced calcium
flux and contraction in the rabbit aorta. Eur. J. PhSYmaCOL 116: 129-
136, 1985.

64. CANESSA DE SCARNATI, 0., AND LAPETINA, E. G.: Adrenergic stimulation
of phosphatidylinositol labelling in rat yes deferens. Biochem. Biophys.
Acta 360: 298-305, 1974.

65. CARsTEN, M. E., AND MILLER, J. D.: Ca’� release by inositol triphosphate
from Ca2�-transporting microsomes derived from uterine sarcoplasmic
reticulum. Biochem. Biophys. Sea. Cominun. 130: 1027-1031, 1985.

66. CASTEELS, R., AND DR00GMANS, G.: Exchange characteristics of the nor-
adrenaline-sensitive calcium store in vascular smooth muscle cells of
rabbit ear artery. J. PhysioL (Lond.) 317: 263-279, 1981.

67. CASTEELS, R., AND DROOGMAN5, G.: Dependence on calcium of potassium-
and agonist-induced changes in potassium permeability of rabbit ear
artery. J. PhysioL (Lond.) 364: 151-167, 1985.

68. CASTEELS, R, DR000MANS, G., AND HENDRICKX, H.: Electrogenic sodium
pump in smooth muscle cells of the guinea-pig’s teethe cell. J. PhysioL
(Lond.) 217: 297-313, 1971.

69. CASTEELS, R., KITAMURA, K., KURIYAMA, H., AND SUZUKI, H.: Excitation-
contraction coupling in the smooth muscle cells of the rabbit main
pulmonary artery. J. PhysioL (LoncL) 271: 63-79, 1977.

70. CASTEELS, R., AND RAEYMAEKERS, L.: The action of acetyicholine and
catecholamines on an intracellular calcium store in the smooth muscle
cells ofthe guinea-pig teethe cell. J. PhysioL (Lonci) 294: 51-68, 1979.

71. CAUvIN, C., LOUTZENHI5EE, R., HWANO, 0., AND VAN BREEMEN, C.: a1-
Adrenoceptors induce Ca-influx and intracellular Ca-release in IsOlated
rabbit aorta. Eur. J. PharmaceL 84: 233-235, 1982.

72. CAUvIN, C., LUKEMAN, S., CAMERON, J., HWANG, 0., MEISHERI, K.,
YAMAMOTO, H., AND VAN Ba�a�ari, C.: Theoretical basis for vascular
selectivity of Ca’� antagonists. J. Cardiovasc. PhSZmSCOL 6: suppL 4,

5630-8638, 1984.
73. CAUVIN, C., LUKEMAN, S., CAMERON, J., HWANG, 0., AND VAN BREEM&N,

C.: Differences in norepinephrine activation and diltiazem inhibition of
calcium channels in isOlated rabbit aorta and mesenteric resistance yes-

sale. Circ. Res. 56: 822-828, 1985.
74. CAUVIN, C., AND MALIK, S.: Induction ofCa� influx and intracellular Ca�

release in IsOlated rat aorta and mesenteric resistance vessels by norepi-
nephrine activation of alpha-i recapture. J. PharmaCOL Exp. Ther. 230:
413-418, 1984.

75. CAUVIN, S., SAIDA, K., AND VAN BREEMEN, C.: Effects of Ca.antagonists

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


90 BULBRING AND TOMITA

on Ca fluxes in resistance vessels. J. Cardiovasc. PharmacoL 4: suppL 3,
287-290, 1982.

76. CAUVIN, C., SAIDA, K., AND VAN BREEMEN, C.: Extracellular Ca2� depend-
ence and diltiazem inhibition of contraction in rabbit conduit arteries and
mesenteric resistance vessels. Blood Vessels 21: 23-31, 1984.

77. CAVERO, I., SHEPPERSON, N., LEFEVRE-BORG, F., AND LANGER, S. Z.:
Differential inhibition of vascular smooth muscle responses to a,- and a2-
adrenoceptor agonists by diltiazem and verapamil. Circ. Bee. 52: suppi.
I., 69-76, 1983.

78. CHERNAEVA, L.: Adrenergic sensitivity of circular and longitudinal muscles
of pregnant rat myometrium. Methods Find. Exp. Chin. PharmacoL 6:
73-78, 1984.

79. CHEUNG, D. W.: Two components in the cellular response of rat tail arteries
to nerve stimulation. J. PhysioL (Lond.) 328: 461-468, 1982.

80. CHEUNG, D. W.: Neural regulation of electrical and mechanical activities in

the rat tail artery. Pfluegers Arch. Gesamte PhysioL Menschen Tiere
400: 335-337, 1984.

81. CHEUNG, D. W.: An electrophysiological study of a-adrenoceptor mediated
excitation-contraction coupling in the smooth muscle cells of the rat
saphenous vein. Br. J. PharmacoL 84: 265-271, 1985.

82. CHow, E. H. M., AND MARSHALL, J. M.: Effects of catecholamines on

circular and longitudinal uterine muscle of the rat. Eur. J. Pharmacol.
76: 157-165, 1981.

83. CLARK, L. A., AND SMALL, R. C.: Simultaneous recording of electrical and
mechanical activity from smooth muscle of the guinea-pig isolated trachea.
J. Physiol. (Lond.) 300: 5P, 1979.

84. C0ATES, J., JAHN, U., AND WEETMAN, D. F.: The existence ofa new subtype
of a-adrenoceptor on the rat anococcygeus is revealed by Sgd 101/75 and
phenoxybenzamine. Br. J. Pharmacol. 75: 549-552, 1982.

85. C0ATES, J., AND wEETMAN, D. F.: Occurrence of a�-adrenoce�tors in the

mouse but not in the rabbit isolated anococcygeus preparations. Br. J.
Pharmacol. 78: 117-122, 1983.

86. COHEN, R. A., SHEPHERD, J. T., AND VANHOUTTE, P. M.: Prejunctional

and postjunctional actions of endogenous norepinephrine at the sympa-
thetic neuroeffector junction in canine coronary arteries. Circ. Bee. 52:
16-25, 1983.

57. CowS, M. G., AND SHEPHERD, J. T.: Isoprenaline-induced relaxation of

venous smooth muscle contracted by agonists which mobilize different
calcium pools. J. Pharmacol. Exp. Ther. 209: 359-365, 1979.

88. CONSTANTINE, J. w., GUNNEL, D., AND WEEKs, R. A.: a1- and a2-vascular
adrenoceptors in the dog. Eur. J. Pharmacol. 66: 281-286, 1980.

89. CONSTANTINE, J. W., LEBEL, W., AND ARCHER, R.: Functional postsynaptic
a�- but not a,-adrenoceptors in dog saphenous vein exposed to phenoxy-

benzamine. Eur. J. Pharmacol. 85: 325-329, 1982.
90. COOKE, J. P., RIMELE, T. J., FLAVAHAN, N. A., AND VANHOUTTE, P. M.:

Nimodipine and inhibition of alpha-adrenergic activation of the isolated
canine saphenous vein. J. PharmacoL Exp. Ther. 234: 598-602, 1985.

91. C0RY, R. N., OSMAN, R., AND MAAYANI, S.: Kinetic characterization of the
rabbit aorta contractile response to an alpha adrenergic agonist. J. Phar-
macol. Exp. Ther. 230: 162-170, 1984.

92. CREED, K. E.: Functional diversity of smooth muscle. Br. Med. Bull. 35:
243-247, 1979.

93. CREED, K. B., AND GILLESPIE, J. S.: Some electrical properties of the rabbit

anococcygeus muscle and a comparison of the effects of inhibitory nerve
stimulation in the rat and rabbit. J. Physiol. (Lond.) 273: 137-153, 1977.

94. CREED, K. E., GILLESPIE, J. S., AND MCCAFFERY, H.: The rabbit anococ-
cygeus muscle and its response to field stimulation and to some drugs. J.
Physiol. (Lond.) 273: 121-135, 1977.

95. CREED, K. E., GILLESPIE, J. S., AND MUIR, T. C.: The electrical basis of
excitation and inhibition in the rat anococcygeus muscle. J. Physiol.
(Lond.) 245: 33-47, 1975.

96. D’AGoSTINo, S., ZONTA, F., DONDI, G., AND GRANA, E.: Action of papav-
crime and verapamil on norepinephrine and calcium evoked contraction

of vascular and non vascular smooth muscle. Pharmacol. Bee. Commun.
15: 937-949, 1983.

97. DANIEL, E. E., AND CRANKSHAW, J.: Relation of c-AMP to relaxation of

pulmonary artery. Blood Vessels 11: 295-311, 1974.
98. DANTHULURI, N. R., AND DE’rH, R. C.: Phorbol ester-induced contraction

of arterial smooth muscle and inhibition of a-adrenergic response.
Biochem. Biophys. Bee. Commun. 125: 1103-1109, 1984.

99. DAvIS, C., KANNAN, M. S., JONES, T. R., AND DANIEL, E. E.: Control of

human airway smooth muscle in vitro studies. J. Appl. PhysioL 53: 1080-
1087, 1982.

100. DEFE0, T. T., AND MORGAN, K. G.: Calcium-force relationship as detected
with aequorin in two different vascular smooth muscles of the ferret. J.

Physiol. (Lond.) 369: 269-282, 1985.
101. DE LANEROLLE, P., NISHIKAWA, M., YOST, D. A., AND ADELSTEIN, R. S.:

Increased phosphorylation of myosin light chain kinase after an increase
in cyclic cAMP in intact smooth muscle. Science (Wash. DC) 223: 1415-
1417, 1984.

102. DE Max, J., AND VANHOUTTE, P. M.: Uneven distribution of postjunctional
a1- and a2-like adrenoceptors in canine arterial and venous smooth muscle.
Circ. Res. 48: 875-884, 1981.

103. DEN Hxwroo, A.: Calcium and the a-action of catecholamines on guinea-

pig taenia coll. J. PhysioL (Lond.) 316: 109-125, 1981.

104. DEN HERTOG, A.: Calcium and the action of adrenaline, adenosine triphos-
phate, and carbachol on guinea-pig taenia caeci. J. PhysioL (Lond.) 325:
423-439, 1982.

105. DEN HERTOG, A., PIELKENROOD, J., R*.s, R., AND VAN DEN AKKER, J.:
The contribution of calcium and potassium to the a-action of adrenaline
on smooth muscle cells of the portal vein, pulmonary artery, and taenia

caeci of the guinea-pig. Eur. J. Pharmacol. 98: 223-234, 1984.

106. DEN HERTOG, A., PIEKENROOD, J., AND VAN DER AKKER, J.: The effect of

forskolln on smooth muscle cells of guinea-pig taenia caeci. Eur. J.
Pharmacol. 106: 181-184, 1985.

107. DETH, R. C., AND LYNCH, C. J.: Mobilization of a common source of smooth
muscle Ca’� by norepinephrine and methyixanthines. Am. J. Physiol.
240: C239-C247, 1981.

108. DE’rH, R., AND VAN BREEMEN, C.: Agonist induced release of intracellular
Ca2� in the rabbit aorta. J. Membr. BioL 30: 363-380, 1977.

109. DIAMOND, J., AND HOLMES, T. G.: Effects ofpotaasium chloride and smooth

muscle relaxants on tension and cyclic nucleotide levels in rat myomet-
rium. Can. J. PhysioL PharmacoL 53: 1099-1107, 1975.

110. DIAMOND, J., AND MARSHALL, J. M.: A comparison ofthe effects of various
smooth muscle relaxations on the electrical and mechanical activity of rat
uterus. J. PharmacoL Exp. Ther. 168: 21-30, 1969.

111. DIGGES, K. G., AND SUMMERS, R. J.: Characterization of postsynaptic a-
adrenoceptors in rat aortic strips and portal veins. Br. J. Pharmacol. 79:
655-665, 1983.

112. DIGGES, K. G., AND SUMMERS, R. J.: Effects of yohimbine stereoisomers
on contractions of rat aortic strips produced by agonists with different

selectivity for a�- and a2-adrenoceptors. Eur. J. Pharmacol. 96: 95-99,
1983.

113. DOCHERTY, J. R., CONSTANTINE, J. W., AND STARKE, K.: Smooth muscle

of rabbit aorta contains a1- but not a,-adrenoceptors. Arch. Pharmacol.
317: 5-7, 1981.

114. DOCHERTY, J. R., AND HYLAND, L.: Evidence for neuro-effector transmis-
sion through postjunctional a2-adrenoceptors in human saphenous vein.
Br. J. Pharmacol. 84: 573-576, 1985.

115. D0CHERTY, J. R., AND MCGRATH, J. C.: A comparison of pre- and post-
junctional potencies of several alpha-adrenergic agonists in the cardiovas-
cular system and anococcygeus muscle of the rat. Evidence for two types
ofpost-junctional alpha-receptor. Arch. PharmacoL 312: 107-116, 1980.

116. D0CHERTY, J. R., AND STARKa, K.: Poatsynaptic a-adrenoceptor subtypes
in rabbit blood vessels and rat anococcygeus muscle studies in vitro. J.

Cardiovasc. Pharmacol. 3: 854-866, 1981.
117. D0CHEWPY, J. R., AND STARKE, K.: An examination of the pre- and post-

synaptic a-adrenoceptors involved in neuroeffector transmission in rabbit
aorta and portal vein. Br. J. PharmacoL 76: 327-335, 1982.

118. D0GGRELL, S. A., AND PATON, D. M.: Effect of time and initial concentra-

tion of agonist on contractile responses in rat aorta. J. PharmacoL

Methods 1: 115-119, 1978.
119. DOWNING, 0. A., WILSON, K. A., AND WILSON, V. G.: Competitive and

noncompetitive blockade of a-adrenoceptors on rat aorta by prazosin. Br.
J_ Pharmacol. 73: 290-291, 1981.

119a. DREW, G. M.: Pharmacological characterisation of the presynaptic a-

adrenoceptor in the rat vas deferens. Eur. J. Physiol. 42: 123-130, 1977.
120. DREW, G. M., AND LEVY, G. P.: Characterixation of the coronary vascular

�9-adrenoceptor in the pig. Br. J. PharmacoL 46: 348-350, 1972.
121. DROOGMANS, G., RAEYMAEKERS, L., AND CASTEEL8, R.: Electro- and

pharmacomecharncal coupling in the smooth muscle cells of the rabbit

ear artery. J. Con. PhysioL 70: 129-148, 1977.
122. EK, B.: Studies on mechanisms for beta-adrenoceptor mediated inhibition

of colon motility. Acta PhysioL Scand. 125: suppl., 5-39, 1985.
123. EL-SHARKAWY, T. Y., AND DANIEL, E. E.: The electrophysiological basis of

the motor inhibitory effect of adrenaline on rabbit small intestinal smooth
muscle. Can. J. PhysioL PharmacoL 54: 446-456, 1976.

124. EL-SHAIUAwY, T. Y., AND SZURSZEWSKI, J. H.: Modulation of canine
antral circular smooth muscle by acetylchollne, noradrenaline, and pen-
tagastrin. J. PhysioL (Lond.) 279: 309-320, 1978.

125. FAGBEMI, S. 0., AND SALAKO, L. A.: The effect of prazosin on the guinea-

pig ileum. Br. J. PharmacoL 70: 395-402, 1980.
126. FAGBEMI, S. 0., AND SAL�uo, L. A.: The effects of prazosin, phentolamine,

and phenoxybenzamine on inhibitory a-adrenoceptors in the guinea-pig
isOlated ileum. Br. J. Pharmacol. 76:235-243,1982.

127. FEDAN, J. S., HOGABOOM, G. K., O’DONNELL, J. P., COLBY, J., AND
WESTrALL, D. P.: Contribution by purines to the neurogenic response of

the vas deferens of the guinea pig. Eur. J. Pharmacol. 69: 41-53, 1981.
128. FERMUM, R., MORITZ, K.-U., AND TOFELDE, U.: Dissociation by diisopro-

pylfluorophosphate of isoprenaline-induced effects on smooth muscle
tension and adenosine-3’,5’-monophosphate synthesis in isolated coro-
nary arteries. Biomed. Biochim. Acta 43: 1269-1283, 1984.

129. FLAVAHAN, N. A., RIMELE, T. J., COOKE, J. P., AND VANHOUTFE, P. M.:
Characterization of postjunctional alpha-i and aipha-2 adrenoceptors
activated by exogenous or nerve-released norepinephrine in the canine

saphenous vein. J. PharmacoL Exp. Ther. 230: 699-705, 1984.
130. FLEISCH, J. H., MALING, A. M., AND BRODIE, B. B.: Evidence for alpha-

adrenergic receptors in mammalian trachea. Am. J. PhysioL 218: 596-
599, 1970.

131. ForriER, M., CHASE, D., KORENMAN, S. G., AND KRALL, J. F.: fl-Adrenergic

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CATECHOLAMINE ACTION ON SMOOTH MUSCLE 91

catecholamine-dependent properties ofrat myometrium primary cultures.
Am. J. Physiol. 245: C84-C90, 1983.

132. FOWLER, P. J., GROUS, M., PRICE, W., AND MAI’FHEWS, W. D.: Pharma-
celogical differentiation of postsynaptic alpha-adrenoceptors in the dog
saphenous vein. J. PharmacOL Exp. Ther. 229: 712-718, 1984.

133. Fox, A. W., ABEL, P. W., AND MINNEMAN, K. P.: Activation of a1-
adrenoceptors increases ‘H-inositol metabolism in rat yes deferens and

caudal artery. Eur. J. PharmacoL 116: 145-152, 1985.
134. FREDHOLM, B. B., BRODIN, K., AND STRANDBERG, K.: On the mechanism

ofrelaxation oftracheal muscle by theophylline and other cyclic nucleotide
phosphodiesterase inhibitors� Acts Pharmacol. ToxicoL 45: 838-344,
1979.

135. FUKUDA, H., AND SHIBATA, S.: The effect of cold storage and the inhibitory
action of isoprenaline, phenylephrine, and nicotine on the mechanical and
membranal activities of guinea-pig taenia caecum. Br. J. Pharmacel. 46:
438-448, 1972.

136. FURCHGOTF, It F.: Pharmacological characterization of receptors: its rela-
tion to radioligand binding studies. Fed. Proc. 37: 115-120, 1978.

137. GANGULY, D. K., AND BHAVFACHACHARYA, B. B.: Adrenergic beta receptors
in vas deferens. Arch. Int. Pharmacodyn. Ther. 185: 406-412,1969.

138. GIBSoN, A., AND Yu, 0.: Pharmacologj� ofpostaynaptic a-adrenoceptors in
the mouse anococcygeus muscle. J. Auton. PharmacoL 3: 1-16, 1983.

139. GILLESPIE, J. S.: The physiology and pharmacology of the anococcygeus
muscle. Trends PharmacoL Sci. 1: 453-457, 1980.

140. GODFRAIND, T.: Actions of nifedipine on calcium fluxes and contraction in
IsOlated rat arteries. J. PharmacoL Exp. Ther. 224: 443-450, 1983.

141. GODFRAIND, T., MILLER, R. C., AND LIMA, J. S.: Selective a,-and a2-
adrenoceptor agonist-induced contractions and �Ca fluxes in the rat
IsOlated aorta. Br. J. PharmacoL 77: 597-604, 1982.

142. GOLDIE, It G., PATERSON, J. W., AND WALE, J. L: Classification of �9-
adrenoceptora in isolated bronchus of the pig. Br. J. Pharmacol. 79: 177-
180, 1983.

143. GOLENHOFEN, K., AND HERMSTEIN, N.: Differentiation of calcium activa-
tion mechanisms in vascular smooth muscle by selective suppression with
verapamil and D 600. Blood vessels 12: 21-37, 1975.

144. GOLENHOFEN, K., HERMSTEIN, N., AND LAMMEL, E.: Membrane potential
and contraction ofvascular smooth muscle (portal vein) during application
of noradrenaline and high potassium, and selective inhibitory effects of
iproveratril (verapamil). Microvasc. Res. 5: 73-80, 1973.

145. GOLENHOFEN, K., AND VON LOH, D.: Intracellul#{228}re Potential-messungen
zur normalen Spontanaktivit#{227}t der isolierten Portalvene des Meer-
schweinchens. Pfluegers Arch. Gesamte PhysioL Menachen Tiere 319:
52-100, 1970.

146. GRAHAM, J. M., AND KEATINGE, W. R.: Differences in sensitivity to vaso-
constrictor drugs within the wall of the sheep carotid artery. J. PhysioL
(Lond.) 221: 477-492, 1972.

147. GRASSBY, P. E., AND BROADLEY, K. J.: Characterization of $-adrenoceptors
mediating relaxation of the guinea-pig ileum. J. Pharm. Pharmacol. 36:
602-607, 1984.

148. GRIENDLING, K. K., Siam, A., AND MILNOR, W. R.: Regional differences
in a,-adrenoceptor numbers and responses in canine aorta Am. J. Physiol.
247: H928-H935, 1984.

149. GROvER, A. K., CRANKSHAW, J., TRIGGLE, C. R., AND DANIEL, E. E.:
Nature of norepinephrine-sensitive Ca-pool in rabbit aortic smooth mus-
dc: effect of pH. Life Sci. 32: 1553-1558, 1983.

150. GRUNDFEST, H: Ionic mechanisms in electrogenesis. Ann. NY Aced. Sci.
94: 405-457, 1961.

151. GRUNDFEST, H.: General physiology and pharmacology ofjunctional tram-
mission. In Biophysics of Physiological and Pharmacological Actions, ed.
by A. M. Shanes, pp. 329-389, American Association for the Advancement
of Science, Washington, DC, 1961.

152. GuIMARAES, S.: A4,ha excitatory, aipha inhibitory, and beta inhibitory
adrenergic receptors in the guinea-pig stomach. Arch. mt. Pharmacodyn.
Ther. 179: 188-201, 1969.

152a. GuIMA.RAES, S., AND PAivA, M. Q.: Two distinct adrenoceptor biophases in

the vasculature: one for a- and the other for �1-agonisth. Arch. Pharmacol.
316: 195-199, 1981.

152b. GuIMARAES, S., AND PAIVA, M. Q.: Two different biophases for adrenaline
released by electrical stimulation or tyramine from the sympathetic nerve
endings ofthe dog saphenous vein. Arch. PharmacoL 316: 200-204, 1981.

153. HAEUSLER, G.: Relationship between noradrenaline-induced depolarization
and contraction in vascular smooth muscle. Blood Vessels 15: 46-54,

1978.
154. HAEUSLER, G.: a-Adrenergic mediated contractile and electrical responses

of vascular smooth muscle. J. Cardiovasc. Pharmacel. 4: suppl. I, 597-
s100, 1982.

155. HAEUSLER, G., AND THORENS, S.: Effects of tetraethylammonium chloride
on contractile, membrane, and cable properties of rabbit artery muscle. J.
Physiol. (Lond.) 303: 203-224, 1980.

156. HAFFNER, J. F. W.: The adrenergic receptors in isolated rabbit stomach
muscle. Acts Pharmacol. Toxicol. 29: 327-338, 1971.

157. HAFFNER, J. F. W.: a-Adrenergic receptor stimulation with phenylephrine
in rabbit fundus muscle exposed to carbachoL Acta Physiol. ToxicoL 31:

121-128, 1972.
158. HAFFNER, J. F. W., NESHEIM, B.-!., AND SETaxLEIv, J.: Potasaium-efflux

and the response to carbachol, phenylephrine, adrenaline, noradrenaline,
and isoprenaline in rabbit antrum muscle. Acts PharniaCOL Toxicol. 33:
191-200, 1973.

159. HARDER, D. R., AnaL, P. W., AND HERM8MEYER, K.: Membrane electrical
mechanism of basilar artery constriction and pial artery dilation by

norepinephrine. Circ. Bee. 49: 1237-1242, 1981.

160. HARDMAN, J. G.: Cyclic nucleotides and smooth muscle contraction: some
conceptual and experimental considerations. In Smooth Muscle: An As-
sesament ofCurrent Knowledge, ed. by. E. Bulbring, A. F. Brading, A. W.
Jones, and T. Tomita, pp. 249-262, Ed Arnold, London, 1981.

161. HASHIMOTO, T., HIRATA, M., IToH, T., KANMURA, Y., AND KURIYAMA, H.:
Inositol 1,4,5-trisphoephate activates pharmace-mechanical coupling in
smooth muscle of the rabbit mesenteric artery. J. PhysioL (Lond.) 370:
605-618, 1986.

162. HAY, D. W. P., AND WADswoRTH, R. M.: Effects of some organic calcium
antagonists and other procedures affecting Ca’� translocation on KC1-
induced contractions in the rat vu deferens. Br. J. PhSrmSCOL 76: 103-
113, 1982.

163. HAY, D. W. P., AND WADSWORTH, R. M.: The effecta of calcium channel
inhibitors and other procedures affecting calcium tranalocation on drug-
induced rhythmic contractions in the rat yes deferena. Br. J. PharmaCOL
79: 347-362, 1983.

164. HAY, D. W. P., AND W�DswoRTH, R. M.: The effects ofcalcium inhibitors
on twitches and noradrenaline contractions of the rat bisected yes defer-
ens. Eur. J. PharmacOL 87: 367-378, 1983.

165. HIEBLE, J. P., AND WOODWARD, D. F.: Different characteristics of post-
junctional alpha-adrenoceptors on arterial and venous smooth muscle.
Arch. PharmaCOL 328: 44-50, 1984.

166. HILL, C. E., HmsT, G. D. S., SILVERBERG, G. D., AND VAN H0WEN, D. F.:
Sympathetic innervation and excitability of arterioles originating from
the rat middle cerebral artery. J. PhysioL (Lond.) 371: 305-317, 1986.

167. HIRATA, M., AND KURIYAMA, H.: Does activation of cyclic AMP dependent
phosphorylation induced by �1-adrenergic agent control the tone of yes-
cular muscle. J. PhysioL (Lond.) 307: 143-161, 1980.

168. HmST, G. D. S., AND NEILD, T. 0.: Evidence for two populations of
excitatory receptors for noradrenaline on arteriolar smooth muscle. Na-

ture (Lond.) 283: 767-768, 1980.
169. HmST, G. D. S., AND NEILD, T. 0.: Noradrenergic transmission. Reply to

McGrath, J. C. Nature (Lond.) 288: 302, 1980.
170. HmST, G. D. S., AND NEU.D, T. 0.: Localization of specialized noradrenaline

receptors at neuromuscular junctions on arterioles of the guinea-pig� J.

PhysioL (Lond.) 313: 343-350, 1981.

171. HmST, G. D. S., NEILD, T. 0., AND SILVERBERG, G. D.: Noradrenaline
receptors in the rat basilar artery. J. PhysioL (Lond.) 328: 881-360, 1982.

172. HISAYAMA, T., AND TAKAYANAGI, I.: Effects of cyclic AMP and protein
kinase on calcium uptake in a microsomal fraction from guinea pig taenia
caecum. Biochem. PharmacOL 32: 3197-3203, 1983.

173. HOFFMAN, B. B., LAVIN, T. N., LEFKOWITZ, R. J., AND RUFFOLO, R. R:

Apha adrenergic receptor subtypes in rabbit uterus: mediation of my-
ometrial contraction and regulation by estrogens. J. PharmacoL Exp.
Ther. 219: 290-295, 1981.

174. HOGESTAvr, E. D.: Characterization oftwo different calcium entry pathways
in small mesenteric arteries from rat. Acts PhysioL Scand. 122: 483-495,
1984.

175. HOGESTAvT, E. D., AND ANDERSSON, K.-E.: On the postjunctional a-
adrenoceptors in rat cerebral and mesenteric arteries. J. Auton. Pharma-
col. 4: 161-173, 1984.

176. H0LcK, M. I.,JONES, C. H. M., AND HAEU8LER, G.: Differential interactions
of clonidine and methoxamine with the postaynaptic a-adrenoceptor of
rabbit main pulmonary artery. J. Cardiovasc. Pharmacol. 5: 240-248,
1983.

177. HOLMAN, M. E., AND SuRpRaN�, A.: An electrophysiological analysis of
the effects of noradrenaline and a-receptor antagonists of neuro-muscular

transmission in mammalian musculararteries. Br. J. PharmacoL 71:851-
661, 1980.

178. HOLTZ, J., SAaED, M., SOMMER, 0., AND BABSENGE, E.: Norepinephrine
constricts the canine coronary bed via postaynaptic a1-adrenoceptors. Eur.
J_ PharmacoL 82: 199-202, 1982.

179. HONDA, F., K�rsuiu, S., MIYAHARA, J. T., AND SHIBATA, S.: Effect of
isoprenaline and phenylephrine on the adenosine 3’,5’-monophosphate
content and mechanical activity of cold-stored and fresh taenia caecum
from the guinea-pig. Br. J. PharmaceL 60: 529-536, 1977.

180. HONDA, K., SATAKE, T., TAKAGI, K., AND TOMITA, T.: Effects of relaxants
on electrical and mechanical activities in the guinea-pig tracheal muscle.
Br. J. PharmaCOL 87: 665-671, 1986.

181. HOTTA, Y.: Some properties of the jUnctiOnal and extrajunctional receptors
in the yes deferens ofthe guinea-pig. Agents Actions 1: 13-21, 1969.

182. H�rrAs, I., HADHAzY, P., DEsREczxNI, L, AND VIzI, E. S.: Relaxation of
human IsOlated bronchial smooth muscle. Lung 159: 153-161, 1981.

183. INATOMI, N., TAKAYANAGI, I., UCHIDA, M., AND TAKAGI, K.: IntracePular
cyclic AMP level and intestinal smooth muscle relaxation. Eur. J. Phar-
maceL 26: 73-76, 1974.

184. ISHIKAWA, N., ICHIKAWA, T., AND SHIGEI, T.: Possible embryogenetical

differences of the dog venous system in sensitivity to vasoactive sub-
stances. Jpn. J. Pharmacol. 30: 807-818, 1980.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


92 BULBRING AND TOMITA

185. ISHIKAWA, S.: Action of ATP and aj3-methylene ATP on neuromuscular
transmission and smooth muscle membrane of the rabbit and guinea-pig
mesenteric arteries. Br. J. PharmacoL 86: 777-787, 1985.

186. ITo, M., B4�na, K., TAKAGI, K., SATAKE, T., AND TOMITA, T.: Some
properties of calcium-induced contraction in the isolated human and
guinea-pig tracheal smooth muscle. Respir. PhysioL 59: 143-153, 1985.

187. ITO, M., B�, K., TAKAGI, K., SATAKE, T., AND TOMITA, T.: Effects of
high K on relaxation produced by drugs in the guinea-pig tracheal muscle.
Respir. PhysioL 61:48-55,1985.

188. ITO, Y., AND ITOH, T.: Effects of isoprenaline on the contraction-relaxation
cycle in the cat trachea. Br. J. PharmacoL 83: 677-686, 1984.

189. ITO, Y., KITAMURA, K., AND KURIYAMA, H.: Effects of acetyicholine and
catecholamines on the smooth muscle cell of the porcine coronary artery.
J. Physiol. (Lond.) 294: 595-611, 1979.

190. ITo, Y., KITAMURA, K.,A ND KURIYAMA, H.: Nitroglycerine and catechol-
amine actions on smooth muscle cells of the canine coronary artery. J.
PhysioL (Lond.) 309: 171-183, 1980.

191. ITo, Y., AND TAJIMA, K.: Dual effects of catecholamines on pre- and post-
junctional membranes in the dog trachea. Br. J. PharmacoL 75: 433-440,
1982.

192. IToH, T., IzUMI, H., AND KURIYAMA, H.: Mechanisms of relaxation induced
by activation of �-adrenoreceptors in smooth muscle cells of the guinea-
pig mesenteric artery. J. Physiol. (Lond.) 326: 475-493, 1982.

193. IToH, T., KANMURA, Y., KURIYAMA, H., AND SASAGURI, T.: Nitroglycerine-

and isoprenahae-induced vasodilatation: assessment from the actions of
cyclic nucleotides. Br. J. Pharmacol. 84: 393-406, 1985.

194. IToH, T., KANMURA, Y., KURIYAMA, H., AND SUMIM0T0, K.: A phorbol
ester has dual action on the mechanical response in the rabbit mesenteric
and porcine coronary arteries. J. Physiol. (Lond.) 375: 515-534, 1986.

195. IToH, T., KITAMURA, K., AND KURIYAMA, H.: Roles of extrajunctional
receptors in the response of guinea-pig mesenteric and rat tail arteries to
adrenergic nerves. J. Physiol. (Lond.) 345: 409-422, 1983.

196. IToH, T., KURIYAMA, H., AND SuzuKI, H.: Differences and similarities in
the noradrenaline- and caffeine-induced mechanical responses in the
rabbit mesenteric artery. J. Physiol. (Lond.) 337: 609-629, 1983.

197. JAFFERJI, S. S., AND MICHELL, R. H.: Stimulation of phosphatidylinositol
turnover by histamine, 5-hydroxytryptamine, and adrenaline in the lon-
gitudinal smooth muscle of guinea pig ileum. Biochem. Pharmacol. 25:
1429-1430, 1976.

198. JANSSENS, W., AND VERHAEGHE, R.: Sources of calcium used during a,-
and a,-adrenergic contractions in canine saphenous veins. J. PhysioL
(Lond.) 347: 525-532, 1984.

199. JENKINSON, D. H., AND MORTON, I. K. M.: The effect of noradrenaline on
the permeability of depolarized intestinal smooth muscle to inorganic
ions. J. PhysioL (Lond.) 188: 373-386, 1967.

200. JENKINSON, D. H., AND MORTON, I. K. M.: The role of a- and �-adrenergic
receptors in some actions of catecholamines on intestinal smooth muscle.

. J. Physiol. (Lond.) 188: 887-402, 1967.
201. JIM, K. E., DEMARINIS, R. M., AND MATrHEWS, W. D.: Measurements of

�Ca’� uptake and contractile responses after activation of postsynaptic
a1-adrenoceptors in the isolated canine saphenous vein: effects of calcium

entry blockade. Eur. J. Pharmacol. 107: 199-208, 1985.
201a. JIM, K. F., MACIA, R. A., AND MATFHEWS, W. D.: Role of receptor reserve

in the inhibition of alpha-i adrenoceptor-mediated preasor response by
calcium antagonists in the pithed rat. J. Pharmacol. Exp. Ther. 238: 89-
94, 1986.

202. JIM, K. F., AND MAVFHEWS, W. D.: Role of extracellular calcium in
contractions produced by activation ofpostsynaptic alpha-2 adrenoceptors
in the canine saphenous vein. J. PharmacoL Exp. Ther. 234: 161-165,
1985.

203. JOHANSSON, B.: The fi-adrenoceptors in the smooth muscle of pig coronary
arteries. Eur. J. Pharmacol. 24: 218-224, 1973.

204. JOHANSSON, S. R. M., ANDERSSON, R. G. G., AND WIKBERG, J. E. S.:
Comparison of �,- and fl,-receptor stimulation in oestrogen or progester-
one dominated rat uterus. Acts PharmacoL Toxicol. 47: 252-258, 1980.

205. JONEs, A. W., BYLUND, D. B., AND FORTE, L. R.: cAMP-dependent reduc-
tion in membrane fluxes during relaxation of arterial smooth muscle. Am.
J. PhysioL 246: H3O6-H311, 1984.

206. JoNES, L. M., COCKCROFT, S., AND MICHELL, R. H.: Stimulation of phos-
phatidyllnositol turnover in various tissues by chollnergic and adrenergic

agonists, by histamine and caerulein. Biochem. J. 182: 669-676, 1979.
207. KAJIwARA, M., KITAMURA, K., AND KURIYAMA, H.: Neuromuscular tram-

mission and smooth muscle membrane properties in the guinea-pig ear
artery. J. Physiol. (Lonci) 315: 283-302, 1981.

208. KANNAN, M. S., AND DANIEL, E. E.: Structural and functional study of
control of canine tracheal smooth muscle. Am. J. Physiol. 238: C27-C33,
1980.

209. KARAKI, H., KUBOTA, H., AND URAKAWA, N.: Mobilization ofstored calcium
for phasic contraction induced by norepinephrine in rabbit aorta. Eur. J.
Physiol. 56: 237-245, 1979.

210. KARASHIMA, T., AND KURIYAMA, H.: Electrical properties of smooth muscle
cell membrane and neuromuscular transmission in the guinea-pig basilar
artery. Br. J. Pharmacol. 74: 494-504, 1981.

211. KARLSSON, J.-A., AND PERSSON, C. G. A.: Influence of tracheal contraction

on relaxant effects in vitro of theophylline and isoprenaline. Br. J. Phar-
macoL 74: 73-79, 1981.

212. KATSUIU, S., AND MURAD, F.: Regulation of adenosine cyclic 3’:5’-mono-
phosphate and guanosine cyclic 3’:5’-monophosphate levels and contractile
in bovine tracheal smooth muscle. Mol. Pharmacol. 13: 330-341, 1977.

213. KAWARABAYASHI, T.: The effects ofphenylephrine in various ionic environ-
ments on the circular muscle of mid-pregnant rat myometrium. Jpn. J.
PhysioL 28: 627-645, 1978.

214. KAWARABAYASHI, T., AND OSA, T.: Comparative investigations of alpha-
and beta-effects on the longitudinal and circular muscles of the pregnant
rat myometrium. Jpn. J. Physiol. 26: 403-416, 1976.

215. KEATINGE, W. R., AND TORRIE, C.: Action of sympathetic nerves on inner
and outer muscle of sheep carotid artery, and effect of pressure on nerve
distribution. J. PhysioL (Lond.) 257: 699-712, 1976.

215a. KENAKIN, T. P., AND BEEK, D.: Is prenalterol (H 133/80) really a selective
beta 1 adrenoceptor agonist? Tissue selectivity resulting from differences
in stimulus-response relationships. J. Pharmacel. Exp. Ther. 213: 406-
413, 1980.

215b. KIKKAWA, F., FURUTA, T., ISHIKAWA, N., AND SHIGEI, T.: Different types
of relationship between fi-adrenergic relaxation and activation of cyclic
AMP-dependent protein kinase in canine saphenous and portal vein. Eur.
J. Pharmacol. 128: 187-194, 1986.

216. KIMURA, I., KATOH, H., AND KIMURA, M.: Difference between adrenergic

th- and fi,-blocking effects on isoproterenol-induced Ca spike suppression
in guinea-pig taenia coll. Jpn. J. PharmacoL 33: 1271-1278, 1983.

217. KIMURA, I., KIMuRA, M., AND YOSHIMURA, Y.: Quantitization of Ca spike
frequency in a single sucrose gap and mechanical relaxation induced by Ca
antagonist, isoproterenol, and papaverine. Arch. mt. Pharmacodyn. Ther.
252: 40-52, 1981.

218. KIRKPATRICK, C. T.: Tracheobronchial smooth muscle. In Smooth Muscle:
An Assessment of Current Knowledge, ed. by E. BUlbring, A. F. Brading,
A. W. Jones, and T. Tomita, pp. 385-395, Edward Arnold, London, 1981.

219. KISHIKAWA, T.: Alterations in the properties of the rat myometrium during
gestation and post partum. Jpn. J. Physiol. 31: 515-536, 1981.

220. KNEUSSL, M. P., AND RIca*iiDSoN, J. B.: Aipha-adrenergic receptors in
human and canine tracheal and bronchial smooth muscle. J. AppL PhysioL
45: 307-311, 1978.

221. KOSTERLITZ, H. W., LYDON, R. J., AND WArr, A. J.: The effects of
adrenaline, noradrenaline, and isoprenaline on inhibitory a- and �9-adre-
noceptors in the longitudinal muscle of the guinea-pig ileum. Br. J. Phar-
macel. 39: 398-413, 1970.

222. K0U, K., IBENGWE, J., AND SuzuKI, H.: Effects of alpha-adrenergic antag-
oniata on electrical and mechanical responsesofthe isolated dog mesenteric
vein to perivaacular nerve stimulation and exogenous noradrenaline. Arch.
PharmacoL 326: 7-13, 1984.

223. K0wARSKI, D., SHUMAN, H., SOMLYO, A. P., AND SOMLYO, A. V.: Calcium
release by noradrenaline from central sarcoplasmic reticulum in rabbit
main pulmonary artery smooth muscle. J. PhysioL (Lond.) 366: 153-175,

1985.
224. KRALL, J. F., B4�iuix’rr, J. D., AND KORENMAN, S. G.: Coupling of �9-

adrenoceptors in rat uterine smooth muscle. BioL Reprod. 24: 859-866,
1981.

225. KRALL, J. F., SWENSEN, J. L., AND KORENMAN, S. G.: Hormonal control
of uterine contraction. Characterization of cyclic AMP-dependent mem-
brane properties in the myometrium. Biochim. Biophys. Acts 448: 578-
588, 1976.

226. KR0EGER, E. A., AND MARSHALL, J. M.: Beta-adrenergic effects on rat
myometrium: mechanisms of membrane hyperpolarization. Am. J. PhysioL
225: 1339-1345, 1973.

227. KR0EGER, E. A., AND MARSHALL, J. M.: Beta-adrenergic effects on rat
myometrium: role of cyclic AMP. Am. J. PhysioL 226: 1298-1303, 1974.

228. KR0EGER, E. A., MARSHALL, J. M., AND BIANCHI, C. P.: Effect of isoprotere-
nol and D 600 on calcium movements in rat myometrium. J. Pharmacol.
Exp. Ther. 193: 309-316, 1975.

229. KESTEW, E., MALTA, E., AND RAPER, C.: Comparison of guinea pig uterine
and rat vas deferens preparations for assessment of fi�-adrenoceptor-
mediated activity. J. Pharmacol. Methods 8: 279-289, 1982.

230. KUGELGEN, I. V., AND Smiuca, K.: Noradrenaline and adenosine triphos-
phate as cotransmitters ofneurogenic vasoconatriction in rabbit mesenteric
artery. J. PhysioL (Lond.) 367: 435-455, 1985.

231. KUMAR, M. A.: Activity and energy turnover in airway smooth muscle:

influence of acetylcholine and isoprenaline. J. PharmacoL Exp. Ther. 202:
125-133, 1977.

232. KuMAR, M. A.: The basis of beta adrenergic bronchodilation. J. Pharmacol.
Exp. Ther. 206: 528-534, 1978.

233. KURIYAMA, H., ITo, Y., SUZUKI, H., KITAMURA, K., AND IToH, T.: Factors
modifying contraction-relaxation cycle in vascular smooth muscle. Am. J.
PhysioL 243: H641-H662, 1982.

234. LANDS, A. M., ARNOLD, A., MCAULIFF, J. P., LUDUENA, F. P., AND BROWN,

T. G.: Differentiation of receptor systems activated by sympathomimetic
amines. Nature (Lond.) 214: 597-598, 1967.

235. LANDS, A. M., LUDUENA, F. P., AND BUZZO, H. J.: Differentiation of
receptors responsive to isoproterenol. Life 5th. 6: 2241-2249, 1967.

236. LANGER, S. Z.: Presynaptic regulation of catecholamine release. Biochem.
Pharmacol. 23: 1793-1800, 1974.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CATECHOLAMINE ACTION ON SMOOTH MUSCLE 93

237. LANGER, S. Z., MASSINGHAM, R., AND SHEPPERSON, N.: Presence of
postaynaptic a,-adrenoreceptors of predominantly extrasynaptic location
in the vascular smooth muscle of the dog hind limb. Clin. Sci. 59: 225s-
228s, 1980.

238. LANCER, S. Z., AND SHEPPERSON, N. B.: Recent developments in vascular
smooth muscle pharmacology: the poet-synaptic a,-adrenoceptor. Trends
PharmacOL Sci. 3:440-444,1982.

239. LAPETINA, E. G., Biutay, P. A., AND DEROBERTIS, E.: Effect of adrenergic
agonista on phosphatidyl-inositol labelling in heart and aorta. Biochim.

Biophys. Acts 431: 624-630, 1976.
240. LARGE, W. A.: Membrane potential responses of the mouse anococcygeus

muscle to ionophoretically applied noradrenaline. J. PhysioL (Lond.) 326:
385-400, 1982.

241. LARGE, W. A.: Membrane potential responses to ionophoretically applied
a-adrenoceptor agonista in the mouse anococcygeus muscle. Br. J. Phar-
maceL 79: 233-243, 1983.

242. LARGE, W. A.: The effect of chloride removal on the responses of the
isolated rat anococcygeus muscle to a,-adrenoceptor stimulation. J. Phys-
ioL (Lond.) 352: 17-29, 1984.

243. LAu, Y.-S., AND LUM, B. K. B.: Role of cyclic AMP in adrenergically-
induced tracheal muscle relaxation. Arch. Int. Pharmacodyn. Ther. 261:
36-50, 1983.

244. LEFEBVRE, R. A., VERPLANKEN, P. A., AND BOGAERT, M. G.: Pharmacolog-
ical characterization of the postjunctional beta-adrenoceptors in the rat
gastric fundus. Eur. J. PharmacoL 106: 1-9, 1985.

245. LEFF, A. R., AND MUNOZ, N. M.: Evidence for 2 subtypes of alpha-adrenergic
receptors in canine airway smooth muscle. J. PharmaceL Exp. Ther. 217:
530-535, 1981.

246. LEFF, A. R., MUNOZ, N. M., AND HENDRIX, S. G.: Comparative distribution
of smooth muscle postaynaptic contractile responses in canine tracheal
and bronchus in vivo. J. Pharmacol. Exp. Ther. 224: 259-264, 1983.

247. LEFF, A. R., MUNOZ, N. M., AND HENDRIX, S. G.: Parasympathetic and
adrenergic contractile responses in canine trachea and bronchus. J. Appl.
PhysioL 55: 113-120, 1983.

248. LEGAN, E., CHERNOW, B., PARRILLO, J., AND RoTH, B. L: Activation of
phosphatidylinositol turnover in rat aorta by a,-adrenergic receptor stim-
ulation. Eur. J. Pharmacel. 1 10: 389-390, 1985.

249. LEIJTEN, P. A. A., AND VAN BREEMEN, C.: The effects of caffeine on the
noradrenaline-sensitive calcium store in rabbit aorta. J. Physiol. (Lond.)
357: 327-339, 1984.

249a. LEMOINE, H., EHLE, B.. AND KAUMANN, A. J.: Direct labelling of �,-

adrenoceptors. Comparison of binding potency of ‘H-ICI 118,551 and
blocking potency of ICI 118,551. Arch. PharmacoL 331: 40-51, 1985.

250. LIMAS, C. J., AND COHN, J. N.: Stimulation of vascular smooth muscle
sodium, potassium-adenosinetriphosphataseby vasodilators. Circ. Bee. 35:
601-607, 1974.

251. LINCOLN, T. M., AND FISHER-SIMPSON, V.: A comparison of the effects of
forskolin and nitroprusaide on cyclic nucleotides and relaxation in the rat
aorta. Eur. J. PharmacoL 101: 17-27, 1984.

251a. LJUNG, B., BRYAN, J. A., PEGRAM, B. L, PURDY, R. E., AND SU, M.:
Vaaomotor nerve controlofisolated arteries and veins. Acts PhysioL Scant
94: 506-516, 1975.

252. LODGE, N. J., AND VAN BREEMEN, C.: Mobilization of extracellularly bound
�2+ � high K� and norepinephrine stimulation of the rabbit aorta.
Blood Vessels 22: 234-243, 1985.

253. LOHMANN, S. M., MIECH, R. P., AND BuTcHER, F. R.: Effects of isoprotere-
nol, theophylline, and carbachol on cyclic nucleotide-levels and relaxation
of bovine tracheal smooth muscle. Biochim. Biophys. Acts 499:238-250,
1977.

254. Loin, V. J., CHANG, R. S. L., AND KLING, P.: �,-selective adrenergic
responses in the field-stimulated rat yes deferens. Eur. J. PharmacoL 68:
385-386, 1980.

255. LOUTZENHISER, R., AND VAN BREEMEN, C.: The influence of receptor
occupation on Ca� influx-mediated vascular smooth muscle contraction.
Circ. Baa. 52: suppL I, 97-103, 1983.

256. LULICH, K. M., MITCHELL, H. W., AND SPARROW, M. P.: The cat lung
strips as an in vitro preparation of peripheral airways: a comparison of fi-
adrenoceptor agonists, autacoids, and anaphylactic challenge on the lung
strip and trachea. Br. J. PharmacoL 58: 71-79, 1976.

257. MAAS, A. J. J.. AND DEN HERTOG, A.: The effect of apamin on the smooth
muscle cells ofthe guinea-pig taenia coli. Eur. J. PharmacoL 58: 151-156,
1979.

258. MAA5, A. J. J., DEN HEwroG, A., RAS, R, AND VAN DEN AKKER, J.: The
action of apamin on guinea-pig taenia caeci. Eur. J. Pharmacol. 67: 265-
274, 1980.

259. MACDONALD, A., AND MCGRATH, J. C.: The distribution of adrenoceptora
and other drug receptors between the two ends of the rat yea deferens as

revealed by selective agonists and antagonist& Br. J. PharmacoL 71: 445-
458, 1980.

260. MACIA, R A., MAVFHEWS, W. D., LAFFERTY, J., AND DEMARINIS, R. M.:

Assessment of alpha-adrenergic receptor subtypes in isolated rat aortic

segments. Arch. Pharmacol. 325: 306-309, 1984.
261. MAGARIBUCHI, T., ITo, Y., AND KURLYAMA, H.: Effects of catecholamines

on the guinea-pig vas deferena in various ionic environments. Jpn. J.

PhysioL 21: 691-708, 1971.

262. MAGARIBUCHI, T., AND KURIYAMA, H.: Effects of noradrenaline and iso-
prenaline on the electrical and mechanical activities of guinea pig depolar-
ized taenia cell. Jpn. J. PhysioL 22: 253-270, 1972.

263. MAGARIBUCHI, T., OHBU, T., S�MoTo, Y., AND YAMAMOTO, Y.: Some
electrical properties ofthe slow potential changes recorded from the guinea

pig stomach in relation to drug actions. Jpn. J. PhysioL 22: 333-352, 1972.
264. MAGARIBUCHI, T., AND OsA, T.: Effects ofcatecholamines on electrical and

mechanical activities of the pregnant mouse myometrium. Jpn. J. PhysioL
21: 627-643, 1971.

265. MAGGI, C. A., MANZINI, S., AND MELI, A.: Differential effects of vasodilators
on the mobilization of calcium pools during contractions of rabbit ear
artery inducedby noradrenaline and high potassium. J. Pharm. Pharmacol.
36: 27-30, 1984.

266. MAKrFA, Y.: Effects of adrenoceptor agonists and antagonists on smooth
muscle cells and neuromuscular transmission in the guinea-pig renal artery
and vein. Br. J. PhSrmSCOL 80: 671-679, 1983.

267. MALTIER, J. P., AND LEGRAND, C.: Characterization of alpha-adrenoceptors
in myometrium ofpreparturient rats. Eur. J. Pharmacol. 117: 1-13, 1985.

268. MANZINI, S., MAGGI, C. A., AND MELI, A.: a-Adrenoceptor subtypes and

Ca’� mobilization in the rabbit ear artery. J. Pharm. PharmaceL 35: 584-
589, 1983.

269. MARSHALL, I., NASMYTH, P. A., AND SHEPPERSON, N. B.: The effects of
release and depletion of endogenous noradrenaline on the tranamission of
impulses in the mouse yes deferens. Br. J. PharmacoL 64: 145-152, 1978.

270. MARSHALL, J. M.: Adrenergic innervation ofthe female reproduction tract:

anatomy, physiology, and pharmacology. Ergeb. Physiol. BioL Chem. Exp.
PharmakoL 62: 6-67, 1970.

271. MARSHALL, J. M.: Effects of catecholamines on the smooth muscle of the
female reproductive tract. Annu. Rev. PharmacoL 13: 19-32, 1973.

272. MARSHALL, J. M., AND FMN, J. N.: Effects of forskolln and isoproterenol

on cyclic AMP and tension in the myometrium. Eur. J. Pharmacol. 107:
25-34, 1985.

273. MARSHALL, J. M., AND KROEGER, E. A.: Adrenergic influences on uterine

smooth muscle. Philos. Trans. R Soc. Lond. B BioL Sd. 265: 135-148,
1973.

274. MARSTON, S. B.: The regulation of smooth muscle contractile proteins.
Prog. Biophys. MoL BioL 41: 1-42, 1983.

275. MARTIN, W., AND GORDON, J. L: Differential calcium dependence of

contractile responses and ‘Rb efflux from the rabbit aorta induced by
vaaoactive stimuli. J. Cell. PhysioL 1 15: 46-52, 1983.

276. MARUTA, K., OGASAWARA, T., AND OsA, T.: Influence of cycloheximide on
the changes in properties of the circular muscle of pregnant rat uterus. J.

PhysioL Soc. Jpn. 48: 318, 1986.
277. MASSINGHAM, R.: A study of compounds which inhibit vascular smooth

muscle contractions. Eur. J. PharmacOL 22: 75-82, 1973.
278. MAVFHEWS, W. D., JIM, K. F., Hixmi, J. P., AND DEM�.RiNIs, R. M.:

Postaynaptic a-adrenoceptors on vascular smooth muscle. Fed. Proc. 43:
2923-2928, 1984.

279. MAVI’HEWS, W. D., MCCAFFERTY, G. P., AND GROUS, M.: Characterization
of alpha-adrenoceptors on vascular smooth muacle-electrophysiological

differentiation in canine saphenous vein. J. PharmacoL Exp. Ther. 231:
355-360, 1984.

280. MAY, J. M., ABEL, P. W., AND MINNEMAN, K. P.: Binding of agonists and
antagonists to fi-adrenoceptors in rat yes deferens: relationship to func-

tional response. Arch. PharmacOL 331: 324-333, 1985.
280a. McCLESKEY, E. W., Fox, A. P., FELDMAN, D., ANDTSIEN, R. W.: Different

types of calcium channels. J. Exp. BioL 124: 177-190, 1986.
281. MCGRaTH, J. C.: Noradrenergic transmission. Nature (Lond.) 288: 301-

302, 1980.
282. MCGa�TH, J. C.: Evidence for more than one type of postjunctional a-

adrenoceptor. Biochem. PharmaCOL 31:467-484,1982.
283. McGRATH, J. C.: The variety of vascular a-adrenoceptors� Trends Phar-

macoL Sci. 4: 14-18, 1983.
284. MEDGErr, I. C., AND LANGER, S. Z.: Heterogeneity of smooth alpha adre-

noceptors in rat tail artery in vitro. J. Pharmacol. Exp. Ther. 229: 823-

830, 1984.
285. MEISHERI, K. D., HWANG, 0., AND VAN BREEMEN, C.: Evidence for two

separate Ca� pathways in smooth muscle plasmalemma. J. Membr. Biol.

59: 19-25, 1981.
286. MEI5HEIu, K. D., AND MCNEILL, J. H.: Role ofCs in isoproterenol-induced

increases in cAMP levels in rat uterus. Am. J. PhysioL 237: C257-C263,
1979.

287. MEISHERI, K. D., MCNEILL, J. H., AND MARSHALL, J. M.: Effect of

isoproterenolon the isolatedpregnant rat myometrium. Eur. J. PharmaceL
60: 1-6, 1979.

288. MEISHERI, K. D., AND Ruxco, J. C.: Dependence of cyclic AMP induced

relaxation on Ca’� and calmodulin in skinned smooth muscle ofguinea pig
toenia coli. Pfluegers Arch. Gesamte Physiol. Menschen Tiere 399:315-
320, 1983.

289. MEISHERI, K. D., TENNER, T. E., AND MCNEILL, J. H.: Effect of extracel-
lular Na on isoproterenol-induced cAMP levels in depolarized uterus. Eur.

J. PharmacoL 53: 9-20, 1978.
290. MEISHERI, K. D., AND VAN BREEMEN, C.: Effects of fl-adrenergic stimula-

tion on calcium movements in rabbit sortic smooth muscle: relationship
with cyclic AMP. J. PhysioL (Lond.) 331: 429-441, 1982.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


94 BULBRING AND TOMITA

291. MEKaTA, F.: Different electrical responses of outer and inner muscle of
rabbit carotid artery to noradrenaline and nerves. J. PhysioL (Lonci) 346:
589-598, 1984.

292. MEKATA, F., AND NIU, H.: Biophysical effects of adrenaline on the smooth
muscle of the rabbit common carotid artery. J. Con. PhysioL 59: 92-102,
1972.

293. MELDRUM, L. A., AND BURNSTOCK, G.: Evidence that ATP acts as a
cotransmitter with noradrenaline in sympathetic nerves supplying the
guinea-pig yes deferens. Eur. J. Pharmacol. 92: 161-163, 1983.

294. MICHELL, R. H.: Inositol phospholipida and cell surface receptor function.
Biochim. Biophys. Acts 415: 81-147, 1975.

295. MILLER, J. R., SILvEit, P. J., AND STULL, J. T.: The role of myosin light
chain kinase phosphorylation in beta-adrenergic relaxation of tracheal
smooth muscle. MoL Pharmacol. 24: 235-242, 1983.

296. MINNEMAN, K. P., Fox, A. W., AND ABEL, P. W.: Occupancy of aipha�-
adrenergic receptors and contraction of rat yes deferens. MoL PharmaceL
23: 359-368, 1983.

297. MI8HIMA, S., MIYAHARA, H., AND SUZUKI, H.: Transmitter release modu-
lated by a-adrenoceptor antagonists in the rabbit mesenteric artery a
comparison between noradrenaline outflow and electrical activity. Br. J.
Pharmacol. 83: 537-547, 1984.

298. MORELAND, R. S., AND BOHR, D. F.: Adrenergic control ofcoronary arteries.
Fed. Proc. 43: 2857-2861, 1984.

299. MORGAN, J. P., AND MORGAN, K. G.: Stimulus-specific pattern of intracel-
lular calcium levels in smooth muscle of ferret portal vein. J. Physiol.
(Lond.) 351: 155-167, 1984.

300. MORGAN, J. P., AND MORGAN, K. G.: Alteration of cytoplasmic ionized
calcium levels in smooth muscle by vasodilators in the ferret. J. PhysioL
(Lond.) 357: 539-551, 1984.

301. MORGAN, K. G.: Electrophysiological differentiation of a-receptors on ar-
teriolar smooth muscle. Am. J. Physiol. 244: H540-H545, 1983.

302. MUELLER, E., AND VAN BREEMEN, C.: Role of intracellular Ca’� sequestra-
tion in �-adrenergic relaxation of a smooth muscle. Nature (Lond.) 281:

682-683, 1979.
303. MULLER, M. J., AND BARR, H. P.: Relaxant effects of forskolin in smooth

muscle. Role of cyclic AMP. Arch. Pharmacol. 322: 78-82, 1983.
304. MULLER-SCHWEINITZER, E.: Tissue specific susceptibility of alpha-adre-

noceptor mediated vasoconstriction to nifedipine. Arch. PharmacoL 324:
64-69, 1983.

305. MULVANY, M. J., NILSSON, H., AND FLATMAN, J. A.: Role of membrane
potential in the response of rat small mesenteric arteries to exogeneous
noradrenaline stimulation. J. Physiol. (Lond.) 332: 363-373, 1982.

306. MURAMATSU, I.: Evidence for sympathetic, purinergic transmission in the
mesenteric artery of the dog. Br. J. Pharmacol. 87: 478-480, 1986.

307. MURAMATSU, I., FUJIWARA, M., MIURA, A., AND S�Kess�R�, Y.: Possible
involvement of adenine nucleotides in sympathetic neuroeffector mecha-
nisms of dog basilar artery. J. Pharmacol. Exp. Ther. 216: 401-409, 1981.

308. NANJO, T.: Effects ofnoradrenaline and acetylchollne on electro-mechanical
properties of the guinea-pig portal vein. Br. J. PharmacoL 81: 427-440,
1984.

309. NEILD, T., AND KOTECHA, N.: Two-component responses to sympathetic
nerve stimulation in the rat tail artery. Comp. Biochem. PhysioL 810:

311-317, 1985.
310. NEILD, T. 0., AND ZELCER, E.: Noradrenergic neuromuscular transmission

with special reference to arterial smooth muscle. Prog. Neurobiol. 19: 141-
158, 1982.

311. NESHEIM, B.-!., OSNES, J.-B., AND 0YE, I.: Role of cyclic adenosine 3’,5’-
monophosphate in the isoprenaline-induced relaxation of the oestrogen
dominated rat uterus. Br. J. Pharmacol. 53: 403-407, 1975.

312. NESHEIM, B-I., AND SIGURDSSON, S. B.: Effects of isoprenaline and dibu-
tyryl-C-AMP on the electrical and mechanical activity of the rabbit myo-
metrium. Acts PharmacoL Toxicol. 42: 371-376, 1978.

313. NGHIEM, C., SWAMY, V. C., AND TRIGGLE, D. J.: Inhibition by D 600 of
norepinephrine- and clonidine-induced responses of the aortae from nor-
motensive (WKY) and spontaneously hypertensive rats (SHR). Life Sci.
30: 45-49, 1982.

314. NILSSON, K. B., ANDERSSON, R. C. G., MOHME-LUNDHOLM, E., AND
LUNDHOLM, L.: Cyclic AMP and Ca-binding in microsomal fractions
isolated from rabbit colon smooth muscle. Acts PharmacoL Toxicol. 41:
53-64, 1977.

315. NISHIKORI, K., AND MAENO, H.: Close relationship between adenosine
3’,5’-monophosphate-dependent endogenous phosphorylation of a specific
protein and stimulation of calcium uptake in rat uterine microsomes. J.
Biol. Chem. 254: 6099-6106, 1979.

316. NISHIZUKA, Y.: The role of protein kinase C in cell surface signal transduc-
tion and tumour promotion. Nature (Lond.) 308: 693-698, 1984.

317. NISHIZUKA, Y.: Turnover of inositol phospholipids and signal transduction.

Science (Wash. DC) 225: 1365-1370, 1984.
318. O’DONNELL, S. R.: An examination of some $-adrenoreceptor stimulants

for selectivity using the isolated trachea and atria of the guinea-pig. Eur.
J. Pharinacol. 19: 371-379, 1972.

319. O’DONNELL, S. R., PF.RSSON, C. G. A., AND WANSTALL, J. C.: An in vitro
comparison of�-adrenoceptor stimulants on potassium-depolarized uterine
preparations from guinea pigs. Br. J. Pharmacol. 62: 227-233, 1978.

320. O’DONNELL, S. R., AND WANSTALL, J. C.: The importance of choice of
agonist in studies designed to predict fi2:th adrenoceptor selectivity of

antagonists from pA, values on guinea-pig trachea and atm. Arch. Phar-
macoL 308: 183-190, 1979.

321. O’DONNELL, S. R., AND WANSTALL, J. C.: Relaxation of cat trachea by fi-
adrenoceptor agonists can be mediated by both �,- and fi,-adrenoceptors
and potentiated by inhibitors of extraneuronal uptake. Br. J. PharmacoL
78: 417-424, 1983.

322. O’DONNELL, S. R., AND WANSTALL, J. C.: Responses to the �,-selective
agonist procaterol of vascular and atrial preparations with different func-
tional fi-adrenoceptor populations. Br. J. PharmacoL 84: 227-235, 1985.

323. OHASHI, H., OHGA, A., AND S�rro, K.: Enhancement of Ca-concentrations
by catecholamines and temperature dependency in the depolarized taenia
coll of the guinea-pig. Jpn. J. PharmacoL 23: 467-477, 1973.

324. OHKUBO, H., TAKAYANAGI, I., AND TAKAGI, K.: Relationship between the
levels of intracellular cyclic nucleotidea and mechanical responses induced
by drugs. Jpn. J. PharmacoL 26: 65-71, 1976.

325. OHNO, Y., WATANABE, M., AND KASUYA, Y.: Manifestation oflatent alpha-
excitatory response in the canine tracheal smooth muscle preparation-
relation to basal tone. Arch. hit. Pharmacodyn. Ther. 251:205-216,1981.

326. ONo, T., OwrSUic�, M., S�tic&i, S., OHNO, S., AND KUMADA, S.: Relaxant
effect of aspirin-like drugs on isolated guinea-pig tracheal chain. Jpn. J.
PharmacoL 27: 889-898, 1977.

327. OREHEK, J., DOUGLAS, J. S., AND BOUHUY, A.: Contractile responses of the
guinea-pig trachea in vitro: modification by proataglandin synthesis-inhib-
iting drugs. J. PharniacoL Exp. Ther. 194: 554-564, 1975.

328. OluoWo, M. A.: Differential effect ofverapamil on noradrenaline, carbachol,
tyramine, and 5-hydroxytryptamine induced contractions of the rat ano-
coccygeus muscle. Arch. Int. Pharmacodyn. Ther. 259:186-193,1982.

329. OSA, T., AND KAWARABAYASHI, T.: Effects of ions and drugs on the plateau
potential in the circular muscle of pregnant rat myometrium. Jpn. J.
Physiol. 27: 111-121, 1977.

330. OSA, T., AND OGASAWARA, T.: Influence of magnesium on the a-inhibition
of catecholamines in the uterine circular muscle of estrogen-treated rats.
Jpn. J. PhysioL 29: 339-352, 1979.

331. OSA, T., AND WATANABE, M.: Effects of catecholamines on the circular
muscle of rat myometrium at term during pregnancy. Jpn. J. PhysioL 28:
647-658, 1978.

332. OWEN, M. P., WALMSLEY, J. G., MASON, M. F., BEVAN, R. D., AND BEVAN,
J. A.: Adrenergic control in three artery segments of diminishing diameter
in rabbit ear. Am. J. Physiol. 245: H320-H326, 1983.

333. PATON, W. D. M., AND VIzI, E. S.: The inhibitory action of noradrenaline
and adrenaline on acetyicholine output by guinea-pig ileum longitudinal

muscle strip. Br. J. Pharmacol. 35: 10-28, 1969.

334. PAUL, R. J.: The effects of isoproterenol and ouabain on oxygen consump-
tion, lactate production, and the activation of phosphorylase in coronary
artery smooth muscle. Circ. Rae. 52: 683-6%, 1983.

335. PAUL, R. J.: Coordination of metabolism and contractility in vascular

smooth muscle. Fed. Proc. 42: 62-66, 1983.
336. PFITZER, G., RUEGG, J. C., ZIMMER, M., AND HOFMANN, F.: Relaxation of

skinned coronary arteries depends on the relative concentrations of Ca2�,
calmodulin, and active cAMP-dependent protein kinase. Pfluegers Arch.
Gesamte PhysioL Menschen Tiere 405: 70-76, 1985.

337. P0LONIA, J. J., PAIVA, M. Q., AND GUIMARAES, S.: Pharmacological char-
acterization of postsynaptic 4-adrenoceptor subtypes in five different dog
arteries in-vitro. J. Pharm. Pharinacol. 37: 205-208, 1985.

338. POLSON, J. B., KRZANOWSKI, J. J., AND SZENTIVANYI, A.: Inhibition of a
high affinity cyclic AMP phosphodiesterase and relaxation of canine tra-
cheal smooth muscle. Biochem. PharmacoL 31: 3403-3406, 1982.

339. POPESCU, L M., HINESCU, M. E., MUSAT, S., loNEscu, M., AND OISmrrzu,
F.: Inositol triphosphate and the contraction of vascular smooth muscle
cells. Eur. J. PharmacoL 123: 167-169, 1986.

340. PREHN, J. L., AND BEVAN, J. A.: Facial vein of the rabbit: intracellularly
recorded hyperpolarization of smooth muscle cells induced by �5-adrenergic

receptor stimulation. Circ. Baa. 52: 465-470, 1983.
340a. PU’rNEY, J. W.: A model for receptor-regulated calcium entry. Cell Calcium

7: 1-12, 1986.
341. RANDRIANTSOA, A., HEITZ, C., AND STOCLET, J.-C.: Functional character-

ization of postjunctional a-adrenoceptors in rat aorta. Eur. J. Pharmacol.
75: 57-60, 1981.

342. RASMUSSEN, H., AND B�tnnm, P. Q.: Calcium messenger system: an
integrated view. PhysioL Rev. 64:938-984,1984.

343. RASMUSSEN, H., FORDER, J., KOJIMA, I., AND SCRIABINE, A.: TPA-induced
contraction of isolated rabbit vascular smooth muscle. Biochem. Biophys.
Res. Commun. 122: 776-784, 1984.

344. RICHARDSON, J. B., AND FERGUSON, C. C.: Neuromuscular structure and
function in the airways. Fed. Proc. 38: 202-208, 1979.

345. RIMELE, T. J., ROOKE, T. W., AARHUS, L. L., AND VANHOUTI’E, P. M.:
Alpha-i adrenoceptors and calcium in isolated canine coronary arteries. J.
Pharmacol. Exp. Ther. 226: 668-672, 1983.

346. ROBERTS, J. M., INSEL, P. A., AND GOLDFIEN, R. D.: Regulation of my-
ometrial adrenoreceptors and adrenergic response by sex steroids. Mol.
PharmacoL 20: 52-58, 1981.

347. ROBERTS, J. M., INSEL, P. A., GOLDFIEN, R. D., AND GOLDFIEN, A.: a-
Adrenoceptors but not �-adreno-receptors increase in rabbit uterus with
oestrogen. Nature (Lond.) 270: 624-625, 1977.

348. RUEGG, J. C., MEISHERI, K., PFITZER, G., AND ZEUGNER, C.: Skinned
coronary smooth muscle: calmodulin, calcium antagonists, and cAMP
influence contractility. Basic Res. Cardiol. 78: 462-471, 1983.

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


CATECHOLAMINE ACTION ON SMOOTH MUSCLE 95

349. RUEGG, J. C., AND PAUL, R: Vascular smooth muscle: calmodulin and cyclic
AMP-dependent protein kinase alter calcium sensitivity in porcine carotid
skinned fibers. Circ. Bee. 50:394-399,1982.

350. RUEGG, J. C., SPARROW, M. P., AND MRWA, U.: Cyclic-AMP mediated
relaxation of chemically skinned fibers of smooth muscle. Pfluegers Arch.
Gesamte Physiol. Menschen Tiere 390: 198-201, 1981.

351. RUFFOLO, R. R., ROSING, E. L., AND WADDELL, J. E.: Receptor interactions
of imidazolines. I. Affmity and efficacy for alpha adrenergic receptors in
rat aorta. J. Pharmacol. Exp. Ther. 209: 429-436, 1979.

352. RUFFOLO, R. R., AND WADDELL, J. E.: Receptor interactions of imidazo-
lines: a-adrenoceptors of rat and rabbit aortae differentiated by relative
potencies, affinities, and efficacies ofimidazole agonists. Br. J. Pharmacol.
77: 169-176, 1982.

353. RUFFOLO, R. R., WADDELL, J. E., AND YADEN, E. L.: Poatsynaptic a4,ha
adrenergic receptor subtypes differentiated by yohimbine in tissues from
the rat. Eixstence ofalpha-2 adrenergic receptors in rat aorta. J. Pharmacol.
Exp. Ther. 217: 235-240, 1981.

354. RIJFFOLO, R. R., WADDELL, J. E., AND YADEN, E. L.: Heterogeneity of
postaynaptic alpha adrenergic receptors in mammalian aortas. J. Pharma-
col. Exp. Ther. 221: 309-314, 1982.

355. RUFFOLO, R. R., YADEN, E. L., AND WADDELL, J. E.: Receptor interactions
of imidazolines. V. Clonidine differentiates postsynaptic a’pha adrenergic
receptor subtypes in tissues from the rat. J. PharmacoL Exp. Ther. 213:
557-561, 1980.

356. SAAD, M. H., AND BUsui�, J. F.: Effects of immunological sensitization on
the responses and sensitivity of guinea pig airways to bronchoconstrictors.
Modulation by selective inhibition ofarachidonic acid metabolism. Can. J.
PhysioL Pharmacol. 61: 876-887, 1983.

357. SAHYOUN, H. A., COSTALL, B., AND NAYLOR, R. J.: Benzamide action at

a,-adrenoceptors modifies catecholamine-induced contraction and relaxa-
tion of circular smooth muscle from guinea-pig stomach. Arch. Pharmacol.
319: 8-11, 1982.

358. SAHYOUN, H. A., COSTALL, B., AND NAYLOR, R. J.: Catecholamines act at
a,-adrenoceptors to cause contraction of circular smooth muscle of guinea-
pig stomach. J. Pharm. PharmacoL 34: 381-385, 1982.

359. SAIDA, K., AND VAN BREEMEN, C.: Cyclic AMP modulation of adrenoceptor-
mediated arterial smooth muscle contraction. J. Con. Physiol. 84: 307-
318, 1984.

360. SAJDA, K., AND VAN BREEMEN, C.: Characteristics of the norepinephrine-
sensitive Ca’� store in vascular smooth muscle. Blood Vessels 21: 43-52,
1984.

361. SANDS, H., AND MASCALI, J.: Effects of cyclic AMP and of protein kinase
on the calcium uptake by various tracheal smooth muscle organelles. Arch.
Int. Pharmacodyn. Ther. 236: 180-191, 1978.

362. SCARBOROUGH, N. L., AND CARRIER, G. 0.: Nifedipine andalpha adrenocep-
toss in rat aorta. 1. Role of extra-cellular calcium in alpha-i and alpha-2
adrenoceptor-mediated contraction. J. Pharmacol. Exp. Ther. 231: 597-
602, 1984.

363. SCHEID, C. R., HONEYMAN, T. W., AND FAY, F. S.: Mechanism of beta-
adrenergic relaxation ofsmooth muscle. Nature (Lond.) 277: 32-36, 1979.

364. SCHUMANN, H. J., GORLITZ, B. D., AND WAGNER, J.: Influence of papav-
erine, D 600, and nifedipine on the effects of noradrenaline and calcium
on the isolated aorta and mesenteric artery of the rabbit. Arch. Pharmacol.
289: 409-418, 1975.

365. SEAMON, K. B., AND DALY, J. W.: Forskolin: a unique diterpene activator
of cyclic AMP-generating systems. J. Cyclic Nucleotide Res. 7: 201-224,
1981.

366. SEAMON, K. B., AND DALY, J. W.: Forskolin, cyclic AMP, and cellular
physiology. Trends Pharmacol. Sci. 4: 120-123, 1983.

367. SEAMON, K. B., PADGETT, W., AND DALY, J. W.: Forskolin: a unique
diterpene activator of adenylate cyclase in membrane and in intact cells.
Proc. Natl. Acad. Sci. USA 78: 3363-3367, 1981.

368. SEIDEL, C. L, SCHNARR, R. L., AND SPARKS, H. V.: Coronary artery cyclic
AMP content during adrenergic receptor stimulation. Am. J. Physiol. 229:
265-269, 1975.

369. SHEPPERSON, N. B., AND LANGER, S. Z.: The effects of the 2-amino
tetrahydronaphthalene derivative M7, a selective a2-adrenoceptor agonist
in vitro. Arch. PharmacoL 318: 10-13, 1981.

370. SHIBATA, S., HATI’ORI, K., AND TIMMERMAN, D.: Effect of cold storage on
the response of guinea-pig taenia coli to certain catecholamines and other
agents. Eur. J. Pharmacol. 1 1: 321-331, 1970.

371. SHIGEI, T., IcHIK�WA, T., ISHIKAWA, N., UEMATSU, T., AND TSURU, H.:

Functional venous characteristics in relation to embryology. In Vascular
Neuroeffector Mechanisms: 4th International Symposium, ed. by J. A.
Bevan, M. Fujiwara, R A. Maxwell, K. Mohri, S. Shibata, and N. Toda,
pp. 203-208, Raven Press, New York, 1983.

372. SHoal, T., TSURU, H., AND SHIGE!, T.: A regional difference in the distri-
bution of poatsynaptic alpha-adrenoceptor subtypes in canine veins. Arch.
Pharmacol. 324: 246-255, 1983.

373. SHUBA, M. F.: The mechanism of the excitatory action of catecholamines
and histamine on the smooth muscle of guinea-pig ureter. J. Physiol.
(Lond.) 264: 853-864, 1977.

374. SHUBA, M. F., GURKOVSKAYA, A. V., KLEVETZ, M. J., KOCHEMASOVA, N.
G., AND TARANENKO, V. M.: Mechanism of the excitatory and inhibitory
actions of catecholamines on the membrane of smooth muscle cells. In
Physiologj� of Smooth Muscle, ed. by E. Bulbring and M. F. Shuba, pp.
347-355, Raven Press, New York, 1976.

375. SIEGL, P. K. S., R05SI, G. V., AND ORZECHOWSKI, R. F.: Isolated lung
strips of guinea-pigs: responses to �-adrenergic agonists and antagonists.
Eur. J. Pharmacol. 54: 1-7, 1979.

376. SILvER, P. J., SCHMIDT-SILVER, C., AND DISALVO, J.: �-Adrenergic relax-
ation and cAMP kinase activation in coronary arterial smooth muscle. Am.
J. PhysioL 242: H177-H184, 1982.

377. SIM, M. K., AND LIM, J. M. E.: Adrenergic receptor-mediated response of
the rabbit small and large intestine. Jpn. J. PharmacoL 33: 409-413, 1983.

378. SKARBY, T. V. C., ANDERSSON, K..E., AND EDVINSSON, L: Pharmacological
characterization of postjunctional a-adrenoceptors in isolated feline cere-

bral and peripheral arteries. Acts PhysioL Scant 117:63-73,1983.
379. SKARBY, T., HOGE8TArr, E. D., AND ANDER8SON, K.-E.: Influence of

extracellular calcium and nifedipine on a1- and a,-adrenoceptor-mediated
contractile responses in isolated rat and cat cerebral and mesenteric
arteries. Acts Physiol. Scant 123: 445-456, 1984.

380. SMALL, R C.: Electrical slowwavesandtone of guinea-pig isolated trachealis
muscle: effects of drugs and temperature changes. Br. J. Pharmacol. 77:
45-54, 1982.

381. SMITH, J. B., SMITH, L, AND HIGGINS, B. L: Temperature and nucleotide

dependence of calcium release by myo-inositol 1,4,5-trisphosphate in cul-
tured vascular smooth muscle cells. J. BioL Chem. 260: 14413-14416,

1985.
382. SMITH, J. M., AND JONES, A. W.: Calcium-dependent fluxes of potassium-

42 and chloride-36 during norepinephrine activation of rat aorta. Circ. Bee.
56: 507-516, 1985.

383. SNEDDON, P., AND BURNSTOCK, G.: Inhibition ofexcitatoryjunction poten-
tials in guinea-pig yes deferens by a,$-methylene-ATP: further evidence
for ATP and noradrenaline as cotransmitters. Eur. J. Pharmacol. 100:
85-90, 1984.

384. SNEDDON, P., AND BURNSTOCK, G.: ATP as a co-transmitter in rat tail
artery. Eur. J. PharmacoL 106: 149-152, 1984.

385. SNEDDON, P., AND WESTrALL, D. P.: Pharmacological evidence that eden-
mine triphosphate and noradrenaline are cotranamitters in the guinea-pig
vas deferens. J. Physiol. (Lond.) 347: 561-580, 1984.

386. SNEDDON, P., WESTFALL, D. P., COLBY, J., AND FEDAN, J. S.: A pharma-
cological investigation of the biphasic nature of the contractile response of
rabbit and rat vas deferens to field stimulation. Life Sci. 35: 1903-1912,
1984.

387. SOMLYO, A. P., AND SOMLYO, A. V.: Vascular smooth muscle. I. Normal
structure, pathology, biochemistry, and biophysics. Pharmacol. Rev. 20:
197-272, 1968.

388. SOMLYO, A. V., BOND, M., SOMLYO, A. P., AND SCARPA, A.: Inositol
triphosphate-induced calcium release and contraction in vascular smooth
muscle. Proc. Nati. Acad. Sci. USA 82: 5231-5235, 1985.

389. SOMLYO, A. V., AND SOMLYO, A. P.: Electromechanical and pharmacome-
chanical coupling in vascular smooth muscle. J. Pharmacol. Exp. Ther.
159: 129-145, 1968.

390. STARKE, K., ENDO, T., AND TAUBE, H. D.: Relative pre- and postaynaptic
potencies of a-adrenoceptor agonists in the rabbit pulmonary artery. Arch.
PharmacoL 291: 55-78, 1975.

391. STEEN, S., SJOBERG, T., SKARBY, T., NORGREN, L, AND ANDERSSON, K.-
E.: The postjunctional a-adrenoceptors of the human saphenous vein. Acts
PharmacoL ToxicoL 55: 351-357, 1984.

392. STEPHENS, N. L., KR0EGER, E. A., AND KROMER, U.: Induction of a
myogenic response in tonic airway smooth muscle by tetraethylammonium.
Am. J. Physiol. 228: 628-632, 1975.

393. STILES, G. L., CARON, M. G., AND LEFKOWITZ, R. J.: fi-Adrenergic receptors:
biochemical mechanisms of physiological regulation. PhysioL Rev. 64:
661-743, 1984.

394. STJARNE, L, AND ASTRAND, P.: Relative pre- and postjunctional roles of
noradrenaline and adenosine 5’-triphosphate as neurotransmitters of the
sympathetic nerves of guinea-pig and mouse vas deferena. Neuroscience
14: 929-946, 1985.

395. STONE, T. W.: Differential blockade ofATP, noradrenaline, and electrically
evoked contractions of the rat vas deferens by nifedipine. Eur. J. Phar-
macol. 74: 373-376, 1981.

396. SU, C., BRyAN, J. A., AND URSILLO, R. C.: Electrical quiescence of pulmo-
nary artery smooth muscle during sympathetic stimulation. Circ. Bee. 15:
20-27, 1964.

397. SUEMATSU, E., HIRATA, M., HA8HIMOTO, T., AND KURIYAMA, H.: Inositol
1,4,5-trisphosphate released Ca2� from intracellular store sites in skinned
single cells of porcine coronary artery. Biochem. Biophys. Bee. Commun.
120: 481-485, 1984.

398. SUEMATSU, E., HIRATA, M., SA8AGURI, T., HASHIMOTO, T., AND KUm-
YAMA, H.: Roles ofCa’� on the inositol 1,4,5-trisphosphate-induced release
of Ca2� from saponin-permeabilized single cells of the porcine coronary
artery. Comp. Biochem. PhysioL 82A: 645-649, 1985.

399. SULLIVAN, A. T., AND DREW, G. M.: Pharmacological characterisation of
pre- and poetsynaptic a-adrenoceptors in dog saphenous vein. Arch. Phar-
maceL 314: 249-258, 1980.

400. SURPRENANT, A.: A comparative study of neuromuscular transmission in
several mammalian muscular arteries. Pfluegers Arch. Gesamte PhysioL
Menachen Tiere 386: 85-91, 1980.

401. SUZUKI, H.: Effects of endogenous and exogenous noradrenaline on the
smooth muscle of guinea-pig mesenteric vein. J. Physiol. (Lond.) 321:
495-512, 1981.

402. SUZUKI, H.: An electrophysiological study of excitatory neuro-muscular

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/



