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I. Introduction

The use of the isolated anterior MPVt was reintro-
duced into biological research 25 years ago. Since then it
has been used by pharmacologists, physiologists, and
biochemists to study smooth muscle and vascular func-
tion, to develop new drugs, and to investigate the mech-
anism of action of drugs, old and new. In view of its

ubiquitous and continued use it seemed worthwhile to

review the literature dealing with observations derived

from the MPV as an experimental tissue during the last
quarter century. A Medline search up to summer 1989

revealed that more than 500 original papers have been
published in which findings based upon investigation of
this vein in vitro have been reported. Those publications
form the basis for this review.

In 1937 Franklin published a monograph in which the
use of the MPV as an experimental tissue is described.
He reported use of this vessel by German researchers in
the 1920s and summarised his own observations of the
MPV. The work of the German biologists and of Franklin
was then largely forgotten until 1964 when we (Cuthbert

t Abbreviations: MPV, mesenteric-portal vein; S-R, sarcoplasmic
reticulum; ATP, adenosine triphosphate; ADP, adenosine diphosphate;
AMP, adenosine monophosphate; VIP, vasoactive intestinal polypep-

tide; Tris, tris(hydroxymethyl)aminomethane; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid PCr, phosphocreatine; EDRF,
endothelium-dependent relaxing factor, PAF-acether, platelet-activat-
ing factor; SHR, spontaneously hypertensive rat; WKY, Wistar-Kyoto
rat; RHR, one-clip renal hypertensive rat; DOCA, desoxycorticoster-
one.

and Sutter, 1964) and others (Funaki and Bohr, 1964)
reported that this blood vessel from rabbit and rat,

respectively, possessed spontaneous contractile activity
accompanied by action potentials. These were the first
reports of action potentials in a mammalian vein.

It was apparent that the MPV is a reliable preparation
which responds rapidly to a variety of drugs, and the
presence of electrical activity provided an opportunity to
study both mechanical and electrical correlates as af-
fected by drugs. It was not at all clear up to then whether
stimulant or inhibitory agents acted via electrical
changes. This question has been a theme that has per-
vaded much of the use of this blood vessel in experimen-
tation. The introduction of the term “pharmacomechan-
ical coupling” by the Somlyos (Somlyo and Somlyo, 1968)

focussed attention on the problem, although the phenom-
enon had been investigated earlier (Cuthbert and Sutter,
1965).

It was suggested early on that the MPV could be used
as an analogue of resistance vessels (Ljung, 1970; Rhodes
and Sutter, 1971a). This was based on the observation
that resistance vessels often show vasomotion, as does
the MPV, and that the sensitivity of the responses of the
MPV to calcium reduction was very different from that
of the aorta, a conduit-type vessel. Subsequently, it was
confirmed that responses of peripheral resistance vessels
to noradrenaline in vivo are highly dependent on the
presence of external calcium (Sutter et al., 1977). It may
well be that the MPV functionally resembles resistance
vessels in several ways.
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Examination of the literature reveals that the termi-

nology can vary when naming the tissue used for exper-
imentation. We (Sutter, 1965; Cuthbert and Sutter, 1965)

used the term anterior mesenteric vein in our reports,
whereas others (Holman and McLean, 1967) and the

group in Gothenberg (Axelsson et al., 1967; Johansson
et al., 1967; Johansson and Ljung, 1967) used the term

portal vein. It is likely that the groups were using the
same preparation because the portal vein is formed by
the junction of anterior mesenteric and splenic vein and
the course of the portal vein is short. In any event, no
distinction will be made in this review between portal
and anterior mesenteric vein. There also were dissimi-

larities in the preparation of the tissue in that whole
veins (Johansson and Ljung, 1967), everted whole veins

(Mastrangelo and Mathison, 1983), and spiral strips
(Alexander, 1967a) were used. It was earlier reported
that the bulk of the smooth muscle was oriented longi-
tudinally (Sutter, 1965) and longitudinal strips or whole
veins mounted longitudinally have become the usual
preparation.

Various preparations of the whole vein also have been
used. The MPV of the dog was used as a closed system
or isolated sac with the distal end tied off and the
proximal end fixed to a pipette. The effects of noradren-
aline, serotonin, and tyramine on its capacity were stud-
ied (Clement and Vanhoutte, 1967). All three agents
reduced the volume of the venous bag as measured by

displacement of fluid into the pipette. Phentolamine
antagonised the effects of all three, whereas cocaine
interfered with the effects of tyramine, thus demonstrat-
ing the direct effects of noradrenaline and serotonin but
indirect effects of tyramine.

The MPV of the mouse has been used as an isolated

perfused preparation and the effects of noradrenaline
and acetylcholine have been examined (Helfer and Ja-
ques, 1970). Both drugs decreased the compliance of this
system.

The animal species from which the MPV has been
examined in vitro varies from mouse (Mislin, 1968),
hedgehog (Eliassen and Helle, 1975), and rainbow lizard
(Ojewole, 1983) to horse (Dacquet et al., 1989). Similarly,
the techniques applied to the MPV range from nerve-
muscle preparations (Ljung, 1969) to tissue homogenates
and ligand-binding assays (Dacquet et al., 1989).

I have organised this review into somewhat arbitrary
sections to attempt to depict coherently the research that
has been done. Each section refers to articles that present
data obtained from the MPV and are pertinent to the
heading. Several articles, of course, contain information
that is relevant to more than one section. Whether the
data and conclusions can be generalised to smooth mus-
cles other than the MPV is left to the reader to decide.

II. Structure and Constituents

A. Muscle Orientation

Franklin (1937) pointed out in his monograph that the
MPV possessed two distinct layers, an outer longitudinal

and an inner circular muscular coat. That observation

was confirmed for rabbit (Sutter, 1965), sheep (Holman

and McLean, 1967), and rat (Ts’ao et al., 1970) MPV. It

also has been reported (McConnell and Roddie, 1970)
that longitudinal strips, but not rings, prepared from
MPV of cows showed spontaneous activity. The re-

sponses of circular and longitudinal muscle of dog MPV
were also examined in a perfused preparation (Hall and
O’Connor, 1973). The responses to agonists differed in
the two types of muscle.

Further comparison of preparations of longitudinal

and circular muscle was done by Cohen and Wiley
(1977a) and by Mathison (1983) using responses to a

variety of vasoactive agents. Mathison concluded that

the circular muscle of rat MPV was less sensitive (in-
creased ED�) to acetylcholine, 5-hydroxytryptamine,
and angiotensin than was longitudinal muscle in rats.

Similarly, it has been reported (Brown et al., 1982) that
in the rabbit MPV circular and longitudinal muscle
develop the same stress (force per unit area) to iO� M

acetyicholine but differ in the stress developed in re-
sponse to histamine. When the responses were normal-

ised for the amount of muscle, iO� M histamine produced
more stress in circular muscle. There also is a report
(Mastrangelo and Mathison, 1983) that the ED� for

noradrenaline is less when everted vein is the test tissue
compared to noneverted vein. This may involve access
of the agonist to contractile sites because the ED� for

noradrenaline is similar if strips and everted vein prep-

arations are compared. It, therefore, seems important to
be aware of whether longitudinal, circular muscle or
whole vein is used when comparing responses to drugs

in the MPV.

A paper has recently appeared (Yoshioka et al., 1988b)
in which the dissimilarities between the structure and

pharmacological responses of portal and splenic vein and
splenic capsule have been pointed out. The authors re-

port that splenic capsule and portal vein resemble each
other more than do splenic vein and capsule and suggest

that splenic vein has different embryonic origins and is

virtually inserted between the other two structures.

B. Subcellular Architecture

The subcellular structure of the MPV was first exam-
ined by Holman and colleagues (1968b) who described

tight junctions between cells of rabbit MPV. The Som-
lyos and coworkers (Rice et al., 1971; Somlyo et al., 1971)

then published a series of papers indicating that this
vascular smooth muscle contained contractile proteins

organised regularly into thick and thin filaments. This

same group (Devine et al., 1972) compared the content
of S-R in a variety of smooth muscles and found that the
MPV possessed less S-R than aorta or pulmonary artery,
2.2% of volume compared to approximately 5% in the
latter two tissues. This approximately parallels the de-
pendence of these tissues on external calcium to support
contraction; the aorta and pulmonary artery retain their

 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/


290 SUTTER

responses to agonists better than the MPV in the absence

ofadded external calcium (Sigurdsson et al., 1975; Sutter,
1976). The S-R was further characterised by freeze-

fracture electron microscopy (Devine and Rayns, 1975).

It was described as being oriented longitudinally and
related closely to mitochondria in MPV. The S-R was
considered to be a possible source of intracellular cal-
cium, but it remained for analysis with electron probe x-
ray microscopy to demonstrate that calcium was localised
intracellularly in sites corresponding to the S-R (Somlyo

et a!., 1977). Subsequent work from the same laboratory
confirmed the high concentration of calcium in S-R and

also showed that mitochondria contained low concentra-
tions of calcium under normal conditions but could take

up large amounts if the cell membrane was damaged
(Somlyo et a!., 1979).

The subcellular organisation ofthe MPV also has been
examined by Burnstock and coworkers (Komuro and

Burnstock, 1980). They described the appearance of in-

tercellular regions and reported that the inner circular

muscle had many more branches than the outer longi-
tudinal muscle. Gap junctions were described in both
layers of muscle.

C. loris

The Somlyos refined the use of electron probe x-ray
microscopy and combined it with functional studies to
examine the localisation of calcium during the contrac-
tion cycle. They (Bond et al., 1984a) reported that cal-
cium could be recycled from the S-R during repeated
contractions induced by noradrenaline in guinea pig
MPV, but it must be noted that special circumstances
pertained in those functional studies. Lanthanum was

present in the bath fluid, the temperature was 23#{176}C,and
the agonist was washed out before the peak of contraction

was reached. The same group (Bond et al., 19Mb) also
looked at the distribution of calcium during contraction
and relaxation and found that cytoplasmic calcium in-
creased during contraction of the rabbit MPV.

The subcellular concentration of ions other than cal-

cium as determined by electron probe microanalysis was

also reported by the Somlyo group (Somlyo et al., 1985).

Of particular interest was their finding of high cyto-

plasmic chloride. This is consistent with cells in the

MPV being rather permeable to chloride as reported by
Wahlstr#{246}m (1973a).

The ultrastructural effect of increased extracellular

potassium also has been examined in rabbit MPV (Jones
et a!., 1973). KC1, 150 mM, and K2S04, 180 mM, were

equieffective in causing contraction. KC1, however,
caused marked swelling of smooth muscle cells and loss
of myofilaments, whereas K2SO4 caused shrinkage of

cells and much less loss of myofilaments. The structural

requirements for functional myofilaments, therefore, are
uncertain.

D. Summary

There are two layers of muscle in the MPV, an outer

longitudinal layer and an inner circular layer. The con-
tractility, responses to stimuli and structure can differ

in the two layers. The S-R is relatively sparse in the
MPV and contains a relatively high concentration of
calcium. The mitochondria do not contain much calcium

ordinarily. Chloride content of the sarcoplasm is rela-
tively high.

III. Innervation and Transmitters

A. Adrenergic Innervation

The first report of the nature of the innervation of the
MPV was by Ho!man and McLean (1967) who used the

Faick technique of fluorescent histochemistry to dem-

onstrate that this vessel contained adrenergic nerve end-
ings. Subsequently, a similar study was done on the rat

MPV (Booz, 1971). A nerve-muscle preparation of the

rat MPV was developed by Ljung (Ljung, 1969) and he
compared equieffective responses to applied noradrena-

line and to nerve stimulation. He calculated that nerve

stimulation at 4 and 16 Hz, respectively, gave responses

equivalent to concentrations of noradrenaline of approx-

imately 8 x 10_6 and 2 x iO� M.

Synthesis of catecholamines was studied in rabbit
MPV using [‘4C]tyrosine (Gillis and Roth, 1970) and
these workers found that the MPV synthesised noradren-
aline at a rate of 270 ng/g/h, whereas the synthesis rate

in the aorta was much slower (68 ng/g/h) and mesenteric

artery was much faster (630 ng/g/h). The release of

noradrenaline in response to transmural stimulation was
found to be enhanced by angiotensin II (Hughes and

Roth, 1971), whereas uptake of or response to exogenous

noradrenaline was not affected. It subsequently was
found that angiotensin II also increased the synthesis of

noradrenaline in guinea pig and rat, but not rabbit, MPV
(Boadle-Biber et al., 1972). Angiotensin III also en-

hanced the release of noradrenaline in response to trans-

mural stimulation in rabbit MPV (Trachte et al., 1984).

Therefore, more than one angiotensin receptor may be

involved (Trachte et al., 1984).

The relative roles of neuronal and extraneuronal up-

take of noradrenaline have been studied in rat MPV

(Hedner et al., 1981) and extraneuronal uptake was found

to be more prominent at high concentrations of exoge-

nous noradrenaline. There was a report that suggested

that activity of sympathetic nerves can increase tyrosine

hydroxylase activity in rabbit MPV (Takimoto and Wei-

ner, 1981). The evidence is that hexamethonium pre-
vented the increased activity of this enzyme which ordi-

narily occurred when the animal was decapitated.

The effect of inhibition of monoamine oxidase by

pargyline was studied in the guinea pig by Berkowitz et

a!. (1974). They found that synthesis of noradrenaline
was inhibited by 70-86% in MPV but only 46% in
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mesenteric artery, presumably due to less feedback in-
hibition by accumulated noradrenaline in the artery.

The release of noradrenaline was also examined by

others (H#{228}ggendal et al., 1972a) who found that phenoxy-

benzamine increased the release of noradrenaline in re-
sponse to nerve stimulation in rat MPV. Similar results
were obtained in the rabbit MPV by Hughes (1972). He

used field stimulation, measured noradrenaline output

by bioassay, and found that release was proportional to
rate of stimulation and that noradrenaline output was

increased, then decreased, by cocaine but was only in-

creased by phenoxybenzamine or corticosterone.
The source of noradrenaline (stored versus newly syn-

thesised) released during stimulation was studied by

Hughes and Roth (1974). They found that the output of
newly synthesised noradrenaline per stimulus pulse was

constant but that of stored noradrenaline was increased

as the duration of the stimulus increased. Using similar

techniques Greenberg (1974; 1975a) demonstrated that
exogenous prostaglandin E2 decreased, whereas inhibi-

tion of prostaglandin synthesis preferentially promoted,

the release of newly synthesised noradrenaline.
The release ofprostaglandin by noradrenaline also has

been studied in rabbit MPV (Simmet and Hertting,
1980), and it was found that potassium- but not nor-
adrenaline-induced contractures were accompanied by

prostaglandin release.
The interaction between field stimulation and exoge-

nous noradrenaline was examined by Ljung and Wen-

nergren (1972). They found that the former had an effect

up to i0� M of added noradrenaline. This was inter-

preted to indicate that local concentrations of released

noradrenaline exceeded iO� M which was similar to the
values calculated previously (Ljung, 1969). Other inves-

tigators (Bevan and Su, 1974) using different techniques
calculated the concentration of noradrenaline in the

synaptic cleft to be 6 x 10� M in rat MPV compared to
7 x iO� M in rabbit pulmonary artery.

The putative role of �9-adrenoceptors in modulating

the release of noradrenaline from nerves also has been
studied. Dahl#{246}fet al. (1978) found that the presence of

noradrenaline or adrenaline increased the release of nor-

adrenaline in response to nerve stimulation and that this

increase was inhibited by propranolol in the rat MPV.
They suggested that there was a fl-adrenoceptor-me-

diated positive feedback system which operated presy-
naptically whereby noradrenaline could facilitate its own
release in the rat MPV. These conclusions were sup-

ported by the observations that propranolol or butox-
amine blocked the increase in release that isoprenaline

produced (Westfall et al., 1979). Furthermore, the effect
seems to be mediated via fi2-adrenoceptors because prac-

tolol, a somewhat selective i31-adrenoceptor antagonist,
did not inhibit the effects of isoprenaline. Similar find-

ings were made using metoprolol as the selective fir-
antagonist (Dahl#{246}fet al., 1980).

Yohimbine also enhances noradrenaline release pro-

duced by transmural stimulation (T#{246}r#{246}ket al., 1985)
which suggests that a2-adrenoceptors are involved in the

inhibition of noradrenaline release via a negative feed-

back system. Similar effects of yohimbine on release of
noradrenaline from the MPV of the rat in vivo also have
been reported (Remie and Zaagsma, 1986). Estrogen also
has been reported to inhibit potassium-induced release

of noradrenaline (Bengtsson, 1978) and ATP has been
reported to inhibit release of noradrenaline in response
to transmural stimulation in the rat MPV (Moylan and

Westfall, 1979). Similarly, opioid agonists selective for

K- or #{244}-,but not �-, receptors have been shown to inhibit

the release of noradrenaline from transmurally stimu-

lated rabbit MPV. Naloxone antagonised the inhibitory

effects of the opioid agonists (Szabo et al., 1987). Thus,
adrenoceptors are not the only modulators of release of

noradrenaline from nerve endings.

The effect of transmural stimulation on perfused
dog MPV and the interaction of this preparation with

reserpine, guanethidine, and atropine also have been

reported (Hall and O’Connor, 1972). The dog MPV also
was used by Vanhoutte (1974) who examined the effects

of acetylcholine on transmural stimulation. He reported

that acetylcholine decreased the radioactivity released

by such stimulation in veins previously exposed to

[3H]noradrenaline but increased the contractile re-
sponse. He concluded that acetylcholine decreased ad-
renergic transmission but also had direct contractile

actions. Acetylcholine also inhibits the release of nor-

adrenaline induced by potassium (Verbeuren and Van-
houtte, 1976). This was interpreted (incorrectly as it

turns out) as evidence that vasodilation induced by ace-

tylcholine is due to its action on sympathetic nerves.

B. Cholinergic, Serotonergic, and Histaminergic

Innervation

The cholinergic innervation of the rat MPV has been
studied histochemically using cholinesterase staining (De

Luca et a!., 1982). Positively staining fibres were seen in
an adventitial plexus and between media and adventitia.

The staining was still present after 6-hydroxydopamine

treatment in vivo. Cholinergically mediated constriction
also has been demonstrated in the dog MPV in situ

(Uematsu et a!., 1984) and in vitro (Yoshioka et al.,
1988a). The functional significance of this innervation is
unknown.

Immunohistochemistry also has shown serotonin in

the adventitia of rat MPV (Barja et al., 1986), but neither
depletion of serotonin by treatment with the mast cell

degranulator, compound 48/80, nor attempts to antagon-
ise the actions of serotonin by treatment with antibody

was able to alter spontaneous activity in the vein. There-

fore, the function of the serotonin is unknown.
Treatment of ring preparations of rat MPV with ni-

soxetine or fluoxetine (amine uptake inhibitors) poten-
tiated responses to applied noradrenaline but not 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/


292 SUTTER

serotonin (Cohen and Wiley, 197Th). This was inter-
preted to indicate that uptake of serotonin does not play
a role in terminating the action of serotonin. Recently,

it has been reported that treatment with 6-hydroxydo-
pamine depletes the tissue of serotonin as well as nor-
adrenaline, and it is suggested that the two amines are

cotransmitters in the sympathetic nerves to the mesen-

teric vasculature in the rat (Gale and Cowan, 1988).

Histamine also has been found using biochemical tech-

niques in the wall of the MPV (Howland and Spector,
1972; El-Ackad and Brody, 1975) but no mast cells were

identified in MPV from rats, cats, dogs, or sheep, even
though histamine was present. Mast cells were identified
only in MPV from cows (El-Ackad and Brody, 1975). It
seems that histamine can be synthesised by non-mast

cells in the MPV of most species.

C. Nonadrenergic, Nontholinergic Neurotrarismitters

The presence of nonadrenergic, noncholinergic nerves

was first suggested by experiments using rabbit MPV
(Hughes and Vane, 1967; 1970) when it was observed

that transmural stimulation at 0.2-1 Hz produced a long-
lasting relaxation which was antagonised by tetrodo-

toxin, but not by phenoxybenzamine, and which could
be mimicked by nicotine. This work has been followed
up primarily by Burnstock and his colleagues (1979) who
used histochemical and pharmacological techniques to
compare rabbit and guinea pig MPV regarding the effects
and content of ATP. In keeping with the earlier obser-

vations of Su (1975, 1978) on rat MPV, ATP was found

to relax the rabbit MPV but to contract the guinea pig
vessel. These effects paralleled the finding of quinacrine-
positive cells (indicating the presence of ATP) in rabbit

but not in guinea pig MPV. ATP seems to relax the
MPV from those species in which it normally occurs but

to contract the MPV of species in which ATP cannot be
demonstrated. Quinacrine-positive cells similarly are re-

ported to be absent from rat MPV (Cantagalli et al.,
1983). Subsequent work has confirmed the differences in
the ATP content of rat, guinea pig, and cat MPV (Burns-

tock et al., 1984).

Recently, it was reported (Kennedy and Burnstock,
1986) that at 25#{176}CATP potentiates contractions induced

by noradrenaline in the MPV of guinea pig and rat. This
may indicate a species-dependent effect of ATP, or a

temperature-dependent one. It should be noted that oth-
ers (Sjoberg and Wahlstr#{246}m, 1975) have reported that
ATP has only initial excitatory activity followed by

inhibition even in rat MPV. Thus, the effects of ATP
are not straight forward.

The effects of adenosine on release of noradrenaline

in response to transmural stimulation have been studied
in the rat MPV (Enero, 1981) and were reported to be

inhibitory, although a dose-response relationship was not
demonstrated. The release of purines and of noradrena-

line during transmural electrical stimulation also has
been studied (Levitt and Westfall, 1982). It was found

that both are released by nerve stimulation but the
amount of purine released was reduced by 20%, whereas

noradrenaline was not reduced by the a-adrenoceptor
antagonist prazosin. The latter blocked mechanical re-

sponse to nerve stimulation, however. These observa-

tions were taken to indicate that 80% of the purines were
released from neurons in the rat MPV. Treatment of the

tissue with 6-hydroxydopamine in vitro reduced the re-

lease of purines by 50% which is consistent with only

part of the purines being released from nerves.

D. Peptidergie Innervation

VIP was demonstrated by immunohistochemistry in

nerves of the rat MPV in 1982 (J#{224}rhult et al., 1982).

Exogenous VIP was found to relax the vein and nerve

stimulation released VIP into the bathing medium but
did not relax the tissue unless there was adrenergic

activation of the tissue. These workers suggested that

VIP plays a role in the regulation of portal blood flow.
VIP has been reported to be localised to nerves in the

adventitia (Barja and Mathison, 1982), whereas sub-

stance P is reported to be in the adventitial and the
medial plexuses along with adrenergic nerves. On the
other hand, VIP also has been identified in both adven-

titial and medial plexuses (Ishii and Shimo, 1983). VIP
has been reported to be released into the perfusate when

the rabbit MPV is electrically stimulated in the presence

of adrenergic and cholinergic blockade (Hellstrand et al.,

1985). This release was accompanied by relaxation of the

vein. VIP stimulates cyclic AMP production in mem-

brane particles of rat MPV and it has been suggested
that the relaxation that VIP can induce is related to

increased cyclic AMP (Amenta et a!., 1988).

Substance P has been implicated in afferent transmis-
sion from the MPV. Stoppini et al. (1984) observed that

in vivo treatment of rats with capsaicin markedly de-

pleted the substance P content of the vein as measured

histochemically. Such treatment inhibited the response
of the hypothalamus (determined electrically and by

measurement of vasopressin release) to bradykinin per-

fusion of the vein but not to perfusion with hypertonic
saline. The cell bodies of the nerves containing substance
P have been traced to spinal sensory ganglia in the rat

(Barja and Mathison, 1984).

Calcitonin gene-related peptide has been identified by

immunohistochemistry in the MPV and in dorsal spinal
ganglia of the rat; therefore, it also has been suggested
that this peptide is involved in afferent neurotransmis-

sion (Sasaki et al., 1986).

E. Reinnervation a&1 Ontogeny

The reestablishment of functional innervation has
been studied after homologous transplantation of the
MPV to the caudal diencephalon accompanied by extir-
pation of the cervical sympathetic ganglia (Bjorklund et
al., 1975). After removal 25-30 days later the vessels
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responded to transmural stimulation, thus demonstrat-

ing the regeneration of central nerve endings.
The ontogeny of postnatal innervation of the MPV

has been studied in the rat (Ljung et al., 1975b) and in
the rabbit, cat, and guinea pig (McMurphy and Ljung,

1978). In the rat, spontaneous contractility appeared

during the third postnatal week and responses to trans-

mural stimulation appeared at the end of the first week,
whereas responses to noradrenaline or acetylcholine ap-

peared early in the first week. Thus, functional inner-

vation did not precisely parallel response to agonists,

presumably because receptors and neurons develop at

different rates. In the cat and guinea pig responses of the
MPV of the newborn were the same as those of the adult.

The development of responses of the rabbit MPV was

more rapid than in the rat but not as rapid as in the cat

and guinea pig. These workers concluded that the devel-
opment of responses was controlled by a genetically
predetermined schedule.

Ljung and coworkers (Lundberg et a!., 1976) also stud-

ied the postnatal development of adrenergic innervation
histochemically. They observed that the adrenergic

nerves in the rat grew centripetally from the external
plexus during the first 3 weeks after birth with the adult

pattern of innervation being established by 5 weeks.

The density of adrenergic innervation of the MPV of

the rat also has been compared with the innervation of

cerebral vessels. The density as measured visually using
the formaldehyde fluorescent technique was higher in

the MPV (Rosenblum and Chen, 1976).

Burnstock’s group (Crowe and Burnstock, 1982) also

has used fluorescent histochemistry on the MPV to

describe the ontogeny of its innervation. They found that

small intensely fluorescent cells were predominant in
rabbit portal vein at 25 days’ gestation but these cells

began to disappear at 31 days. In adult veins adrenergic
nerves were predominant. Not everyone agrees with the

proportion of ATP-containing neurons reported by
Burnstock who estimated a ratio of 1:7 ATP to noradren-

aline. Gibbins (1981) found the proportion to be 50:50,

but ATP certainly is present and most likely is a trans-

mitter in the rabbit MPV.

Ljung and colleagues (1979) examined the effects of 6-

hydroxydopamine given to newborn rats. They found

that this agent prevented the development of adrenergic
nerves, as judged by histochemistry and the presence of

supersensitivity to noradrenaline, but did not interfere

with the normal development of the two muscle layers

in the MPV. They concluded that adrenergic innervation
does not have trophic actions that are manifest by struc-

tural effects on vascular muscle.

The ability of 6-hydroxydopamine to denervate the

MPV in vitro was demonstrated using rat veins. Func-

tional denervation and supersensitivity (Aprigliano and

Hermsmeyer, 1976) as well as loss of catecholamine

fluorescence were observed (Aprigliano et al., 1976) after

treatment with 6-hydroxydopamine. This same group
(Aprigliano and Hermsmeyer, 1977) administered 6-hy-
droxydopamine to rats in vivo and produced partial
denervation as indicated by a reduced response to nerve

stimulation, reduced uptake of noradrenaline, and re-

duced catecholamine fluorescence. They measured in-
creased responses to both noradrenaline and barium as

well as partial depolarisation of the smooth muscle cells
and concluded that the loss of adrenergic innervation

produced postjunctional effects. This group later re-

ported that rat MPV maintained in tissue culture for 2
days showed supersensitivity to noradrenaline and to

barium as well as an increased rate of relaxation after
the barium contracture (Abel et al., 1980). The contract-
ile supersensitivity, but not the alteration of relaxation,

could be prevented by exposure of the tissue to noradren-
aline.

A comparison of the effects of 6-hydroxydopamine,
reserpine, and cocaine on the responses to a variety of

stimulants has been done on the MPV of rat, rabbit, and
guinea pig (Kaiman and Shibata, 1978a). The results are

difficult to interpret, but all three agents increased the
responses to noradrenaline but did not uniformly in-
crease responses to barium or potassium. The authors
correlated the changes in responsiveness with changes in
45Ca2’ efflux. Species variation in responses also were

observed because the rat veins were not affected by
reserpine in contrast to veins from cat and guinea pig.

Reserpine similarly was found to increase the amplitude
of spontaneous contractions of MPV from cat and guinea

pig but not from rat (Kaiman and Shibata, 1978b).
Species variations also have been found in the interaction
of 6-hydroxydopamine with cocaine. The former abol-

ished the ability of cocaine to potentiate noradrenaline-
induced contraction in guinea pig, but not rabbit, MPV

(O’Connor and Slater, 1981b).

F. Summary

The MPV of all species examined is adrenergically
innervated. Serotonin may be linked to adrenergic trans-

mission in the rat. Many species have cholinergic inner-
vation as well. Histamine is present in the MPV but not

in mast cells, except in the bovine MPV. Peptidergic

nerves are present and some of the peptides may be
involved in afferent (sensory) innervation. The effect of

exogenous purines such as ATP and the presence of
purinergic nerves is species dependent. Responses to

agonists appear earlier postnatally in the MPV in cat
and guinea pig than in rat and rabbit and their appear-
ance is independent of innervation. 6-Hydroxydopamine

produces loss of adrenergic, and to a lesser extent, pun-
nergic nerves in the MPV both in vivo and in vitro.

IV. Electrical Events

A. Action Potentials

The first recordings of electrical activity in the MPV
of rabbit were made using a sucrose-gap electrode (Cuth-
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bent and Sutter, 1964) and in the MPV of rat using
intracellular micnoelectnodes (Funaki and Bohr, 1964).

Both groups observed bursts of action potentials coinci-
dent with the spontaneous contractions characteristic of

this vein. The spontaneous contractions occurred at a
frequency of 3-6/mm. Both groups also reported that the

frequency of electrical spiking increased when a contnac-

tune of the vein was induced by nonadrenaline. These
were the first reports of action potentials in a mammalian

vein.
The relationship between spike frequency and changes

in tension produced by several drugs then were examined

in longitudinal strips of rabbit MPV (Cuthbert and Sut-
ten, 1965). It was found that there was a good correlation

between frequency and tension when either noradrena-
line or angiotensin were applied but that firing rates soon

decreases while tension was sustained or even increased
during continued application of the drug. There was an

initial correlation but later a dissociation between fre-
quency of action potentials and tension presumably be-
cause both voltage- and receptor-operated ion channels
were activated by applied agonists. Increased ionic con-

ductance through either or both types of channel would
result in contraction. It is not clear whether time of
exposure to or concentration of agonist is the chief
determinant as to which type of channel is activated. In

this paper evidence was also presented that reduction of

the concentration of calcium in the superfusate altered

the configuration of the action potentials.

B. Membrane Potential

The effect of ouabain on action potentials and resting
membrane potential was examined and it was found that

treatment of rabbit MPV with iO� M ouabain produced
increased frequency of action potentials accompanied by

contraction, which was followed by electrical quiescence
and depolarisation as determined by intracellular record-

ings (Matthews and Sutter, 1967). This was consistent
with the resting membrane potential being due to a

potassium potential because tissue potassium was re-
duced and tissue sodium increased during depolarisation.
Similar effects of ouabain were seen in the sheep MPV,
and in addition, tetrodotoxin was found not to affect the

spontaneous electrical or contractile activity of that vein

(Holman and McLean, 1967). Taken together these ob-

servations confirmed that the action potentials were

myogenic.

A series of papers then appeared from Johansson and

colleagues (1967) who used the rat MPV and sucrose-

gap electrode for their studies. They too observed that

noradrenaline increased action potential frequency and

tension but found that a dissociation between the two

also could be seen. They examined the effects of altera-

tion of ionic composition and found that increasing ex-

tracellular potassium depolanised the membrane,

whereas increasing calcium hyperpolanised it. Decreasing
extracellular calcium decreased action potential fre-

quency (Axelsson et a!., 1967). The rat and rabbit MPV

thus were found to have similar electrical characteristics

and similar findings were soon reported for sheep (Hol-

man and McLean, 1967).

The term pharmacomechanical coupling was coined

by the Somlyos (Somlyo and Somlyo, 1968) to describe

the ability of agonists such as noradrenaline to induce a

contracture in the absence of demonstrable electrical

changes or under circumstances when electrical activity

was almost certain to be absent. They too observed a

lack of correlation between tension and action potential

frequency during exposure of rabbit MPV to noradren-

aline.

C. Excitation

The electrical correlates of spontaneous contractility

have been examined. Hyperosmolanity of extracellular

fluid produced by addition of sucrose was able to desyn-

chronise the spread of electrical excitation in the rat

MPV (Johansson and Ljung, 1967), presumably by in-

terfening with cell to cell transmission. Using multiple

pressure electrodes Ljung and Stage (1970) found that

there appear to be multiple pacemakers in the rat MPV.

These observations were later confirmed (Hermsmeyer,

1973).

Intracellular recording showed the guinea pig MPV

also to have spontaneous contractions accompanied by

bursts of action potentials (Golenhofen and von Lob,

1970). A resting membrane potential of -40 to -50 mV

is present (Kuniyama et a!., 1971). The depolanisation

produced by a 10-fold increase in extracellular potassium

has been found to be approximately 40 mY (Kuriyama

and Suzuki, 1978). Conduction velocity initially was re-

ported to be slower in guinea pig than in rat MPV (Ito

and Kuniyama, 1971) but later was corrected to a value

of 0.97 cm/s. It also has been observed during measure-

ment of action potentials with intracellular electrodes in

the MPV of guinea pig, rabbit, and sheep that only small

areas of tissue contracted spontaneously. It was con-

cluded that conduction is poor in these tissues (Herms-

meyer, 1971). It should be noted, however, that spiral

strips of these veins were used in these latter expeni-

ments. The muscles of the MPV are oriented longitudi-

nally and, therefore, conduction might have been dis-

rupted in the experimental tissues. Conduction in rabbit
MPV has been compared with the aorta and propagation
has been demonstrated to occur in the former but not in

the latter (Bevan and Ljung, 1974).

Stretch of the MPV increases the rate of action poten-

tial discharge (Cuthbert et al., 1964) and the more rapid

the stretch the more effective is the stimulus (Johansson

and Mellander, 1975). This myogenic response could be

involved in autoregulation.

Spontaneous action potential frequency is reduced in

rat MPV by hypoxia but not much affected by lack of

glucose in the bathing solution (Hellstrand et al., 1977).

Vibration, which causes loss of tension, does not alter
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spontaneous action potentials (Sj#{246}qvist and Ljung,
1980).

The MPV also has been used as a source of endothelial

cells (Northover, 1975). A membrane potential of ap-

proximately -40 mV is present which could be reduced

by addition of potassium or histamine.

D. Summary

Microelectrode and sucrose-gap studies have shown
that the MPV of all species examined has a resting
membrane potential of -40 to -50 mV and spontaneous

action potentials are accompanied by contractions, the
frequency of which normally is about 3/mm. Excitant
drugs increase the frequency of action potentials concom-
itant with an increase in tension but pharmacomechan-

ical coupling also can occur. The resting membrane po-
tential is consistent with a potassium or chloride poten-

tial. The frequency and configuration of action potentials

are altered by reducing external calcium. The sponta-

neous contractility seems due to the presence of multiple
pacemakers in the MPV. The ions and ion channels
involved in the various phases of electrical events will be

discussed in the next section.

A. Cakium

V. Ions and Ion Channels

The roles of calcium ions in membrane and action

potentials and in E-C coupling have been persistent
themes of studies involving the MPV. It was observed

quite early that the absence of calcium added to the
bathing fluid resulted in loss of spontaneous contractility
and decreased rate of firing of action potentials as well
as loss of the contractile effect of agonists such as nor-
adrenaline in the rabbit MPV (Cuthbert and Sutter,
1965). Similar findings were made using sucrose-gap
electrode recordings from rat MPV (Axelsson et a!.,

1967). Reduction of external calcium also was reported

to alter the length-tension curves of cat MPV in response

to noradrenaline (Alexander, 196Th).

There is an optimum concentration of calcium that
will sustain action potentials. The frequency of firing is
reduced at concentrations of external calcium >10 mM

and <0.5 mM (Biamino and Johansson, 1970). It has
been suggested that there are several pools of calcium
involved in contraction (Greenberg et al., 1973b). This
was the interpretation of experiments on dog MPV in

which ruthenium red was reported to antagonise con-
tractures to barium or potassium but not to noradrena-

line. These experiments are difficult to assess, however,
because the dose-response curves do not show maximum
responses. Based on responses to potassium after varying

times in calcium-free bath fluid it has been suggested
that there is a superficial bound pool of calcium in the
rat MPV that cannot, by itself, support contraction but
is released by external calcium (Sigurdsson et al., 1975).

The rat MPV clearly is much more dependent on

external calcium than is rat aorta (Sutter, 1976) because
the former loses its ability to respond to agonists when

calcium is not added to the external fluid, whereas the

aorta requires the use of calcium chelators to achieve the

same loss of responsiveness.

The addition of calcium to the bathing fluid does not
cause a contraction of the MPV unless the vein is depo-

larised by increased extracellular potassium (Hellstrand

et al., 1972) or has been pretreated with a calcium che-

lator (Collins et al., 1972a). Presumably this is because

ordinarily calcium permeability is low but depolarisation
or removal of calcium from membrane sites causes in-

creased permeability. Barium, in contrast to calcium, can
depolanise and initiate a contraction in rat MPV (Tara-
nenko, 1974). There also is an interaction between ago-

fists such as noradrenaline or angiotensin and calcium

which is more than merely depolanisation (Mantel et al.,

1975). These workers produced dose-response curves to

calcium in the presence of 106 mM potassium with and

without the addition of noradrenaline or angiotensin.

They observed that the latter two agonists shifted the

calcium dose-response curve to the left. This would seem

to be a good functional demonstration of the existence

of receptor-operated calcium channels in the rat MPV.

Similarly, the ED� for calcium in the presence of potas-

sium is 2.9 x iO� M, whereas in the presence of adren-

aline it is 7 x iO� M (Savino and Taquini, 1977), which

is consistent with the existence of both voltage- and

receptor-operated calcium channels. When binding stud-

ies are done using dihydropynidine-type calcium antago-

nists, the binding characteristics of membranes from

horse or rat MPV are very similar (Dacquet et al., 1989)
and are characteristic of both voltage- and receptor-
operated channels.

The use of 45Ca2� has been widespread, but it seems
doubtful that it has contributed much to our understand-

ing of calcium handling. For instance, it has been re-

ported that prostaglandins E1 and E2 decrease tone,

whereas prostaglandins A2 and B2 increase tone, but

45Ca2� flux is reduced by all of them in dog MPV (Green-
berg et al., 1973c). Similarly, after treatment with hydro-

chlorothiazide, rabbit MPV took up more 45Ca2�, had
double the residual calcium, and had similar 45Ca2� efflux

compared to controls (Zsot#{234}r and Suffiad, 1973). The
effects of cold storage on 45Ca2’ efflux and on responses
to potassium, methoxamine, and barium have been com-
pared in rat, rabbit, and guinea pig MPV (Kaiman and

Shibata, 1978b). Cold storage increased 45Ca24 efflux in

all three veins but had variable effects on responses to

the contractile stimuli. There thus is a lack of correlation

between the measurements of 45Ca2� flux and contraction

under a variety of conditions. Possible reasons include
the time scale on which most flux studies are made

compared to the seconds during which contraction is

initiated, the complex kinetics of calcium movements,

and the possible compartmentalisation of that calcium
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involved in initiating contraction. We still lack kmow-
ledge of the sources, sinks, and non-steady state kinetics
of that calcium that activates the contractile machinery.

B. Potassium

The role of potassium was investigated indirectly by
measuring this ion, sodium ion, and intracellular mem-
brane potentials in rabbit MPV treated with ouabain.
Potassium was found to be markedly reduced and sodium
to be increased when the membrane was depolarised

(Matthews and Sutter, 1967). The effects of altering
external potassium also were studied in rat MPV using

a sucrose-gap apparatus (Axelsson et al., 1967). Reduc-
tion of external potassium was found to hyperpolarise

the membrane and to reduce the frequency of sponta-

neous action potentials. Increasing external potassium
was observed to reduce the resting membrane potential

proportionally to the concentration of potassium.
The effects of sudden reduction of potassium as well

as sodium or chloride also were examined and it was
found that reduction of each gave a transient electrical
and mechanical excitation. Restoration ofthe concentra-
tion of ion restored excitation to normal (Johansson and

Jonsson, 1968b). Even when spike discharges are abol-

ished by cooling, potassium produces a contracture pro-

portional to its extracellular concentration (Uvelius and

Johansson, 1974). Some of the contraction produced by

elevation of external potassium can be due to release of
noradrenaline from the vein (Bengtsson, 1977). There-

fore, care must be taken to prevent adrenergic effects
when studying the effects of increased external potas-
sium. A comparison of the effects of elevated potassium
on the mechanical activity of guinea pig uterus, taenia
coli, and MPV has been done (Gabella, 1978). In contrast
to taenia, the contractile response of the MPV to potas-

sium is proportional from 5.5 to 120 mM. In the taenia,

a maximum response is obtained at 20-25 mM. Much
less fade of response in the continued presence of potas-
sium was also seen in the MPV compared to taenia.

There is no ready explanation for these apparent differ-
ences in the two tissues.

The permeability of the membranes of the rat MPV
has been studied and it was calculated, using osmotic
changes to nonelectrolytes as a criterion, that the average
pore radius was 3.7 A and that there were 103 pores per
cell (Johansson, 1969; 1970). This was the first mention

of ionic pores in the MPV. Using radioactive potassium,
Jonsson (1971a) calculated the permeability to potassium
to be 9.4 x 1O� cm/s. Radioactive potassium and atomic
absorption spectroscopy have been used to relate the

intracellular concentration of potassium and sodium to
the resting membrane potential (Wahlstr#{246}m, 1971).
Wahlstr#{246}m found that the Nernst equilibrium potential

for the calculated concentration of intracellular sodium
would be +21 mV and for potassium -86 mV. Therefore,

the observed resting membrane potential in the rat MPV

of -40 to -50 mV is closer to the potassium equilibrium
potential.

In a later paper Wahlstr#{246}m (1973a) reported that the
ratios of permeabilities for potassium, sodium, and chlo-

ride were 1:0.034:0.86 and that the calculated membrane
potential was -42 mV, whereas the measured membrane

potential was -45 mV in rat MPV. It was concluded that

potassium and chloride, therefore, contributed most to
the resting membrane potential. Wahlstr#{246}m (1973b) also

studied the effects of noradrenaline on the several perme-
abilities and found that permeability to potassium and

chloride was increased by noradrenaline but not perme-
ability to sodium.

The relationship of increases in permeability to potas-

sium and contraction produced by noradrenaline has

been examined in guinea pig MPV (Chen and Sunahara,

1972). Noradrenaline produced a dose-dependent in-
crease in seRb efflux and tension, both of which were
antagonised by phentolamine. Removal of extracellular
calcium prevented the increase in tension but did not
reduce the increase in seRb efflux produced by noradren-

aline. This is consistent with calcium, and not rubidium
(potassium), being responsible for coupling excitation to
contraction, although permeability to both is altered by

noradrenaline.
4-Aminopyridine increases the spontaneous contrac-

tility of the rat MPV. The effect was not blocked by
propranolol or phenoxybenzamine or by surgical or

chemical denervation, and the authors concluded that 4-
aminopyridine blocks the transient potassium conduct-

ance that accompanies the action potential in this tissue
(Leander et al., 1977). Similar conclusions were reached
for guinea pig MPV; 4-aminopyridine and procaine both
decrease potassium conductance (Hara et al., 1980).

C. Sodium

The effect of reducing extracellular sodium has been

studied. Substitution of sodium bicarbonate with so-
dium-free Tris solution does not abolish the ability of
the rat MPV to generate action potentials (Biamino and
Johansson, 1970). Reduction of sodium was, however,
found to slow the rate of relaxation in these same exper-

iments. Replacement of sodium by sucrose or choline
chloride in the cat MPV results in a contracture that is
reduced in the absence of external calcium (Zafirov et
al., 1983). This was interpreted to indicate that there is
sodium-calcium exchange in the cat MPV.

There has been discussion of the effects of substitution
of cations with Tris-containing buffer solutions. Altura
and coworkers (Turlapaty et al., 1978) reported that Tris
increased frequency and decreased amplitude of sponta-

neous contractions as well as decreased responses to
agonists in rat MPV. They (Turlapaty et al., 1979b) later
reported that Tris also altered calcium flux. The inhibi-

tory effects of Tris on contractility were not confirmed
by others (Johansson et al., 1979). Altura’s group (Altura
et a!., 1980b) again suggested that certain buffers altered
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the responses to agonists; contractions of rat MPV to

prostaglandins were reduced by Tris, HEPES, or 4-

morpholinepropanesulfonic acid at 5 mM concentration.

This controversy was discussed by Karaki and coworkers
(1981a) who found that use of Tris buffer did not inhibit

spontaneous contractions or responses to agonists in rat
MPV if the pH were maintained at 7.4. The same group

(Karaki et al., 1981b) investigated the effects on con-
tractile responses in the rat MPV of substitution of
HEPES or 4-morpholinepropanesulfonic acid for sodium
bicarbonate and found no effect of such substitution

provided that the pH was kept constant. The same
conclusion was reached by Sigurdsson (1983) concerning
the importance of pH. When substituting for sodium
with Tris or HEPES, pH is important.

The concentration of sodium in rat MPV cells has

been estimated to be 13 mEqJlitre (Bath et a!., 1971)
using atomic absorption spectroscopy and 167 mmol/kg

dry weight as determined by electron probe analysis of
rabbit MPV (Somlyo et al., 1979). The values for other
ions are: K, 611; Cl, 278; Mg, 36; Ca, 1.9; and P, 247
mmol/kg dry weight. The relatively high value for chlo-

ride is particularly noteworthy. The value for intracel-

lular sodium measured by electron probe analysis is twice
the value calculated from lithium washout studies

(Junker et al., 1984).
The flux of sodium as affected by ouabain and reduced

calcium has been examined by electron probe analysis

(Wasserman et al., 1986). It was observed that calcium-
free solutions markedly inhibited ouabain-resistant so-
dium and chloride efflux which could be restored by 0.2
mM calcium. This suggests an interaction between so-
dium and calcium movements in the MPV. Results of
further experiments in which the quantitative effects of
calcium on sodium efflux were examined were consistent
with that view and it was also suggested that calcium
had to reach intracellular sites for the increased sodium

efflux to be seen (Kaplan et al., 1987). It also has been
suggested based on sodium-loading experiments that a

sodium-calcium exchange can operate in mitochondria

(Broderick and Somlyo, 1987).

D. Other Cations

Manganese which antagonises calcium in rabbit MPV

(Collins et al., 1972b) also can gain access to ethylene-
glycol bis(�3-aminoethyl ether)-N,N,N’,N’-tetraacetic
acid-resistant sites (presumably intracellular) in rat

MPV (Sutter et al., 1988). After it reaches these sites the
magnitude of responses to noradrenaline or potassium
are gradually restored to normal or greater than normal.
The rate of contraction also is slowed by manganese in

the bathing fluid and this seems to be an extracellular
effect. Thus, manganese has inhibitory effects on con-
traction only when it is extracellular. Although other
cations (Mg�, Ni2�, Co2�, Sr29, Cd2�, La3�, Sn2�) can
inhibit contractile responses to noradrenaline, potas-
sium, or barium, manganese is unique in being able also

to increase the responses to these agonists. Manganese
also inhibits spontaneous electrical and mechanical ac-

tivity in guinea pig MPV (Nanjo, 1984). In this prepa-

ration, too, manganese seems to have intracellular effects
in that low concentrations of manganese can increase
the response to caffeine.

Strontium which often has been used to substitute for
calcium has been shown by electron microscopy to enter

the S-R and mitochondria of rabbit MPV (Somlyo and

Somlyo, 1971). Strontium or barium can partially sub-
stitute for calcium in rat MPV (Uvelius et al., 1974;

Uchida, 1975) in that the former supports spike activity,
whereas the latter supports contractions. Strontium

seems to be able to support potassium-induced contrac-

tures but not those induced by noradrenaline (Amer et
al., 1983). Perhaps strontium passes through voltage-

dependent channels more readily than through receptor-
operated ones.

There is evidence that barium initiates contractions in
part by decreasing potassium conductance (Hermsmeyer,

1976). Hermsmeyer observed that barium produced an

increase in input resistance and depolarisation as well as

a decrease in the slope of the curve relating resting

membrane potential to the concentration of external

potassium in the rat MPV and interpreted this to mdi-

cate that barium decreased potassium conductance. Sub-

sequent investigations have confirmed the ability of bar-

ium to depolarise the rat MPV (Takata, 1979) and to

increase electrical spike activity in a manner different

from calcium (Uvelius and Sigurdsson, 1981). Barium

contracts rat MPV in the absence of added external
calcium (Sutter et al., 1988).

The effects of magnesium also are complex. It has been

reported that the presence of 1.2 mM magnesium de-
creases the amplitude of spontaneous contractions in the

rabbit MPV but also shifts the EDse for calcium from

2.3 to 1.6 mM in the depolarised vein (Turlapaty and

Carrier, 1973). The absence of magnesium in the bath
fluid increases spontaneous activity in rat MPV, whereas

spontaneous contractile and electrical activity is pro-
gressively depressed as magnesium concentration is in-
creased to 10 mM (Sigurdsson and Uvelius, 1977). In-

creasing external potassium from 5 to 12 mM negated
the effect of 10 mM magnesium and this was interpreted

to mean that a high concentration of magnesium hyper-
polarised the membrane. These investigators reported

that magnesium was inhibitory to potassium-induced
contractures only when the external concentration of

calcium was 0.5 mM or less. On the other hand, we (Sutter

et al., 1988) have found magnesium (8 mM) to be only

inhibitory to the contractile effects of noradrenaline or

potassium (80 mM) in the rat MPV in the presence of
2.5 mM external calcium. The reasons for this discrep-
ancy may be that we waited until a maximum effect of

magnesium had occurred.
Treatment of rat MPV with lanthanum (0.3 mM)
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results in permanent inhibition of spontaneous contrac-

tions (Savino and Taquini, 1977). Slightly higher con-
centrations of lanthanum (0.5 mM) irreversibly inhibit

both spontaneous and noradrenaline- or potassium-in-
duced contractions (Sutter et al., 1988). Because lan-
thanum cannot be demonstrated to go intracellularly in
MPV using electron microscopic techniques (Ebeigbe,
1984), most of its effects would seem to be extracellular.

Copper can inhibit spontaneous activity of rat MPV

as well as human Fallopian tube (Larsson et al., 1976).
Perhaps this is because the mechanisms involved in
spontaneous contractility are similar in these smooth

muscles. Nickel (1-10 �M) is inhibitory to spontaneous

contractility and to the effects of transmural nerve stim-

ulation in rat MPV (Rub#{228}nyi and Inovay, 1982). At
higher concentrations nickel also inhibits noradrenaline-
and potassium-induced contractions in this tissue (Sut-
ter et al., 1988).

E. Anions

As mentioned earlier, chloride was found to permeate
the membrane of rat MPV almost as readily as potassium

and permeability to both potassium and chloride was
increased by noradrenaline (Wahlstr#{246}m, 1973a; 1973b).

Other anions were examined for their effects on sponta-
neous contractions and it was found that nitrate and

bromide ions increased, whereas pyruvate, isethionate,
and benzenesulphonate decreased, spontaneous contrac-

tility (Wahlstr#{246}m and Svennerholm, 1974). The response
to noradrenaline was shifted to the left by nitrate and
bromide and was inversely proportional to the concen-

tration of external chloride. Noradrenaline has been
observed to produce an increase in membrane conduct-
ance with a depolarisation equilibrium potential of -2

mV in cells dissociated from rabbit MPV (Byrne and
Large, 1988). This is consistent with an increase in

chloride conductance produced by noradrenaline, an
interpretation that is supported by recent observations

on cultured cells of rat MPV using patch clamp tech-
niques (Pacaud et a!., 1989).

The effects of sodium vanadate on rat MPV have been
examined and it has been found that vanadate increases
spontaneous spike frequency and height of the accom-

panying contraction with no increase in basal tone (Shi-
mamura and Sunano, 1988). The authors of this report

argue that the effects of vanadate are different from
reduced potassium or ouabain because neither of these
agents blocked the vanadate effect. Further work is
needed to quantify these observations.

F. Ion Channels

The patch clamp technique has been applied to the

MPV. Rabbit MPV was used by Inoue et al. (1985) as a
source of dispersed single cells after treatment with

collagenase and trypsin. They observed two different
ionic currents (termed KL and KS), the conductance of
which depended on the potassium concentration and

which were abolished by replacement of potassium by

sodium or Tris. Both were sensitive to the concentration
of calcium but only one (KL) was altered by tetraethyl-

ammonium. They suggest that these are potassium chan-
nels that play a role in repolarising the membrane after
an action potential. The same group (Inoue et al., 1986)

subsequently reported that a third channel (KM) is
present that is less sensitive to the concentration of

intracellular calcium than to extracellular calcium and is

more sensitive to tetraethylammonium applied to the
inner aspect of the membrane. Thus, three potassium

channels have been reported but it remains to be seen
whether they are truly different and how universally they

are present in cells of veins from different species.
Using a whole cell voltage clamp technique, Ohya et

al. (1988a) observed that calcium or barium currents
were turned off by increasing intracellular calcium in

dispersed cells of rabbit MPV. This was interpreted to

indicate that a Ca-dependent inactivation of calcium
currents exists in these cells. Recently, Imaizumi et al.

(1989) reported a noninactivating calcium current pres-
ent in cells dispersed from rabbit MPV. The relationship

between these calcium currents remains to be defined.
The calcium antagonist gallopamil (D600) seems to act

from the outside of the cell. The evidence for this is that,
when studied on cells isolated from the rabbit MPV by

means of whole-cell voltage clamp technique, gallopamil
inhibited the calcium current only when applied to the
outside ofthe cell. Intracellular perfusion with gallopamil
did not reduce the calcium current (Ohya et a!., 1987).

As mentioned previously a chloride channel activated

by noradrenaline has been detected using patch clamp
techniques (Pacaud et al., 1989).

The relationship of protein kinase C to calcium chan-
nels has been explored using phorbol esters in rat MPV

(Spedding, 1987). Phorbol-12,13-dibutyrate increased
spontaneous activity in this tissue but did not induce

contraction. Spedding concluded that protein kinase C

was not directly linked to calcium channels.

G. Summary

External calcium concentration is very important for
maintenance of both contractility and action potentials

in the MPV. There are both voltage- and receptor-
regulated calcium channels in this tissue. The membrane

potential and ion permeabilities are consistent with an
equilibrium potential close to potassium and chloride.
The role of sodium in electrical events is minimal but a

calcium-sodium exchange system seems to be present in
the MPV. Strontium and barium can partially substitute
for calcium, but other divalent cations are inhibitory,
presumably because they compete with calcium at exter-

nal sites. Manganese is special in that it is inhibitory
when outside the cell but when it has moved into the cell
manganese can increase maximum response. Calcium,

potassium, and chloride channels have been detected
with patch clamp techniques in cells dispersed from the
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MPV. More than one calcium or potassium channel

seems to be present.

VI. Excitation-Contraction Coupling

A. Membrane Electrical Events

As mentioned previously, an early question in vascular
physiology and pharmacology was the role of membrane

electrical events in initiation of contraction. The MPV

provided an opportunity to investigate this problem be-
cause it possessed action potentials and their relation to

contraction could be examined. With regard to noradren-
aline, angiotensin, and histamine, all of which caused

contraction of rabbit MPV, Cuthbert and Sutter (1965)
found that tension was proportional to spike frequency

and that both were increased in proportion to dose of
agonist. It also was observed that the proportionality
between action potential frequency and tension was lack-
ing at higher doses of drugs, particularly noradrenaline,
and also late in the effects of an agonist. The answer to

the question of the relationship of spike frequency to

tension was “yes, but not always.” Johansson et al. (1967)
demonstrated that rat MPV behaved similarly insofar as

electrical and contractile responses to noradrenaline
were concerned. These workers also reported that the

MPV could contract in response to noradrenaline even

during exposure to depolarising concentrations of potas-
sium.

The term pharmacomechanical coupling was coined to
describe the ability of agonists to contract smooth mus-

des in the absence of observable electrical events (Som-
lyo and Somlyo, 1968). This group also compared E-C

coupling in rabbit aorta, pulmonary artery, and MPV.
Among these vessels only in the MPV were action poten-

tials involved in the coupling of contraction to agonist-

induced excitation (Somlyo et a!., 1969).

B. Sources of Cakium

The marked inhibitory effect of removal of calcium on
responses to agonists in the MPV was observed by sev-
eral groups of investigators (see section V). It remained
for Somlyo’s group to relate E-C coupling to the ultra-
structure of the tissue. They correlated the presence of
action potentials to the small volume of S-R present in
MPV and taenia (Devine et a!., 1972) in contrast to aorta

and pulmonary artery which had more S-R. Similarly,
the aorta and pulmonary artery maintained their re-

sponse in the absence of calcium added to the bathing
fluid. This led the Somlyo group to suggest that the S-R
was a probable source of internal calcium but the problem

remained as to the relationship of those internal stores

to external calcium which is essential for contraction in
the MPV. Later studies in which electron probe micro-
analysis of calcium content was used demonstrated that

calcium in the cytoplasm of the rabbit MPV was in-
creased during contraction compared to relaxation (Bond
et al., 19Mb). It has been reported that much of the cell

calcium is localised in S-R as determined using electron
probe microanalysis with very small probes (Somlyo et

al., 1985).

A problem with assigning a functional role to calcium
released from the S-R is the failure of most investigators

to find that more than a very limited number of contrac-
tions can be elicited in the MPV in nominally calcium-

free bathing solutions; the internal calcium does not seem
to recycle. The evidence that recycling could occur in-

volved using lanthanum to attempt to prevent the efflux
of calcium (Bond et a!., 1984a). Bond et al. also cooled

the tissue to 23#{176}Cand washed out the noradrenaline

(which was the agonist) before the peak of the contrac-

tion was reached. Under these conditions repeated con-

tractions to noradrenaline could be maintained in the

absence of external calcium.

The effect of the calcium antagonists verapamil and
gallopamil (D600) on responses of guinea pig MPV were

examined by Golenhofen and Hermstein (1975). They
found what they termed a “spike activation” mechanism
linking noradrenaline to contraction which was blocked

by verapamil and D600. They also found a “spike-free
activation mechanism” which was not blocked by the

calcium antagonists. Both systems were dependent on

the presence of external calcium. They concluded that
there were at least two systems for transmembrane cal-

cium flux in this tissue. Their conclusion emphasises the
complexity of the handling of calcium and the close
coupling of the concentration of external calcium to

contractile events in the MPV.
The necessity of external calcium to initiate and sus-

tan contraction in the MPV has been reported for rabbit
(Collins et al., 1972a) and for rat (Sigurdsson et a!., 1975;

Sutter, 1976; Feletou et al., 1986). Sigurdsson suggested

that there was a superficially bound calcium that was

released by external calcium to initiate contraction. Such

a store has never been directly demonstrated but the
problem remains that external calcium is tightly linked

to contraction in an ill-understood way in the MPV.
There has been demonstrated an effect of ryanodine, an

agent that interacts with S-R in striated muscle, on

contractions of rat MPV but only in the presence of
reduced external calcium and high external potassium
plus noradrenaline. In normal calcium, ryanodine has an

effect on neither spontaneous nor noradrenaline-induced
contractions (Ebeigbe, 1982). This suggests that under

usual conditions the S-R plays little role as a source of
calcium for contraction in the MPV.

The guinea pig MPV has been used as a saponin
“skinned” preparation (Nanjo, 1984). Neither noradren-

aline nor acetylcholine could contract the saponin-

treated vein, but added calcium or caffeine did so. The
minimum concentration of calcium required to produce

a contraction was 1O� M and it was concluded that the

guinea pig MPV was similar to other visceral smooth

muscles which are spontaneously active. Ryanodine had
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no effect on inositol 1,4,5-triphosphate-induced contrac-

tion in skinned guinea pig MPV or on noradrenaline

contractions in intact preparations (lino et al., 1988).

C. Cakium Indicators

Calcium indicators have been used to study E-C cou-
pling in the MPV. In the ferret MPV the time course
and intensity of the light signal produced by aequorin

differed depending on the contractile stimulus used
(Morgan and Morgan, 1984a). Morgan and Morgan ob-

served that after an electrical direct current pulse, the
light signal increased before contraction and decreased
while contraction was still increasing. With phenyleph-
rine as the stimulus, the aequorin signal increased rapidly
then decreased while tension was increasing but stayed

above baseline during the period of contraction. When
potassium was the stimulus, light and force increased
together and in a parallel fashion up to 50-60 mM potas-
slum. Light emission was then further increased by 90

mM potassium, whereas force was not. The ratio of force

to light signal was always higher with phenylephrine

than with potassium. In a subsequent paper (DeFeo and

Morgan, 1985), ferret aorta and MPV were compared
with respect to their calcium-force relationships. It was

found that phenylephrine always shifted the calcium-
force curve to the left. The authors conclude that phen-
ylephrine increases the sensitivity to calcium by means
of a second messenger.

The effect of vasodilators on aequorin luminescence

also was studied (Morgan and Morgan, 19Mb). Isopren-
aline reduced calcium as detected by reduction of lumi-
nescence only at very high concentrations (10� M),

whereas papaverine and forskolin caused relaxation and
did not alter light emission. Light and force were reduced
by nitroprusside or by reduction of extracellular calcium.
These results were interpreted to indicate that reduction

of intracellular calcium is not the only means of causing
relaxation in ferret MPV.

Quin-2 and aequorin were compared as indicators of
intracellular calcium in isolated cells and strips of ferret
MPV (DeFeo and Morgan, 1986). Quin-2 caused a shift
to the right of the dose-response curve for contraction
probably because quin-2 buffers intracellular calcium.

This was suggested because the level of calcium produced
by increased extracellular potassium is less in the pres-
ence of quin-2 than it is with aequorin, although the
same amount of resting calcium is shown by the two

indicators.
Comparisons also have been made of fura-2 and chlor-

tetracycline as calcium indicators in isolated cells of
ferret MPV versus aequorin as the indicator in strips of
ferret MPV (DeFeo et al., 1987). The localisation of
calcium differs depending on the time of loading of the
indicator with fura-2 showing a homogeneous distribu-

tion early but heterogeneous images later. Fura-2 also
interfered with contraction after prolonged loading

times. Caffeine altered the appearance of calcium images

after prolonged loading but not after short periods. The
signal from aequorin was not altered by caffeine but that
of chlortetracycline was altered by caffeine. DeFeo et a!.

concluded that these results were compatible with the
idea that chlortetracycline is localised in organelles, ae-

quorin is only in the cytoplasm, and fura-2 can localise

in both cytoplasm and organelles. Whatever the correct
interpretation of these results is, it is clear that the

several calcium indicators are functionally quite different

from one another.

D. Non-Cakium Messengers

The role of intracellular messengers such as protein
kinase C and inositol phosphate in E-C coupling in the
MPV is still uncertain. The phorbol ester phorbol-12,13-

dibutyrate has been reported to increase spontaneous
activity in the rat and guinea pig MPV (Spedding, 1987).

It did not produce contracture as in the aorta of the rat
but produced a transient contraction of the MPV only

at 1 ag/litre concentration. Spedding concluded that in

the other tissues he examined (aorta and taenia caeci) it

is unlikely that protein kinase C is directly linked to

calcium channels. One wonders whether that holds for
the MPV, however, because of the distinct effect of

phorbol-12,13-dibutyrate on spontaneous contractility.
Using whole-cell voltage clamp on cells isolated from

the rabbit MPV Ohya et al. (1988b) found an effect of
inositol 1,4,5-triphosphate. They reported that inositol
1,4,5-triphosphate can increase the frequency of a cal-
cium-dependent outward oscillatory current and render
more negative the voltage at which this current could be
detected. Outward oscillatory current was prevented by
pretreatment with 3 mM caffeine. The authors suggested
that inositol 1,4,5-triphosphate activates the outward
oscillatory current by releasing calcium from storage
sites.

E. Summary

The spontaneous contractions in the MPV seem to be
initiated by action potentials, but contractions produced
by agonists can occur without demonstrable electrical
events. This is consistent with the view that both voltage-
and receptor-linked calcium channels are present in this
vessel. The occurrence ofspontaneous or agonist-induced

contractions requires external calcium to be present.
Whatever is the final source of calcium that acts intra-

cellularly to produce a contraction, that source is closely
linked to the extracellular space. Special circumstances
must pertain for demonstration of any role of the S-R in
recycling calcium during the contraction-relaxation
cycle. The role of the S-R in normal contraction is
unclear. The use of calcium indicators and of electron
probe microscopy has demonstrated that internal cal-
cium increases during contraction of the MPV. The
relationship between intensity of the light signal pro-
duced by calcium indicators and force of contraction is
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less than straight forward. The involvement of phos-

phoinositol and protein kinase C in E-C coupling is
uncertain, although each can be demonstrated to be

altered during contraction and to produce a variety of
effects under certain conditions.

A. Biophysics

VII. Contractile Machinery

The mechanics of contraction of the MPV have been

examined by a number of investigators including Alex-
ander (1967a; 196Th) who studied the effects of noradren-
aline and calcium on length-tension curves in spiral

strips of MPV from cats. At any given length tension
was increased by both of these agents. The stiffness of

the rat MPV was measured and found to be similar to
that of other smooth muscles and less than that of
skeletal or cardiac muscle (Peiper et al., 1978). This

group (Klemt and Peiper, 1978) also suggested that the

rate of development of contraction is a good estimate of
rate of cross-bridge formation.

The capacitance of the rabbit MPV has recently been

compared with the vena cava (Brown and Heistad, 1986).
The MPV was found to have a much smaller elastic

modulus and to be much more compliant than the vena
cava but to be able to respond to noradrenaline over the
range of distending pressures from 2 to 10 mm Hg.

The active state of the rat MPV has been studied

during contractions produced in the presence and ab-
sence of an electrically active membrane (Johansson,
1973a). The relationship between force development and
active state was the same in both cases. The biophysics
of quick load change has been studied and it was found

that there were three components to a step change in

force applied to the rat MPV: an immediate passive
elastic recoil, an isotonic velocity transient, and short-

ening of the contractile element (Johansson et al., 1978).

The force-velocity relationship also has been studied in
chemically skinned (Triton) rat MPV (Arner, 1983).
Calcium or magnesium could induce contracture in this
preparation but 15 mM magnesium was required and
only a submaximal response was produced. The length-
tension relationships were similar with either magnesium

or calcium. Stiffness and tension transients have been
studied in permeabilised (by glycerination) guinea pig
MPV using laser-flash photolysis to increase the time
resolution (Somlyo et al., 1988). In the absence of cal-

cium, liberation of ATP into muscle in which rigor
previously had been induced, caused relaxation but
caused contraction of previously relaxed tissue. Their
explanation was that “cross bridges can bear a negative
tension.”

An even more theoretical analysis has been made in
guinea pig MPV whereby a power spectral analysis of
frequency of spontaneous contraction revealed three

maxima and in this regard the MPV was similar to taenia
coli (B#{228}saret al., 1974).

B. Physical Agents

Decreasing pH with ammonium chloride interfered
with contractility (Alexander, 1969) of dog MPV. The

effects of increased carbon dioxide initially were reported
to be inconsistent in rat and cat MPV (Stamm, 1972);

however, later experiments on rat MPV indicate that
decreasing pH by altering carbon dioxide tension or

bicarbonate concentration to produce a metabolic or
respiratory acidosis results in decreased contractility

(Knehr and Linke, 1980).

The effects of temperature have been studied and it
was found that strips of dog MPV relaxed during cooling
from 37#{176}to 29#{176}Cand contracted during warming to 43#{176}C

(Vanhoutte and Lorenz, 1970). Warming increased spon-
taneous contractility and cooling had the opposite effect.

When contracture was produced in rat MPV by tetani-
sation, the rate of tension development was decreased by

decreasing the temperature from 37#{176}to 23#{176}Cbut the

extent of contraction was independent of temperature
(Peiper et a!., 1975).

Vibration has been found to induce relaxation of the
rat MPV (Ljung and Sivertsson, 1972). Both electrically

stimulated and spontaneous contractions are inhibited
at a frequency of 200 Hz. Vibration did not much affect

passive force and it was suggested that vibration exerts
a direct effect on actin-myosin cross-links (Ljung and

Sivertsson, 1975). Detailed analysis of the rate of recov-

ery after vibration-induced relaxation has led to a model
that supports the view that the relaxation is due to
interruption of cross-bridges (Klemt et al., 1981). Inter-

estingly, vibration also relaxes the anterior byssus re-
tractor muscle of Mytilus edulis but tension was not

regained at the time of cessation of vibration in this

muscle during the “catch” phase (Ljung and Hallgren,
1975). In the rat MPV, however, tension was regained at

the time of cessation of vibration at any stage of a
contraction. Vibration has been reported to have a posi-
tive chronotropic effect on the spontaneous contractions
of dog MPV but to reduce the size of the contractions
(Ohhashi et al., 1979). The chronotropy is dependent on
the presence of extracellular calcium. Recording of the

electrical activity of rat MPV indicates that longitudinal
vibration which relaxes the vein dissociates electrical

from contractile events (Sj#{246}qvist and Ljung, 1980). It

has been suggested that vibration can play a role in the
pathophysiology of vascular disease (Sivertsson and

Ljung, 1976).
The effects of stretch on electrical and mechanical

responses have been studied in the MPV of rabbit (Cuth-
bert et al., 1964; Holman et al., 1968a) and in rat (Jo-
hansson and Mellander, 1975; Sigurdsson et al., 1977;
Johansson, 1983). All these investigators have found that
stretch increases both electrical and contractile activity.

The rate of stretch is the chief determinant of response
(Johansson, 1983). Presumably, the responsiveness of
the MPV to stretch accounts for the observation that
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the rate of spontaneous contractions is proportional to
perfusing pressure when the rabbit MPV is perfused in
vitro (Rhodes and Sutter, 1971b). In those same experi-
ments it was observed that the magnitude of the spon-
taneous changes in pressure showed a biphasic response

to increasing perfusion pressure, an increase followed by
a decrease; a sort of “Frank-Starling curve.” The MPV,

therefore, seems to manifest autoregulation.
The effects of osmolarity are confusing. Increase of

osmolarity has been reported to increase and then de-
crease spontaneous activity of the rat MPV (Johansson

and Jonsson, 1968a) possibly because it alters cell volume

and cell to cell conduction. This interpretation was ques-
tioned, however, when it was found that increased Os-
molarity due to 50 mM sucrose inhibited spontaneous

activity during a 5-mm period, whereas hyperosmolarity
due to urea only stimulated spontaneous contractility
(Arvill et a!., 1969). It subsequently was observed that

the permeabiltiy of the cells of the rat MPV to electro-
lytes was altered at the time of exposure to hyperosmolar

nonelectrolytes (Jonsson, 1971a). This could account for

the effects of osmolarity on electrical and contractile
events. Other investigators have reported either that
hyperosmolarity due to mannitol or sucrose only tran-
siently decreases rate and amplitude of spontaneous con-
tractions (McKinley et al., 1974) or that hypertonic
sucrose increases force and frequency of spontaneous
contractions (Takenaga et a!., 1978). The reasons for the

different effects of the various nonelectrolytes are not
clear. It subsequently has been reported that the con-

tracture induced by hypertonic sucrose does not require
the presence of external calcium (Andersson et al., 1974).
There also is a contraction that occurs when rat MPV
has been exposed to hypertonic urea and is returned to

normal physiological salt solutions (Jonsson et al., 1975).
This contraction is increased by reducing the tempera-
ture. Both the sucrose and urea contractures are thus
quite different from the ordinary. They also are different
from contractions in hypertonic saline which remain

dependent on extracellular calcium (Hellstrand and Ar-
ner, 1980) and which are metabolically similar to potas-

sium-induced contractures (Amer and Hellstrand, 1980).
It may well be that part of the reason for discrepant
results has been the lack of standardisation of measure-
ment of force and failure to control for the effects of

time. These have been looked at more recently and it
seems that both hypo- and hyperosmolarity exert tran-
sient effects; hypoosmolarity increases both electrical
and contractile activity and hyperosmolarity decreases

these functions but both effects are transient. Integrated
force per spike ultimately is increased by prolonged hy-
perosmolarity and decreased by hypoosmolarity (Sig-
urdsson and Johansson, 1981).

C. Biochemistry

Dinitrophenol was used to study the effects of uncou-
pling oxidative phosphorylation in guinea pig MPV

(Horn and Kunamoto, 1970). Dinitrophenol uncoupled
contraction from electrical activity in that electrical
spike frequency was increased but the accompanying

contractions were suppressed. The membrane-resting
potential was not altered.

The rates of oxygen consumption and lactic acid pro-

duction have been studied in longitudinal strips of bovine

MPV (Peterson and Paul, 1974). From these experiments
it was calculated that aerobic glycolysis could account

for 30% of the total metabolic energy. Measurement of
phosphagen content of rat MPV revealed that PCr

breaks down during the cycle of spontaneous contraction

and relaxation but ATP, ADP, or AMP do not (Hells-
trand and Paul, 1983). About 10% of the total energy

usage in rat MPV is due to Na4/K�-ATPase activity
(Hellstrand et al., 1984). Phosphorus-31 nuclear mag-
netic resonance has been used to measure intracellular
phosphagen content and pH in rabbit MPV (Hellstrand

and Vogel, 1985). The values obtained were similar to

those seen with other techniques except for ADP and

inorganic phosphate which were much lower. During a

sustained contracture due to high potassium, PCr con-
tent decreased but ATP content remained constant. In-

tracellular pH was 7. The felodipine-induced (calcium
antagonist) inhibition of spontaneous contractions is
accompanied by decreased oxygen consumption and lac-

tate production very similar to that seen in the absence

of external calcium. There was no reduction in tissue

ATP, ADP, AMP, or PCr accompanying relaxation (Ar-

ner and Bostr#{228}m, 1988).
Oxygen utilisation was measured in bovine MPV (Paul

et al., 1974) and those measurements were used to at-
tempt to describe the thermodynamics of the system.

Oxygen consumption in the rat MPV is much higher
than in tonic vessels (Hellstrand, 1977). There is disa-

greement as to whether or not contractions due to high

potassium are accompanied by increased oxygen con-
sumption: Hellstrand (1977) says yes, others say no (Ruiz

et al., 1982). Ruiz et al. also report that noradrenaline
increases oxygen usage in rat MPV by interacting with
both a- and $-adrenoceptors.

Decrease of PO2 in vitro has been found to reduce

spontaneous electrical spiking and the accompanying

contractions in rat MPV (Hellstrand et al., 1977). Nor-

adrenaline- or potassium-induced contractions were re-

duced only at the extremes of hypoxia. In glucose-free

media agonist-induced contractions were affected much
more than spontaneous electrical or contractile events.

By means of an oxygen electrode Hellstrand (1978; 1979)
showed that PO2 at the surface of the vein cycles during

spontaneous contractions in vitro. The effects of hypoxia

are antagonised by manoeuvres that substitute for cal-
cium such as addition of barium or make calcium more

available as by reduction of external sodium (Sigurdsson
et al., 1981). These authors conclude that hypoxia has a

membrane effect that reduces the ability of the mem-
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brane to generate spikes and/or pacemakers. It subse-

quently has been suggested that hypoxia also can reduce

contractility by a metabolic effect because, although ATP
levels of the tissue are not well correlated with the
inhibitory effects of hypoxia, the levels of PCr are well

correlated (Lovgren and Hellstrand, 1985). Any causal
relationship between levels of PCr and the inhibitory
effects of hypoxia is doubtful, however. Reduction of PCr

by feeding rats $-guanidinoproprionic acid did not inhibit

spontaneous contractility of the MPV or reduce its max-
imum response to high potassium, although the content
of PCr was reduced to 14% of control (Ekmehag and
Hellstrand, 1988). The current thinking of these inves-

tigators is that inhibition of intracellular respiration,

such as that produced by cyanide, inhibits contractility

by several mechanisms including inhibition of phosphor-

ylation of the 20-kilodalton light chains of the myosin

molecule (Ekmehag and Hellstrand, 1989).
The structural effects of hypoxia as measured by a!-

tered permeability to lanthanum, [35S]sulphate, or [‘4CJ
sorbitol have been investigated (Ebeigbe, 1984). Electron
microscopy could detect no changes in the distribution
of lanthanum, nor were there differences in the radioac-

tive markers, in MPV exposed to hypoxia compared to

control veins.
It has been argued that glucose can alter excitability

of smooth muscle by means other than its effect on

metabolism (Linke and Betz, 1979), but the evidence is

difficult to interpret. That view is supported by the

observation that there was not a clear relationship be-

tween ATP levels and contractility when ATP was de-
pleted by anoxia or fluoroacetate and that 2-deoxy-D-

glucose inhibited contraction only in the absence of
glucose (Cremer-Lacuara et al., 1980). Subsequent work
has verified the dissociation of ATP levels and contrac-

tility in the rat MPV and has confirmed the ability of

glucose to restore contractility without restoration of

ATP levels (Linke et a!., 1980). The tissue reduced form
of nicotinamide adenine dinucleotide as monitored by

surface fluorescence is correlated with spontaneous con-
traction and relaxation (Linke and Heinle, 1981). After

exposure of rat MPV to glucose-free medium, Ruiz et al.

(1985) showed that the rate of return of contractility
depends on the metabolic substrate added, with pyruvate

being more effective than glucose. It may be that glucose
has more than metabolic effects, but it is not always

clear whether spontaneous contractions or contractures
are being monitored in experiments dealing with this
topic. Therefore, it is difficult to draw firm conclusions

concerning the effects of glucose.

Bovine MPV has been used as a source of subcellular

fractions of smooth muscle including mitochondria
which can be demonstrated to accumulate calcium in

vitro (Valli#{232}res et al., 1975). The MPV of horse and of

rat also has been used as a source of tissue for ligand-
binding studies including putative calcium channels

(Dacquet et al., 1989). The rate of synthesis of collagen
has been studied in rabbit MPV (Fischer and Swain,

1985). It was much higher in MPV compared to inferior

vena cava.

D. Summary

The MPV has been used for biophysical studies in-
eluding its compliance, stiffness, length-tension relation-

ship, active state, and spectral analysis of its rhythmicity.
The effects on electrical and mechanical events of phys-
ical factors such as pH, temperature, vibration, stretch,
and osmolarity have been examined. Vibration induces
relaxation, probably due to an effect on cross-bridges,
whereas stretch can initiate electrical and contractile

activity. These effects of vibration and stretch may be

pertinent to vascular pathophysiology and autoregula-
tion, respectively. The effects of osmolarity on the MPV

are inconsistent and confusing, perhaps because time of
exposure is a variable that has not been adequately

controlled.
Biochemical investigations using the MPV include

studies of the sources of its energy and the effects of
uncoupling oxidative phosphorylation, hypoxia, and ab-

sence of glucose on function and energy supply. The
MPV also has been used as a tissue source of subcellular
organelles and molecules for uptake and binding studies.

VIII. Receptors

The existence of receptors in a tissue can be demon-

strated by the presence of a response to an agonist and

the selective reduction of that response by the appropri-
ate antagonist. This technique was used to indicate the

presence of a- and j3-adrenoceptors, as well as receptors
for acetylcholine, histamine, and serotonin, in the rabbit
MPV (Sutter, 1965). Receptors for a substance also are
presumed when a response to that substance occurs after

responses to other agents have been blocked, thus recep-
tors for polypeptides and nonadrenergic-noncholinergic

substances (purines) have been demonstrated in the

MPV (see section II). The following sections deal with
papers in which the nature of receptors has been specif-

ically investigated or a possible selective antagonist for

a particular receptor(s) has been studied.

A. cx-Adrenoceptors

The distribution of a-adrenoceptors in the rat MPV is
not uniform as revealed by visualisation with [3H]nor-
adrenaline, which is distributed mainly between the lon-
gitudinal and circular layers. This parallels the distri-
bution of nerves and suggests that the adrenoceptors are
localised at sympathetic nerve endings (Ljung et al.,
1973).

The MPV of the dog has been used to demonstrate the

a-adrenergic blocking properties of droperidol. This drug
did not reduce spontaneous contractility of the vein but
did inhibit responses to noradrenaline and to nerve stim-

 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/


304 SUTTER

ulation. Release of noradrenaline by nerve stimulation
was not affected (Muldoon et al., 1977).

The adrenoceptors in dog MPV that initiate contrac-

tion seem of the a� and a2 type because they are blocked

by either prazosin or yohimbine (Kou et al., 1984). Use
of other agonists and antagonists with selectivity for a1-
and a2-adrenoceptors such as phenylephrine, UK-14,304,

and terazosin led to the same conclusions: both types of
adrenoceptors are present postsynaptically in dog MPV
(Itoh et al., 1987; Furuta, 1988).

Clonidine (an a2-adrenoceptor agonist) can reduce the
electrically induced release of noradrenaline from rabbit

MPV, whereas release is increased equally by the antag-
onists, rauwolscine or yohimbine, and less so by prazosin.

The contractile responses to noradrenaline are equally

inhibited by rauwolscine, yohimbine, or prazosin (Doch-

erty and Starke, 1982). These results also indicate that

there are presynaptic a2-adrenoceptors in the rabbit
MPV but both a1- and a2-adrenoceptors are postsynapt-

ically located. Similar conclusions pertain for the rat
MPV (Hicks, 1983a), with the addition that a1-adre-
noceptors are more involved in tonic contractures and

a2-receptors mediate phasic activity. These conclusions

were based on the observation that both yohimbine and

prazosin were required to competitively antagonise nor-
adrenaline-induced phasic activity. The inhibitory ef-

fects of yohimbine on noradrenaline release are atten-

uated in the presence of ouabain, presumably because

inhibition of the sodium pump also promotes release of
noradrenaline (T#{246}r#{246}ket al., 1985).

The apparent affinity (pD2 values) of the a2-adreno-
ceptor agonist clonidine for receptors in the rat MPV
has been compared with its affinity for receptors in aorta,
spleen, bladder, and vas deferens (Ruffolo et a!., 1980).
The values were 7.8, 6.8, 6.7, 6.5, and 5.9, respectively,

which suggest that there are three different adrenocep-

tore with which clonidine can interact. Similar conclu-
sions, namely, that a-adrenoceptors differ in MPV and

aorta, were reached using a variety of agonists and an-

tagonists in the rat (Digges and Summers, 1983). In
particular, the pA2 values for prazosin and phentolamine

were an order of magnitude lower in MPV than in aorta.
Not everyone agrees that functional a2-adrenoceptors

are present in rat MPV, however, because the supposedly

a2-selective antagonist rauwolscine does not inhibit pra-

zosin-resistant contractions any better than coryanthine,
a supposed a1-selective antagonist (Downing et al., 1988).

The drugs prazosin and tiodazin (a-adrenoceptor antag-

onists) have been compared on rat MPV and found to

be very similar in action; both lack direct vasodilator

action and do not interact with presynaptic receptors

(Cohen et al., 1980).
The adrenoceptors with which dopamine interacts to

induce contraction in the dog MPV seem to be of both
a1 and a2 type because 10_8 M yohimbine or iO� M

prazosin produced similar shifts to the right of the dose-

response curve of contraction (Toda et al., 1984). Dopa-
mine has been reported to inhibit spontaneous contrac-

tility in the rat MPV in a dose-dependent manner. This
inhibition was not blocked by +(D)butaclamol, a dopa-

mine antagonist, but was blocked by ICI 118551, a selec-
tive �92-antagonist. This suggests that �3-adrenoceptors
and not D1- or D2-receptors are involved in the inhibitory
effects of dopamine in the rat MPV (Vidal-Beretervide
et al., 1988).

Recently, the MPV was used as one of several tissues
from rat to study whether differences in potency of
enantiomers of adrenaline were due to changes in affinity

or efficacy (Rice et al., 1989). After partial adrenoceptor
blockade with phenoxybenzamine, Rice et al. used ED�o

as a measure of affinity. They found that there was a

constant ratio between affinity and efficacy for the enan-

tiomers and concluded that the differences in potency

between enantiomers are due to differences in affinity.

B. 13-Adrenoceptors

The effects of isoprenaline were demonstrated to be
dose dependent on the rabbit MPV. At concentrations
of 5 X 10_8 M, relaxation and inhibition of spontaneous

contractions were produced; whereas at 5 x 10_6 M,

contractions occurred. The inhibition was antagonised

by the fl-adrenoceptor antagonist, pronethalol, whereas
the contractions were inhibited by phentolamine. Thus,
isoprenaline can activate both a- and �9-adrenoceptors in
this tissue, but it has selectivity for f3-receptors (Sutter,

1965).

The guinea pig MPV was used as one of a battery of
tissues to demonstrate that the drug AH 5158 (labetolol)
possessed both a- and fl-adrenoceptor antagonist prop-
erties (Farmer et al., 1972). Similar experiments on the

rabbit MPV led to similar conclusions regarding nipra-
dilol, namely, that this drug is an a- and a $-adrenoceptor
antagonist (Nanjo and Kitamura, 1984). The guinea pig
MPV has been used to demonstrate that the suiphon-

amide-substituted phenylethylamine derivative, amosu-
lalol, possesses both a- and $-adrenoceptor-blocking

properties (Fujioka and Suzuki, 1985). The presence of
�3-adrenoceptors in rabbit (Mackenzie and Parratt, 1973)
and guinea pig MPV (Beckett and Foster, 1972) allowed
the drug oxyfedrine to be identified as a partial antago-
nist by both of these groups.

The �9-adrenoceptors on rat MPV have been charac-
terised by the use of selective �9-adrenoceptor antagonists
to be of the �2 type. This is in contrast to the rat coronary
artery which has �91-type adrenoceptors (Johansson,

1973b). As mentioned in section II, the rat MPV has
been shown to possess presynaptic /3-receptors as well

(Dahl#{246}fet a!., 1978). These are of the /32 type (Westfall
et al., 1979; Dahl#{246}fet al., 1980).

The MPV of the rat has been used to study the
interactions of /3-agonists and antagonists in comparison
with rat atria. The pharmacodynamics were analyzed by
Schild plots. It was found that the pA2 values for the /3-
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adrenoceptor antagonists atenolol, metoprolol, and pa-
matol were 10-100 times less in atria than in MPV so

that these drugs are selective for cardiac /3-adrenoceptors.

Johansson (1979) pointed out, however, that the slope of
log (dose ratio minus 1) approaches unity only with

pamatolol. This suggests that the antagonist//3-adreno-

ceptor interaction is not competitive for atenolol and
metoprolol. Recently, the rat MPV has been suggested

to be a good tissue on which to study /3-adrenoceptors
and their antagonists (Vidal-Beretervide and Casta#{241}eda,
1988). Using the selective $1-antagonist betaxolol, Vidal-
Beretervide (1988) confirmed that the /3-adrenoceptors

in the rat MPV are of the /32 type.
The interaction between a- and /3-adrenergic responses

has been examined in rabbit MPV. It was found that

propranolol would restore the contractile effect of adren-
aline after a-adrenoceptors had been blocked with

phenoxybenzamine (Story and Bentley, 1974). The
mechanism of this effect of propranolol is not known but
the phenomenon also occurs in several other vascular
tissues and in vivo (Tabrizchi and Pang, 1988).

C. Cholinoceptors

Binding studies have been done on membrane frac-
tions of homogenised MPV from dog using [3H]quinucli-

dinylbenzilate as a ligand (Taniguchi et al., 1983). Satu-

rable binding of [3H]quinuclidinylbenzilate was observed

and it was displaced competitively by muscarinic agents

but not by nicotine, a-bungarotoxin, or hexamethonium.
These observations are consistent with the existence of
muscarinic receptors in this tissue. Similar experiments
were done and similar conclusions reached by others

(Milnor and Sastre, 1988). Both circular and longitudinal
muscle contract to acetylcholine and to nerve stimulation
when adrenoceptor blockade is present so that musca-
rinic receptors seem to be present in both types of muscle
(Yoshioka et a!., 1988a).

D. Receptors for Histamine or Serotonin

The receptors for serotonin in the rat MPV are re-
ported to be of the 5-hydroxytryptamine subtype 2 type

(Lemberger et al., 1984). The evidence for this is that
there was a significant correlation between the affinity
of a series of antagonists as determined by their antag-
onism of contractile responses in the MPV and their

ability to bind to 5-hydroxytryptamine subtype 2 sites,
but not to 5-hydroxytryptamine subtype 1 sites, in mem-

brane from frontal cortex. The rat MPV thus resembles
aorta and caudal artery and differs from the gut regarding
the type of serotonin receptors that are present.

Receptors for histamine may be different in the cir-
cular muscle of MPV compared to the longitudinal mus-
cle. The longitudinal muscle of rabbit MPV responds

more strongly to histamine than does circular muscle
(Brown et al., 1982). The receptors in the longitudinal
muscle of dog MPV seem of the histamine subtype 1 type
and mediate contraction, but in circular muscle hista-

mine subtype 1 and histamine subtype 2 receptors are
present because histamine can relax previously con-
tracted circular muscle. This relaxation is inhibited by

ranitidine. When the circular muscle is not contracted,
histamine produces only contraction which is blocked by

pyrilamine (Toshimitsu et al., 1984). It also has been

reported that part of the response to histamine in rabbit
MPV seems due to interactions with serotonergic recep-

tors (Cook and MacLeod, 1978) because phentolamine
blocked the responses to both histamine and noradren-

aline and high doses of serotonin produced desensitisa-
tion to histamine and to serotonin but not to noradren-
aline. Release of noradrenaline also has been invoked as
being involved in the responses to histamine in dog MPV

because phentolamine or prazosin could block the re-

sponse but yohimbine could not. Pretreatment with 6-
hydroxydopamine also inhibited the response to hista-
mine (Bielkiewicz and Cook, 1984). The use of spirally
cut strips which would contain both circular and longi-
tudinal muscle and experiments in different species corn-
plicates the interpretation of these results, however.

An inhibitory effect of histamine also has been ob-
served in spirally cut ovine MPV (Mirbahar and Eyre,
1984), but the orientation of muscles in this preparation
is not clear. Responses to noradrenaline and to serotonin
also were observed in this tissue. It is also possible that

histamine exerts part of its effect through release of

EDRF (Miyazaki and Toda, 1986).

E. Receptors for Pept ides

Receptors for angiotensin in spiral preparations of rat
MPV have been inactivated by photoaffinity labeling
with [azidobenzoic acid, isoleucine]angiotensin II (Kwok
and Moore, 1984). This procedure did not block adre-
noceptors and allowed the fraction of “spare” receptors

for angiotensin II to be calculated. It was found that
approximately 60% of receptors to angiotensin II are
spare, whereas there are no spare receptors for angioten-

sin III. Dissociation constants (Kd) have been estimated,
by use of a slowly dissociating angiotensin antagonist
[Sarl,I1e8]ANGII, for angiotensin II and III in rat uterus,
MPV, and aorta. There was no difference in the Kd values

for angiotensin II between any of the tissues or for
angiotensin III (Scanlon and Moore, 1988b). The same
conclusion was reached when it was observed that the
angiotensin antagonist sarmesin had similar pA2 values
in uterus, vein, and MPV (Scanlon and Moore, 1988a).

This suggests that the receptors for angiotensin are
similar from tissue to tissue. There seems to be cooper-

ation between angiotensin receptors as judged by analysis
of dose-response curves using Hanes-Woolf transforma-
tions (Moore and Scanlon, 1989).

It appears that receptors for bradykinin can be formed
de novo in rabbit MPV. Responses to this substance have
been reported to be absent until the tissue has been
incubated in vitro and the responses can be prevented
selectively by inhibitors of protein synthesis (Regoli et
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a!., 1978). The bradykinin receptors are distinct from
receptors for substance P which also are present in the

rabbit MPV (Berube et al., 1978). The receptors for

bradykinin have been studied by structural activity tech-

niques and classified to be of the bradykinin subtype 2

type in guinea pig MPV (Gaudreau et al., 1981) but of
the bradykinin subtype 1 type in rabbit MPV (Babiuk et
a!., 1982). Based on studies of binding of bradykinin to

whole tissue in vitro it has been suggested that ingestion

of lipopolysaccharides leads to increased response of the
MPV because of increased number of receptors for bra-
dykinin (Barabe et al., 1982).

It has been suggested that part of the action of bra-

dykinin is due to release of EDRF in dog MPV (Toda et

al., 1987). EDRF derived from arteries did not inhibit

spontaneous contractility of rat MPV. Vedernikov et al.
(1987) and Feletou et al. (1989) concluded that EDRF
from arteries acts only as a local regulator of the vascu-
lature. Receptors for EDRF probably do exist in the

MPV, at least of dog, because the presence or absence of
the endothelium can alter the response to barium or to

histamine (Miyazaki and Toda, 1986).
Substance P produces a dose-dependent contraction

in rat everted MPV which is inhibited by peptide antag-

onists of substance P but not by other standard inhibitors
of transmitters (Mastrangelo et al., 1983). Mastrangelo

et al. concluded that specific receptors for substance P
are present in this preparation. Previous investigators

(Berube et al., 1978) had reached the same conclusions
for the rabbit MPV. Subsequent investigations (Regoli

et al., 1984) indicated that the responses to substance P
are independent of the endothelium in the MPV and not
due to release of substances such as prostaglandin. Rab-

bit MPV has been used as one of the test tissues in an
attempt to develop a substance P antagonist (Caranikas

et al., 1982). It is now suggested that there are several

types of receptors for the family of peptides termed the
neurokinins and which includes substance P. Rat MPV

is reported to contain receptors of the neurokinin B type

(Dion et a!., 1987; Mastrangelo et a!., 1987). Selective
antagonists have been attempted to be made and have

been tested on the rat MPV (Drapeau et al., 1987; Rovero

et al., 1987; Hashimoto et al., 1987). Hashimoto et al.
reported that [Gly6]-neurokinin B type [3-10] is a com-

petitive antagonist of neurokinin B type in this tissue.

The rat MPV has been used to test neurotensin and
several of its fragments and analogues for agonist/antag-

onist activity (Rioux et al., 1980b). The pD2 values of
two of the analogues were similar in MPV and rat coro-
nary vessels, which suggests that the receptors for neu-

rotensin are similar in these two tissues.
VIP can be demonstrated to have a concentration-

dependent inhibitory effect on spontaneous contractility

of rat MPV (Br#{224}tveitand Helle, 1984) that is not blocked

by atropine or /3-adrenoceptor antagonists and is not
dependent on opioids or neurotensin. VIP seems to be

less effective in relaxing the inner circular layer of muscle
compared to the outer longitudinal muscle of the rat

MPV, whereas isoprenaline was equally effective on
either muscle (Rydningen et a!., 1987).

Atriopeptins II and III (atrionatriuretic peptides) also

can relax the rat MPV. Atriopeptin II is less potent on
circular muscle than on longitudinal muscle but atrio-
peptin II and III are equipotent on longitudinal muscle
(Br#{227}tveitet al., 1987).

It is suggested that presynaptic opioid receptors of the
K- and #{244}-typeare present in rabbit MPV and that their
activation can inhibit neurogenic release of noradrena-

line (Szabo et a!., 1987). The evidence for this is that K-

and t5-selective opioid agonists, but not �t-selectve ones,

inhibited the contractile responses to electrical stimula-

tion of strips of rabbit MPV. Naloxone shifted the curve

of dose inhibition to the right.

F. Other Receptors

Kennedy and Burnstock (1984) attempted to charac-
tense the purinergic receptors involved in prejunctional
events in rat MPV using a number of adenosine deriva-
tives. These investigators argued that the pattern of

inhibition produced by these analogues on contraction

induced by nerve stimulation is of a particular type which
they label A2. In this regard the rat MPV is special in
that other adrenergic or cholinergic junctions display
characteristics of the A1 type of purine receptor.

ATP analogues also have been examined in rat MPV.
ATP contracts this MPV and increases electrical spiking
as well as depolarises the membrane. Desensitisation to
ATP can be produced, leaving responses to noradrenaline
intact. On the basis of the order of potency of the ATP
analogues, the receptors have been labeled purinergic, of

the P2x subtype (Reilly and Burnstock, 1987). The func-
tion and characterisation of purinergic receptors are
difficult, however, because there does not exist a selec-
tive, competitive purinergic antagonist (Reilly et al.,

1987).
A beginning toward the classification of prostaglandin

receptors in the rat MPV helical strip has been made
(Eglen and Whiting, 1988). A series of agonists (prosta-
glandin D2, E1, E2, and others) and two putative selective
antagonists (AH 6809 and SQ 29, 548) were used, and
the receptors for prostaglandin in MPV and aorta were
found to be similar and classified as TP receptors.

G. Summary

The adrenergic receptors in the MPV seem to be
located primarily near sympathetic nerve terminals. The

a-adrenoceptors are primarily of the a2 type presynapt-
ically where they can modulate noradrenaline release.
Postsynaptically they seem of both a1 and a2 type. Do-
pamine interacts with a- or /3-adrenoceptors. /3-Adre-
noceptors functionally can be demonstrated both pre-
and postsynaptically. They are of the /32 type. Muscarinic
cholinoceptors are present in the MPV where they me-
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diate contraction independently of endothelium. Sero-
tonin initiates contraction via 5-hydroxytryptamine sub-
type 2 receptors. Histamine constricts longitudinal mus-

cle by interaction with receptors of the histamine subtype
1 type but both subtype 1 and 2 receptors seem to be

present in circular muscle where subtype 2 receptors may
be involved in relaxation. Receptors for angiotensin,

bradykinin, substance P, neurotensin, VIP, atriopep-
tides, and opioids are present in the MPV. The receptors

for opioids are presynaptic. Attempts have been made to

identify and classify the receptors for purines and pros-

taglandins in the MPV.

IX. Relaxation and Inhibition

A. Adrenergic Effects

The MPV is one of the few isolated blood vessels that
possesses intrinsic tone so that relaxants can be studied

in the absence of another agent to produce contraction.
One of the first questions asked was whether membrane

spike frequency paralleled loss of tension during relaxa-
tion of the rabbit MPV. It was observed that this was

the case for relaxation produced by theophylline or iso-
prenaline but not relaxation produced by removal of

external calcium (Cuthbert and Sutter, 1965). In the
latter situation, contractile activity decreased before ac-

tion potential frequency decreased.
The ability of isoprenaline to relax the MPV and

decrease spike frequency was similar in the rat (Johans-
son et a!., 1967) as in the rabbit. Other /32-agonists such

as salbutamol and AQ 110 also relaxed the rabbit MPV
(Fogelman and Grundy, 1970).

Mephentermine has been reported to relax the rabbit
MPV but only if the adrenergic antagonist phenoxy-

benzamine was present (Caldwell and Goldberg, 1970).
The relaxation was not blocked by the /3-antagonist MJ-

1999, however, which suggests that /3-adrenoceptors are
not involved.

The effect of cocaine on relaxation rate of rabbit MPV
after transmural stimulation and after application of
noradrenaline has been examined. Cocaine potentiated

and prolonged responses to endogenous and exogenous
noradrenaline. Relaxation was not affected by hydrocor-

tisone or 4-aminopyridine. The chief determinant of
termination of responses to noradrenaline, therefore,
seems to be neuronal uptake (Paton, 1980).

B. Cyclic AMP and Other Intracellular Messengers

As mentioned previously, theophylline which was
known to be a phosphodiesterase inhibitor was shown to
inhibit spontaneous activity in rabbit MPV (Cuthbert
and Sutter, 1965). This was confirmed for rat MPV and
it was further shown that cyclic AMP and dibutyryl
cyclic AMP also inhibited spontaneous contractility in

this vein (Berti et al., 1970). The ability of a series of
cyclic AMP analogues to relax the guinea pig MPV also

has been reported (Rubin et al., 1971).

The relationship between the intracellular concentra-

tion of cyclic AMP and relaxation produced by a variety
of agents has been investigated. It was observed that

there is a direct relationship between cyclic AMP levels
and degree of relaxation only when the relaxant is iso-

prenaline. This is true for rat (Ljung et al., 1975a) or
rabbit MPV (Collins and Sutter, 1975). Agents such as

papaverine cause cyclic AMP to increase rapidly and

markedly but relaxation develops only slowly with this
agent. The correlation between the degree of relaxation

and the amount of cyclic AMP which is produced by

treatment with phosphodiesterase inhibitors holds only

for an individual agent and does not hold between agents.
The relation between relaxation produced by isopren-

aline and cyclic AMP-dependent protein kinase has been
examined in dog MPV. Isoprenaline increased the kinase

activity but the increase was not proportional to relaxa-

tion (Kikkawa et al., 1986). Increased lactate production
is not a requisite for relaxation induced by either iso-
prenaline or papaverine in the rat MPV (Lavgren and

Hellstrand, 1987).
The relaxation produced by isoprenaline is associated

with a decrease in internal calcium as measured by
aequorin luminescence. In contrast, relaxation produced

by papaverine is not accompanied by decreased lumines-

cence (Morgan and Morgan, 19Mb).
Sodium must be present in the bath fluid in order for

relaxation to occur with isoprenaline. It was suggested
that sodium-calcium exchange is involved in relaxation
produced by isoprenaline but not by papaverine (Collins

and Sutter, 1975). Isoprenaline is less able to relax the
rat MPV when strontium is substituted for calcium

(Amer et al., 1983) and this is consistent with the sug-

gestion that sodium-calcium exchange occurs assuming
that strontium is less well handled by such an exchange
system.

C. Ions and Ion Permeability

Diazoxide, an antihypertensive drug that is chemically
related to the thiazide diuretics but causes sodium reten-

tion, inhibits electrical activity and contractility in the
rabbit MPV (Rhodes and Sutter, 1971a). These effects
were attributed to interference with calcium movements

but it subsequently has been shown that diazoxide is a

potassium channel activator (Quast and Cook, 1989).
The natriuretic, antihypertensive drug furosemide also
was found to decrease the amplitude of spontaneous

contractions and to decrease the contractile responses of
rat MPV to noradrenaline (Blair-West, et a!., 1972;

Biamino et al., 1975b). There is a report that furosemide
can induce a dose-dependent contracture of rat MPV

(Tayo and Fasanmi, 1984), but the contractions were
said to be inhibited reversibly by phenoxybenzamine.
The latter usually inhibits by irreversible adrenoceptor
blockade, so these experiments are difficult to interpret.
Ethacrynic acid inhibited spontaneous contractility and

chlorothiazide had no effect on spontaneous contractions
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but did inhibit responses to noradrenaline (Tayo and
Fasanmi, 1984). Piretamide, an analogue of furosemide,

decreases spontaneous contractions of rat MPV in a
dose-related manner (Lacuara et al., 1985). Chlorthali-

done, another natriuretic, also decreased responses of the
dog MPV to noradrenaline after chronic treatment (Zso-

t#{234}ret al., 1972). Zsot#{234}ret a!. (1974) also studied the

effects of diazoxide on calcium movements in rabbit
MPV and found that the calcium content of the tissue
was not altered but that �Ca2� efflux was increased by

this drug.
The calcium antagonists vary in their potency, rate of

onset, and ability to inhibit spontaneous contractions as
compared to those produced by agonists. Presumably

this is because the handling of calcium by the tissue can
vary with the nature of the contractile stimulus. Vera-
pamil has been shown to abolish spontaneous contrac-

tions at 10� M and to abolish electrical spiking at

i0-� M in guinea pig MPV (Golenhofen and Lammel,

1972). Methoxyverapamil (gallopamil, D600) also inhib-
its spontaneous contractions of rat MPV, but only the

(-)-isomer is effective (Jim et a!., 1981). It is of interest
that the drug flunarizine, which can be demonstrated to

inhibit some actions of calcium, does not inhibit spon-

taneous contractions of rat MPV (Van Nueten et a!.,
1978a; 1978b; Nakayama and Kasuya, 1980). Diltiazem

is less effective in inhibition of spontaneous contractions

of rat MPV than it is in antagonising contractions pro-

duced by agonists (Hicks, 1983b). The rank order of
potency of several calcium antagonists in inhibiting

spontaneous contractions in rat MPV is nifedipine,

methoxyverapamil (D600, gallopamil), and diltiazem
(Granger et a!., 1985). The ability of diltiazem and some
of its metabolites to inhibit spontaneous activity in rat
MPV has been correlated positively with binding of these
agents to putative calcium-binding sites in rat cerebral

cortex (Schoemaker et aL, 1987). Another calcium antag-

onist felodipine also inhibits spontaneous contractions
of cat MPV and at nanomolar concentrations (Reinish

et a!., 1986). Tienilic acid is another compound that can

suppress the increasing phase (calcium current) of action

potentials as well as the accompanying contractions in
rat MPV (Mironneau et a!., 1984). Presumably this is

due to interference with spontaneous activation of cal-

cium channels.

The sensitivity of the rabbit MPV to the calcium
antagonist nicardipine has been compared with the sen-

sitivity of the cerebral basilar artery to this drug. It has

been suggested that the MPV is less sensitive (Takay-
anagi et a!., 1986), but because maximum responses were
not reported, it is difficult to compare the potency of

inhibitors. Differences can be shown between calcium

antagonists and supposed calmodulin antagonists on
spontaneous contractions: the calcium antagonists de-
crease frequency, whereas calmodulin antagonists such
as W7 increase frequency of spontaneous contractions

(Campbell et a!., 1986). By this and other criteria, bepri-
di! seems to have actions additional to those of calcium

antagonism at the surface of the membrane. The anti-
hypertensive drug indapamide decreases action potential

amplitude and its accompanying spontaneous contrac-
tion (Mironneau and Gargouil, 1979; Mironneau et al.,

1986). The several calcium antagonists differ in their

onset and potency of inhibition of contractions. The

dihydropyridines such as nifedipine are more rapid in
onset than are the verapamil type (Dacquet et al., 1987b;

Sutter et al.,1988; Mariott, 1988).

Spironolactone also has been found to inhibit sponta-

neous contractions of rat MPV and to decrease calcium
currents in cells dissociated from the vein (Dacquet et
al., 1987a). Spironolactone thus seems to be capable of
calcium antagonist activity.

Verapamil and the antihypertensive drug BRL 34915

(cromakalim) have been compared on the rat MPV. Both
inhibit spontaneous contractions but verapamil depolar-

ises, whereas BRL 34915 hyperpolarises, the membrane.
The latter drug increases the rate constant of �Rb efflux

and verapamil does not alter this parameter (Hamilton
et a!., 1986). Cromakalim reduces the frequency of spon-

taneous contractions and the IC� for this effect is 0.13
�iM (Hof et al., 1988). Nicorandil and cromakalim have
similar effects on the rat MPV and Weir and Weston

(1986) concluded that both ofthese agents activate mem-

brane potassium channels with consequent hyperpolar-

isation. Similar conclusions were reached for pinacidil

using the guinea pig MPV (Bray et al., 1987; Cook et al.,

1988) and rat MPV (Southerton et al., 1988). Analogues

of pinacidil, P1060 and P1368 also have been studied on
rat MPV (Weston et al., 1988).

The increased efflux of rubidium induced by cromak-
aim was inhibited by tetraethylammonium but not by
calcium antagonists or by permeable derivatives of cyclic

AMP or guanosine monophosphate in guinea pig MPV
(Quast, 1987). Quast concluded that cromakalim directly

activates potassium channels. He also pointed out that
there was a 5-fold discrepancy between the concentration

of cromakalim that inhibits contractility and that nec-

essary to increase rubidium efflux. When 42K is used

instead of �Rb the difference between the concentration
of cromakalim that will inhibit spontaneous contractility

and the concentration required to increase potassium

efflux is less but still exists (Quast and Baumlin, 1988).
A difference of 10-fold also has been observed between

the concentration of cromakalim necessary to inhibit
spontaneous contractions and those induced by nor-

adrenaline, the spontaneous contractility being more
sensitive (Shetty and Weiss, 1987).

The venom of the Israeli scorpion, Leiurus quinques-

triatus, inhibits the increase in �Rb efflux induced by

cromakalim. The venom itself increases spontaneous
contractility, but appropriate controls were done and it
was shown that the inhibition of the increased efflux was
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independent of the contractile effects of the venom
(Quast and Cook, 1988). The oral hypoglycemic agent
glibenclanide (glyburide) also inhibits the ability of cr0-

makalim to increase �Rb efflux in rat MPV and prevents

cromakalim from inhibiting spontaneous contractions

(Buckingham et al., 1989). Glibenclamide also inhibits
the ability of diazoxide to inhibit spontaneous contrac-
tions and interferes with the increase in �Rb efflux which

diazoxide causes (Quast and Cook, 1989). It seems that
cromakalim and diazoxide act at least in part through
similar mechanisms, namely, activation of a potassium
channel which leads to hyperpolarisation of the mem-

brane. Glibenclamide has the opposite effect.
Activation of the sodium pump with resultant electro-

genesis seems able to relax the MPV. This was demon-

strated in longitudinal strips of dog MPV when restora-
tion of potassium was shown to relax the vein that has

been contracted by addition of noradrenaline to potas-
sium-free solutions. This relaxation was blocked by the

ouabain-like compound 14/3-hydroxyprogesterone (Bose
et al., 1988).

Removal of external calcium or addition of manganese
also inhibits spontaneous contractions and relaxes the
rabbit MPV (Collins et a!., 1972a; 1972b). Similar find-
ings have been described for guinea pig MPV with the

additional observation that lanthanum, 0.16 mM, elimi-
nates spontaneous activity (Uchida, 1975). The effects

of manganese differ from those of other cations (see

section V, D) in that when manganese is present in the

extracellular period for more than 0.5 h, its inhibitory
effects start to disappear. Presumably, this is because
manganese can slowly permeate inside the cell where it
increases the size of contraction. Other ions such as
� Cd2�, La3�, Ni2�, or Sn2� persist as inhibitors of

contraction as long as they are present. It seems that,
when it is outside the cell, manganese slows the rate of

contraction and speeds relaxation but has additional
effects after it has entered the cell (Sutter et a!., 1988).

Copper has been shown to have a concentration-de-

pendent effect on spontaneous contractility in the rat
MPV: an initial increased rate and decreased amplitude

of contractions and their abolition as the concentration

is increased (Larsson et a!., 1976).

D. Miscellaneous Agents

The antimalarial agents chloroquine and mepacrine
have been found to inhibit spontaneous contractions in

rat MPV (Minker et a!., 1980).
Prostaglandin E1 relaxes the MPV from rabbit,

whereas prostaglandin Fia and Fia produce contraction
(Kadar and Sunahara, 1969). The relaxation is accom-
panied by hyperpolarisation of the membrane (Kitamura

et a!., 1976). Prostacyclin 12 also inhibits spontaneous
contractions of the MPV from dog (Herman et a!., 1978)
but has been reported to only stimulate spontaneous

contractility in rat MPV (Levy, 1978). The prostaglandin
synthetase inhibitor sodium meclofenamate also has

been reported to inhibit spontaneous contractility of rat
MPV (Enero, 1979).

Oxytocin has been reported to inhibit spontaneous

contractility of guinea pig MPV (Milenov et al., 1979).
The effect ofpregnancy and hormones ofpregnancy have

been examined in rat MPV (McCalden, 1975). Proges-

terone was found to inhibit spontaneous contractions,
whereas oestradiol-17/3 had a biphasic effect: stimulation

at lower and inhibition at higher concentrations. The

potency of progesterone increased with the duration of

gestation.
The gastrointestinal hormones secretin and cholecys-

tokinin reduce the amplitude and increase the frequency

ofspontaneous contractions ofthe rat MPV (Fara, 1975).

The two effects were additive, not blocked by proprano-

lol, and were increased by theophylline so that Fara
concluded that both secretin and cholecystokinin were
acting through increase in cyclic AMP.

Pentobarbital at a concentration of iO� M inhibits

spontaneous contractions in rat MPV (Altura and Al-

tura, 1975). At concentrations of 10�-iO� M pentobar-

bital is reported to reduce exchangeable calcium in this
tissue (Altura et a!., 1980c). There thus is a discrepancy

between the concentrations that inhibit spontaneous

contractions and those that alter calcium kinetics. Thio-
pental, althesin, and ketamine also decrease the ampli-

tude of spontaneous contractions in rat MPV (Hall and

Pleuvry, 1979; Altura et a!., 1980a). Urethane similarly

inhibits spontaneous contractions of rat MPV (Altura

and Weinberg, 1979). Halothane or thiopental also have

been shown to inhibit spontaneous contractility of rabbit

MPV (Clark and MacCannell, 1975) so that the inhibi-
tory effect seems to be widespread among agents used to
produce general anaesthesia.

Ethanol also is inhibitory to spontaneous contractions
at a concentration of 17 mM and inhibits stimulated

contractions to noradrenaline and potassium at higher
(100-170 mM) concentrations (Edgarian and Altura,

1976). Both amplitude and frequency of contractions are

reduced (Yang et al., 1987). Ethanol also has been re-

ported to reduce the concentration of calcium in rat

MPV (Turlapaty et a!., 1979a). The relation between
calcium content and relaxation is unclear.

Sodium nitroprusside inhibits spontaneous contractil-
ity of dog (Verhaeghe and Shepherd, 1976) and rat (Sun-
ano, 1984a; 19Mb) MPV but is reported not to inhibit
noradrenaline-induced contractions in rat MPV (Jetley

and Weston, 1980). In rabbit MPV sodium nitroprusside
increases efflux but not uptake of 45Ca2� in a dose-related

manner (Zsot#{232}ret a!., 1977) but how this is related to
relaxation is unknown. Glyceryl trinitrate, pentaerythri-

tol tetranitrate, and sodium nitrate all have been dem-
onstrated to inhibit spontaneous contractility as well as

noradrenaline-induced contractions in rat MPV (Mack-

enzie and Parratt, 1977). The action of glyceryl trinitrate

is accompanied by a biphasic effect on membrane poten-
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tial of rat and guinea pig MPV: a hyperpolarisation

followed by a depolarisation (Karashima, 1980). In
guinea pig MPV the coronary vasodilator 2-nicotinami-
doethyl nitrate similarly hyperpolarises the membrane
and inhibits spontaneous contractions (Karashima et al.,
1982). Isosorbide dinitrate has been reported not to have

an effect on membrane potential of spiral strips of rabbit

MPV and to have no effect on skinned fibres even though
inhibition of responses occurred in intact tissue (Ishi-
kawa et a!., 1983). The use of spiral strips complicates

the interpretation of these observations.
ATP can relax the MPV of rat and rabbit (Su, 1975;

1978) but contracts the MPV of guinea pig (Burnstock

et al., 1979). It also has been reported that ATP and
AMP increase spike frequency in rat MPV (Karashima

and Takata, 1979). The relation between the electrical
and mechanical events produced by purines is unclear

(see also sections II and VII).

VIP mimics the relaxation produced by transmural
stimulation of the rat MPV in that relaxation produced

by VIP is of slow onset and offset. This is distinct from
relaxation produced by adenosine which has a rapid onset

and recovery (Ishii and Shimo, 1983) (see also sections
II, D, and VII, E). It is of interest that apamin, a bee
venom that interferes with vasodilation produced by

stimulation of nerves in the cat intestine in situ, does

not antagonise the effects of VIP on rat MPV in vitro

(Jodal et a!., 1983). The inhibitory effects of VIP, iso-

prenaline, and atriopeptins II and III have been corn-

pared on rat MPV (Br#{228}tveit et al., 1987). The maximum
effect of VIP and of isoprenaline was greater than that
of the atriopeptins.

E. Physical Factors

Cooling has been shown to relax the MPV and to
inhibit spontaneous activity (Vanhoutte and Lorenz,
1970). Vibration also induces relaxation of rat MPV at

any stage of the contraction cycle (Ljung and Sivertsson,

1972; 1975; Ljung and Hallgren, 1975).
Age of the animal from which the tissue is taken does

not seem to affect the ability of rat or rabbit MPV to
relax to isoprenaline or nitroglycerine, although relaxa-
tion of arteries from these same animals can be decreased
by age (Fleisch and Hooker, 1976).

F. Summary

/32-Adrenergic agonists such as isoprenaline inhibit
spontaneous activity of the MPV. In so doing they de-
crease electrical spiking and increase cyclic AMP in the
tissue. Theophylline and papaverine also increase cyclic

AMP and relax the MPV, but the quantitative and
temporal correlations suggest that the increase in cyclic

AMP is not causally related to the relaxation. Isoprena-
line decreases calcium luminescence but papaverine does
not. Extracellular sodium is required for isoprenaline-
induced relaxation. Natriuretics such as furosemide in-
hibit spontaneous contractility as do the various calcium

antagonists such as verapamil or nifedepine. The potency
and rapidity of onset vary among the several calcium

antagonists. Manganese and several other cations (Mg�,
Ni2�, Co2�, Cd2�, Sn2’, La3�) inhibit spontaneous activity

and responses to agonists but manganese is unusual
among these ions in that it loses its ability to inhibit the

magnitude of contractile response in spite of its contin-
ued presence in external fluid. Cromakalim, pinacidil,

and diazoxide inhibit spontaneous contractions and in-
crease efflux of potassium from the MPV, most likely by
activation of potassium channels. Glibenclamide, an oral

hypoglycemic agent, interferes with the relaxation and

efflux of potassium induced by cromakalim, pinacidil,
and diazoxide. A number of unrelated substances can be

shown to inhibit spontaneous contractions: prostaglan-

din E, prostacyclin, oxytocin, general anaesthetics such
as barbiturates, urethane, and ethanol, the nitrates,
adenosine, and several peptides such as VIP, and the

atriopeptins. Cooling and vibration inhibit contractility

too.

X. Drug Effects (including Peptides)

A number of drugs that are not readily classified have
been studied on the MPV. These drugs will be discussed
in the following section and, in particular, the drug

felodipine will be mentioned first because it was discov-

ered by use of the rat MPV as a model of the vasculature.

A. Felodipine

The rat MPV was used as a bioassay in comparison
with rat atria to search for a calcium antagonist that was
selectively active on the MPV. The thinking behind this
was that the MPV functionally resembles the resistance
vessels, and if a compound could be found that would
have selectivity for such blood vessels, this would be a

useful drug (Ljung, 1985). Many compounds were tested
until one was found that had marked selectivity for

inhibition of responses in the MPV compared to rat
atria. This drug was felodipine which has proven to be
an effective antihypertensive agent. The view that the
MPV is a useful analogue of resistance vessels seems
justified in this case.

B. Local Anaesthetics

The local anaesthetics lidocaine or procaine produce a
contraction of cat and rat MPV that is not blocked by

adrenoceptor antagonists but is prevented by treatment
with ouabain (Sanders, 1969). As mentioned in section

III, B, ouabain had been shown to depolarise the mem-
brane and to decrease the intracellular potassium con-
centration of the MPV (Matthews and Sutter, 1967);
therefore, it was concluded that local anaesthetics re-

quired an electrically excitable membrane to allow their

constrictor action to occur. [The excitatory effect of local
anaesthetics now likely would be attributed to their
ability to inhibit the activation of potassium channels
(Hara et al., 1980).J The effects of mepivicaine and
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bupivicaine are similar: contraction of the rat MPV

followed by relaxation (Aberg and Wahlstr#{246}m, 1972).
When the isomers of mepivicaine were used it was found

that the L(+)-isomer contracted and the D(+)-isomer
relaxed the vein. The relaxation could be overcome by
addition of calcium, strontium, or barium (Aberg and

Andersson, 1972). Pentacaine and heptacaine are re-

ported to have similar effects, excitation followed by

relaxation (T#{246}r#{246}ket al., 1986).

C. Prostaglandins

Ouabain also inhibited the contractile effects of pros-
taglandin Fia but not that of prostaglandin F2a on dog
MPV (Kadar and Sunahara, 1969). This suggests that
the prostaglandins can constrict blood vessels by more
than one mechanism. Prostaglandin F2a also has been
reported to potentiate the responses of dog MPV to

serotonin, angiotensin, and noradrenaline and the poten-
tiation to the first two agents was abolished by pretreat-
ment of the animal with reserpine; the facilitation of the

response to noradrenaline was not affected (Greenberg

et al., 1973a). Prostaglandin B2 shifts to the left re-
sponses of the dog MPV to noradrenaline, potassium, or

barium (Greenberg et al., 1975). Arachidonic peroxide
was found to increase the rate of spontaneous contrac-
tions on murme MPV and this was inhibited 50% by
sodium salicylate, 100 �g/ml, and 70% by phenylbuta-
zone, 10 zg/ml, but indomethacin had little effect (Helfer

and Jaques, 1974) The anti-inflammatory drug prodolic
acid also potentiates the response of rabbit MPV to
electrical stimulation but not to noradrenaline (Green-

berg, 1975b), presumably by inhibition of the synthesis

of prostaglandins which, in turn, can inhibit noradrena-
line release (see section II). It has been found that the

saponin aescin from the horse chestnut induced contrac-
tion of rat and rabbit MPV which was inhibited by

indomethacin. The contractile effect was attributed to
the ability of aescin to induce synthesis of prostaglandin
F� in the vein as it does tn lung (Berti et al., 1977).

D. Opioids and Antidepressants

The effect of morphine and several cogeners were
examined in rabbit MPV and they were found to increase

spontaneous contractions but to reduce baseline tension
(Grundy, 1971).

Methionine-enkephalin increases spontaneous con-
tractions of rat MPV and increases frequency of spiking

without depolarisation. These effects are not blocked by
nalorphine, however (Yamamoto et al., 1984). One won-
ders whether this is simply due to a local anaesthetic
effect of the enkephalin whereby it interferes with acti-
vation of potassium channels. It also is possible that
release of catecholamines is involved.

A novel bicyclic antidepressant LU3-010 has been
studied as to its effect on noradrenergic transmission in

rat MPV. At concentrations of iO� g/ml it potentiated

the effects of field stimulation, but at higher concentra-

tions it decreased the responses (H#{228}ggendal et al., 1972b).

E. Drugs Interacting with the Adrenergic System

Ergometrine has been reported to interact directly with

a-adrenoceptors in rabbit MPV to contract this tissue
(Wassefet al., 1974). Ajmaline (rauwolfine) increases the

amplitude of spontaneous contractions in rat MPV by
an unknown mechanism (Biamino et al., 1975a).

The effects of tetrabenazine on catecholamine content

have been explored in rat MPV. This drug markedly

diminished histofluorescence after intraperitoneal ad-
ministration and decreased the response to transmural

stimulation. The histochemical appearance and response
to electrical stimulation were restored by incubation with
noradrenaline. In contrast, the effects of reserpine were
not reversed by incubation with noradrenaline (Tomlin-
son, 1977).

Tomlinson reported that the neuromuscular blocking
agent pancuronium shifts noradrenaline dose-contrac-

tion response curves to the left in rat MPV. The response
to St 91, an a-adrenergic agonist that is not taken up by

the uptake1 system for noradrenaline, was not altered by
pancuronium. Tomlinson (1979) concluded that pancu-

ronium blocks uptake1 in rat MPV.

Cocaine potentiates the responses to noradrenaline in
the MPV of guinea pig, rat, rabbit, and dog (Kaiman and
Shibata, 1978a, O’Conner and Slater, 1981a; 1981b) but
the mechanism still is uncertain.

Recently, the rat MPV has been used to attempt to
characterise a new possible a-adrenoceptor agonist,

S.3341 (Bourreau et al., 1988). This drug was found to
inhibit the amplitude of spontaneous contractions at
concentrations less than 10_6 M and to increase them at

concentrations above this. The latter effect was blocked

by prazosin. S.3341 could antagonise the stimulant ef-

fects of clonidine or phenylephrine. Bourreau et al. sug-

gest that S.3341 is an a1-adrenoceptor partial agonist.

F. Drugs Affecting Cakium Handling

The effects of the tremor-producing iboga alkaloid

tabernanthine have been examined on the rat MPV. The
drug was found to inhibit the response to noradrenaline,

but to increase spontaneous contractility. Miller and
Godfraind (1983) suggest that it is a partial calcium
agonist. This is a fascinating concept but would be dif-
ficult to differentiate from a drug that acted differently

on the several calcium channels or sources involved in
spontaneous versus induced contractions.

The effect of the excitatory dihydropyridine BAY K
8644 has been studied in rat MPV. This drug increased
spontaneous contractility at low (10_8�10_6 M) and de-
creased contractility at high (1O� M) concentrations.

The stimulation of spontaneous contractions was
blocked by nifedipine or the absence of calcium. It was

concluded that BAY K 8644 increased calcium entry at
low and reduced it at high concentrations (Mikkelsen,
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1985). It would have been interesting to have compared
the optical isomers of BAY K 8644 in these experiments.
BAY K 8644 was compared with another dihydropyri-

dine, CGP 28392, on spontaneous contractility and the
latter was found to be less potent (Mikkelsen et a!.,
1985). The responses of the tissue to BAY K 8644 were

more reduced than were the responses to CGP 2892 by
exposure of the MPV and drug to ultraviolet radiation

even though CGP 2892 itself was more sensitive to
radiation. Mikkelsen et al. suggested that ultraviolet light

has a direct effect on the interaction of tissue and BAY

K 8644.
The effects of chronic treatment of rats with gallopa-

mil (D600) have been examined on the response of the
MPV (Pang and Sutter, 1985). Such treatment increased
the spontaneous contractility in normal calcium solu-
tions and increased the responses of the MPV to nor-
adrenaline and to potassium when external calcium was

reduced. Chronic treatment with hydralazine did not
produce these effects. We concluded that chronic treat-

ment with gallopamil decreases the requirements for

calcium in the MPV tested in vitro.
The antithrombotic drug suloctidil has antiplatelet

action in vivo and has been shown to increase release of
prostacyclin from dog MPV in vitro. Suloctidil has been

termed a calcium antagonist, but neither verapamil nor
flunarazine have similar effects on prostacyclin (Boey-
naems et al. , 1987).

The interrelationship between concentration of exter-

nal calcium and the antagonism by felodipine, diltiazem,
or verapamil on contractile responses to noradrenaline
has been studied in rat MPV. All of the antagonists
reduced the maximum responses to noradrenaline and

did not shift the dose-response curve to the right (Ljung
and Kjellstadt, 1987). Others report that verapamil but
not diltiazem can shift noradrenaline dose-response
curves in rabbit aorta and could interfere with the action

of phenoxybenzamine in the MPV. It is likely that ver-

apamil has some adrenoceptor-blocking properties in
addition to its calcium antagonist ones (Koike et al.,
1988).

G. Platelet-Activating Factor

The effects of PAF-acether and a putative antagonist
BN 52021 have been studied in rat MPV (Baranes et a!.,
1986). PAF-acether increased the tone of the MPV and
this effect was prevented by BN 52021 without inhibition

of spontaneous contractions. The increase in tone pro-
duced by PAF-acether is not blocked by atrial natriuretic
factor or by sodium nitroprusside but is inhibited by
dibutyryl-cyclic AMP (Hellegouarch et a!., 1988a). Sal-
butamol, theophylline, forskolin, and the drug BN 52063
(a mixture of compounds) also can inhibit the contractile

effects of PAF-acether on rat MPV. Spontaneous con-
tractions are inhibited by the first two agents but not by
forskolin or BN 52063 (Hellegouarch et al., 1988b).

H. Peptides and Proteins

Angiotensin II was the first peptide to be tried on the

MPV. It was found to stimulate contraction of rabbit

(Sutter, 1965) and rat MPV (Bohr and Uchida, 1967).

Action potential frequency parallels the increase in ten-

sion in rabbit MPV (Cuthbert and Sutter, 1965) and in

rat MPV (Hamon and Worcel, (1982). Although it was

known that angiotensin II could increase noradrenaline

released during transmural stimulation (Hughes and

Roth, 1971), it was concluded that angiotensin II acts

directly to contract the MPV of rat, rabbit, guinea pig,

and sheep (Blair-West et a!., 1971). Among the species,
angiotensin II is most potent on the rat compared to

rabbit and guinea pig MPV (Carruba et a!., 1973). Indeed,
angiotensin has been reported to have inhibitory as well

as excitatory effects on guinea pig MPV but was only

excitatory on rat and rabbit MPV (Weston and Golen-

hofen, 1976). The inhibitory effects were accompanied
by hyperpolarisation and were not blocked by phentol-

amine plus propranolol.

Vasopressin had been found to be ineffective in causing

contraction of rabbit MPV (Sutter, 1965). It subse-

quently was reported that vasopressin was inhibitory to

rabbit and guinea pig MPV but both excitatory and

inhibitory to rat MPV (Weston and Golenhofen, 1976).

A recent report confirms that vasopressin has no effect

on guinea pig MPV in concentrations up to 0.1 units/ml
(Karashima, 1981).

Bradykinin early was shown to contract strips of rabbit

(Sutter, 1965) and dog (DePasquale and Burch, 1968)
MPV (see section VII). Eledoisin also has been reported
to contract rat MPV (Mastrangelo and Mathison, 1983).

A host of other peptides were examined for their effects

on contractility of the rat MPV (Hellstrand and J#{228}rhult,
1980). Bombesin, caerulein, glucagon, insulin, pentagas-

trin, secretin, somatostatin, substance P, and VIP were

tested. Only substance P and VIP had an effect. Sub-

stance P increased mean (integrated) tension, whereas

VIP had inhibitory effects. The ED� values were 1 M

and 1 nM, respectively. On the other hand, caerulein and

cholecystokinin as well as substance P have been re-

ported to contract the guinea pig MPV (Zetler and Ov-
erbeck, 1987). The species of animal may be important

because cholecystokinin previously had been reported to
have inhibitory effects on rat MPV (Fara, 1975).

A marine polypeptide Goniopora toxin, which produces
positive cardiac inotropy, has been tested on guinea pig

MPV (Muramatsu et al., 1980). The toxin did not affect
resting tone, spontaneous contractility, or responses to

noradrenaline. It did alter the response to nerve stimu-

lation and increased the release of 3H from electrically

stimulated veins previously loaded with [3H]noradrena-

line. The increased release of 3H was abolished by tetro-

dotoxin or bretylium. Muramatsu et a!. concluded that

Goniopora toxin acts on nerve terminals to increase the
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release of noradrenaline induced by electrical stimula-

tion.
Neurotensin, a tridecapeptide, induces contractions of

the rat MPV with a pD2 of approximately 7.5. Tachy-
phylaxis to its effect readily occurs, however (Helle et

al., 1980). It has been suggested that prostaglandins are

involved in the response to neurotensin in the MPV
(Rioux, et al., 1980a).

Neuropeptide Y has been reported to decrease the

release of noradrenaline in response to transmural stim-
ulation of rat MPV but to increase the accompanying

contraction. A dual action of this peptide, therefore, is
proposed (Dahl#{246}fet al., 1985). Neuropeptide Y itself

increases spontaneous motility. The effect on cat-
echolamine release was not altered by phentolamine

(Pernow et al., 1986).
Endothelin has been tested on the rat MPV and found

to produce contraction that is unaffected by tetrodotoxin

or by removal of sodium chloride. The contractions are
prevented by removal of calcium from or by addition of

nitrendipine to the bathing fluid (Borges et a!., 1989).
Borges et a!. suggested that these findings are consistent
with the idea that endothelin acts at a site closely coupled

to the calcium channel. It should be noted, however, that
noradrenaline also shows the same characteristic lack of
dependence on sodium and dependence on external cal-

cium that they observed for endothelin.
We recently studied the effects of several proteins from

human plasma on spontaneous contractility of rat MPV
(Pillai and Sutter, 1990). We found that albumin in-

creases amplitude and rate of these contractions in a
dose-related fashion by a adrenomimetic effect, because
it was inhibited by phentolamine but not by in vitro
treatment with either 6-hydroxydopamine or by ouabain.
In contrast, a-globulin or a- and /3-globulin together
produced a dose-dependent inhibition of spontaneous

contractility. ‘y-Globulin or the major immunoglobulin,
IgG, stimulated spontaneous contractility, again in a
dose-dependent manner. This effect was not inhibited

by phentolamine, atropine, ketanserin, diphenhydra-
mine, saralasin, or vasopressin antagonists but was in-

hibited by verapamil or ouabain. The plasma proteins
thus seem to have direct membrane effects on the rat
MPV.

I. Summary

A large number of drugs affect contractility of the
MPV because it possesses nerves, excitable membranes,

several ionic channels, and receptors for peptide and
other transmitter substances. Interaction with any of
these systems can produce effects. Consequently, the

calcium antagonist, felodipine, was developed using the
MPV as a bioassay. Local anaesthetics excite and then
inhibit the MPV. The several prostaglandins can con-
tract or relax the MPV, depending on their chemical
structure. They also affect noradrenaline release and,
therefore, a number of anti-inflammatory drugs act in-

directly to alter noradrenaline release. Morphine can
increase frequency of spontaneous contractions and re-

duce tone; ergometrine acts via a-adrenoceptors; cocaine
potentiates the response to noradrenaline. The calcium
agonist BAY K 8644 increases vasomotion; chronic treat-

ment with gallopamil lessens the inhibitory effect of

reduced extracellular calcium. PAF-acether contracts the
MPV and inhibition ofthis effect has been demonstrated.

Among the peptides, angiotensin II constricts the
MPV of most species, whereas vasopressin has little or

no effect. Cholecystokinin has inconsistent effects. Bra-
dykinin and substance P contract the MPV, whereas
VIP relaxes it. Endothelin is a potent stimulant of con-
traction of the MPV.

Plasma albumin and 7-globulin increase spontaneous

contractility but by different mechanisms, whereas a-

and /3-globulins are inhibitory.

XL Pathophysiology

The MPV has been used for a number of studies in
which some aspect of its structure, function, or response

to drugs under abnormal conditions has been compared
with similar aspects under control conditions. The aim

has been to try to identify differences between control
and experimental tissues and to relate those differences
to a particular pathophysiological state.

A. Systemic Hypertension

The MPV from the SHR of the Okamoto strain has

been widely used for comparison with control tissue
because it is a representative of vascular tissue that is
not exposed to the high blood pressure. The nature of

the appropriate control animal has been an issue that is
not completely resolved but veins from Wistar and/or
WKY rats usually have been used. There may be differ-
ences in the inbred strains at different times in different

parts of the world which adds to the problem of compar-
isons between results from different laboratories.

Comparison of cyclic AMP levels in the MPV of SHR,
Wistar rats, and WKY showed that the values were lower

in the SHR compared to the other groups. Furthermore,

the values in veins from cross-bred normotensive SHR/
WKY did not differ from controls. The levels of cyclic
AMP in vessels from young, prehypertensive SHR also
were less than in vessels from appropriate control veins
(Ramanathan and Shibata, 1974). These observations
strongly suggest that the reduced cyclic AMP levels are
not caused by the development of the elevated blood
pressure in SHR.

Differences have been observed in contractile re-

sponses of the SHR compared to control veins, but there

has been some inconsistency in the findings of several
laboratories. Several groups have observed no difference
in the sensitivity to noradrenaline of MPV from SHR
compared to Wistar rats (Hallb#{225}ck et al., 1971) or WKY
(Greenberg and Bohr, 1975). Greenberg and Bohr did
observe increased rate and amplitude of spontaneous
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contractions, increased maximum response to noradren-
aline, and increased sensitivity to prostaglandins A2 and

B2 in the veins from SHR. Responses to E2 were de-

creased, however, and the increased responsiveness to A2

and B2 was abolished by indomethacin or by eicotetray-

noic acid. It was concluded that the MPV of SHR syn-
thesised more prostaglandins than did veins from WKY

(Greenberg, 1976). No actual measurement of rates of
synthesis ofprostaglandins were reported however. Pros-

tacyclin contracts, rather than relaxes, MPV from both
normal rats and SHR to the same extent (Levy, 1978).

The electrical properties of the membrane and the
electrical responses to noradrenaline have been corn-

pared in the MPV from SHR and WKY (Kuriyama and

Suzuki, 1978; Mironneau et a!., 1984). No difference was

found in the passive electrical properties but noradren-
aline depolarised the membrane at iO� M in the vein of

the SHR and at i0� M in the WKY vein.
Contractility, muscle mass, and sensitivity to agonists

was compared in MPVs of SHR, young SHR, and RHR
versus MPVs of Wistar rats (Sutter and Ljung, 1977).

We observed increased stress in response to noradrena-

line and to acetylcholine in the veins of SHR but not in
veins of RHR compared to Wistar controls. We also

found a decreased ED� for noradrenaline in the veins
from SHR in these experiments. When calcium was

reduced in the bath fluid, we observed that the MPV

from the SHR retained their responses to agonists better

than did vessels from normotensive animals. We con-

cluded that the MPV of SHR was functionally different

from that of normotensive animals with regard to its
handling of calcium. The ED� for serotonin also has
been reported to be decreased in MPV of SHR compared

to Wistar rats (Ahlund et a!., 1977).
Several of these findings were not confirmed when the

MPV of 3-month-old SHR was compared with that of 3-

month-old WKY (Mulvany et a!., 1980). In those exper-

iments neither sensitivity to noradrenaline, maximum

force developed, nor cross-sectional area was found to

differ in MPV of SHR compared to WKY. In fact Mul-
vany et a!. observed a decrease in stress developed in

response to noradrenaline in veins from the SHR com-
pared to control. A possible explanation is that MPVs

from WKY were used by the Mulvany group as controls,
whereas we had used Wistar rats as the source of control

tissue.
Additional experiments have been done to examine

the effects of reduced calcium on several aspects of

function of the MPV from SHR compared to controls
(Pegram and Ljung, 1981). Pegram and Ljung confirmed

our earlier findings that veins from SHR sustain their

function in lowered external calcium better than control
veins (WKY). Responses to agonists and to nerve stim-

ulation were similarly less dependent on or more effi-
ciently used external calcium.

We (Pang and Sutter, 1981) also have found that

chronic treatment of SHR with the calcium antagonist
gallopamil (D600) exaggerates the ability of the MPV

from SHR to sustain their responsiveness in the presence

of reduced extracellular calcium. The effect of gallopamil
was not due to its ability to lower blood pressure because

chronic treatment with hydralazine lacks the ability to
exaggerate the responsiveness of veins from SHR in the

presence of reduced external calcium (Pang and Sutter,
1980).

The reactivity to calcium in a high potassium medium
is increased in MPV from SHR compared to controls but

no difference could be detected in the inhibitory effects
of the calcium antagonists nifedipine, nitrendipine, or

nisoldipine on the two types of vessels (Harris et a!.,

1984). Similar findings have been made using gallopamil

(D600) or felodipine; no differences were observed in the
effects of these calcium antagonists on responses of MPV

from SHR compared to WKY (Sutter, 1985).
Another group has looked at the contractile effects of

angiotensin II on the MPV from SHR and RHR. Couture
and Regoli (1980b) found that angiotensin II had in-

creased contractile activity in the veins from SHR but

not RHR. The ED� for angiotensin II has been reported
to be greater in veins from RHR compared to SHR and

WKY. Based on the responses to angiotensin I compared
to responses to angiotensin II, the angiotensin-convert-

ing enzyme activity seems to be increased in MPV from

RHR, but the concentration of captopril required to
inhibit conversion of angiotensin I to II was the same in

all three strains of rats (Ljung et al., 1981).
In rats made hypertensive by DOCA, it was found that

chronic treatment of the animals with indapamide re-
duced their blood pressure and reduced the frequency of

spontaneous contractions in the MPV by 30%. Re-
sponses to noradrenaline were not altered by indapamide

treatment (Finch et a!., 1977). Treatment with hydrala-

zine has been found not to alter the responses to agonists

of the MPV from either DOCA-hypertensive rats or

SHR, although blood pressure was restored to normal

along with responses of the aorta (Pang and Sutter,
1980). We concluded that the aorta is affected by the
blood pressure and this is why reduction of pressure
alters its contractility. In contrast, others (Greenberg,
1980) have reported that hydralazine, but not minoxidil,

reduces the maximum response of the MPV to agonists.

The reasons for the discrepant results are not clear but
may be due to the problem of appropriate controls in

terms of strain, age, and weight of rats.

The turnover of ions has been studied in the MPV of

rats with DOCA-hypertension and of normal rabbits.
The turnover of 42K was more rapid in the MPV from

hypertensive rats than in controls. It also was observed

that the rate constants for washout of 42K, �Cl, and 24Na
are greater in MPV of rabbits than in quiescent vessels
such as the pulmonary artery (Jones and Miller, 1978).

A number of metabolic measurements have been corn-
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pared in MPV from SHR and WKY (Amer and Hells-

trand, 1981). Amer and Hellstrand found an increased

utilisation of oxygen per unit of developed active stress

in veins from SHR compared to WKY.
No difference was detected in the presynaptic events

in the MPV of SHR compared to normal rats as judged

by the ability of /3-adrenergic agonists to increase nor-
adrenaline release (Dahl#{246}f et al., 1980). Similarly, no
difference was seen in the uptake of noradrenaline in the
MPV of SHR compared to the MPV of WKY (Rho et

a!., 1981). On the other hand, differences have been found
in the response of MPV from SHR to transmural stim-

ulation (Westfall et a!., 1984). Westfall et al. observed

that, in SHR older than 8 weeks, there was increased
release of [3H]noradrenaline at low (1-2 Hz) rates of

stimulation but not at high (5 or 10 Hz) rates. They also

reported that the increased spontaneous contractility in

MPV of SHR, which they observed and which had been

reported earlier (Greenberg and Bohr, 1975; Sutter and

Ljung, 1977), could be reduced by the adrenoceptor an-
tagonist phentolamine.

There is a report of the effects of furosemide, ethac-

rynic acid, and chlorothiazide on the MPV of SHR

compared to WKY (Tayo and Fasanmi, 1984) but the
results are difficult to interpret. Furosemide was found

to be excitatory and to have a lower ED�,o in veins from
WKY but also a lower maximum effect in WKY corn-

pared to SHR. Phenoxybenzamine is reported to inhibit
furosemide excitation in SHR but not in WKY. This last

finding is indeed puzzling.

Chronic treatment of SHR with the diuretic tienilic

acid has been reported to reverse some of the changes

observed in MPV from SHR compared to WKY (Miron-
neau et a!., 1984). Specifically, the increased sensitivity

of the membrane as measured by its depolarisation in
response to noradrenaline, angiotensin II, and prosta-

glandin E1, which was observed in veins from SHR, was
restored to control values by treatment with tienilic acid.

Relaxin, an ovarian polypeptide hormone, has been
reported not to alter the ED� of responses to noradren-

aline of MPV from SHR or controls after intravenous

infusion for 2 days (Massicotte et al., 1989). In contrast,

responses to noradrenaline of the perfused mesentery
were blunted (increased ED�) by this treatment. This

suggests that the hypotensive effect of relaxin in vivo
does not occur via mechanisms operating in the MPV in

vitro.
The effects of plasma from patients with essential

hypertension on spontaneous contractility and mechan-

ical responses to potassium and noradrenaline have been

studied in rat MPV (Pillai and Sutter, 1989). We found

that the hypertensive and normotensive plasma pre-
vented responses to noradrenaline and inhibited re-

sponses to potassium. The hypertensive plasma was less

inhibiting. Plasma from both normotensive and hyper-

tensive patients increased spontaneous contractility,

however, and the hypertensive plasma produced a greater

increase. These results could be explained if plasma
contained both inhibitory and excitatory factors in a

proportion that differed in hypertensive patients. Sub-
sequent experiments have provided support for this sug-
gestion (see section IX, H).

B. Portal Hypertension

The effect of hypertrophy of smooth muscle in the
MPV has been studied by partial occlusion of the vein
near the liver to increase the luminal pressure from 10

to 20 cm of water (Johansson, 1976; 1984). A week to 10
days later the frequency of spontaneous contractions was

decreased and the force per contraction was increased in
the partially occluded vessel compared to control, sham-
operated vessels. Stress developed during the sponta-

neous contraction as well as that in response to noradren-

aline was decreased, however, in the experimental tissue

compared to control. The ED� for noradrenaline also
was increased in hypertrophied vessels.

The reduction of spontaneous activity that occurs in
ligated, hypertrophied MPV has been confirmed. When
norrnalised for weight, the oxygen consumption and lac-
tic acid production also are reported to be increased in
hypertrophied veins (Amer and Uvelius, 1981). Dose-
response curves to increasing concentrations of calcium

were not different in either intact or chemically skinned
hypertrophied MPV compared to controls. There was a

difference in the rate of development of tension, however
(Amer et al., 1985). Amer et a!. suggested that this is

due to a low rate of cross-bridge turnover in hypertro-
phied veins.

The production of prostacyclin has been reported to

be increased compared to controls in MPV from rats

with portal hypertension (Hamilton et al., 1981; 1982).
It was suggested that this may contribute to the devel-

opment of oesophageal varices in cirrhosis. The MPVs
from rats with portal hypertension are reported to be 3-
10 times more sensitive to serotonin compared to control
veins (Cummings et al., 1986). Ketanserin competitively

antagonised serotonin in these veins.
Electron microscopy has been done on hypertrophied

rabbit MPV and has revealed that the number of inter-
mediate filaments is increased (Berner et a!., 1981). The
ratio of actin to intermediate to myosin filaments in
hypertrophied muscle cells was 15:3.5:0.5 compared to

15:1.1:1 in controls. Electron probe analysis of rabbit
MPV could detect no difference in the sodium, potas-
sium, chloride, magnesium, calcium, phosphorus, or sul-
phur content of hypertrophied veins compared to con-
trols (Junker et al., 1984).

A correlation has been suggested between the contract-
ile responses of the MPV and the survival of dogs with
their portal veins ligated (Fujii et a!., 1988). This was
based on the observation that the MPV of dogs that died

had less spontaneous contractility and reduced responses
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to potassium, noradrenaline, acetylcholine, and hista-
mine compared to veins from dogs that survived.

Rats have been made cirrhotic by repeated injections
of CC14 and the perfused MPV from such animals was

compared with veins from control rats (Yoshirnura et a!.,

1988). It was found that spontaneously developed stress

was greater per contraction in the veins from the treated
animals but the frequency of spontaneous contractions

was less. Reduction of external calcium also seemed to

have less effect on spontaneous and noradrenaline-in-

duced contractions in the veins from cirrhotic animals.
Yoshimura et al. suggested that this increased respon-

siveness may play a role in the elevated portal pressure

seen in cirrhosis.

C. Diabetes and Thyroid

Several investigators have studied the MPV from rats

or other animals made diabetic by treatment with either
alloxan or streptozotocin. In one of the early studies

afloxan was used and the responses of perfused MPV
from alloxan-treated rats was compared with those from

normal and starved rats (Fiol de Cuneo et al., 1980).
Responses ofboth starved and alloxan-treated veins were

reduced compared to controls but did not differ one from
the other. Insulin added to the bathing fluid improved
the contractility of veins from diabetic, but not starved,

animals.

In another study in which alloxan was used no differ-
ence was found in the calcium kinetics of MPV from
diabetic animals compared to controls (Turlapaty et a!.,

1980). Spontaneous contractility was greater in the MPV
of the alloxan-treated animals, however.

Spiral strips of MPV from rats treated with strepto-
zotocin were compared with strips from control animals

and no differences were found in responses to noradren-
aline, serotonin, or potassium (MacLeod and McNeill,

1985).
Hypothyroidism produced by treatment of rats with

methimazole had no effect on adrenoceptor function in

rat MPV (Yoong et a!., 1982). Dose-response curves to
noradrenaline and to angiotensin were not different in

hypothyroid animals and inhibition produced by phen-
tolamine or propranolol to their selective agonists did
not differ in veins from the treated rats.

D. Miscellaneous

The MPV from germ-free rats has been shown to have
decreased responses to noradrenaline and angiotensin
both in terms of increased ED50 and decreased maximum

contraction. Responses to CaCl2 were decreased but
those to KC1 were not. This pattern differed from that

seen in aortas from the same animals (Altura et al.,
1975).

Gram-negative endotoxins have been studied on
guinea pig MPV and found to have no effect on electrical
events measured by sucrose-gap electrode and found not

to alter responses to noradrenaline or transmural nerve
stimulation (McLean, 1978).

In dystrophic hamsters the contractile response of the

MPV to transmural stimulation of noradrenergic nerves

or to noradrenaline was similar to those of nondystrophic

hamsters (Bennett and Gardiner, 1977).

Angiotensin II apparently has an increased pressor
response in nephrectomised animals. Therefore, the sen-

sitivity to angiotensin II and to noradrenaline was ex-
amined in the MPV of nephrectomised rats 24-48 h after
surgery and in the MPV of rats subjected to surgery only
2 h previously. It was found that sensitivity to each of

these agents was the same in experimental and control
tissues (Couture et a!., 1978). Sodium restriction was

found to alter the indirect (via released noradrenaline)
responses ofthe rabbit MPV to angiotensin (Sybertz and
Peach, 1980). The ability of angiotensin II or III to

potentiate the contractile response to transmural elec-
trical stimulation was decreased by sodium restriction,

presumably because of altered release of noradrenaline.
Similar findings have been made in MPV from SHR and

WKY (Westfall et al., 1985).
The effects of ageing and of uninephrectomy were

studied on the responses to angiotensin II in MPV from
rats (Couture and Regoli, 1980a). Neither condition af-
fected the responses to this agent. Ageing similarly was
found not to affect the ability of atrial naturetic peptide

(AP-25) to relax the MPV (Emmick and Cohen, 1986).
Increased hydrostatic pressure has been reported to

affect the MPV (Sigurdsson and Ornhagen, 1980). Spon-
taneous activity increased during the elevation of atmos-

pheric pressure and decreased when the high pressure
had stabilised. At a pressure of 100 atm, frequency was
reduced by approximately 46% and integrated tension by
40%, whereas responses to electrical stimulation were

reduced by 44% and responses to potassium were reduced
by 15%. Decompression further decreased spontaneous
contractility but the changes were reversible after hydro-
static pressure returned to normal.

Ligation of the bile duct has been reported to reduce

the responsiveness of the rat MPV to noradrenaline or
tyramine (Bomzon et a!., 1984). Addition of some, but

not all, types of bile salts to the bath also could reduce
the responses of the vein. Bomzon et al. wondered
whether the inhibitory effects of bile salts could explain
the mechanism of hypotension seen in some patients
with obstructive jaundice. There seems to be an effect of

time after ligation. Maximum contractions were reduced
in veins from ligated animals 3 and 6 days after surgery,
but the ED50 for noradrenaline was reduced only at 3
days (Bomzon et al., 1985).

E. Summary

Comparisons have been made of the MPV of the SHR
versus controls and the results are not always consistent.
The following differences seem to exist in the MPV of
SHR: decreased cyclic AMP, increased depolarisation in
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response to noradrenaline, increased sensitivity to sero-

tonin, increased spontaneous contractility, and less de-

pendence on external calcium. In MPV from DOCA-

hypertensive rats few differences from control have been
found, although there may be increased ionic flux in such

vessels.
In MPV made hypertrophic by partial occlusion of the

portal vein, decreased spontaneous activity and de-

creased active stress have been observed. The histological
and subce!lular changes in these vessels have been de-
scribed. Different functional changes occur when portal
hypertension is produced by CCI�-induced cirrhosis

rather than ligation.
Diabetes produced by alloxan is accompanied by func-

tional changes in the MPV that seem related to starva-

tion. Streptozotocin-induced diabetes or hyperthyroid-
ism produced by methimazole has little or no effect on

the MPV.
Gram-negative endotoxins and ageing have no effect

on the MPV. Increased hydrostatic pressure or bile duct
ligation decreases spontaneous contractility and sodium

restriction alters the interaction of angiotensin II with

noradrenergic nerves in the MPV.

XII. Conclusions

The MPV has proven to be a versatile tissue for the
study of vascular and smooth muscle structure and func-
tion and for the study of drugs. The fact that felodipine
was developed using the MPV as a model of the resist-

ance vasculature suggests that the basic physiology of
the MPV indeed resembles the peripheral vasculature.
Much is known about the structure, pharmacology, phys-

iology, and biochemistry of the MPV but several ques-

tions remain. In particular, we need a coherent under-

standing of the dynamic aspects of excitation, E-C cou-
pling, contraction, and relaxation. At present we have

only pieces of the puzzle. Perhaps study of the MPV in
a comprehensive fashion will add to our understanding

of vascular smooth muscle and enable us ultimately to
describe the sequence and control of events that alter
the calibre of blood vessels.

Acknowledgments. I am grateful to the Medical Research Council of

Canada and the British Columbia Heart Foundation for their support

of my research. I thank C. Jordan and J. Henderson, Biomedical

Librarians at Monash Univereity and The University of British Colum-

bia, respectively, for their help in obtaining the references and M.

Murphy, E. Jan, and S-L. Lim of the Department of Pharmacology

and Therapeutics for their expert help in the production of this review.

I also am grateful to Professor M. Holman and colleagues, Department

of Physiology, Monash University, for their hospitality during the

beginnings of this project. I thank Dr. C. C. Y. Pang for her help and

encouragement. Lastly, to my wife and best friend, thanks for every-

thing.

REFERENCES

ABEL, P. w., TRAPANI, A., Aprigliano, 0., and Hermsmeyer, K.: Trophic effect
of norepinephrine on the rat portal vein in organ culture. cix. See. 47: 770-
775, 1980.

ABERO, G., AND ANDEESSON, S.: Studies on mechanical actions of inepivacaine
(ca�b�.ine) and its optically active isomers on isOlated emooth muscle: role

of ca’ and cyclic AMP. Acts Pharmacol. Toxicol. 31: 321-336, 1972.

ABERG, G., AND WAHLSTROM, B.: Mechanical and electrophysiological effects of

some local anaesthetic agents and their isomers on the rat portal vein. Acts
Pharmacol. TozicoL 31: 255-266, 1972.

AHLUND, L., LUNDGREN, Y., SJOBERG, B., AND WEISS L.: Vascular reactivity to

5-hydroxytryptainine (5-HT) in hindquarter vascular beds, aortic strips and

portal veins from spontaneously hypertensive and norinotensive rats. Acts
Physiol. Scand. 101: 489-492, 1977.

ALEXANDER, R. S.: contractile mechanics of venous smooth muscle. Am. J.
Physiol. 212: 852-858, 1967a.

ALEXANDER, R. S.: Role of calcium in the plasticity of venous smooth muscle.
Am. J. Physiol. 213: 287-294, 196Th.

ALEXANDER, R. S.: Action of acid on the plasticity of venous smooth muscle.

Microvasc. See. 1: 317-328, 1969.

ALTURA, B. T., AND ALTURA, B. M.: Pentobarbital and contraction of vascular
smooth muscle. Am. J. PhysioL 229: 1635-1640, 1975.

ALTURA, B. M., AND WEINBERG, J.: Urethane and contraction of vascular smooth

muscle. Br. J. Pharmacol. 67: 255-263, 1979.

ALTURA, B. M., ALTURA, B. T., AND cARELLA, A.: Effects of ketamine on vascular
smooth muscle function. Br. J. Pharmacol. 70: 257-267, 1980a.

ALTURA, B. M., cA.RELLA, A., AND ALTURA, B. T.: Adverse effects of The:

HEPES and MOPS buffers on contractile responses of arterial and venous
smooth muscle induced by proetaglandins. Prostaglandins Med. 5: 123-130,

1980b.
ALTURA, B. T., ALTURA, B. M., AND B*�Ez, S.: Reactivity of aorta and portal vein

in germfree rats. Blood Vessels 12: 206-218, 1975.

ALTURA, B. T., TURLAPATY, P. D., AND ALTURA, B. M.: Pentobarbital sodium
inhibits calcium uptake in vascular smooth muscle. Biochim. Biophys. Acts
595: 309-312, 1980c.

AMENTA, D., IACOPINO, L., AND AMENTA, F.: Vasoactive intestinal polypeptide-
sensitive cyclic adenosine monophosphate generating system in the rat portal
vein. Arch. mt. Pharmacodyn. Ther. 291: 85-95, 1988.

ANDERSSON, c., HELLSTRAND, P., JOHANSSON, B., AND RINCBERG, A.: Con-

traction in venous smooth muscle induced by hypertonicity. calcium depend-

ence and mechanical characteristics. Acts PhysioL Scand. 90: 451-461, 1974.
APRIGLIANO, 0., AND HERMSMEYER, K.: In vitro denervation of the portal vein

and caudal artery of the rat. J. PharmacoL Exp. Ther. 198: 568-577, 1976.
APRIGLIANO, 0., AND HERMSMEYER, K.: Trophic influence of the sympathetic

nervous system on the rat portal vein. Circ. Has. 41: 198-206, 1977.
APRIGLIANO, 0., RmMiczyK, K. E., HERMSMEYER, K., AND VAN ORDEN, L S.:

Adrenergic neuronal degeneration induced in portal vein and caudal artery by
6-hydroxydopamine in vitro. J. Pharmacol. Exp. Ther. 198: 578-588, 1976.

ABNER, A.: Force-velocity relation in chemically skinned rat portal vein. Effects
of Ca’� and � Eur. J. Physiol. 397: 6-12, 1983.

MiNER, A., AND BOSTROM, S. L.: Effects of felodipine on energy turnover in the
rat portal vein. Eur. J. Pharmacol. 150: 15-22, 1988.

ABNER, A., AND HELLSTRAND, P.: Contraction of the rat portal vein in hypertonic
and isotonic medium: rates of metabolism. Acts PhysioL Scand. 1 10: 69-75,
1950.

ABNER, A., AND HELLSTRAND, P.: Energy turnover and mechanical properties of
resting and contracting aortas and portal veins from normotensive and spon-
taneously hypertensive rats. Circ. Sea. 48:539-548,1951.

ABNER, A., AND Uvauus, B.: Oxygen dependence and energy turnover in normal
and hypertrophic rat portal vein. Acts Physiol. Scand. 113:341-348,1951.

ABNER, A., LOVOREN, B., AND UvELIuS, B.: The effects of Ca’� and Sr’� at

different modes of activation in the smooth muscle of the rat portal vein. Acts
Physiol. Scand. 1 17: 541-545, 1983.

ABNER, A., MALMQVIST, U., AND UVELIUS, B.: Effects of Ca’ on force-velocity
characteristics of normal and hypertrophic smooth muscle of the rat portal
vein. Acts Physiol. Scand. 124: 525-533, 1985.

ARVILL, A., JOHANSSON, B., AND JONSSON, 0.: Effects of hyperosmolarity on
the volume of vascular smooth muscle cells and the relation between cell
volume and muscle activity. Acts Physiol. Scand. 75: 484-495, 1969.

AXELSSON, J., WAHLSTROM, B., JOHANSSON, B., AND JONS50N, 0.: Influence
of the ionic environment on spontaneous electrical and mechanical activity of

the rat portal vein. Circ. Res. 21: 609-618, 1967.
BABIuK, C., MARCEAU, F., ST-Pianas, S., AND REGOLI, D.: Kininases and

vascular responses to kinins. Eur. J. Pharmacol. 78: 167-174, 1982.

BARA.BE, J., BAmuK, c., AND REGOLI, D.: Binding of (3HJdes-ArgS-BK to rabbit
anterior mesenteric vein. Can. J. Physiol. Pharinseol. 60: 1551-1555, 1982.

BARANES, J., HELLEGOUARCH, A., La HEGARAT, M., VIOSSAT, I., AucuaT, M.,

CHABRIER, P. E., AND BRAQUET, P.: The effects of PAF-acether on the
cardiovascular system and their inhibition by a new highly specific PAF-
acether receptor antagonist BN 52021. Pharmacol. See. Commun. 18: 717-
737, 1986.

BARJA, F., AND MATHISON, R.: Adrenergic and pepticlergic (substance P and
vasoactive intestinalpolypeptide) innervation of the rat portal vein. Blood
Vessels 19: 263-272, 1982.

BARJA, F., AND MATHISON, R.: Sensory innervation of the rat portal vein and
the hepatic artery. J. Auton. Nerv. Syst. 10: 117-125, 1984.

BARJA, F., MATHISON, R., AND KURSNER, C.: Immunohistochemical evidence for

mast cells containing 5-hydroxytryptamine in rat portal vein. Agents Actions
18: 508-511, 1986.

 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/


318 SUTTER

BASAR, E., EROGLU, C., AND UNGAN, P.: An analysis of portal vein spontaneous
contractions. Eur. J. Physiol. 352: 135-143, 1974.

BATH, N., JOHANSON, B., AND JONSSON, 0: On the distribution of sodium in the
rat portal vein. Acts Physiol. Scand. 83: 139-141, 1971.

BECKETT, P. R., AND FoSTER, R. W.: Oxyfedrine: a partial agonist at alpha-
adrenoceptors. Eur. J. Pharmacol. 20: 161-170, 1972.

BENGTSSON, B.: The role of intramural noradrenaline in the potassium induced
contracture of non-estrogenized smooth muscle. Acts Physiol. Scand. 101:
112-121, 1977.

BENGTSSON, B.: Estrogen induced inhibition of 3H-noradrenaline release in the
uterus and portal vein of the rat. Acts Physiol. Scand. 104: 287-298, 1978.

BENNETF, T., AND GARDINER, S. M.: The integrity of the noradrenergic inner-
vation of the cardiovascular system in genetically dystrophic hamsters. Med.
Biol. 55: 54-60, 1977.

BERKowITz, B. A., TARVER, J. J.,AND SPECTOR, S.: Control of norepinephrine
synthesis in blood vessels and the effects of monoamine oxidase inhibition. J.
Pharmacol. Exp. Ther. 190: 21-29, 1974.

BERNER, P. F., SOMLYO, A. V., AND SOMLYO, A. P.: Hypertrophy-induced
increase of intermediate filaments in vascular smooth muscle. J. Cell Biol. 88:
96-100,1951.

BERTI, F., OMINI, C., AND LONGIAVE, D.: The mode of action of aescin and the

release of prostaglandins. Prostaglandins 14: 241-249, 1977.
BERT!, F., SIRTORI, C., AND USARDI, M. M.: Cyclic 3’5’-AMP, its dibutyryl

derivative and theophylline effects on the rat portal vein in vitro. Arch. mt.
Pharmacodyn. Ther. 184: 328-333, 1970.

BERUBE, A., MARcEAU, F., DROUIN, J. N., Rioux, F., AND REGOLI, D.: The
rabbit mesenteric vein: a specific bioassay for substance P. Can. J. Physiol.
Pharmacol. 56: 603-609, 1978.

BEVAN, J. A., AND L.JUNG, B.: Longitudinal propagation of myogenic activity in
rabbit arteries and in the rat portal vein. Acts Physiol. Scand. 90: 703-715,
1974.

BRyAN, 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.

BIAMINO, G., AND JOHANSSON, B.: Effects of calcium and sodium on contracture
tension in the smooth muscle of the rat portal vein. Eur. J. Physiol. 32 1: 143-

158, 1970.
BIAMINO, G., WEaSEL, H. J., AND NORING, J.: Ajmaline-induced changes in

mechanical and electrical activity of vascular smooth muscle. Blood Vessels
12: 68-80, 1975a.

BIAMIN0, G., WESSEL, H. J., NORING, J., AND SCHRODER, R.: Plethysmographic
and in vitro studies ofthe vasodilator effect of furosemide (Lasix). hit. J. Clin.
Pharmacol. Biopharm. 12: 356-368, 1975b.

BIELKIEWICZ, B., AND CooK, D. A.: Evidence for an indirect component of the
action of histamine on canine portal vein. Pharmacology 29: 233-240, 1984.

BJORKLUND, A., JOHANSSON, B., STENEVI, U., AND SVENDGAARD, N. A.: Re-
establishment of functional connections by regenerating central adrenergic and
cholinergic axons. Nature (Lond.) 253: 446-448, 1975.

BLAIR-WEST, J. R., MCKENZIE, J. S., AND MCKINLEY, M. J.: The actions of
angiotensin II on the isolated portal vein of the rat. Eur. J. PharmacoL 15:
221-230, 1971.

BLAIR-WEST, J. R., MCKINLEY, M. J., AND MCKENZIE, J. S.: Effect of frusemide
on the reactivity of rat portal vein. J. Pharm. Pharmacol. 24: 442-446, 1972.

BOADLE-BIBER, M. C., HUGHES, J., AND RoTH, R. H.: Acceleration of cat-
echolamine biosynthesis in sympathetically innervated tissues by angiotenain-
Il-ainide. Br. J. Pharmacol. 46: 289-299, 1972.

BOEYNAEMS, J. M., VAN COEVORDEN, A., AND DEMOLLE, D.: Stimulation of
prostacyclin production in blood vessels by the antithrombotic drug suloctidil.
Biochem. Pharmacol. 30: 1629-1635, 1987.

BOHR, D. F., AND UCHIDA, E.: Individualities of vascular smooth muscles in
response to angiotensin. Circ. Res. 21 (suppl. 2): 135-138, 1967.

BOMZON, A., FINBERG, J. P., TOVBIN, D., NAIDU, S. G., AND BEmR, 0. S.: Bile

salt.s, hypotension and obstructive jaundice. Clin. Sci. 67: 177-183, 1984.

BOMZON, A., GALL, D., BErrER, 0. S., AND BLENDIS, L. M.: Reversible suppres-
sion of the vascular contractile response in rats with obstructive jaundice. J.
Lab. Clin. Med. 105: 568-572, 1985.

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. 355: 677-695, 1984a.

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. 357: 185-201, 19Mb.

Booz, K. H.: The innervation of the autonomically pulsating portal vein of the
rat: fluorescence and electronmicroscopic study (in German). z. Zellforsch.
Mikrosk. Anat. 1 17: 394-418, 1971.

BORGES, R., CARTER, D. V., VON GRAFENSTEIN, H., HALLIDAY, J., AND KNIGHT,

D. E.: Activation of sodium channels is not essential for endothelin induced
vasoconstriction. Eur. J. Physiol. 413: 313-315, 1989.

BOSE, D., ELLIOTF, D., KOBAYASHI, T., TEMPLETON, J. F., KUMAR, V. P., AND

LABELLA, F. S.: 14 bets-Hydroxyprogesterone binds to the digitalis receptor,
inhibits the sodium pump and enhances cardiac contractility. Br. J. PharmacoL

93: 453-461, 1988.
BOURREAU, J. P., FELETOU, M., AND TRICOCHE, R.: In vitro effects of S.3341 on

the spontaneous contractile activity of the rat portal vein: interference with

the aipha-adrenergic stimulation. Arch. mt. Pharmacodyn. Ther. 296: 29-44,
1988.

BRATvaIT, M., AND HELLE, K. B.: VIP inhibition of vascular smooth muscle:
complementsry to bets,-adrenoceptor mediated relaxation in the isolated rat
portal vein. Acts PhysioL Scand. 121: 269-276, 1984.

BRATvErF, M., RYDNINGEN, H. T., AND HELLE, K. B.: Comparison of atriopeptins
mmand III, VIP and bets,.adrenoceptor-evoked relaxations of the two layers of

smooth muscle in the rat portal vein. Acts Physiol. Scand. 130: 593-599, 1987.
BRAY, K. M., NEWGREEN, D. T., SMALL, R. C., SOUTHERTON, J. S., TAYLOR, S.

G., WEIR, S. W., AND WESTON, A. H.: Evidence that the mechanism of the
inhibitory action of pinacidil in rat and guinea-pig smooth muscle differs from
that of glyceryl trinitrate. Br. J. Pharmacol. 91: 421-429, 1987.

BRODERICK, R., AND SOMLYO, A. P.: Calcium and magnesium transport by in

situ mitochondria: electron probe analysis of vascular smooth muscle. Circ.

flea. 61: 523-530, 1987.
BROWN, B. P., AND HEISTAD, D. D.: Capacitance of the rabbit portal vein and

inferior vena cava. J. Physiol. 381: 417-425, 1986.
BROWN, B. P., ANURAS, S., AND HEISTAD, D. D.: Responsiveness of longitudinal

and circular muscle layers ofthe portal vein. Am. J. Physiol. 242: G498-G503,

1982.
BUCKINGHAM, R. E., HAMILTON, T. C., HOWLETF, D. R., MooToo, S., AND

WILSON, C.: Inhibition by glibenclamide of the vasorelaxant action of cromak-
aiim in the rat. Br. J. PharmacoL 97: 57-64, 1989.

BURNSTOCK, G., CROWE, R., KENNEDY, C., AND TOROK, J.: Indirect evidence
that purinergic modulation of perivascular adrenergic neurotransmission in the

portal vein is a physiological process. Br. J. Pharmacol. 82: 359-368, 1984.
BURNSTOCK, G., CROWE, R., AND WONG, H. K.: Comparative pharmacological

and histochemical evidence for purinergic inhibitory innervation of the portal
vein of the rabbit, but not guinea-pig. Br. J. Pharmacol. 65: 377-388, 1979.

BYRNE, N. G., AND LARGE, W. A.: Mechanism of action of aipha-adrenoceptor
activation in single cells freshly dissociated from the rabbit portal vein. Br. J.
Pharmacol. 94: 475-482, 1988.

CALDWELL, R. W., AND GOLDBERG, L. I.: An evaluation of the vasodilation
produced by mephentermine and certain other sympathomimetic ainines. J.
PharmacoL Exp. Ther. 172: 297-309, 1970.

CAMPBELL, J. K., WINSLOW, E., AND MARSHALL, R. J.: The effects of bepridil,

compared with calcium-channel inhibitors and calmodulin antagonists on both
spontaneous activity and contractions induced by potassium or phenylephrine
in rat portal vein. Eur. J. Pharmacol. 132: 187-196, 1986.

CANTAGALLI, A., DR LUCA, C., DR ANGELIS, E., AND AMENTA, F.: Autonomic
innervation of rat portal vein. Anat. Anz. 154: 55-59, 1983.

CARANIKAS, S., MIZRAHI, J., ESCHER, E., AND REGOLI, D.: Synthesis and

biological activities of substance P antagonists. J. Med. Chem. 25: 1313-1316,
1982.

CAIuwRA, M., MANDELLI, V., AND MANTEGAZZA, P.: The effect of angiotensin
II and other vasoactive drugs on isolated portal vein preparations. Arch. mt.
Pharmacodyn. Ther. 201: 224-233, 1973.

CHEN, W. M., AND SUNAHARA, F. A.: Effects of norepinephrine in the presence
of adrenergic antagonists and different ionic media upon the mechanical and
Mrubidium efflux responses in vascular smooth muscle. Can. J. Physiol. Phar-
macoL 50: 1117-1126, 1972.

CLARK, S. C., AND MACCANNELL, K. L.: Vascular responses to anaesthetic agents.

Can. Anaesth. Soc. J. 22: 20-33, 1975.
CLEMENT, D., AND VANHOUVrE, P.: Effects of monoamines on the capacity of

isolated veins. Arch. mt. Pharmacodyn. Ther. 166: 181-183, 1967.
COHEN, M. L., AND WILEY, K. S.: Comparison of arteries with longitudinal and

circular venous muscle from the rat. Am. J. Physiol. 232: H131-H139, 1977a.
COHEN, M. L., AND WILEY, K. S.: Neuronal uptake inhibitors, nisoxetine and

fluoxetine on rat vascular contractions. Eur. J. PharmacoL 44:219-229,197Th.
COHEN, M. L., WILEY, K. S., AND LANDRY, A. S.: In vitro comparison of the

pre- and poatsynaptic alpha adrenergic recepto blocking properties of prazosin
and tiodazosin (BL5111). Clin. Exp. Hypertens. [A] 2:1067-1082,1950.

COLLINS, G. A., AND StrrrER, M. C.: Quantitative aspects of cyclic AMP and
relaxation in the rabbit anterior mesenteric-portal vein. Can. J. Physiol.
PharmacoL 53: 989-997, 1975.

COLLINS, G. A., Su’rrsR, M. C., AND TEISER, J. C.: Calcium and contraction in
the rabbit anterior mesenteric-portal vein. Can. J. Physiol. Pharmacol. 50:
289-299, 1972a.

COLLINS, G. A., StrrrxR, M. C., AND TEISER, J. C.: The effects of manganese on
the rabbit anterior mesenteric-portal vein. Can. J. Physiol. Pharmacol. 50:
300-309, 1972b.

CooK, D. A., AND MACLEOD, K. M.: Responses of rabbit portal vein to histamine.
Br. J. Pharinacol. 62: 165-170, 1978.

CooK, N. S., QUAST, U., HOF, R. P., BAUMLIN, Y., AND PALLY, C.: Similarities
in the mechanism of action of two new vasodilator drugs: pinacidil and BRL
34915. J. Cardiovasc. PharmacoL 1 1: 90-99, 1988.

COUTURE, R., AND REGOLI, D.: Vascular reactivity to angiotensin and noradren-
aline in spontaneously and renal hypertensive rats. Chin. Exp. Hypertens. [A)
2: 45-63, 1980a.

CotrruRE, R., AND REGOLI, D.: Vascular reactivity to angiotensin and noradren-
aline in rats. Effect ofaging and ofuninephrectomy. Clin. Exp. Hypertens. [A)
2: 1-24, 198Ob.

COUTURE, R., RIOUX, F., AND REGOLI, D.: Vascular reactivity to angiotensin and
noradrenaline following nephrectomy in rats. Clin. Exp. Hypertens. [A) 1:

393-405, 1978-1979.

 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/


MESENTERIC-PORTAL VEIN IN RESEARCH 319

CREMER-LACUARA, M. G., LACUARA, J. L., FI0L DR CUNEO, M., AND RUIZ, R.
D.: Substrate supply and function of isolated venous smooth muscle under
anoxi.a and metabolic inhibition. Can. J. PhysioL Pharmacol. 58: 723-730,

1980.

CROWE, R., AND BURNSTOCK, G.: Small intensely fluorescent (SIF) cells and
sympathetic nerves in the adult rabbit portal vein and during perinatal devel-
opment. Cell Tissue Res. 227: 801-607, 1982.

CUMMINGS, S. A., GROSZMANN, R. J., AND KAUMANN, A. J.: Hypersensitivity of
mesenteric veins to 5-hydroxytryptamine- and ketsnserin-induced reduction of
portal pressure in portal hypertensive rats. Br. J. Pharmacol. 89: 501-513,

1986.
CUTHBERT, A. W., MATFHEWS, E. K., AND SUTFER, M. C.: Spontaneous activity

in a mammalian vein. J. PhysioL 176: 22P, 1964.
CUTHBERT, A. W., AND Su’rrEit, M. C.: Electrical activity of a mammalian vein.

Nature (Lond.) 202: 95, 1964.
CUTHBERT, A. W., AND Sums., M. C.: The effects of drugs on the relation

between the action potential discharge and tension in a mammalian vein. Br.

J. PharmacoL 25: 592-601, 1965.
DACQUET, C., LOIRAND, G., MIRONNEAU, C., MIRONNEAU, J., AND PACAUD, P.:

Spironolactone inhibition of contraction and calcium channels in rat portal
vein. Br. J. PharmacoL 92: 535-544, 1987a.

DACQUET, C., LOIRAND, G., RAKOTOARISOA, L., MIRONNEAU, C., AND MIRON-

NEAU, J.: (+)-[3H]-PN 200-110 binding to cell membranes and intact strips of
portal vein smooth muscle: characterization and modulation by membrane
potential and divalent cations. Br. J. Pharmacol. 97: 256-262, 1989.

DACQUET, C., MIRONNEAU, C., AND MIRONNEAU, J.: Effects of calcium entry

blockers on calcium-dependent contractions of rat portal vein. Br. J. Pharma-

col. 92: 203-211, 198Th.
DAHLOF, C., DAHLOF, P., TATEMOTO, K., AND LUNDBERG, J. M.: Neuropeptide

Y (NPY) reduces field stimulation-evoked release of noradrenaline and en-

hances force of contraction in the rat portal vein. Naunyn Schmiedebergs Arch.

PharinacoL 328: 327-330, 1985.
DAHLOF, C., LJUNG, B., AND ABL�o, B.: Increased noradrenaline release in rat

portal vein during sympathetic nerve stimulation due to activation of presyn-
aptic bets-adrenoceptors by noradrenaline and adrenaline. Eur. J. Pharmacol.
50: 75-78, 1978.

DAHLOF, C., LJUNG, B., AND ABLAD, B.: Pre- and postjunctional bets-adrenocep-
tor mediated effects on transmitter release and effector response in the IsOlated
rat portal vein. Acts Physiol. Scand. 108:39-47,1980.

DE LUCA, C., CANTAGALLI, A., DE ANGELIS, E., AND AMENTA, F.: Cholinergic
nerves in the rat portal vein. Experientia 38: 397-398, 1982.

DEFE0, T. T., AND MORGAN, K. G.: Calcium-force relationships as detected with
aequorin in two different vascular smooth muscles of the ferret. J. PhysioL

$69: 269-282, 1985.
DEFE0, T. T., AND MORGAN, K. G.: A comparison of two different indicators:

quin 2 and aequorin in isolated single cells and intact strips of ferret portal

vein. Eur. J. Physiol. 406: 427-429, 1986.

DEFE0, T. T., BIuGG5, G. M., AND MORGAN, K. G.: Ca’� signals obtained with

multiple indicators in mammalian vascular muscle cells. Am. J. Physiol. 253:
H1456-H1461, 1987.

DEPA8QUALE, N. P., AND BUnCH, G. E.: Influence of bradykinin on isolated
canine venous strips. Am. Heart J. 75: 630-633, 1968.

DEVINE, C. E., AND RAYNS, D. G.: Freeze-fracture studies of membrane systems

in vertebrate muscle. II. Smooth muscle. J. Ultrastruc. Sea. 51: 293-306, 1975.
DEVINE, C. E., SOMLYO, A. V., AND SOMLYO, A. P.: Sarcoplasmic reticulum and

excitstion-contraction coupling in mammalian smooth muscles. J. Cell Biol.
52: 690-715, 1972.

DIGGE8, K. G., AND SUMMERS, R. J.: Characterization of poatsynaptic alpha-
adrenoceptors in rat aortic strips and portal veins. Br. J. Pharmacol. 79: 655-

665, 1983.
DION, S., D’ORLEANS-JUSTE, P., DRAPEAU, G., RHALEB, N. E., R0UISSI, N.,

TOUSIGNANT, C., AND REGOLI, D.: Characterization of neurokinin receptors

in various isolated organs by the use of selective agonists. Life Sd. 4 1: 2269-

2278, 1987.
DOCHERTY, J. R., AND ST�iuca, K.: An examination of the pre- and poatsynaptic

alpha-adrenoceptors involved in neuroeffector transmission in rabbit aorta and
portal vein. Br. J. PharmacoL 76: 327-335, 1982.

DOWNING, 0. A., STEIN, W., WILSON, K. A., AND WILSON, V. G.: A comparison
of the actions of noradrenaline and UK-14,304 in the longitudinal smooth
muscle of the rat isolated portal vein-no evidence for a population of post-
junctional alpha,-adrenoceptors. Naunyn Schmiedebergs Arch. Pharmacol.
338: 239-245, 1988.

DaapEAu, G., D’ORLEANS-JUSTE, P., DI0N, S., RHALEB, N. E., AND REGOLI, D.:

Specific agonists for neurokinin B receptors. Eur. J. Pharniacol. 136: 401-403,
1957.

EBEIGBE, A. B.: Calcium pools for noradrenaline and potassium-induced contrac-
tions of rat portal vein. Can. J. Physiol. Pharmacol. 60: 1225-1227, 1982.

EBEIGBE, A. B.: Vascular membrane permeability during hypoxia. Pharmacol.
Res. Commun. 16: 351-358, 1984.

EDGARIAN, H., AND ALTuRA, B. M.: Ethanol and contraction of venous smooth
muscle. Anesthesiology 44: 311-317, 1976.

EGLEN, R. M., AND WHITING, R. L.: The action of prostanoid receptor agonists
and antagonists on smooth muscle and platelets. Br. J. PharmacoL 94: 591-

601, 1988.

EKMEHAG, B. L., AND HELLSTRAND, P.: Contractile and metabolic characteristics

ofcreatine-depleted vascular smooth muscle ofthe rat portal vein. Acts PhysioL
Scand. 133: 525-533, 1988.

EKMEHAG, B. L., AND HELLSTRAND, P.: Shortening velocity, myosin light chain

phosphorylation and Ca’� dependence of force during metabolic inhibition in
smooth muscle of rat portal vein. Acts PhysioL Scand. 136: 367-376, 1989.

EL-ACKAD, T. M., AND BRODY, M. J.: Evidence for non-mast cell histamine in

the vascular wall. Blood Vessels 12: 181-191, 1975.
ELIASSEN, E., AND HELLE, K. B.: Spontaneous activity in smooth muscle of the

portal vein of the hedgehog Erinaceus europaeus. Comp. Biochem. Physiol. [C)

52: 119-125, 1975.
EMMICK, J. T., AND COHEN, M. L.: Aging and vasodilation to atrial peptides.

Clin. Exp. Hypertena. [A) 8: 75-90, 1986.
ENERO, M. A.: Effect of drugs on the force of spontaneous mechanical activity in

rat portal vein. Acts Physiol. Latinoam. 29: 101-106, 1979.
ENERO, M. A.: Further evidence for the purinergic inhibition of adrenergic

neurotransmission in the rat portal vein. Acts Physiol. Latinoam. 31: 93-103,

1981.
FARA, J. W.: Effects of gastrointestinal hormones on vascular smooth muscle.

Am. J. Dig. Dis. 20: 346-353, 1975.
FARMER, J. B., KENNEDY, I., LEvY, G. P., AND MARSHALL, R. J.: Pharmacology

of AH 5158: a drug which blocks both alpha- and beta-adrenoceptors. Br. J.
PharmacoL 45: 660-675, 1972.

FELETOU, M., ALYA, G., TRICOCHE, R., AND WALDEN, M.: Source of calcium
and cholinergic contraction ofthe rat portal vein and the sheep coronary artery.
Arch. Int. Pharinacodyn. Ther. 283: 254-271, 1986.

FELETOU, M., HOEFPNER, U., AND VA.NHOUTTE, P.M.: Endotheium-dependent
relaxing factors do not affect the smooth muscle of portal-mesenteric veins.

Blood Vessels 26: 21-32, 1989.
FINCH, L., HICKS, P. E., AND MooRE, R. A.: Changes in vascular reactivity in

experimental hypertensive animals following treatment with indapamide. J.

Pharm. Pharmacol. 29: 739-743, 1977.
FI0L DE CUNEO, M., CREMER-LACUARA, M. G., RUIZ, R. D., AND LACUARA, J.

L.: Alterations induced by alloxan-diabetes and starvation on functional activ-
ity of the rat portal vein perfused in vitro. Can. J. Physiol. Pharmacol. 58:
731-737, 1980.

FISCHER, G. M., AND SWAIN, M. L.: Effects of estradiol and progesterone on the
increased synthesis of collagen in atherosclerotic rabbit aortas. Atherosclerosis

54: 177-185, 1985.

FLEISCH, J. H., AND HOOKER, C. S.: The relationship between age and relaxation

of vascular smooth muscle in the rabbit and rat. Circ. Sea. 38: 243-249, 1976.
FOGELMAN, F., AND GRUNDY, H. F.: A comparison of the cardiovascular actions

of AQ 1 10 with those of isoprenaline and salbutamol. Br. J. Pharmacol. 38:

416-432, 1970.
FRANKLIN, K. J.: A Monograph on Veins, Charles C Thomas, Springfield, IL,

1937.
FUJI, K., Fu.uw�ut.�, M., KUMADA, K., KURAHASHI, K., AND USUI, H.: Physio-

logical effects of portal ligation on the longitudinal and circular muscles of the
dog portal tree. Blood Vessels 25: 240-249, 1988.

FuJIos�& M., AND SUZUKI, H.: Effects of amosulalol on the electrical responses
of guinea-pig vascular smooth muscle to adrenoceptor activation. Br. J. Phar-

macol. 84: 489-497, 1985.
FUNAKI, S., AND BOHR, D. F.: Electrical and mechanical activity of IsOlated

vascular smooth muscle of the rat. Nature (Lond.) 203: 192-194, 1964.

FURUTA, T.: Precontraction-induced contractile response of isolated canine portal
vein to alpha,-adrenoceptor agonists. Naunyn Schmiedebergs Arch. Pharmacol.

337: 525-530, 1988.

GABELLA, G.: Effect of potassium on the mechanical activity of taenia coli, uterus
and portal vein of the guinea-pig. Q. J. Exp. PhysioL 63: 125-146, 1978.

GALE,J, D., AND COWEN, T.: The origin and distribution of 5-hydroxytryptamine-
like immunoreactive nerve fibres to major mesenteric blood vessels of the rat.
Neuroscience 24: 1051-1059, 1988.

GAUDREAU, P., BARABE, J., ST-Plxanx, S., AND REGOLI, D.: Pharmacological
studies of kinins in venous smooth muscles. Can. J. PhysioL Pharmacol. 59:

371-379, 1981.
GIBBINS, I. L. The innervation of the hepatic portal vein in the rabbit: ultrastruc-

tural evidence against “purinergic” neurotransmission. Cell Tissue Sea. 217:
563-567, 1981.

GILLIS, C. N., AND RoTH, R. H.: Catecholamine biosynthesis in vascular tissue.
Experientia 26: 960-961, 1970.

GOLENHOFEN, K., AND HERMSTEIN, N.: Differentiation of calcium activation

mechanisms in vascular smooth muscle by selective suppression with verapamil
and D 600-1. Blood Vessels 12: 21-37, 1975.

GOLENHOFEN, K., AND LAMMEL, E.: Selective suppression of some components

of spontaneous activity in various types of smooth muscle by iproveratril
(Verapaniil). Eur. J. Physiol. 331: 233-243, 1972.

GOLENHOFEN, K., AND VON LOH, D.: Intracellular potential measurements in
relation to normal spontaneous activity of the IsOlated guinea pig portal vein.

Eur. J. Physiol. 319: 82-100, 1970.
GRANGER, S. E., HOLLINGSWORTH, M., AND WESTON, A. H.: A comparison of

several calcium antagonists on uterine, vascular and cardiac muscles from the
rat. Br. J. PharmacoL 85: 255-262, 1985.

GREENBERG, R.: The effects of indomethacin and eicosa-5,8,11,14-tetraynoic acid

on the response of the rabbit portal vein to electrical stimulation. Br. J.
Pharmacol. 52: 61-68, 1974.

GREENBERG, R.: Indomethacin potentiation of the response of the rabbit portal

 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/


320 SUTTER

vein to electrical stimulation: effect of stimulus frequency and train length. Br.
J. Pharmacol. 53: 596-597, 19754..

GREENBERG, S.: Some pharmacological effects of prodolic acid, a new anti-

inflammatory compound, indicative of inhibition of proetaglandin synthesis.

Can. J. PhysioL Pharmacol. 53: 186-189 1975b.
GREENBERG, S.: Evidence for enhanced venous smooth muscle turnover of

proetaglandin-like substance in portal veins from spontaneously hypertensive
rats. Proetaglandins 11: 163-193, 1976.

GREENBERG, S.: Studies on the effect of chronic oral administration of minoxidil

and hydralazine on vascular function in spontaneously hypertensive rats. J.
PharmacoL Exp. Ther. 215: 279-286, 1980.

GREENBERG, S., AND BOHR, D. F.: Venous smooth muscle in hypertension.

Enhanced contractility of portal veins from spontaneously hypertensive rats.

Circ. Sea. 36 (suppl 1): 208-215, 1975.
GREENBERG, S., DIEcKE, F. P., KADOWrFZ, P. J., AND LONG, J. P.: Effects of

prostaglandin B2 on vascular tone and reactivity. Life Sd. 16: 363-374, 1975.
GREENBERG, S., KADOWITZ, P J., DIEcKE, F. P., AND LONG, J. P.: Effect of

prostaglandin,�.,.� on responses of vascular smooth muscle to serotonin, an-
giotensin and epinephrine. Arch. mt. Pharmacodyn. Ther. 206: 5-18, 1973a.

GREENBERG, S., LONG, J. P., AND Dmcica, F. P.: Differentiation ofcalcium pools
utilized in the contractile response ofcanine arterial and venous smooth muscle

to norepinephrine. J. PharmacoL Exp. Ther. 185: 493-504, 1973b.

GREENBERG, S., LONG, J. P., AND DIEcKE, F. P.: Effect of proetaglandins on

arterial and venous tone and calcium transport. Arch. Int. Pharmacodyn. Ther.

204: 373-389, 1973c.

GRUNDY, H. F.: Cardiovascular effects of morphine, pethidine, diamorphine and
nalorphine on the cat and rabbit. Br. J. PharmaCOL 42: 159-178, 1971.

HAGGENDAL, J., JOHANS8ON, B., JONASON, J., AND LJUNG, B.: Effects of

phenoxybenzamine on transmitter release and effector response in the isolated

portal vein. J. Pharm. PharmacoL 24: 161-164, 1972a.
HAGGENDAL, J., JOHAN5SON, B., JONASON, J., AND LJUNG, B.: Effects of a

bicydic thymoleptic drug (LU 3-010) on neuroeffector function in rat isolated
portal veins. J. Pharm. PharmacoL 24: 557-564, 1972b.

HALL, P. J., AND PLEUVRY, B. J.: An in vitro study of the effects of calcium on
the cardiovascular actions of thiopentone, althesin and ketamine in the rat. J.
Pharni. PharmacoL $1: 460-465, 1979.

HALL, W. J., AND O’CONNOR, P. C.: A pharmacological analysis of the response
of dog anterior mesenteric vein to transmural electrical stimulation. Ir. J. Med.
Sd. 141: 113-119, 1972.

HALL, W. J., AND O’CONNOR, P. C.: The action of vasoactive drugs on longitu.
dinal and circular muscle of dog mesenteric vein. J. Pharm. PharmacoL 25:
109-118, 1973.

HALLBACK, M., LUNDGREN, Y., AND WEISS, L: Reactivity to noradrenaline of
aortic stripe and portal veins from spontaneously hypertensive and normoten-

sive rats. Acts Physiol. Scand. 81: 176-181, 1971.

HAMILTON, G., PHING, R. C., Hu’rroN, R. A., DANDONA, P., AND Hosas, K. E.:
The relationship between prostacyclin activity and pressure in the portal vein.

Hepatology 2: 236-242, 1982.
HAMILTON, G., RoszA, I., Hu’rroN, R., CHOW, F. P., DANDONA, P., AND HOBBS,

K. E.: Portal vein proetacyclin activity in experimental portal hypertension in

rats. Clin. Sci. 80:327-329,1951.
HAMILTON, T. C., Wam, S. W., AND WESTON, A. H.: Comparison of the effects

ofBRL 34915 and verapamil on electrical and mechanical activity in rat portal

vein. Br. J. PharinaCOL 88: 103-111, 1986.

HAMON, G., AND WORCEL, M.: Mechanism of action of angiotensin II on
excitation-contraction coupling in the rat portal vein. Br. J. PharmacoL 75:
425-432, 1982.

HARA, Y., KITAMURA, K., AND KURIYAMA, H.: Actions of 4-aminopyridine on
vascular smooth muscle tissues of the guinea-pig. Br. J. PharmacoL 68: 99-
106, 1980.

HARRIS, A. L., SWAMY, V. C., AND TRIGGLE, D. J.: Calcium reactivity and
antagonism in portal veins from spontaneously hypertensive and normotensive

rats. Can. J. PhysioL Pharmacol. 62: 146-150, 1984.
HASHIMOTO, T., UCHIDA, Y., NAMINOHIRA, S., AND SAKAI, T.: Tachykinin

antagonist. I: Specific, competitive and tissue-selective neurokinin B antago-
nists on contractile activity in smooth muscles. Jpn. J. PharmacoL 45: 570-
573, 1987.

HEDNER, J., ALMGREN, 0., JONASON, J., AND LUNDBERG, D.: Neuronal and

extraneuronal uptake of 3H-noradrenaline in rat portal vein in vitro. Acts

Physiol. Scand. 111: 171-177, 1981.
HELPER, H., AND JAQUES, R.: A method for evaluating tone, frequency and

venous output of the isOlated murine portal vein. The effect of adrenergic and
cholinergic stimulants. Pharmacology 4: 65-79, 1970.

HELPER, H., AND JAQUE8, S.: Vasotropic activity of arachidonic acid peroxide

on the IsOlated murine portal vein and its modification by antiinflammatory
substances. Experientia 30: 172-173, 1974.

HELLE, K. B., SERCK-HASSEN, G., JORGENSEN, G., AND KNUDSEN, R.: Neuro-
tensin-induced contractions in venous smooth muscle. J. Auton. Nerv. Syst. 2:

143-155, 1980.
HELLEGOUARCH, A., AUGUET M., CLOSTRE, F., AND BRAQuE’r, P.: Effects of BN

52063 and other agents inhibiting platelet-activating factor-induced contractile
responses in rat portal vein. J. Pharm. PharmacoL 40: 589-591, 1988a.

HELLEGOUARCH, A., AUGUET M., GUILLON, J. M., BAnANaS, J., PIROTZKY, E.,
AND BRAQUET, P.: Lack of effect of atrial natriuretic factor on the tone induced

in rat portal vein by platelet-activating factor. Eur. J. PharmaCOL 145: 245-
248, 1988b.

HELLSTRAND, P.: Oxygen consumption and lactate production of the rat portal
vein in relation to its contractile activity. Acts PhysioL Scand. 100:91-106,
1977.

HELLSTRAND, P.: Effects of hypoxia on the rat portal vein in vitro: Po2 gradients
in tissue and surrounding fluid. Acts PhysioL Scand. 103: 472-474, 1978.

HELL8TRAND, P.: Mechanical and metabolic properties related to contraction in
smooth muscle. Acts PhysioL Scand. (SuppL) 464: 1-54, 1979.

HEu.STItaND, P., AND ARNER, A.: Contractionofthe rat portalvein in hypertonic
and isotonic medium: mechanical properties and effects of Mg�. Acts PhysioL
Scand. 110: 59-67, 1980.

HELLSTRAND, P., AND JARHULT, J.: Effects of nine different gastrointestinal

polypeptides on vascular smooth muscle in vitro. Acts PhysioL Scand. 110:

89-94, 1980.

HELLSTRAND, P., AND PAUL, It J.: Phosphagen content, breakdown during
contraction, and 02 consumption in rat portal vein. Am. J. Physiol. 244:

C250-258, 1983.
HELLSTRAND, P., AND VOGEL, H. J.: Phosphagens and intracellular pH in intact

rabbit smooth muscle studied by 31P-NMR. Am. J. PhysioL 248: C320-329,
1985.

HELLSTRAND, P., FAHRENKRUG, J., UDDMAN, R., AND JARHULT, J.: Role of

vasoactive intestinal polypeptide (VIP) in the neurogenic vasodilatation of the
portal vein in the rabbit. Regal. Pept. 12: 309-316, 1985.

HELLSTRAND, P., JOHANS8ON, B., AND NoRBano, K.: Mechanical, electrical,

and biochemical effects of hypoxia and substrate removal on spontaneously
active vascular smooth muscle. Acts PhysioL ScancL 100: 69-83, 1977.

HELL8TRAND, P., JOHANSSON, B., AND RINGBERG, A.: Influence of extracellular
calcium on isometric force and velocity of shortening in depolarized venous

smooth muscle. Acts Physiol. Scand. 84: 528-537, 1972.
HELLSTRAND, P., JORUP, C., AND LYDRUP, M. L: 02 consumption, aerobic

glycolysis and tissue phoephagen content during activation of the Na�/K�

pump in rat portal vein. Eur. J. PhysioL 401: 119-124, 1984.
HERMAN, A. G., VERBEuREN, T. J., MONCADA, S., AND VANHOUTI’E, P. M.:

Effect of prostacyclin on myogenic activity and adrenergic neuroeffector inter-
action in canine IsOlated veins. PrOetaglandins 16: 911-921, 1975.

HERMSMEYER, K.: Contraction and membrane activation in several mammalian
vascular muscles. Life Sci. 10: 223-234, 1971.

HERMSMEYER, K.: Multiple pacemaker sites in spontaneously active vascular
muscle. Circ. Sea. 33: 244-251, 1973.

HERMSMEYEE, K.: Ba� and K� alteration of K� conductance in spontaneously
active vascular muscle. Am. J. PhysioL 230: 1031-1036, 1976.

HICKS, P. E.: Aipha-adrenoreceptor-mediated phasic and tonic activity in rat
portal vein in vitro. J. Auton. Phamacol. 3: 97-106, 1983a.

HICKS, P. E.: Effects of diltiazem on phasic and tonic activity in rat portal vein.
J. Auton. PhamacoL 3: 167-175, 1983b.

Hor, R. P., QUART, U., CooK, N. S., AND BLARan, S.: Mechanism of action and
systemic and regional hemodynamics of the potassium channel activator

BRL34915 and its enantiomers. Circ. See. 62: 679-686, 1988.
HOLMAN, M. E., AND MCLEAN, A.: The innervation of sheep mesenteric veins.

J. Physiol. 190: 55-69, 1967.
HOLMAN, M. E., KASBY, C B., AND SUTHERS. M. B.: The effect of increasing

length on the electrical and mechanical activity oflongitudinal smooth muscle

of rabbit portal vein. Aust. J. Exp. BioL Med. Sci. 46: 29, 1968a.
HOLMAN, M., KA8BY, C. B., SumaSs, M. B., *i�D WILsoN, J.: Some properties

ofthe smooth muscle of rabbit portal vein. J. PhysioL 196: 111-132, 1968b.
HoRN, L, AND KUM�MoTo, M.: Effects of 2:4-dinitrophenol on the electrical

and mechanical activity of vascular smooth muscle. Microvasc. Bee. 2: 182-
187, 1970.

HOWLAND, R. D., AND SPECTOR, S.: Disposition of histamine in manunelian
blood vessels. J. PharmacoL Exp. Ther. 182: 239-245, 1972.

HUGHES, J.: Evaluation of mechanisms controlling the release and inactivation

of the adrenergic transmitter in the rabbit portal vein and vasdeferens. Br. J.

PharmacoL 44: 472-491, 1972.
HUGHES, J., AND ROTH, R. H.: Evidence that angiotensin enhances transmitter

release during sympathetic nerve stimulation. Br. J. PharmacoL 41: 239-255,
1971.

HUGHES, J., AND RoTH, R. H.: Variation in noradrenaline output with changes
in stimulus frequency and train length: role of different noradrenaline pools.

Br. J. PharInacOl. 51: 373-381, 1974.
HUGHES, J., AND VANE, J. R.: An analysis ofthe responses ofthe IsOlated portal

vein ofthe rabbit to electrical stimulation and to drugs. Br. J. PharUISCOL 30:

46-66, 1967.
HUGHES, J., AND VANE, J. R.: Relaxations ofthe isolatedportal vein ofthe rabbit

induced by nicotine and electrical stimulation. Br. J. PharmacoL $9: 476-489,
1970.

IINO, M., KOBAYASHI, T., AND ENDO, M.: Use ofryanodine for functional removal

ofthe calcium store in smooth muaclecells ofthe guinea-pig� Biochem. Biophys.

Sea. Commun. 152: 417-422, 1988.
IMAIzUMI, Y., Muaaiu, K., TAKEDA, M., AND WATANABE, M.: Measurement and

simulation of noninactivating Ca current in smooth muscle cells. Am. J.
PhysioL 256: C880-C885, 1989.

INOUE R., KITAMURA K., AND KURIYAMA H.: Two Ca-dependent K-channels

classified by the application of tetraethylammonium to smooth muscle mem-
branes of the rabbit portal vein. Eur. J. PhysioL 405: 173-179, 1985.

 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/


MESENTERIC-PORTAL VEIN IN RESEARCH 321

INOUR, R., Oic*sE, K., KITAMURA, K., AND KunivAMA, H.: A newly identified
Ca’� dependent K� channel in the smooth muscle membrane of single cells
dispersed from the rabbit portal vein. Eur. J. PhysioL 406: 138-143, 1986.

I8HII, T., AND SHIM0, Y.: Non-adrenergic inhibitory response in the rat portal

vein. Arch. mt. Pharmacodyn. Ther. 261: 291-301, 1983.
I5HIKAWA, S., Ivo, Y., ITOH, T., KANMURA, Y., KURIVAMA, H., AND MAKITA, Y.:

Actions of isosorbide dinitrate on smooth muscle cells ofrabbit vascular tissues.
Br. J. PharmacOL 79: 737-750, 1983.

ITo, Y., AND KURIVAMA, H.: Membrane properties of the smooth-muscle fibres
of the guinea-pig portal vein. J. PhysioL 214: 427-441, 1971.

ITOH, H., KOHLI, J. D., AND RAJFER, S. I.: Pharmacological characterization of
the postsynaptic alpha-adrenoceptors in IsOlated canine mesenteric arteries
and veins. Naunyn Schmiedebergs Arch. Pharmacol. 335:44-49,1987.

JARHULT, J., FAHRENKRUG, J., HELLSTRAND, P., AND UDDMAN, S.: VIP (vaso-
active intestinal polypeptide)-immunoreactive innervation of the portal vein.
Cell Tissue Sea. 221:617-624,1982.

JEnny, M., AND WEsToN, A. H.: Some effects of sodium nitroprusside, meth-

oxyverapamil (D600) and nifedipine on rat portal vein. Br. J. Pharmacol. 88:
311-319, 1980.

JIM, K., HARIU5, A., RO5ENBERGER, L B., AND TRIGGLE, D. J.: Stereoeelective
and non-stereoselective effects of D 600 (methoxyverapamil) in smooth muscle
preparations. Eur. J. PharmaCOL 76:67-72,1981.

JODAL, M., LUNDGREN, 0., AND SJOQVIST, A.: The effect of apamin on non-
adrenergic, non-cholinergic vasodilator mechanisms in the intestines of the
cat. J. Physiol. 338: 207-219, 1983.

JOHANSSON, B.: Permeability characteristics of vascular smooth muscle cells as

revealed by their osmotic responses to non-electrolytes. Acts Physiol. Scand.
77: 282-297, 1969.

Joiw�ssoN, B.: Permeability ofvaacular smooth muscle cells to non-electrolytes.

Acts Physiol. Scand. 79: 142-144, 1970.
JoitaNssoN, B.: Active state in the smooth muscle of the rat portal vein in

relation toelectrical activity and isometric force. Circ. Sea. 32: 246-258, 1973a.
JoH�NssoN, B.: The beta-adrenoceptors in the smooth muscle of pig coronary

arteries. Eur. J. PharmacOL 24: 218-224, 1973b.
JOHANSSON, B.: Structural and functional changes in rat portal veins after

experimental portal hypertension. Acts PhysioL Scand. 98: 381-383, 1976.
Joa*.NssoN, B.: Effects of atenolol, metroprolol, and pamatolol on cardiac and

vascular beta-adrenoceptors in the rat. J. Cardiovasc. PharmacoL 1: 287-298,
1979.

JOHAN5SON, B.: Responses of the relaxed and contracted portal vein to imposed
stretch and shortening at graded rates. Ada Physiol. Scand. 118:41-49,1983.

J0HAN8SON, B.: Different types of smooth muscle hypertrophy (review). Hyper-
tension 6 (suppL 6, pt. 2): 11164-68, 1984.

Joa&Ns8oN, B., AND JoNssoN, 0.: Cell volume as a factor influencing electrical
and mechanical activity of vascular smooth muscle. Acts PhysioL Scand. 72:
456-468, 1968&

J0HAN5SON, B., AND JON58ON, 0.: Similarities between the vascular smooth

muscle responses to sudden changes in external potassium, sodium and chloride
ion concentrations. Acts PhysioL Scand. 73: 365-378, 1968b.

J0HAN55ON, B., AND LJUNG, B.: Spread of excitation in the smooth muscle of
the rat portal vein. Acts PhysioL Scand. 70: 312-322, 1967.

Jo�NssoN B., AND MELLANDER, S.: Static and dynamic components in the
vascular myogenic response to passive changes in length as revealed by electri-
cal and mechanical recordings from the rat portal vein. Circ. Sea. 36: 76-83,
1975.

JOHANSSON, B., HELLSTRAND, P., AND UVEuus, B.: Responses ofsmooth muscle
to quick load change studied at high time resolution. Blood Vessels 15: 65-82,
1978.

JOHAN55ON, B., JoNssoN, 0., AXEL8SON, J., AND WAHL8TROM, B.: Electrical
and mechanical characteristics of vascular smooth muscle response to norepi-
nephrine and isoproterenoL Circ. Re.. 21: 619-633, 1967.

JOHANSSON, B., LJUNG, B., HELL8TRAND, P., UvELlus, B., AND SIGuaDssoN,

S. B.: Effects of Tris on vascular smooth muscle. Am. J. PhysioL 237: H409-
411, 1979.

JONEs, A. W, AND MILLER, L A.: Ion transport in tonic and phasic vascular
smooth muscle and changes during deoxycorticoeterone hypertension. Blood
Vessels 15: 83-92, 1978.

JONES, A. W., SOMLYO, A. P., AND SOMLYO, A. V.: Potassium accumulation in
smooth muscle and associated ultrsatructural changes. J. Physiol. 232: 247-

273, 1973.
JoNssoN, 0.: Effects of variations in the extracellular oemolality on the ionic

permeability of vascular smooth muscle. Acts PhysioL Scand. 81: 405-421,

1971a.
JoNssoN, 0.: EffeCts of variations in the extracellular oemolality on the perme-

ability to nonelectrolytes ofva.cular smooth muscle. Acts PhysioL Scant 81:
528-539, 1971b.

JONSSON, 0., Joa&NssoN, B., WENNEEGREN, G., AND STAGE, L.: Effects of

temperature on osmotic responses and on transmembrane and efflux of urea
and sodium in vascular smooth muscle cells. Experientia $1: 60-62, 1975.

JuNKER, J. L, WASSERMAN, A. J., BERNER, P. F., AND SOMLYO, A. P.: Electron

probe analysis of sodium and other elements in hypertrophied and sodium-
loaded smooth muscle. Circ. Sea. 54: 254-266, 1984.

KADAR, D., AND SUNAHARA, F. A.: Inhibition of proetaglandin effects by ouabain
in the canine vascular tissue. Can. J. PhysioL Pharmacol. 47:871-879, 1969.

KAIMAN, M., AND SHIBATA, S.: Mechanisms by which smooth muscle sensitivity

may be altered by calcium. Blood Vessels 15:93-109,19784.

KAIMAN, M., AND SHIBATA, S.: Effect of cold storage on the sensitivity of and
calcium influx into rat, rabbit and guinea pig portal veins. Blood Vessels 15:
217-30, 1978b.

KAIMAN, M., AND SHIBATA, S.: Calcium influx and spontaneous phasic contrac-
tions of portal veins after treatment with reserpine, 6-hydroxydopamine, and
cocaine. Can. J. PhysioL PharmacoL 56: 199-201, 1978c.

KAPLAN, J. H., KENNEDY, B. G., AND SOMLYO, A. P.: Calcium-stimulated sodium
effiux from rabbit vascular smooth muscle. J. PhysioL 388:245-260,1987.

KARAKI, H., SuzuKi, T., AND URAKAWA, N.: Artificial buffers do not inhibit
contractile responses in the smooth muscle of rat portal vein and guinea pig
taenia coli. Jpn. J. Phsrmacol. 31: 979-983, 1981a.

KARAKI, H., SUZUKI, T., AND URAKAWA, N.: The does not inhibit IsOlated
vascular or intestinal smooth muscle contraction. Am. J. PhysioL 241: H337-
341, 1981b.

KARASHIMA, T.: Actions of nitroglycerine on smooth muscles of the guinea-pig
and rat portal veins. Br. J. PharmaCOL 71: 489-497, 1980.

KARASHIMA, T.: Effects of vaaopreuin on smooth muscle cells of guinea-pig

mesenteric vessels. Br. J. PharmacoL 72: 673-684, 1981.

KARASHIMA, T., AND TAKATA, Y.: The effects of ATP related compounds on the
electrical activity ofthe rat portal vein. Can. PharmaCOI. 10: 477-487, 1979.

KARA8HIMA, T., IToH, T., AND KWUYAMA, H.: Effects of 2-nicotinaniidoethyl
nitrate on smooth muscle cells of the guinea-pig mesenteric and portal veins.
J. Pharmacol. Exp. Ther. 221: 472-480, 1982.

KENNEDY, C., AND BURNSTOCK, G.: Evidence for an inhibitory prejunctional P1-

purinoceptor in the rat portal vein with characteristics of the A2 rather than
ofthe Al subtype. Eur. J. PharmacoL 100: 363-368, 1984.

KENNEDY, C., AND BURNSTOCK, G.: ATP causes poetjunctional potentiation of

noradrenergic contractions in the portal vein of guinea-pig and rat. J. Pharm.
PhaTIDSCOL 38: 307-309, 1986.

KIKKAWA, F., FURUTA, T., I8HIKAWA, N., AND SHIGRI, T.: Different types of
relationship between beta-adrenergic relaxation and activation ofcyclic AMP-
dependent protein kinase in canine saphenous and portal veins. Eur. J. Phar-
macol. 128: 187-194, 1986.

KITAMURA, K., SUZUKI, H., AND KURIYAMA, H.: PrOetaglandin action on the
main pulmonary artery and portal vein ofthe rabbit. Jpn. J. Physiol. 26: 681-

692, 1976.
KLEMT, P., AND PEIPER, U.: The dynamics ofcro.s-bridg. movement in vascular

smooth muscle estimated from a single isometric contraction of the portal vein:

the influence of temperature and calcium. Eur. J. PhysioL 378: 31-36, 1978.
KLEMT, P., PEIPER, U., SPEDEN, R. N., AND ZILKER, F.: The kinetics of poet-

vibration tension recovery ofthe isolated rat portal vein. J. Physiol. 312:281-

296, 1981.
KNEHR, H. E., AND LINER, A. M.: NADH fluorescence and spontaneous activity

of rat portal veins at decreased pH. Reapir. PhysioL 42: 145-154, 1980.
K0IKE, K., TAKAYANAGI, I., OHA5HI, M., NAKAZAWA, T., KUMAGAI, N., AND

KI8HII, K.: Ca-entry blockers, verapamil and diltiazem, on alpha,-adrenocep.
tore in thoracic aorta, renal artery and portal vein from rabbit. Can. PharmaCOL
19: 541-545, 1988.

KOMURO, T., AND BURNSTOCK, G.: The fine structure of smooth muscle cells
and their relationship to connective tissue in the rabbit portal vein. Cell Tissue

555. 210: 257-267, 1980.
Kou, K., IBENGWE, J., AND SUZUKI, H.: Effects of aipha-adrenoceptor antago-

nists on electrical and mechanical responses ofthe isolateddog mesenteric vein
to perivascular nerve stimulation and exogenous noradrenaline. Naunyn
Schmiedebergs Arch. Pharmacol. 326: 7-13, 1984.

KURIYAMA, H., AND SUZUKI, H.: Electrical property and chemical sensitivity of
vascular smooth muscles in normotensive and spontaneously hypersensitive
rats. J. PhysioL 285: 409-424, 1978.

KURIYAMA, H., OSHIMA, K., AND SA,IAM0’ro, Y.: The membrane properties of
the smooth muscle of the guinea-pig portal vein in isotonic and hypertonic
solutions. J. PhysioL 217: 179-199, 1971.

KwoK, Y. C., AND MooRE, G. J.: Photoaffinity labeling ofthe rat IsOlated portal
vein: determination of affinity constants and �spare” receptors for angiotensins

II and III. J. PharmacoL Exp. Ther. 231: 137-140, 1984.
LACUARA, J. L, Ruiz, R. D., AND FIOL DR CUNEO, M.: Modifications evoked by

piretanide in the mechanical activity ofcardiovascular tissues. Can. J. PhysioL

PharniaCOL 63: 283-286, 1985.
L.aitssoN, B., LJUNG, B., AND HAMBEROER, L.: The influence of copper on the

in vitro motility of the human Fallopian tube. Am. J. Obetet. GynecoL 125:
682-690, 1976.

LEANDER, S., ABNER, A., AND JOHANSSON, B.: Effects of 4-aminopyridine on

mechanical activity and noradrenaline release in the rat portal vein in vitro.
Eur. J. PharmacoL 46: 351-361, 1977.

LEMBERGER, H. F., MASON, N., AND COHEN, M. L: 5HT2 receptors in the rat
portal vein: desensitization following cumulative serotonin addition. Life Sci.
35: 71-77, 1984.

Lavn�r, B., AND WE8TFALL, D. P.: Factors influencing the release of purina. and

norepinephrine in the rabbit portal vein. Blood Vessels 19:30-40,1982.
Lavy, J. V.: Contractile responses to prostacyclin (PGI2) of isolated human

saphenous and rat venous tissue. Proetaglandins 16: 93-97, 1978.
LINER, A. M., AND Bai�z, E.: Excitability and NADH fluorescence of sponta.

neously active portal veins in relation to glucose withdrawal. Blood Vessels
16: 295-301, 1979.

 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/


322 SUTTER

LINER, A. M., AND HEINLE, H.: Oxygen and glucose withdrawal on portal veins:
NADH fluorescence and spontaneous activity. Arch. Int. PhysioL Biochim. 89:
313-322, 1981.

LINKE, A. M., HEINLE, H., AND BETZ, E.: Significance of glucose for mechanical
activity, flavin and pyridine nucleotide oxidation-reduction changes in isolated

rat portal veins under ACh-stixnulation. Basic Rae. CardioL 75: 739-746, 1980.
LJUNG, B.: Local transmitter concentrations in vascular smooth muscle during

vasoconstrictor nerve activity. Acts PhysioL Scand. 77: 212-223, 1969.

LJUNG, B.: Nervous and myogenic mechanisms in the control of a vascular
neuroeffector system. Acts Physiol. Scand [Suppi.) 349: 33-68, 1970.

LJUNG, B.: Vascular selectivity of felodipine. Drugs 29 (suppL 2): 46-58, 1985.
LJUNG, B., AND HALLOREN, P.: On the mechanism of inhibitory action of

vibrations as studied in a molluscan catch muscle and in vertebrate vascular
smooth muscle. Acts PhysioL Scand. 95: 424-430, 1975.

LIUNG, B., AND KJELLSTEDT, A.: Functional antagonism of noradrenaline re-
spouses by felodipine and other calcium antagonists in vascular smooth mus-
des. J. Cardiovasc. Pharmacol. 10 (suppl. 1): 582-588, 1987.

LJUNG, B., AND SwEwrssoN, R.: The inhibitory effect of vibrations on tension
development in vascular smooth muscle. Acts Physiol. Scand. 85: 428-430,
1972.

LJUNG, B., AND SIvEwrssoN, R: Vibration-inducedinhibition of vascular smooth
muscle contraction. Blood Vessels 12: 38-52, 1975.

L.HJNG, B., AND STAGE, L.: Adrenergic excitatory influences on initiation and
conduction of electrical activity in the rat portal vein. Acts Physiol. Scand.
809: 131-141, 1970.

LJUNG, B., AND WENNERGREN, G.: Effective transmitter concentrations in the
rat portal vein as reflected by neurogenic potentiation of responses to exogenous

noradrenaline. Acts PhysioL Scant 85: 289-296, 1972.
LJUNG, B., BEVAN, J. A., AND Su, C.: Evidence for uneven alpha-receptor

distribution in the rat portal vein. Circ. Sea. 32: 556-563, 1973.
LJUNG, B., ISAK550N, 0., AND JOHANSSON, B.: Levels of cyclic AMP and

electrical events during inhibition of contractile activity in vascular smooth
muscle. Acts PhysioL Scand. 94: 154-166, 1975a.

LJUNG, B., JANDHYALA, B., AND KJELLSTEDT, A.: Angiotensin I converting
enzyme activity in portal vein studied in normotensive rats and in models of
prlinaryand secondary hypertension. Acts PhysioL Scand. 111:409-416,1981.

LJUNG, B., STAGE, D., AND CAnLssoN, C.: Postnatal ontogenetic development
of neurogenic and myogenic control in the rat portal vein. Acts Physiol. Scand.

94: 112-127, 1975b.

LJUNO, B., LUNDBERG, J. M., DAHLSTROM, A., AND KJELLSTEDT, A.: Structural
and functional ontogenic development of the rat portal vein after neonatal 6-
hydroxydopamine treatment. Acts Physiol. Scand 106: 271-279, 1979.

LOVOREN B., AND HELL8TRAND, P.: Functional role of aerobic glycolysis in rat
portal vein. Acts PhysioL Scand. 129: 211-219, 1987.

LOVOREN, B., AND HELL8TRAND, P.: Graded effects of oxygen and respiratory

inhibitors on cell metabolism and spontaneous contractions in smooth muscle

ofthe rat portal vein. Acts PhysioL Scand. 123: 485-495, 1985.
LUNDBERG, J., LJUNG, B., STAGE (MCMURPHY), D., AND DAHLSTROM, A.:

Postnatal ontogenic development of the adrenergic innervation pattern in the
rat portal vein. A histochemical study. Cell Tissue Res. 172: 15-27, 1976.

MACKENZIE, J. E., AND PARRATF, J. It: Effects of oxyfedrine on isolated portal
vein and other smooth muscles. Br. J. Pharmacol. 47: 827-837, 1973.

MACKENZIE, J. E., AND PARRATF, J. It: Comparative effects of glyceryl trinitrate
on venous and arterial smooth muscle in vitro: relevance to antianginal activity.
Br. J. PharmaCOI. 60: 155-160, 1977.

MAcLE0D, K. M., AND McNmLL, J. H.: The influence of chronic experimental
diabetes on contractile responses of rat isolated blood vessels. Can J. PhysioL
PharmacOL 63: 52-57, 1985.

MANTEL, R., TAQUINI, A. C., JR., AND SAVINO, E. A.: Effects of adrenaline,
angiotensin and calcium on spontaneously active and potassium-depolarized

rat portal veins. Arch. mt. PhysioL Biochim. 83: 211-219, 1975.

MARIo�rr, J. F.: A comparison of the effects of the calcium entry blockers,
verapamil, diltiazem and flunarizine against contractions of the rat isolated
aorta and portal vein. Br. J. Pharmacol. 95: 145-154, 1988.

MAsslcom, G., PARENT, A., AND ST-LoUIS, J.: Blunted responses to vasocon-
strictors In mesenteric vasculature but not in portal vein of spontaneously
hypertensive rats treated with relaxin. Proc. Soc. Exp. BioL 190: 254-259,

1989.
MA8TRANGELO, D., AND MATHISON, It: Everted portal vein: a sensitive model

for studies of vasoactive compounds. J. Cardiovasc. PharmacoL 5: 98-101,
1983.

MASTRANGELO, D., MATsu50N, R., AND HUGGEL, H.: Postjunctional localization
of substance P receptors on the rat portal vein. Pharmacology 27: 305-318,

1983.
MASTRANGELO, D., MATHISON, R., HUGGEL, H. J., DION, S., D’ORLEANS-JUSTE,

P., RHALEB, N. E., DRAPEAU, G., RovEno, P., AND REGOLI, D.: The rat
isolated portal vein: a preparation sensitive to neurokinins, particularly neu-

rokinin B. Eur. J. PharmacoL 134:321-326,1987 (erratum appears in Eur. J.

PharmacoL 137:148).

MATHISON, R.: Actions of neurotransmitters and peptides on longitudinal and

circular muscle of the rat portal vein. J. Pharm. PharmacoL 35: 34-37, 1983.
MATTHEWS, E. K., AND Su’rraa, M. C.: Ouabain-induced changes in the con-

tractile and electrical activity, potassium content, and response to drugs, of
smooth muscle cells. Can. J. PhysioL Pharmacol. 45: 509-520, 1967.

MCCALDEN, T. A.: The inhibitory action of oestradiol-17-beta and progesterone

on venous smooth muscle. Br. J. PharmacoL 53: 183-192, 1975.
MCCONNELL, J. G., AND RODDIE, I. C.: A comparison of the behaviour of

longitudinal and circular smooth muscle in bovine mesenteric vein. J. PhysioL
207: 82P-83P, 1970.

MCKINLEY, M. J., MCKENZIE, J. S., AND BLAIR-WEsT, J. IL: Effects of main-
tamed osmolarity changes on rat portal vein spontaneous contractions. Am. J.
Physiol. 226: 718-723, 1974.

MCLEAN, A. J.: Study of the in vitro pharmacological effects of gram-negative

endotoxins in parallel with toxicity testing in normal adult guinea-pigs. Clin.
Exp. Pharmacol. PhysioL 5: 151-159, 1978.

MCMURPHY, D. S., AND LJUNG, B.: Neuroeffector maturity of portal veins from
newborn rats, rabbits, cats and guinea pigs. Acts PhysioL Scand. 102: 218-
223, 1978.

MIKKELSEN, E.: Comparison of effects of a new dihydropyridine, Bay K 8644,
and nifedipine on spontaneous mechanical activity in rat portal vein. Br. J.
PharmacoL 85: 383-385, 1985.

MIKKELSEN, E. 0., NYBORG, N. C., AND JAKOBSEN, P.: A comparison of effects

ofBAY K 8644 and CGP 28392, dihydropyridines with Ca agonistic properties,
on spontaneous mechanical activity in rat portal vein: modification of effect
by ultraviolet radiation. Acts PharmacoL ToxicoL 57: 340-344, 1985.

MILENOV, K., BARTH, T., JOST, K., AND KA8AKOV, L: Effect of deamino-dicarba-
oxytocin and oxytocin on myoelectrical and mechanical activity of uterus,
stomach and small intestine in dog. EndocrinoL Exp. (Brastil) 13: 177-183,
1979.

MILLER, R. C., AND GODFRAIND, T.: The action of tabernanthine on noradren-
slime-stimulated contractions and 45Ca movements in rat isolated vascular
smooth muscle. Eur. J. PharmacoL 96: 251-259, 1983.

MILNOR, W. R, AND SASTRE, A.: Cholinergic receptors and contraction of smooth
muscle in canine portal vein. J. PharmacoL Exp. Ther. 245: 244-249, 1988.

MINKER, E., KADAR, T., AND MA’rE.,KA, Z.: Effect ofchloroquine and mepacrine
on the spontaneous and evoked movements ofthe rat portal vein. Acts PhysioL
Aced. Sd. Hung. 55: 71-80, 1980.

MmBAHAR, K. B., AND EYRE, P.: Preliminary pharmacological characterization
of ovine mesenteric vasculature. J. Vet. PharmacOl. Ther 7: 177-181, 1984.

MIRONNEAU, J., AND GARGOUIL, Y. M.: Action of indapamide on excitation-
contraction coupling in vascular smooth muscle. Eur. J. PharmacoL 57: 57-
67, 1979.

MIRONNEAU, J., SAVINEAU, J. P., AND MIRONNEAU, C.: Effect of tienilic acid on
the electromechanical properties of vascular smooth muscles in normotensive
and spontaneously hypertensive rats. J. Cardiovasc. PharmacoL 6:1177-1183,
1984.

MIRONNEAU, J., SAVINEAU, J. P., AND MIRONNEAU, C.: Effect of indapamide on
the electromechanical properties of rat myometrium and rat portal vein. J.

PharmacoL Exp. Ther. 236: 519-525, 1986.
MISLIN, H.: Influence of respiratory gases on the activity of the isolated, autor-

hythmic portal vein in the white mouse (Miss tnusculus f. alba) (in German).
Rev. Suisse ZooL 75: 608-618, 1968.

MIYAZAKI, M., AND TODA, N.: Endothelium-dependent changes in the response
to vasoconstrictor substances of IsOlated dog mesenteric veins. Jpn. J. Phar-
macol. 42: 309-316, 1986.

MooRE, G. J., AND SCANLON, M. N.: Methods for analyzing and interpreting
cooperativity in dose-response curves. I. AntagOnist effects on angiotensin
receptors in smooth muscle. Clan. PharmacoL 20: 193-198, 1989.

MORGAN, J. P., AND MORGAN, K. G.: Stimulus-specific patterns of intracellular
calcium levels in smooth muscle of ferret portal vein. J. PhysioL 351: 155-
167, 1984a.

MORGAN, J. P., AND MORGAN, K. G.: Alteration of cytoplasmic ionized calcium

levels in smooth muscle by vasodilators in the ferret. J. PhysioL 357: 539-551,
19Mb.

M0YLAN, R. D., AND WESTFALL, T. C.: Effect of adenosine on adrenergic
neurotransmission in the superfused rat portal vein. Blood Vessels 16: 302-
310, 1979.

MULDOON, S. M., JANSSEN8, W. J., VsmnnunEN, T. J., AND VANHOU’I’FE, P. M.:
Alpha-adrenergic blocking properties of droperidol on isolated blood vessels of
the dog. Br. J. Anaesth. 49: 211-216, 1977.

MULVANY, M. J., LJUNG, B., STOLTZE, M., AND KJELL8TEDT, A.: Contractile

and morphological properties of the portal vein in spontaneously hypertensive
and wistar-kyoto rats. Blood Vessels 17: 202-215, 1980.

MURAMATSU, I., FUJIWARA, M., IKU5HIMA, S., AND A8HIDA, K.: Effects of

Goniopora toxin on guinea-pig blood vessels. Naunyn Schmiedebergs Arch.
Pharmacol. 312: 193-197, 1980.

NAKAYAMA, K., AND KASUYA, Y.: Selective abolition of Ca-dependent responses
ofsmooth and cardiac muscles by flunarizine. Jpn. J. PharmacoL 30: 731-742,
1980.

NANJO, T.: Effects of noradrenaline and acetylcholine on electro-mechanical
properties ofthe guinea-pig portal vein. Br. J. Pharmacol. 81: 427-440, 1984.

NANJO, T., AND KITAMURA, K.: Actions of nipradilol (K-3M), a new alpha- and
beta-adrenoceptorblocker, on the rabbit portal vein. Jpn. J. PharmaCOL 35:
359-369, 1984.

NonmovEn, B. J.: Effect of anti-inflammatory drugs on the membrane potential
ofvascular endothelial cells in vitro. Br. J. PharmacoL 53: 113-120, 1975.

O’CONNOR, P. C., AND SLATER, P.: Effect of cocaine on noradrenaline contrac-
tions of mesenteric vein: pre- or postjunctional mechanism? J. Pharm. Phar-
macol. 33: 58-60, 1981a.

 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/


MESENTERIC-PORTAL VEIN IN RESEARCH 323

O’CONNOR, P. C., AND SLATER, P.: Effect of cocaine on contractile responses to
noradrenaline of canine IsOlated mesenteric vein. J. Pharm. PharinacOL 33:
55-58, 1981b.

OHHASHI, T., AZUMA, T., AND SAKAGUCHI, M.: Effect of microvibration on
activity of ureteral and portal smooth muscles. Am. J. Physiol. 236: C192-

C201, 1979.
OHYA, Y., KITAMURA, K., AND Kunrv*MA, H.: Regulation of calcium current by

intracellular calcium in smooth muscle cells of rabbit portal vein. Circ. Sea.
62: 375-383, 1988&

OHYA, Y., TERADA, K., KITAMURA, K., AND KURIYAMA, H.: D600 blocks the Ca’�

channel from the outer surface of smooth muscle cell membrane of the rabbit
intestine and portal vein. Eur. J. PhysioL 408:80-82,1987.

OHYA, Y., TERADA, K., YAMAGUCHI, K., INOUE, R., OKABE, K., KITAMURA, K.,
HIRATA, M., AND KURIYAMA, H.: Effects of inositol phosphates on the mem-

brane activity of smooth muscle cells ofthe rabbit portal vein. Eur. J. PhysioL
412: 382-389, 1988b.

O,mwoi.�,J. A.: Analysis ofthe responses ofrainbow lizard(Agama agamaLinn)

isolstedportal vein to electrical stimulation andto drugs. Sep. Clin. PharmacoL

5: 673-664, 1983.
PACAUD, P., LOIRAND, G., MIRONNEAU, C., AND MIRONNEAU, J.: Noradrenaline

activates a calcium-activated chloride conductance and increases the voltage-
dependent calcium current in cultured single cells of rat portal vein. Br. J.
Pharmacol. 97: 139-146, 1989.

PANG, C. C., AND SU’I’I’ER, M. C.: Hydralazine prevents changes in the contractile
response ofaortic but not portal vein strips in hypertensive rats. Blood Vessels
17: 293-301, 1980.

PANG, C. C., AND SUTFER, M. C.: Effect of chronic treatment of spontaneously

hypertensive rats with D 600. Hypertension 3:657-663,1981.

PANG, C. C., AND SlITTER, M. C.: Chronic treatment of rats with D-600 causes a
compensatory decrease in the calcium requirement for contractility of vascular
smooth and cardiac muscles. Can. J. PhysioL PharInsCOL 63: 495-499, 1985.

PATON, D. M.: Factors influencing the magnitude and duration of responses to

endogenousandexogenous noradrenaline in rabbitpulxnonaryartery and portal
vein. J. Auton. PhameCOL 1: 67-71, 1980.

PAUL, R. J., PETERSON, J. W., AND CAPLAN, S. R: A nonequilibrium thermo-
dynamic description of vascular smooth muscle mechanochemistry. I. The rate
of oxygen consumption: a measure ofthe driving chemical reaction. J. Mechan-
ochem. Cell MotiL 3: 19-32, 1974.

PEGRAM, B. L, AND LJUNG, B.: Neuroeffector function of Isolated portal vein
from spontaneously hypertensive and Wistar-Kyoto rats: dependence on ester-

nal calcium concentration. Blood Vessels 18:89-99,1981.
PEIPER, U., KLEMT, P., AND SCHLEUPNER, It: The temperature dependence of

parallel and series elastic elements in the vascular smooth muscle of the rat

portal vein. Eur. J. PhysioL 378: 25-30, 1978.
PEIPER, U., LAVEN, R., AND EHL, M.: Force velocity relationships in vascular

smooth muscle: the influence of temperature. Eur. J. PhysioL 356: 33-45,
1975.

PERNOW, J., SARIA, A., AND LUNDBERG, J. M.: Mechanisms underlying gre- and

poetjunctional effects of neuropeptide Y in sympathetic vascular controL Acts
PhysioL Scand. 126: 239-249, 1986.

PETERSON, J. W., AND PAUL, R. J.: Aerobic glycolysis in vascular smooth muscle:
relation to isometric tension. Biochiin Biophys. Acts 357: 167-176, 1974.

PILLAI, G., AND SLITTER, M. C.: Effect of plasma from hypertensive patients on

contractile response of vascular smooth muscle from normotensive rat. Can. J.
PhysioL PharIDscO1. 67: 1272-1277, 1989.

PILLAI, G., AND SUTFER, M. C.: Effect of human plasma proteins on spontaneous
contractile activity of rat me.enteric portal vein. Can. J. PhysioL PharmacOi
68: 737-743, 1990.

QUA8’r, U.: EffeCt of the K efflux stimulating vasodilator BRL 34915 on 86Rb�

effiuix and spontaneous activity in guinea-pig portal vein. Br. J. Pharmacol.
91: 569-578, 1987.

Que.sT, U., AND BAUMLIN, Y.: Comparison of the effluies of � and ‘Rb�
elicited by cromakalim (BRL 34915) in tonic and phasic vascular tissue.

Naunyn Schmiedebergs Arch. PharInacOL 338: 319-326, 1988.
Qws’r, U., AND CooK, N. S.: Leiurus quinquestriatiss venom inhibits BRL 34915-

induced 5#{149}Rb�efflux from the rat portal vein. Life Sci. 42: 805-810, 1988.
QuA8T, U., AND COOK, N S.: In vitro and in vivo comparison of two K� channel

openers, diazoxide and cromakalim, and their inhibition by glibenclamide. J.
PhSTmSCOL Exp. Ther. 250: 261-271, 1989.

RAMANATHAN, S., AND SHIaATA, S.: Cyclic AMP blood vessels of spontaneously
hypertensive rat. Blood Vessel. 11: 312-318, 1974.

REG0LI, D., D’OIu.*ANs-JusTa, P., E8CHER, E., AND MIZRAHI, J.: Receptors for

substance P. I. The pharmacological preparations. Eur. J. PharmacoL 97: 161-
170, 1984.

REG0u, D., MARCEAU, F., AND BARABE, J.: De novo formation of vascular
receptors for bradykinin. Can J. PhysioL PharmacOl. 56: 674-677, 1978.

REILLY, W. M., AND BwtNsTocic, G.: The effect of ATP analogues on the
spontaneous electrical and mechanical activity of rat portal vein longitudinal

muscle. Eur. J. PharinacoL 138:319-325,1987.

RF.n.LY, W. M., SAvILLE, V. L., AND BuENsTocK, G.: An assessment of the
antagonistic activity of reactive blue 2 at P1- and P2-purinoceptors: supporting

evidence for purinergic innervation of the rabbit portal vein. Eur. J. Pharmacol.
140: 47-53, 1987.

REINI8H, L W., hatiNG, B., AND Tu’r’FLE, R. S.: Separation of antihypertensive

from ganglioplegic effects of felodipine in the cat. J. Cardiovasc. Pharmacol. 8:
367-375, 1986.

REMIE, R., AND ZAAGSMA, J.: A new technique for the study of vascular presyn-
aptic receptors in freely moving rats. Am. J. PhysioL 251: H463-H467, 1986.

RHO, J. H., NEWMAN, B., AND ALEXANDER, N.: Altered in vitro uptake of

norepinephrine by cardiovascular tissues of spontaneously hypertensive rats.
Part 2. Portal-mesenteric veins and atria. Hypertension 3:710-717,1981.

RHODES, H. J., AND SU’I7ER, M. C.: The action ofdiazoxide on isolated vascular

smooth muscle electrophysiology and contraction. Can. J. PhysioL PharmacoL

49: 276-287, 1971a.

RHODES, H. J., AND SUTFER, M. C.: Vasomotion and contraction in the perfused
mesenteric-portal vein: effect of drugs and altered perfusion pressure. Can. J.
PhysioL PharmacOL 49: 615-618, 1971b.

RICE, P. J., MILLER, D. D., AND PATIL, P. N.: Epinephrine enantiomers: affinity,

efficacy and potency relationships in rat smooth muscle tissues. J. Pharmacol.
Rip. Ther. 249: 242-248, 1989.

RICE, R. V., MCMANUS, G. M., DEVINE, 0. F., AND SOMLYO, A. P.: Regular
organization of thick filaments in mammalian smooth muscle. Nature (Lond.)
231: 242-243, 1971.

RIOUX, F., QUIRION, R., LEBLANC, M. A., REG0LI, D., AND ST-PIERRE, S.:
Possible interactions between neurotensin and proetaglandins in the isolated
rat portal vein. Life Sci. 27: 259-267, 1980a.

RIOUX, F., QUIRION, R, REcou, D., L�ss.*.t�ic, M. A., AND ST-PIEIuiE, S.:
Pharmacological characterization of neurotensin receptors in the rat isolated
portal vein using analogues and fragments of neurotensin. Eur. J. Pharmacol.
66: 273-279, 1980b.

RO8ENBLUM, W., AND CHEN, M.: Density ofperivascular nerves on some cerebral
and extracerebral blood vessels. Blood Vessels 13: 374-378, 1976.

RovEno, P., PESTELLINI, V., PATACCHINI, R., SAtrriclou, P., MACCl, C. A.,
AND MELI, A.: Synthesis and biological activity of N-methylated analogues of

neurokinin A. Neuropeptides 10:355-359,1987.
RUBANYI, G., AND INOVAY, J.: Effect of nickel ions on spontaneous, electrically

and norepinephrine stimulated isometric contractions in the isolated portal

vein of the rat. Acts Physiol. Aced. 841. Hung. 59: 181-186, 1982.

RUBIN, B., O’KwE, E. H., WAUGH, M. H., K0TLER, D. G., DEMAIO, D. A.,
AND HoRovrrz, Z. P.: Activities in vitro of 8-substituted derivatives of adeno-

sine-3’,S’-cycic monophoephate on guinea pig trachea and rat portal vein.
Proc. Soc. Exp. BioL 137: 1244-1248, 1971.

RUIPFOLO, R. R., JR., YADEN, E. L, AND WADDELL, J. E.: Receptor interactions
of imidazolines. V. Clonidine differentiates poetsynaptic alpha adrenergic re-
captor subtypes in tissues from the rat. J. Pharmacol. Exp. Ther. 213: 557-
561, 1980.

RUIZ, R. D., CREMER-LAcUARA, M. G., FIOL DE CUNEO, M., AND LACUARA, J.
L: Effects of vasoactive agents on oxygen uptake in portal venous smooth
muscle. Eur. J. PharmacoL 78:395-402,1982.

RUIZ, R. D., FIOL DE CUNEO, M., LAcU*.R�, J. L., AND SANTILLAN DE ToiutEs,
R.: Influence of the metabolic environment on oxygen uptake and isometric
developed tension of isolated rat portal vein. Acts PhysioL Pharmacol. Lati-
noam. 35: 459-466, 1985.

RYDNINGEN, H. T., OMLAND, T., OPST*.D, P. K., AND HELLE, K. B.: Comparison
of VIP and beta-adrenoceptor-induced relaxations in the circular and longi-

tudinal smooth muscle layers of the rat portal vein. Acts Physiol. Scand. 130:
601-607, 1987.

SANDERS, H. D.: Procaine-induced contraction in vein and its modification by

drugs. Can. J. PhysioL PharmaCOL 47: 218-221, 1969.
SASAKI, Y., HAYASHI, N., KA8AHARA, A., MATSUDA, H., Fus*.�o’ro, H., SATO,

N., HILLYARD, C. J., Ginois, S., AND MAcINTYRE, I., EMSON, P. C, ET AL.:

Calcitonin gene-related peptide in the hepatic and splanchnic vascular systems
of the rat. Hepatology 6: 676-681, 1986.

SAVINO, E. A., AND TAQUINI, A. C., JR.: Effects of adrenaline, angiotensin,

potassium and calcium on lanthanum treated portal veins. Arch. mt. Phar-

macodyn. Ther. 226: 100-108, 1977.

SCANLON, M. N., AND MOoRE, G. J.: Classification of angiotensin receptors in
rat IsOlated uterus, portal vein, and aorta with the novel competitive antagonist
sarmesin. Pharmacology 37: 137-147, 19884.

SCANLON. M. N., AND MooRE, G. J.: Classification of angiotensin receptors in

rat isolated uterus, portal vein, and aorta using a slowly dissociating antagonist
[Sarl,11e8)ANG H for receptor blockade. J. PharmacOL Methods 20:207-224,
198th.

SCHOEMAKER, H., HICKS, P. E., AND LANGER, S. Z.: Calcium channel receptor
binding studies for diltiazem and its major metabolitea: functional correlation

to inhibition of portal vein myogenic activity. J. Cardiovasc. PharmaCOL 9:
173-180, 1987.

SH�rrv, S. S., AND WEiss, G. B.: Dissociation of actions of BRL 34915 in the

rat portal vein. Eur. J. PharmacoL 141:485-488,1987.
SHIMAMURA, K., AND SUNANO, S.: Effects of sodium vanadate on the smooth

muscle of the rat portalvein. Naunyn Schmiedebergs Arch. Pharmacol. 337:
347-353, 1988.

SIGuIwSS0N, S. B.: Comparison of portal vein responsiveness in Tris, HEPES

or bicarbonate-phosphate buffered media. Acts PharmacOL Toxicol. 53: 81-
87, 1983.

SIGuRD880N, S. B., AND JOHANSSON, B.: Quantitative aspects of electrical and
mechanical responses to anisosmolar solutions in the smooth muscle of the rat
portal vein. Acts PhysioL Scand. 1 1 1: 121-127, 1981

SIGURDSSON , S. B., AND ORNHAGEN, H. C.: Spontaneous activity of rat portal

 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/


324 SUTTER

vein at normal and elevated hydrostatic pressure. Undersea Biomed. Bee. 7:
171-181, 1980.

SIGulwssoN, S. B., AND Uvm�ius, B.: The effects of variations in extracellular
magnesium concentration on electrical and mechanical activity in rat portal
vein. Acts PhysioL Scand. 99: 368-376, 1977

SIGURDSSON, S. B., Joa�NssoN, B., AND MELLANDER, S.: Rate-dependent
myogenic response ofvascularsmooth muscleduring impoeedchanges in length
and force. Acts PhysioL Scand. 99: 183-189, 1977.

SlGuiwssoN, S. B., ORLov, R. S., HELLSTRAND, P., AND JwtsNssoN, B.:
Responses to ions and vasoconstrictor agents and changes of potassium fluxes

in vascular smooth muscle during hypoxia. Acts PhysioL Scand. 112:455-
462, 1981.

SIouiwssoN, S. B., UvEuus, B., AND JOHANS8ON, B.: Relative contribution of
superficially bound and extracellular calcium to activation of contraction in
isolated rat portal vein. Acts PhysioL Scand. 95: 263-269, 1975.

SIMMEr, T., AND HERTI’ING, G.: On the relation between contraction and

prostaglandin release in rabbit mesenteric blood vessels. Eur. J. PharmacoL
65: 325-331, 1980.

SzvERTssoN, R., AND LJUNG, B.: Vibration-induced changes in vascular tone.

Acts Chir. Scand. [Suppl.) 465: 20-22, 1976.
SJOBERG B., AND WAHLBTROM, B. A.: The effect ofATP and related compounds

on spontaneous mechanical activity in the rat portal vein. Acts PhysioL Scand.

94: 46-53, 1975.
SJOQVIST, A., AND LJUNG, B.: Dissociation of electrical and mechanical activity

caused by vibrations in the spontaneously active smooth muscle of the rat

portal vein. Acts PhysioL Scand. 110: 381-384, 1980.
SOMLYO, A. P., SOMLYO, A. V., DEVINE, C. E., AND RICE, It V.: Aggregation of

thick filaments into ribbons in mammalian smooth muscle. Nature (Lond.)

231: 243-246, 1971.
SOMLYO, A. P., SOMLYO, A. V., AND SHUMAN, H.: Electron probe analysis of

vascular smooth muscle. Composition of mitochondria, nuclei, and cytoplasm.
J. Cell BioL 81: 316-335, 1979.

S0MLY0, A. P., WASSERMAN, A. J., KITAZAWA, T., BOND, M., SHUMAN, H., AND

SOMLYO, A. V.: Calcium and sodium distribution and movements in smooth

muscle. Experientia 41: 981-988, 1985.
SOMLYO, A. V., AND SOMLYO, A. P.: Electromechanical and pharmacomechanical

coupling in vascular smooth muscle. J. PharmacOL Exp. Ther. 159: 129-145,
1968.

SOMLYO, A. V., AND SOMLYO, A. P.: Strontium accumulation by sarcoplasmic

reticulum and mitochondria in vascular smooth muscle. Science (Washington
DC) 174: 955-958, 1971.

SOMLYO, A. V., GOLDMAN, Y. E., FUJIMORI, T., BOND, M., TRENTHAM, D. R,
AND SOMLYO, A. P.: Cross-bridge kinetics, cooperativity, and negatively
strained cross-bridges in vertebrate smooth muscle: a laser-flash photolysis
study. J. Can. PhysioL 91: 165-192, 1988.

S0MLY0, A. V., SHUMAN, H., AND SOMLYO, A. P.: Compoeition of sarcoplasmic
reticulum in situ by electron probe X-ray microanalysis. Nature (Lond.) 268:
556-558, 1977.

SOMLYO. A. V., VINALL, P., AND SOMLYO, A. P.: Excitation-contraction coupling
and electrical events in two types of vascular smooth muscle. Microvasc. Rae.

1: 354-373, 1969.
SOUTHERTON, J. S., WESTON, A. H., BRAY, K. M., NEWGREEN, D. T., AND

TAYLOR, S. G.: The potassium channel opening action of pinacidil: studies
using biochemical, ion flux and microelectrode techniques. Naunyn Schmie-
debergs Arch. PharmacoL 338: 310-318, 1988.

SPEDDING, M.: Interaction ofphorbolesters with Ca� channels in smooth muscle.

Br. J. PharmacoL 91: 377-3M, 1987.
STAMM, W.: The influence of carbon dioxide on the reaction of isolated veins to

vaso-active substances. Agents Actions 2: 261-269, 1972.
STOPPINI, L., BARJA, F., MA’rmsoN, R., AND BAEwr5cHI, J.: Spinal substance P

transmits bradykinin but not osmotic stimuli from hepatic portal vein to
hypothalamus in rat. Neuroecience 11: 903-912, 1984.

STORY, M. E., AND BENmEY, G. A.: The effects of drugs and treatments upon
adrenaline re-reversal in the rabbit. Arch. hit. Pharniacodyn. Ther. 212: 5-

23, 1974.
SU, C.: Neurogenic release of purina compounds in blood vessels. J. PharmacoL

Exp. Ther. 195: 159-166, 1975.
Su, C.: Modes of vasoconstrictor and vasodilator neurotransmission. Blood Ves-

sels 15: 183-189, 1978.

SUNANO, S.: Stimulating and potentiating effects of sodium nitroprusaide on the

guinea-pig vu deferens and their comparison with the effects on the portal
vein and the taenia coil. Nippon Heikatsukin Gakkai Zasshi 20: 25-33, 1984a.

SUNANO, S.: The effects of sodium nitropruseide on the phasic and tonic con-
traction of the potassium contracture of the smooth muscle of guinea-pig vu

deferens and portal vein Nippon Heikatsukin Gakkai Zasshi 20:35-44,19Mb.
Su’rrER, M. C.: The pharmacology of isolated veins. Br. J. Pharmacol. Chemther.

24: 742-751, 1965.
SurFER, M. C.: Quantitative effects of external calcium concentration on con-

traction of rat portal vein compared to thoracic aorta. Acts PhysioL Scand.
98: 266-268, 1976.

SUrFER M. C.: Ionic permeability and blood pressure. Can. J. PhysioL PharmacoL

63: 375-379, 1985.
SUrFER, M. C., AND LJUNG, B.: Contractility, muscle mass and agonist sensitivity

of isolated portal veins from hypo- and hypertensive rats Acts PhysioL Scand.
99: 484-495, 1977.

SUrFER, M. C., HALLBACK, M., JONES, J. V. AND FoucoW, B.: Contractile

responses to noradrenaline: varying of consecutive vascular segments of per-
fused rat hind quarters. Acts PhysioL Scand. 99: 166-172, 1977.

SUrFER, M. C., MAY, P. B., AND haM, S. L: Manganese can inhibit or potentiate
contractile responses in mesenteric portal vein. Can. J. PhysioL PharmacOL
66: 737-744, 1988.

SYBERTZ, E. J., AND PEACH, M. J.: In vitro neurogenic and musculotropic

responses to angiotensin peptides in normal and sodium-restricted rabbits.
Circ. Rae. 46: 836-842, 1980.

SZABO, B., WIcHMANN, T., AND ST�suca, K.: Presynaptic opioid receptors in the

portal vein ofthe rabbit. Eur. J. PharmacoL 139: 103-110, 1987.
TABRIZCHI, R. AND PANG, C. C. Y.: Propranololantagonizes hypotension induced

by a-blockersbut notby sodium nitroprussideor methacholine. Can. J. PhysioL
PharmacoL 67: 83-87, 1988.

TAKATA, Y.: The effects of catecholamines on the smooth muscle cell membrane

ofthe rat portal vein in various ionic solutions. Clan. PharInaCOl. 10: 531-539,
1979.

TAKAYANAGI, I., Koucn, K., Mrv*icn, N., SATO, It, AND YAMADA, K.: Selectivity

ofcerebral vasodilators on basilar arteries. Can. PharmacoL 17:505-507,1986.

TAKENAGA, H., MAGARIBUCHI, T., AND N�.wIM�, H.: Effects of diltiazem on
guinea pig portal vein in hypertonic solution. Jpn. J. PharmacOL 28: 457-464,
1978.

T4uuMoTo, G. S., AND WEINER, N.: Evidence for the transsynaptic activation of

tyroeine hydroxylase in rabbit portal vein mediated through a cyclic AMP-
independent mechanism. J. PharmacOL Rep. Ther. 219:97-106,1981.

TANIGUCHI, T., TSuKAatRA, T., AND FUJIWARA, M.: Evidence for muscarinic

cholinergic receptors in dogportal vein: binding of 13H)quinucidinylbenzilate.
Life Sci. 32: 1757-1763, 1983.

TARANENKO, V. M.: Effect of calcium, barium, and manganese ions on electro-
physiological properties of smooth-muscle cells of the portal vein. Bull. Exp.
BioL Med. 77: 355-358, 1974.

TAYO, F. M., AND FASANMI, 0. A.: Effects of fruaemide, etbacrynic acid and
chlorothiazide on the portal vein of normotensive and spontaneously hyperten-
sive rats. Mr. J. Med. Med. Sci. 1$: 161-167, 1984.

TODA, N., BiAN, K., AiuB�, T., AND OKAMURA, T.: Heterogeneity in mechanisms
ofbradykinin action in canine isolated blood vessels. Eur. J. PharmacoL 135:
321-329, 1987.

TODA, N., MIYAZAKI, M., AND OKAMuRA, T.: Alpha adrenoceptor subtypes
responsible for dopamine-induced mesenteric vein contraction. Jpn. J. Phar-

macoL 36: 253-255, 1984.
TOMLIN5ON, D. it: The mode of action of tetrabenazine on peripheral noradre-

nergic nerves. Br. J. PharmacoL 61: 339-344, 1977.
TOMLINSON, D. It: On the mechanism ofpancuronium-induced supersensitivity

to noradrenaline in rat smooth muscle. Br. J. PharmacoL 65: 473-478, 1979.

TOROK, J., SAwroms, M., AND BAUER, V.: The effect of carbamate local anaes-
thetics on vascular smooth muscle. Drugs Exp. Clin. Sea. 12: 799-807, 1986.

TOROK, T. L, DARvA8I, A., SALAMON, Z., Tom, P., KovAcs, A., NGUYEN, T.

T., AND MAGYAR, K.: Presynaptic autoinhibition during rest and sodium-pump
inhibition in IsOlated rat portal vein preparation. Neuroscience 16: 439-449,
1985.

TosHIMn’su, Y., UcHIDA, K., KOJIMA, S., AND SasMo, Y.: Histamine responses

mediated via Hi- and H2-receptors in the IsOlated portal vein of the dog. J.
Pharm. PharmacoL 36:404-405,1984.

TRAcHTE, G. J., Svn�arz, E. J., MIcHENER, M., BINDER, S. B., AND PEACH, M.
J.: Angiotensin ifi-induced modulation of neurogenic responses in the rabbit
vu deferens and portal vein. Naunyn Schmiedebergs Arch. PharmacoL 326:
327-333, 1984.

Ts’Ao, CH., GLAGOV, S., AND KELSEY, B. F.: Special structural features of the
rat portal vein. Anat. Eec. 166: 529-539, 1970.

TURLAPATY, P. D, AND CAIuuER, 0., JR.: Influence of magnesium on calcium-

induced responses of atrial and vascular muscle. J. PharmaCOL Exp. Ther.
187: 86-98, 1973.

TURLAPATY, P. D., ALTURA, B. T., AND ALTURA, B. M.: Influence of tris on

contracile responses of IsOlated rat aorta and portal vein. Am. J. PhysioL 235:
H208-H213, 1978.

TURLAPATY, P. D., ALTURA, B. T., AND ALTURA, B. M.: Ethanol reduces Ca’�
concentrations in arterial and venous smooth muscle. Experientia 35: 639-
640, i979a.

TURLAPATY, P. D., ALTuRA, B. T., AND ALTURA, B. M.: Tris(hydroxy.

methyl)aminomethane inhibits calcium uptake in vascular smooth muscle.

Biochini. Biophys. Acts 551: 459-462, 1979b.
TURLAPATY, P. D., ALTuR�, B. T., AND ALTURA, B. M.: Ca’� uptake and

distribution in alloxan-diabetic rat arterial and venous smooth muscle. Exper-

ientia $6: 1298-1299, 1980.
UCHIDA, E.: Contraction and relaxation of vascular smooth muscle and calcium,

strontium, barium. Jpn. Circ. J. 39: 565-570, 1975.
UEMATsu, T., TAKIGUCHI, Y., AND NAKASHIMA, M.: Extrinsic innervation of the

canine superior vena cava, pulmonary, portal and renal veins. Angiology 35:
486-493, 1984.

UVELIU8, B., AND JoitsNssoN, B.: Relation between extracellular potassium ion
concentration and contracture force after abolition ofspike discharge in isolated
rat portal vein. Blood Vessels 1 1: 120-127, 1974.

Uvnuus, B., AND SIGuEB5S0N, S. B.: Stiznulatory effects of Ba� on contractile
activity in the smooth muscle ofthe rat portal vein. Acts PhysioL Scand. 113:
201-205,1981.

 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/


MESENTERIC-PORTAL VEIN IN RESEARCH 325

UvEuus, B., SIGuaDssoN, S. B., AND JOHANSSON, B.: Strontium and barium

as substitutes for calcium on electrical and mechanical activity in rat portal

vein. Blood Vessels 11: 245-259, 1974.
VALUEItEs, J., SCARPA, A., AND SOMLYO, A. P.: Subcellulsr fractions of smooth

muscle. Isolation, substrate utilization and Ca� transport by main pulmonary
artery and me.enteric vein mitochondria. Arch. Biochem. Biophys. 170:659-
669, 1975.

VAN NUETEN, J. M., VAN Baae�, J., AND JANSSEN, P. A.: Effect of flunarizine on
calcium-induced responses of peripheral vascular smooth muscle. Arch. 1st.
Pharmacodyn. Ther. 232: 42-52, 1978...

VAN NUETEN, J. M., VAN BasK, J., AND JAN8SEN, P. A.: The vascular effects of

flunarizine as compared with those of other clinically used vasoactive sub-
stances. Arzneimittelforschung 28:2082-2007,197th.

VANHOUrFE, P. M.: Inhibition by acetylcboline of adrenergic neurotranamission
in vascular smooth muscle. Circ. Rae. 34: 317-326, 1974.

VANHOU’I’FE, P. M., AND LORENE, R It: Effect of temperature on reactivity of

saphenous, mesenteric, and femoral veins of the dog. Am. J. PhysioL 218:
1746-1750, 1970.

Vana�mov, Y. P., VIHERT, A. M., AND LEISNER, H.: Arterial endotheium-

derived relaxing factor (AEDRF) does not suppress papillary muscle or portal

vein contractions. Eur. J. PharmacoL 142: 471-474, 1987.

VERBEUREN, T. J., AND VANHOUTTE, P. M.: Acetylcholine inhibits potassium

evokedrelesse of3H-norepinephrine in different bloodvesselsofthe dog. Arch.
bit. Pharmacodyn. Ther. 221: 347-350, 1976.

VERHAEOHE, R. H., AND SHEPHERD, J. T.: Effect of nitroprusside on smooth
muscle and adrenergic nerve terminals in IsOlated blood vessels. J. PharmacoL
Exp. Ther. 199: 269-277, 1976.

VIDAL-BERETERVIDE, K.: Beta-blocking actions of betazolol on the isolated rat

portal vein. Fundam. Clin. PharmacOL 2: 277-281, 1988.
VWAL-BgRE’iuviDa, K., AND C�sTAkanA, L: The isOlated rat portal vein as a

model for studying beta-adrenoreceptor agonists and antagonists. J. Auton.

PhSmACOL 8: 173-180, 1988.
VIDAL-BEIIETERVIDE, K., Daclcasi, N., AND SCHMIDT, M.: No evidence of vu-

cular dopamine receptors in the rat portal vein. Fundam. Clin. PharmacoL 2:
83-87, 1988.

WAHL8TROM, B.: The effects of changes in the ionic environment on venous
smooth muscle distribution ofsodium and potassium. Acts PhysioL Scand. 82:
382-392, 1971.

W*iiLsmOM, B. A.: A study on the action of noradrenaline on ionic content and

sodium, potassium and chloride effluxes in the rat portal vein. Acts PhysioL

Scant 89:522-530,1973a.
WMeLSTROM, B. A.: Ionic fluxes in the rat portal vein and the applicability of

the Goldman equation in predicting the membrane potential from flux data.
Acts PhysioL Scand. 89:436-448, 1973b.

Wa.HL8TROM, B. A., AND SVENNERHOLM, B.: Potentiation and inhibition of
noradrenaline induced contractions of the rat portal vein in anion substituted
solutions. Acts PhysioL Scand. 92:404-411, 1974.

WAS8ar, M. R., LAL, H., AND PLEUVRY, B. J.: The cardiovascular effects of
ergometrine in the experimental animal in vivo and in vitro. Br. J. Anaesth.

46: 473-478, 1974.
WASSERMAN, A. J., MCCLELLAN, G., AND SOMLYO, A. P.: Calcium-sensitive

cellular and subcellular transport of sodium, potassium, magnesium, and cal-
cium in sodium-loaded vascular smooth muscle: electron probe analysis. Circ.

Re.. 58: 790-802, 1986.

WEIR, S. W., AND WESTON, A. H.: The effects of BRL 34915 and nicorandil on

electrical and mechanical activity and on �Ra efflux in rat blood vessels. Br.

J. Pharmacol. 88: 121-128, 1986.
WEsTrALL, T. C., MELDRUM, M. J., BArnNo, L, AND EARNHARDT, J. T.:

Noradrenergic transmission in the isolated portal vein of the spontaneously

hypertensive rat. Hypertension 6: 267-274, 1984.
WE8TrALL, T. C., PEACH, M. J., AND TITTERY, V.: Enhancement of the electri-

cally induced release of norepinephrine from the rat portal vein: mediation by

beta�-adrenoceptors. Eur. J. PharmaCOL 58: 67-74, 1979.
WE8TFALL, T. C., XUE, C. S., MELDRUM, M. J., AND BADINO, L: Effect of low

sodium diet on the fscilitatory effect of angiotensin on 3H-norepinephrine
release in the rat portal vein. Blood Vessels 22: 13-24, 1985.

WESTON, A. H., AND GOLENHOPEN, K.: Comparison of the excitatory and

inhibitory effects of angiotensin and vasopreasin on mammalian portal vein.
Blood Vessels 13: 350-360, 1976.

WESTON, A. H., SOUTHERTON, J. S., BRAY, K. M., NEWOREEN, D. T., AND

TAYLOR, S. G.: The mode of action of pinacidil and its analogs P1060 and

P1368: results of studies in rat blood vessels. J. Cardiovasc. Pharmacol. 12
(suppL 2): 510-516, 1988.

YAMAMOTO, Y., HOVFA, K., AND MATSUDA, T.: Effect of methionine-enkephalin

on the spontaneous electrical and mechanical activity ofthe smooth muscle of

the rat portal vein. Life Sci. 34: 993-999, 1984.
YANG, H. Y., LIA0, J. F., SHUM, A. Y., AND CHEN, C. F.: Regional difference. of

effects ofethanol on canine blood vessels. Artery 14: 154-164, 1987.
YOONG, V. L, STORY, M. E., Isaac, E. J., PENNEPATHER, J. N., AND HANDBERG,

G. M.: Adrenoreceptor-mediated responses in the isolated portal vein of the
hypothyroid rat. J. Auton. PhamaCOl. 2: 161-168, 1982.

Y08HIMuRA, T., ARITA, M., AND KOBAYASHI, M.: Characteristics of contractile

response of isolated portal veins from chronic portal hypertensive rats under
altered levels of external K�, Ca�, and norepinephrine concentrations: a
comparison with normal Wistar rats. Jpn. J. PhysioL $8: 459-478, 1988.

Y05HI0KA, K., FURUTA, T., HAYAKAWA, A., I5HIKAWA, N., AND SHIGEI, T.:
Excitatory cholinergic innervation in canine portal and mesenteric veins. Am.
J. PhysioL 255: H288-H294, 19884.

Y0SHI0RA, K., HAYAKAWA, A., FURUTA, T., ISHIKAWA, N., AND SHIGEI, T.:
Distinctive characteristics of the splenic vein in the dog. Its morphological and

pharmacological discontinuities with the portal vein and aplenic capsule. Blood
Vessels 25:273-284,198th.

ZArmov, D., BREDY-DOBREVA, G., BoEv, K., AND PAPASOVA, M.: Ionic interac-

tions in the smooth muscles of cat pulmonary artery and portal vein. Acts
PhysioL PharmacoL BuIg. 9: 54-62, 1983.

ZETLER, G., AND OVERBECK, B.: Cholecystokinin octapeptide, caerulein, sub-

stance P, neurotensin,and angiotensin. II. species-typical effects on the isolated
portal vein of guinea pig and rat. Pharmacology 34:30-36,1987.

ZS0TER, T. T., AND SUFFIAD, K.: Effect of hydrochlorothiazide on calcium

kinetics in blood vessels. Can. J. PhysioL PharmaCOL 51: 579-582, 1973.
Z50TER, T. T., Ha.wr, F., RADDE, I. C., AND ENDRENYI, L.: Effect of chlorthali-

done on blood vessels. J. PharmaCOL Exp. Ther. 180: 723-731, 1972.
Z50TER, T. T., HENEIN, N. F., AND WOLCHIN5KY, C.: The effect of sodium

nitroprusside on the uptake and efflux of 45Ca from rabbit and rat veaaels.
Eur. J. Pharmacol. 45: 7-12, 1977.

ZsoTtIi, T. T., JACYK, P., AND W0LcHIN5KY, C.: The effect of vasodilators on

calcium kinetics in blood vessels. Arch. mt. Pharmacodyn. Ther. 212: 328-.
336, 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/



