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INTRODUCTION 

I. Statement of the Problem 

Cardiovascular disease is currently the leading cause 

of death in this country. This category includes numerous 

factors, one of which is pulmonary hypertension, which leads 

to congestive heart failure. The pulmonary circulation has 

only recently been recognized as an important regulator of 

cardiovascular and pulmonary function; and the pulmonary and 

the systemic circulations are known to respond to certain 

stimuli in a completely opposite manner .(Bergofsky, 1974). 

There has been a large amount of research conducted with 

blood vessels ·of the systemic circulation, particularly in

volving the influence of calcium on the contractile response. 

Unfortunately much less attention h~s beeri paid to the blood 

vessels from the pulmonary circulation, and information re

garding the role of calcium in the contractile responses of 

pulmonary vascular smooth muscle is extremely sparse. It is 

known that calcium is closely involved in systemic vascular 

function, and that generalizations between various segments 

of the circulation cannot be made. In addition, calcium is 

utilized by various drugs·to induce contractile responses of 

the systemic vasculature. It has recently become apparent 

that magnesium can influence the reactivity of systemic 

blood vessels to various drugs, probably due to an interaction 
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calcium. However, little is known coric~rning the role of 

calcium or magnesium in drug-induced contractile responses 

of pulmonary vascular smooth muscle. 

II. Review of the L1terature 

2 

The normal pulmonary·circulation differs from the sys

temic circulation in its physical properties, control mecha

nisms, and reactions to drugs. In· the pulmonary circulation 

there are no vessels corresponding to the systemic arterioles 

which act as precapillary spincters (Barer, 1976). In con

trast to the systemic circulation,· the pulmonary veins con

tain an outer layer of cardiac muscle fibers which extend in 

some species down to the smallest terminal venous branches 

(Ludatscher, 1968). The pulmonary and the systemic circula

tions have paradoxically opposite responses to several 

gaseous and humoral agents (Bergofsky, 1974). Detar and 

Gellai (1971) demonstrated that the isolated pulmonary 

artery and thoracic aorta from the rabbit responded in 

opposite manners to changes in oxygen tension. Lloyd (1968) 

found that adherent bits of connective tissue on the pulmon

ary artery were required for its paradoxical hypoxic con

striction. Only the pulmonary circulation is involved in 

the conversion of angiotension I to angiotension II (Ng and 

Vane, 1968). 

Hebb (1969) found extensive autonomic innervation of 

pulmonary blood vessels and found that the arteries had more 

widespread innervation than the veins. Hebb al~o found that 

sympathetic innervation is greater than parasympathetic 



innervation, and that the degree of innervation varies with 

species. It has been reported that stimulation of the sym

pathetic fibers causes pulmonary vasoconstriction, while 

stimulation of the parasympathetic fibers causes pulmonary 

vasodilation (Colebatch et al., 1965). Kadowitz and Hyman 
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(1973) observed that sympathetic induced pulmonary vasocon

striction in the intact dog was prevented by alpha adrenergic 

receptor blockade. Beta adrenergic receptor-induced vaso

dilation was observed only when the vascular tone was high. 

Acetylcholine. had a vasodilator action on.the pulmonary cir

culation which was abolished by atropine (Barer and Thompson, 

1972), and also was observed only when the vascular tone was 

high. Thus it appears that the autonomic controls of the 

pulmonary and the systemic circulations are very similar. 

The lungs store or synthesize a wealth of pharmacologi

cally active compounds such as histamine, ·serotonin, acetyl

choline, dopamine, epinephrine, norepinephrine, bradykinin, 

and several prostaglandins. The physiological role of these 

agents is not certain. Vane (1969) found that the pulmonary 

circulation was active in removing certain vasoactive sub

stances from the blood (bradykinin, serotonin, norepinephrine, 

and prostaglandins) . It has been reported that serotonin 

caused a severe pulmonary vasoconstriction by affecting the 

pre- and post-capillary segments (Brody and Stemmler, 1968). 

·Angiotensin II may be partially responsible for the main

tenance of pulmonary vascular tone (Su and Bevan, 1976). 

The lungs contain very large amounts of histamine, which is 



stored in the mast cells. Turker (1973) discovered that 

stimulation'of H
1 

receptors caused pulmonary vasoconstric

tion, while H
2 

receptors mediated pulmonary vasodilation in 

the guinea pig. These results have been confirmed in other 

. species .-(Tucker et al., 1975). ·There is good evidence that 

the release of histamine from pulmonary mast cells, which 

causes vasoconstriction of pulmonary blood vessels, may be 

responsible for hypoxic pulmonary hypertension (Hauge, 1968; 

Hauge and Melmon, 1968; Hauge and Staub, 1969). It appears 

that many vasoactive compounds found in the lung may exert 

numerous effects upon the pulmonary cir'culation. 

Sever~l investigators have used isolated pulmonary 

blood vessels to study pharmabolo~ical responses. It is 

important to realize that the drug responses of vascular 

segments are, heterogeneous among different vascular beds 

(Bohr, 1965) and between segments within one vascular bed 

4 

(Altura and Altura, 1970). Somlyo and Socilyo (1964) reported 

that the smooth muscle of the canine main pulmonary artery 

was able to actively regulate its diameter, and contracted 

in response to epinephrine, norepin.ephrine, angiotensin, 

serotonin', and other compounds.. Circular strips of the 

guinea pig main pulmonary artery contracted in response to 

histamine, norepinephrine, and PGF 2 ~, and relaxed in response 

to PGE2 (Okpako, 1972)~ The calf main pulmonary artery and 

vein contracted in response to PGE
2

, and relaxed in response 

to PGE1 (Lewis and Eyre, 1972). Therefore, the main pulmonary 

artery from many species appears to be pharmacologically 

reactive. 
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Joiner et al. (1973a, b; 1974a, b) studied canine pul-

mcnary lobar artery and vein muscle strips. They found that 

norepinephrine, serotonin, and histamine contracted all mus-

cle strips, and their effect was prevented by the specific 

receptor blocking agent for each drug~ Tyramine-induced 

contractions were prevented by phentolamine. Th~y found 

that angiotensin contracted only arterial strips .. A6etyl-

choline relaxed arteries and contracted veins, and both re-

sponses were blocked·by atropine. Isoproterenol relaxed 

both types of muscle at. low concentrations and contracted 

them at high concentrations. Prostaglandins A1 , B1 , B2 , E
2

, 
\ 

F 2a:, A2 , and F1 a: contracted all strips, but only PGA2 and 

PGF 1 a: consistently contracted arteries; PGE1 relaxed all 

strips. Small intrapulmonary arteries from the rabbit and 

the dog contracted in response to norepinephrine, sero~onin, 

angiotensin, acetylcholine, potassium chloride, and elec-

trical stimulation. (Lloyd, 1967). Su et al. (19i8) found 

that very small pulmonary arteries (< 0.6 mm diameter) re-

sponded well to histamine, serotonin, and potassium chloride, 

but were unresponsive to norepinephrine or nerve stimulation. 

Human lobar pulmonary arteries and veins were studied by 

Houghton and PhiLlips (1973) . They found that acetylcholine 

caused contraction of the veins but had variable effects 

upon the arteries. Epinephrine,. norepinephrine, histamine, 

and serotonin contracted all the strips, and isoproterenol 

induced relaxation in most preparations. Thus small pulmon-

ary blood vessels can react to numerous compounds. 
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One of the best known examples of pulmonary vascular 

smooth muscle is the rabbit main pulmonary artery. Bevan 
.. ':\ 

and Su (1964) ·demonstrated that this vessel has sympathetic 

innervation and that norepinephrine is the neurotransmitter. 

Su et al. (1964) observed that sympathetic stimulat'ion and 

norepinephrine· induced contractions without any change in 

the membrane potential, while Su and .Bevan (1965) found that 

potassium chloride, serotonin, histamine, and acetylcholine 

caused depolarization. Precontracted muscle strips will 

relax in-response to acetylcholine and isoproterenol (Su, 

1966). The rabbit main pulmonary artery exhibits both elec-

tromechanical and pharmacomechanical stimulus coupling (Somlyo 

and Somlyo, 1968). Somlyo et al. (1969) demonstrated that 

norepinephrine caused a dose dependent graded depolarization 

of the rabbit pulmonary artery greater than that produced by 

serotonin. Haeusler (1972) reported that verapamil antago-

nized norepinephrine and potassium-induced contractions of 

this tissue. Ito et al. (1978) found ·that sodium nitro-

prusside hyperpolarized the smooth muscle plasma membrane 

and antagonized contractile responses of the rabbit pulmonary 

artery. In addition, Casteels et al. (1977a, b) have exten-

sively studied the effects of norepinephrine on excitation-

contraction coupling properties of this vessel. Therefore, 

the rabbit main pulmonary artery may qualify as a reference 

vessel to which all other pulmonary vessels may be compared. 

In 1883 Ringer noted that isolated muscles would not 

contract if exposed to a medium deficient in calcium. There 
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are little dat~ conce~ning the role of calcium ions in the 

pharmacology or the physiology of the pulmonary vasculature, 

but numerous studies have been made to examine the role of 

calcium in the systemic vasculature. Calcium has long been 

recognized as an integral component of systemic vascular 

function (as reviewed by Bohr~ 1964~ Somlyo and Somlyo, 

1968~ Weiss, 1977). One possible role of calcium in drug 

induced vascul~r responses is in the interaction of a drug 

with its receptor site in the muscle~ Tuttle and Mo~an 

(1969) concluded that calcium depletion impaired the inter

action of norepinephrine and histamine for their receptors 

in the rabbit aorta, but had no effect upon the respective 

receptor antagonists. Carrier et al .. (1974, 1975, 1976) 

demonstrated .that extracellular calcium was not required 

for the combination of beta adrenergic or cholinergic agonists 

or antagonists with their receptors in systemic vascular or 

cardiac muscle. Takagi et al. (1972) reported that in non~ 

vascular smooth muscle~ calcium ions were involved in the 

interaction of norepinephrine and histamine for their recep

tors, and that magnesium could substitute for calcium in that 

interaction. The role of calcium i.n the.drug-receptor inter

action in the pulmonary vasculature is not known. 

There are several sources of activator calcium, both 

cellular and extracellular, which are utilized.differently 

by various agents to induce systemic.vascular contraction. 

Briggs (1962) found that KCl-induced .contractions of the 

aorta were dependent upon an influx of extracellular calcium. 



8 

Waugh (1962) observed that epinephrine could induce a con-

traction in a systemic artery after it was depolariz~d by KCl, 

but that both agents depended upon calcium for excitation

contraction coupling. Hinke (1964) reported that norepi-

nephrine utilized a membrane ·Source of calcium for systemic 

vascular contraction, vvhile KCl required free extracellular 

calcium. Hiraoka et al. (1968) studied the perfused ear ar

tery and found that norepinephrine induced a contr~ction in 

a calcium free solution, but the response became greater with 

calcium concentrat1ons up to 2 mM. Hudgins and Weiss (1968) 

reported that norepinephrine, histamine, and KCl utilized dif

ferent mechanisms to.induce a contraction of the aorta. Hudgins 

and· Weiss (1969) observed that systemic vascular smooth muscle· 

had a large fraction of bound calcium that was not readily de

pleted. 

Kalsner et al. (1970) used the calcium antagonist SKF 

525A to remove the in~luence of extracellular calcium. They 

reported that nor,epinephrine, histamine, serotonin, and 

angiotensin utilized both superficially and firmly bound 

calcium to dif'ferent extents ·in producing· contractions of 

the aorta. Goodman. and Weiss (1971), using. lanthanum to re-

move the.influence of extracellular calcium in the aorta, ob-

served that contractions in response to norepinephrine, hista

mine, and .KCl were inhibited to different degrees. Sidel and 

Bohr (1971) suggested that norepinephrine produced a contrac

tion by decreasing calcium efflux, and isoproterenol produced 

relaxation by decreasing calcium.influx~ Villamil et al. 
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(1973) found that in the-carotid artery at least one half of 

the bound calcium was bound extracellularly to collagen, 

elastin, and chondroitin sulfate. Yamashita et al. (1977) 

suggested at least four sites. of ~bound cellular calcium-: 

(1) loosely and (2) ti~htly bound on the outer surface of 

the cell membrane, (3) the inner surface of. the cell membrane, 

and (4) intracellularly stored sites such as the sardoplasmic 

reticulum. Wheeler and Weiss (1979) have indicated that tightly 
,, ' 

bound cellular calcium, superficially bound calcium, and extra-

cellular calcium are all in an equilibrium. Although much has 

been learned about the role of -·calcium in drug-induced con-

tractile responses of systemic vascu~ar smooth muscle, there 

are many unanswered questions. 

Information has been gained by examination of the appear~ 

ance of the contractile response o£ a systemic blood vessel 

strip to a single ·application of a high concentration of a 

vasoactive agent in various solutions. Bohr (1963, 1964) 

described the contractile response of the aorta to epinephrine, 

which consisted of an initial fast component, followed by a 

sustained slow component of contraction. A reduction of the 

extracellular'calcium inhibited the slow comporient more than 

the fast compon~nt. Sitrin and Bohr (1971) found that increased 
I 

sodium concentrations potentiated the fast component and de

pressed the siow component, suggesting two separate sources 

of activator calcium, as well as a calcium-sodium interaction. 

Van Breemen and coworkers (Van Breemen, 1969; Van Breemen et 

al., 1972; Deth and Van Breemen, 1974) ~sed lanthanum to in-

hibit calcium influx in the aorta. They found .that 
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norepinephrine and KCl both produced a two component contrac

tion, and that lanth,anum removed the slow ,component of the 

response to norepinephrine and the fast component of the re

sponse to KCl. They later found that histamine and angiotensin 

were affected by lanthanum in the same manner as norepinephrine; 

the fast component remained but the slow component was removed. 

These data suggested that the initial fast component of the 

contractile response to receptor activating agents was due to 

a release of cellularly bound calcium, while the subsequent 

slow component was dependent upon an influx of extracellular 

calcium. Turlapaty et al. (1976) suggested'that the fast com

ponent of the aortJc contractile response to norepinephrine 

was partial,ly dependent upon bound calcium within the adventi

tial layer. Steinsland et al. (1973) concluded that 'the fast 

component of constriction of the perfused rabbit ear artery 

was due to a release of intracellular calcium, and that the 

slow component of constriction depended upon an influx of extra

cellular calcium. Similar studies have not been made on pul

monary vascular muscle. 

Magnesium is another physiologically important-divalent 

cation which is known to influence systemic vascular reac

tivity. Magnesium increased the affin~ty of neurohypophyseal 

peptides and potentiated their maximum contractile effects 

(Somlyo et al., 1966;. Altura, 1975). l\1agnesium was involved 

in the affinity of various drugs for their receptors in other 

types of smooth·muscle as well (Takagi et al., 1972; Burgen 

and s.pero, 1970). Many effects of magnesium on systemic 
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vascular smooth muscle contractile responses were due to a 

competitive interaction between magnesium and calcium for 

cellular and extracellular binding sites, and magnesium may 

regulate calcium permeability and binding. 

Altura and Altura (1971, 1974, 1976, .1978) have examined 

the effects of magnesium on systemic vascular contractility. 

They found that magnesium free solutions potentiated the re

sponses to acetylcholine, angiotensin, and KCl, but had the 

opposite effect on the response to epinephrine and had no ef

fect on the responses to histamine or serotonin. A magnesium 

free medium increased aortic tissue calcium content by 15 per

cent. A reduction of the extracellular magneE;>ium induced 

spontaneous contractile activity in the aorta, while an increase 

above the physiological level (1.2 rnM) inhibited spontaneous 

activity. A magnesium free solution also lowered the·thresh

old and maximum force development of calcium-induced contrac

tions in the depolarized aorta. The biphasic contractile re

sponse of the aorta to several agonists was differentially af

fected by magnesium. These .studies were later extended to 

other systemic blood vessels and.similar results were obtained. 

Carrier and co-workers also have studied the influence of 

magnesium in vascular contraction (Turlapaty and Carrier, 1973; 

Jurevics and Carrier, 1973; Turlapaty et al., 1975; Carrier et 

al., 1976). They observed that the presence of magnesium af

fected alpha adrenergic responses but not beta adrenergic re

sponses. Depolarized aortic strips with magnesium in the 

solution were less sensitive to calcium, but developed a 
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greater ~alcium-induced maximum force. Magnesium increased 

the threshbld and maximum response to KCl. They found that 

magnesium delayed 45ca efflux in the· ~orta .. It was demon-

strated that magnesium depressed the sensitivity of aortae 

to acetylcholine but not to norepinephrine, and enhanced the 

contractility to norepinephrine but not to acetylcholine. lit 

was observed that magnesium had a differential action upon the 

responses of the various systemic arterial and venous segments. 

No studies have been made to examine the influence of magnesium 

on pulmonary vascular reactivity. 

One ·compound t.hat has· been used to study calcium binding 

is ruthenium red, a hexavalent inorganic dye whi.ch.binds to 

extracellular acidic· mucopolysaccharides and does not. penetrate 

the intact cell (Luft, 1971). Removal of calcium with EGTA 

inhibited ruthenium.red staining (Dierichs, 1979), suggesting 

that ruthenium red displace4 calcium from extracellular bind-

ing sites. Ru.thenium red has been shown. to inhibit mitochon-

drial calcium binding and transport (Moore, 1971; Rossi et al., 

1979). Ruthenium red also inhibited calcium binding ip iso-' 

lated cortex. synaptosomes (Kamino et al., 1976), skeletal 

muscle sarcoplasmic reticulum (Vale and Caravalho, 1973) and 

sketetal muscle sarcolemma (Madeira and Antunes-Madeira, 

1974). Ruthenium red competed with lanthanum for mitochon-

drial calcium binding sites (Re~d and Bygrave; 1974). In 
. . 45 

systemic vasculature, ruthenium red prevented Ca uptake, 

thereby inhibiting drug induced contractions diffe~entially 
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in various blood vessels (Greenberg et al., 1973). Nothing 

is known concerning the influence of ruthenium red on pul-

monary vascular reactivity. 

The present experiments were undertaken in order to 

better understand the role of calcium in drug-induced contrac-

tile responses of pulmonary vascular smooth muscle. The 

rabbit main pulmonary artery ;was chosen as an example of pul

monary vascular smooth muscl~, and norepinephrine (NE), hista-

mine (H), and potassium chlo~ide (KCl) were chosen as va$0-
• ! 

active agents. Also, the. interaction of magnesium with calcium 
! 

in drug-induced contractions :was examined. In addition, 

ruthenium red was used to stddy the influence of extracellu-

lar calcium. 



MATERIALS AND METHODS 

I. Animals, Care, and Housing 

New Zealand white rabbits of eith~r sex, weighing 

between 1~5 arid 2.0 pounds were obtained from Cook's Rabbit 

Farm, Barnwell, South Carolina. Rabbits were housed in the 

Medical College of Georgia vivarium facilities, fed (standard 

laboratory rabbit chow) and watered ad libitum. 

II. Chemicals Used 

The following compounds were obtained from Sigma· Company, 

St. Louis, MO: ruthenium red (with no further purification), 

~ norepinephrine bitartrate, histamine dihydrochloride, 

diphenhydramine hydrochloride, and ethylene glycol tetra

acetic acid. The following compounds were obtained from 

Fisher Company, Fair Lawn, NJ: potassium chloride, magnesium 

chloride, D-glucose, sodium bicarbonate, and calcium chloride. 

Phentolamine hydrochloride was obtained from Ciba-Geigy Cor

poration, Summit, NJ. 

All chemicals were weighed on a Mettler analytic~l 

balance and dissolved in deionized water. All solutions were 

made up fresh at the time of the experiment. 

III. Preparation of Tissues 

Rabbits were sacrificed by a blow to the head and bled 

from the carotid artery. The main extrapulmonary artery was 

14 



15 

removed from the exit from the ventricle and from the first 

branch point. Two circular muscle strips approximately one 

centimeter long were made from each artery. One end of the 

muscle strip was tied to a glass rod and the other end was 

tied to a Grass FT03C force displacement transducer with 

Dekhatel surgi.cal silk thread. The tissues were suspended· 

in a 60 ml organ bath chamber filled with a physiological 

salt solution (PSS) described in Table 1. The tissues were 

transferred from the animal to the bath in less than one 

minute. The PSS was gassed with 97% 02 and 3% co 2 , maintained 

at a pH of 7.2 + 0.05, and kept at a constant temperature of 

31 + 1° C (by a Haake ~e~ter-stirrer). The is6metric con

tractile force was rec6rded on a B~ckman R411 dyngr~ph re

corder, and 1.5 g resting tension was maintained throughout 

the experiment. Any muscle strip which did not develop at 

least 1 g of contractile force in response to a maximum drug 

concentration was discard~d. 

The tissues were equilibrated for one hour prior to the 

addition of any drugs. To prevent the accumulation of meta

bolic end products which have been shown to produce differ

ential effects on drug induced contractions (Altura and 

Altura, 1970), the bathing solutiOn was replaced with a fresh 

solution every fifteen minutes. No tissue was ever exposed 

to more than one vasoactive agent, because the previous effect 

of one drug might have altered the subsequent effect of another 

drug. After the maximum response to a drug was reached, the 

tissues were immediately washed three times and reequilibr~ted 



TABLE 1 

The Composition of the Normal Physiological Salt 
- Solution Bathing r.1edium 

Chemical Concentration (rnM) 

D-glucose 11.50 

NaHC03 15.50 

NaCl 122.0 

KCl 4.73 

CaC1 2 2.40 

16 
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for at least one hour in the solution for the next application 

of the same drug, with· the solutions changed every 15 minutes. 

The maximum contractile force was recorded in all experiments. 

IV. Protocol .for the Experiments Involving Repeated Drug 

Applications in a Normal Magnesium Free PSS 

After the initial equilibration period in a normal PSS 

(2.4 mM CaCl?), one group of tissues was exposed toNE, H, or 
~ 

KCl in a cumulative fashion, from belowthe threshold concen-

tration to above the maximum effective concentration. The 

cumulative log concentration was plotted against· the percent 

of _maximum contractile response and the mean ECSO values .were 

calculated. After the maximum response was reached, the tis-

sues were washed and reequilibrated for one hour in a normal 

PSS. This procedure was rep~ated four times in a normal PSS. 

Another group of tissues was exposed to a single applica-

tion of a maximum effective concentration of each drug. The 

contractile force was recorded at two second intervals after 

exposure to the drug, and the rate of force developed (rng/sec) 

by each component of the contractile response was calculated. 

After the maximum contra~tile response was obtained, the tis-

sues were washed and r~equilibrated in a normal PSS, again ex

posed to the same concentration of the same drug, and the rate 

of the force developed was calculated. ·After the second re-

sponse, the above protocol was repeated with a calcium free 

PSS. In one experiment tissues were equilibrated in a normal 

PSS for three hours prior to the initial applicat~on of KCl, 
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washed, and reequi~ibrated three hours prior to the second 

applicat~on of.KCl. 

V. Protocol for the Experiments In~olving Changes in 

Extracellular_Calcium in a Magnesium Free PSS 

After the initial equilibration period in a normal PSS 

(2.4 mM cacl2 ), the tissues were exposed to a cumulative 

addition of one of the drugs to the bath, from below the 

threshold concentration to above the maximum effective con-

centration. The cumulative log concentration was plotted 

versus the percent .of maximum contractile response, and the 

mean ECSO values were calculated. This procedure was re-

peated after one hour of washing and equilibration in a PSS 

containing' one of the following. concentrations of cac12 (mM) : 

2.4, 0.0, 0.6, and 1.2, in that order. The second response 

obtained in 2.4 mM cac12 was used as the control. 

The tissues which were exposed to norepinephrine were 

then equilibrated for one hour in a normal PSS containing 

-5 1 x 10 . M phentolamine, and norepinephrine was applied cumula-

tively. The tissues which were exposed.to histamine were then 

equilibrated for one hour in a normal PSS ·containin~ 5 x 10-S M 

diphenhydramine and histamine was applied cumulatively. 

Another group of tissues was exposed to a single appli-

cation of a maximum effective concentration of one of the 

drugs after one hour of washing and equilibration in a normal 

PSS, again after one hour of washing and eq~ilibration in a 

normal ~SS (control), and again after one hour of washing and 



equilibration in a calcium free PSS. In addition, 0.1 ~1 

EGTA was added to the calcium free PSS in one experiment. 

VI. Protocol for the Experiments Involving the Influence 

of Extracellular Magnesium 

19 

In this series of experiments 1.2 roM cac12 was used in 

the calcium PSS, in order to obtain an eguimolar ratio of 

cac1
2 

and MgC1
2 

(1.20 mM). After the initial equilibration 

period in a calcium magnesium PSS, all of ·the tissues v1ere 

exposed to a maximum effective concentration of one of the 

drugs, washed, and reeguilibrated in .a calcium magnesium PSS 

for one hour. The tissues were then exposed to a cumulative 

addition of one of the same drugs to the bath, from below the 

threshold concentration to above the maximum effective concen-

tration (control). The cumulative log concentration was 

plotted against the percent of maximum contractile response, 

and the mean ECSO values were·calculated~ The tissues were 

then washed and e·guilibrated for one hour in a magnesium free 

calcium PSS, and the concentration-response relationships were 

again determined. 

Another group. of. tissues was exposed to a single applica

tion of a maximum effective concentration of one of the drugs, 

in a calcium magnesium PSS and in a magnesium free calcium PSS. 

The tissues· were then washed and equilibrated for one hour in 

a calcium free PSS containing either 1.2 roM MgC1 2 or 0 rnM 

~~gcl 2 , or equilibrated for one hour in a calcium free PSS con

taining 0. 1 mM EGTA and either 1. 2 , mM MgC1
2 

or 0 mM MgC1
2 

/' and 

again exposed to the same concentration o£ the same drug. 



VII. Protocol for the Experiments ·Involving Ruthenium Red 

After the initial equilibration period in a normal PSS 
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(2.4 mM cacl2 ), all of the tissues were exposed to an applica

tion of a m~ximum effective concentration of the drug, washed, 

and reequilibrated for one hour in a normal PS
1
S. The tissues 

were again exposed to the same concent~ation of the same drug, 

and the second contractile respons~ was used as the control. 

After the maximum contractile response was reached, the tis

sues were washed and equilibrated for one hour in a calcium 

free PSS, and again exposed to the same concentration of the 

same drug. After this, the tissues were washed and equili

brated for 30 minutes in a normal PSS to replenish the lost 

calcium stores, and then .. :washed and equilibrated for one hour 

in a normal PSS containing ruthenium red, before again being 

exposed to the same drug. These experiments were performed 

in a magnesium Pss·and in a magnesium free PSS. 

One group of tissues was washed.for two hours in a normal 

PSS after obtaining the respohse to a drug in a PSS containi?g 

ruthenium red, and the drug was again applied in a normal PSS. 

Another group of tissues, after washing and an equilibration 

in a normal PSS, was exposed to a maximum effective concentra

tion( of NE in a PSS containing ruthenium red, ·which was re

peated three times, with one hour of washing and equilibration 

in a PSS con~aining ruthenium red between each response. All 

of the PSS contained magnesium. 

The contractile response was further ana~yzed by recording 

the force developed at two second intervals af~er exposure of 
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the tissue to .a maximum effective concentration of a drug, and 

the results were plotted on semilogarithmic graph paper. The 

inverse values of force were plotted against time semilogarith

mically in order to use the conventional techniques for cal-

culating half. life (t1; 2 ) va~ues (described by Wang and Willis, 

1965), and the half_ life of each component of each contractile 
' ' 

response.was calculated. The experiments were performed in 

a magnesium PSS and in a magriesium_free PSS. 

VIII. Statistical Analysis of the Data 

Student's paired t test wa~ rised to cqmpare values ob-

tained· from the same group of.tissues. Student's unpaired 

t test was used to compare values obtained from different 

groups of tissues. Statistical sigriificance was accepted at 

the 95% or better level of confidence (p <· 0.05). The geo-

metric mean EC50 values were calculated· by the method of 

Flemming et al. (1972). Linear regression analysis was ,used 

to calculate the regression coefficients of the data obtained 

from the graphic analysis of contractile force development 

.versus time. All data were expressed as mean values + standard 

error of the mean. All calculations were made on a Hewlett 

Packard 9825A.programmable desk calculator. 

Abbreviations Used 

calcium 

magnesium 

lanthanum 

[Ca++ ext] concentration of extracellular c~c1 2 



CaC1 2 

MgCl 
2 

KCl 

NE 

H 

EGTA 

PSS 

M 

mM 

g 

mg 

ECSO 

% 

sec. 

tl/2 

S.E.M. 

r 

F 

s 

I 

calcium chloride 

magnesium chloride 

potassium chloride 

norepinephrine 

histamine 

.ethylene glycol tetra-acetic acid 

physiological salt solution 

molar 

millimolar 

gram 

milligram 

the effective concentration of the agonist 

producing fifty percent of the maximum con

tractile response 

percent 

seconds 

half life 

standard error of the mean 

linear regression coefficient 

fast 

slow 

intermediate 
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RESULTS 

I. Effects of Repeated Applications of Norepinephrine, 

Histamine, and Potassium Chloride on the Rabbit Pul
l 

mcnary Artery in a Normal Magnesium Free PSS 

Concentration-response curves obtained from the first 

and third application of norepinephrine (NE)~ hi~tamine (H), 

or potassium.chloride (KCl) in a·normal PSS are illustrated 

in Figures 1, 2, and 3, respectively. For each agent, the 

second concentration-response curve was altered in comparison 

to the first concentration-response curve, with a shift to 

the right at the low drug concentrations and a shift to the 

left at the high drug concentrations. For each drug, there 

was no difference between the second, third, or fourth 

concentration-response curve. 

The mean calculated EC50 values obtained from the initial 

and subsequent concentration-response curves determined from 

NE, H, or KCl-induced contractions ~n a normal PSS are shown 

in Table 2. The EC50 values for NE, H, and KCl were un

affected by the repeated exposure of the tissues to these 

agents. 

The maximum contractile force developed in response to 

repeated applications of NE, H, or KCl in a normal PSS is 

shown in· Figure 4. In the case of NE and KCl~induced con-

tractions, there was a significant.increase in the maximum 

force developed during the second and third applications, 

23 



Figure 1. Cumu~ative concentration-response 
curves determined from repeated norepi
nephrine-induced contractions of" the rab
bit pulmonary artery in a normal PSS. 
The vertical bars represent the S.E.M. 
(n ·= 12). 

---Trial 1 

Trial 3 

* denotes a significant difference be
tween the two values at the same con
centration (p < 0.05) 
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Figure 2. Cumulative concentration-response 
curves determined from repeated histamine
induced contractions of the rabbit pul
monary artery in a normal PSS. The verti
cal bars represent the S.E.M. (n =B). 

---Trial 1 

Trial 3 

* denotes a significant difference be
tween the two values of the same 
·concentration (p < 0. 05) 
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Figure 3. Cumulative concentration-response 
curves determined from repeated potassium 
chloride-induced contractions of the rab
bit pulmonary artery in a normal PSS. The 
vertical bars represent the S.E .M. (n = 8). 

---Trial 1 

Trial 3 

* denotes a significant difference be
tween the two values at the same con
centration (p < 0.05) 
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TABLE 2 

EC50 Values Determined from Initial and Subsequent Norepinephrine, Histamine, or 
Potassium Chloride-Induced Contractions of the Rabbit Pulmonary Artery 

. 1 a 1n a Norma PSS 

Response NE H KCl· 

Initial 4.46 + 0.36 X 10~ 7M 2.27 + 0.34 X 10-5M -2 2.33 + 0.10 X 10 M - - -

Second 4.60 + 0.39 X 10-?M 2.61 + 0.45 X 10-5M -2 2.27 + 0.13 X 10 M - -

Third -7 4.30 + 0.42 X 10 M - -5 2.91 + 0.45 X 10 M -2 2.31 + 0.11 X 10 M - - -

Fourth -7 4.14 +·0.04 X 10 M -5 2.86 + 0.50 X 10 M 
-2 ' 

2.33 + 0.11 X 10 M - - -

aMean value ± S.E.M. of 8-12 experiments. 

w 
0 



Figure ~4. Maximum contractile force (g) of_ 
the rabbit pulmonary artery induced by re
peated applications of norepinephrine (NE), 
histamine (H), or potassi_um chloride (KCl) 
in a normal PSS. The vertical bars repre
sent· the S.E.M. (n = 14-20). 

* denotes a significant difference from 
the ·initial response (p < 0.05) 
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when compared to the initial application. A significant in-

crease in the maximum contractile force developed in response 

to H occurred during the third and fourth applications when 

compared to the initial application. 

In order to be certain that the increase in the maximum 

contractile force obtained after the initial trial was not 

due to an inadequate equilibration period, a gro.up of tissues 

was e~uilibrated in a normal PSS three hours prior to the 

application of 70 mM KCl. After washout, the tissues were 

reequilibrated three hours in a normal PSS before 70 mM KCl 

was again applied. As illustrated in Figure 5, the contrac-

tile force~obtained from the second application of KCl was_ 

significantly increased over the contractile force obtained 

from the first application of KCl. 

In another series of experiments, the tissues were re

peatedly exposed to an application of NE (5 x 10-5M), H 

-4 -2 (5 x 10 -M), or KCl (7 x 10 M) in a normal PSS. For each 

application, the contractile force developed by the tissue 

was plotted against time (mg/sec)-, and a two component [fast 

(F) and slow (S)] response was noted. A typical contractile 

response to an application of 5 x 10-5M NE in a normal PSS 

(1.42 g) is illustrated in Figure 6. The second application 

of NE in a normal PSS produced a larger contraction than the 

first application of NE (1.95 g), which can be attributed to 

an increase irr the F_ component of the response. Also illus-

trated is the third contractile response· (1.50 g) to an· 

application of NE, which was obtained after one hour of 



Figure 5. Maximum contractile force (g) of the 
rabbit pulmonary ·artery induced by potassium 
chloride. The tissues were equilibrated three 
hours in a normal PSS prior to the initial ex
posure to 70 mM potassium chloride and re
equilibrated three hours in a normal PSS prior 
to the second'exposure to 70 mM potassium 
chloride. The vertical bars represent the 
S .'E .M. (n 5) • 

* denotes a significant difference between 
the two values (p < 0.05) 
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Figure 6. Typical recordings· of one rabbit pgl
monary artery after application of 5 x 10 M 
norepinephrine (NE), illustrating the first 
and second contractile responses in a normal 
PSS and a third response after one hour in a 
calcium free'PSS. The dotted lines represent 
extrapolation of the fast and slow components 
of contraction. 
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equilibration in a calcium (Ca++) free PSS. The F component 

of contraction was unaffected, while the S. comp'onent of con- . 

traction was abolished. As .seen in Table 3, the rat~ of force 

developed during the F component of contraction produced by NE 

or H was incre~sed during the second application of NE or H in 

a normal PSS when compared to the first application of NE or H 

in a normal PSS, but there was no change in the rate of the S 

component of contraction produced by NE or H. The rate of the 

S component of KCl-induced contraction was increased during 

the second application in a normal PSS when compared to the 

first application in a·normal· PSS. 

Also shown in Table 3 are· the results· obtained when the 

. h d d 'l'b d . ++ f . f t1ssues were was e an equ1 1 rate 1n a Ca ree PSS or 

one hour prior to .a third application of each agent. NE and 

H, but not KCl, elicited contractile responses in the Ca++ 

free PSS. The rate of force developed during the F component 

of NE or H-induced contraction w~s significantly increased 

during the application in a Ca++ free PSS when compared to the 

initial application in a normal PSS; and the S component of 

NE and H-induced contraction was abolished~ 

II. Effects of Various Concentrations of Extracellular Calcium 

upon Norepinephrine, Histamine, and Potassium Chloride-

Induced Contractions of the Rabbit Pulmonary Artery in 

a Magnesium Free PSS 

The NE-induced contractile response obtained in a PSS 

containing ~arious concentrations of extracellular calcium 

++ [Ca ext] is illustrated in Figure 7. 



TABLE 3 

Rates of Force Developed by the Rabbit Pulmonary Artery (mg/sec) in Response to the 
·Maximum Effective Concentration of Norepineph~ine,- :a:istamine, or Potassium Chloridea 

Agonist (M) 

NE (5xl0- 5 ) 

H (5xl0- 4 ) 

KC1(7xl0- 2 ) 

Initial Response 
(2.4 mM CaC1

2
) 

Fast S.low 
Component Component 

91.54+ 8.60 2.43+0.50 

46.02+ 7.45 2.31+0.73 

52.77+11.87 1.5'5+0.15 

aMean value ± S.E.M. of 8-10 experiments. 

Second Response Third Response 
(2.4 mM CaC1 2 ) (0. 0 mM CaCJ.,

2
) 

Fast Slow Fast Slow 
Component Component Component Component 

121.40+7~70b 2.15+0.35 125.0 +8.87b Absent - -

81.64+8.10b 2.35+0.52 69.39+8.33b Absent -

6 2 • 5 0_+ 7.. 2 2 2.62+0.51 b Absent Absent 

bDenotes·' a significant. ·diffe-rehce from: the-:J"ini-t:ial tesponse.· XP ·< 0. 05). 

w 
\.0 



Figure 7. Cumulative concentration response curves 
determined from norepinephrine-induced con
tractions of the rabbit pulmonary artery in 
a PSS_containing various mM concentrations of 
cac1

2
. The vertical bars represent the S.E.M. 

(n = 20). 
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There was no difference in the ·concentration-response re-

1 I h I f b I d I h . I [ ++ ] d at1ons 1p or NE o ta1ne 1n t e var1ous Ca ext ·use 

(2.4, 1.2, 0.6, or 0 mM Cacl 2 ). The curve illustrating the 

action of NE in the presence of 1.2 mM Cacl 2 is not. shown, 

but the data points were identical to those obtained in the 

presence of 0.6 mM cac1 2 . The contractile response to NE 

-5 was antagonized by phentolamine_ (1 x ·10 M). 

' The H-induced contractile response obtained in a PSS 

containing various [Ca++ ext]. is illustrated in Figure 8. 

There was no difference in the concentration-response. rela

tionship fbr H obtained in the presence of the various [Ca++ 

ext] used (2.4, 0, 0.6, or 1.2 mM). Although not shown, the 
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concentration-response relationship for H obtained in the pres-

ence of 1.2 mM cac1 2 was identical to that obtained in the 

presence of 0.6 mM cac1 2 . The contractile response to H was 

antagonized by diphenhydramine (5 x 10-6M). 

The KCl-induced contractile .response obtained in a PSS 

containing various [Ca++ ext] is illustrated in Figure 9. In 

the presence of 2.4 mM Cacl 2 , the addition of KCl over a con

centration range of 10 mM to 60 mM resulted in a contractile 

response of the tissue. Lowering the [Ca++ ext] to 0.10 mM 

or 0 mM resulted in a significant shift of the concentration-

response relationship to the right, as compared·to the con-

trol (2.4 mM CaC1 2 ) concentration-response curve. The 

concentration-response curve obtained for KCl in the pres-

ence of 1.2 mM cac12 , although not shown, lies between the 

concentration-response curves obtained for KCl in·the presence 

of 2.4 mM and 0.6 mM CaC1 2 . 



Figure 8. Cumulative concentration response .curves 
determined from histamine-induced contractions 
of the rabbit pulmonary artery in·a PSS con
taining variDus mM concentrations of cac12 . The 
vertical bars represent the S.E.M. (n = 15). 
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Figure 9. Cumulative concentration response curves 
determined from potassium chloride-induced con-

, tractions of the rabbit pulmonary artery in a PSS 
containing various mM concentrations of cac1

2
• 

The vertical bars represent the S.E.M. (n = 12). 
All of the points on the curves obtained in 0.1 
mM and 0 mM C:ac1

2 
were significantly different 

from the control (2.4·mM CaC1
2

) values at the 
same potassium chloride concentration (p < 0.05). 
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The mean EC50 values obtained from NE, H, and KCl-induced 

contractions in a PSS containing 0 rnM, 1.2 mM, or 2.4 mM Cacl2 

is shown in Table 4. The sensitivity to NE or H, as defined 

by the EC50 value, was not affected by changes in the 

++ [Ca ext]. However, there was a significant decrease in the 

sensitivity to KCl. when the [Ca++ ext] was reduced to 0 mM. 

The maximum· contractile .force developed in response to NE, 

H, or KCl in a PSS containing 0 mM, 0.6 mM, 1.2 mM, or 2.4 mM. 

cac12 is- illustrated in Figure 10. NE-induced maximum con

tractile force was not.different in 2.4 mM cac1 2 (1.37 + 0.07 g), 

1.2 mM cac12 (1.40 ±. 0.12 g), or .0. 6 mM cac12 (1.44 ±. 0.10 g). 

'++ ' . 
When the [Ca ext] was reduced to 0 m~1, the maximum contrac-

tile force induced by NE (0.90 ±_-0.08 g) was significantly less 

than the force obtained in 2.4 ~~ Cacl 2 . H-induced maximum 

contractile force was not different in 2.4 mM Cacl2 (1.36 + 

0.12 g), 1.2 mM cac12 (1.17 ±. 0.15 g), or .0.6 mM Cacl2 (1.16 

±. 0.16 g). When the [Ca++ ext] was reduced to 0 mM, the maxi-

mum ·contractile force induced by H (0.83 ±_· 0.17 g) was signifi

cantly less than the force obtained in the presence of 2.4 mM 

cac12 . KCl-induced contractions were more dependent on the 

[Ca++ ext] than'were HorNE-induced contractions. KCl-induced 

maximum contractile force obtained in 2.4 mM cac12 (1.45 ± 
0.10 g) was significantly greater than the force obtained in 

1.2 mM cac12 ·(1.18 ± 0.14 g), 0.6 rnM cac12 (1.14 ± 0.13 g), or 

0 mM cac12 (0.04 ±. 0.04 g). The contractile response to KCl 

in 0 mM cac12 was reported for 60 mM KCl, which was a maximum 

concentration in 2. 4, 1. 2, and 0. 6 mM cacl·2 . In· 0 mM cac1
2

, 

200 ~~ KCl induced 0.68 + 0.08 g of contractile force .. 



TABLE 4 

ECSO Values Determined from Norepinephrine, Histamine, and Potassium 
Chloride-Induced Contractions of the Rabbi~ Pulmonary Artery in ·a PSS 

Containing Various [Ca ext]a 

CaC1
2 

NE (x 10-7M) H (x 10-SM) KCl (x 10-2M) 

2.4 2.72 + 0.41 2.03 + 0.23 2.34 + 0.11 

1.2 3.02 + U.39 2.18 + 0.31 2.38 + 0.06 - -

0.0 3.31 + 0.31 1.86 + 0.17 16.30 + 0.20 b 
- - -

a . 
Average values + S.E.M. of 12-20 experiments. 

bDenot~s a significant difference from the control value (p < 0.05). 

~ 
co 



Figure 10. Maximum contractile force (g) of the 
rabbit pulmonary artery induced by norepi
nephrine (NE), histamine (H),·or pot;assium 
chloride (KCl) in a PSS containing various 
concentrations of CaC1

2
. The vertical bars·. 

represent the S.E.M. (n = 12-20). 

*denotes a significant.difference from the 
control (2.~ mM Cacl

2
) value (p < 0.05) 
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In another series of experiments, a maximum concentra-

tion of NE, H, or KCl was added to a PSS contain,ing 0 m~1 or 

2.4 mM cac1
2

, ·and-the'contractile responses were analyzed. 

As illustrated 'in Figu·re 11, the: con:tractile responses. ob~ 
,· . . . : .. · . 

tained in ·a ··pss containing 2·. 4 w1. cac1:
2

. could be separated 

in,to a fast and slow· c'omponent. ++ .In a Ca free·· PSS·, the con-

tractile force induced by-NE. was developed by the F component, 

and was ~aintained at a plateau. The ~ component of NE in-· 
++ .. : ' .. 

duced contraction obtained 'in a. Ca ' ·-free PSS was abolished. 

This occurred' in 10 out of 11 experiments. 
. -4 . 

~he H (5 x 10 M)-

induced contraction in a PSS containing 2.4 mM·cacl
2 

atso could 

be separated into an F and S component.. In· 11 out· of·· 12 ex .... 

periments, the S c6mponept of H-induced contraction obtained_ 

. ++ 1n a Ca free PSS was eliminated, and the force developed 

during the F component of contraction r-apidly declined. When _ r. 

++ . . 
the [Ca ext] was changed from 2.4 mM to 0 mM, the KCl (60 mM)-

induced contraction was completely abolished. This- occurred --

in 10 out of 11 experiments. 

As illustrated· in Figure 12,_.the addition of EGTA. (0 .1 rnM) 

++ . 
to the Ca free PSS further depressed the contractile r~-

++ . 
sponse to NE or H beyond that obtained in a Ca free PSS 

which contained no _EGTA (Figure 11). As previously _demon

strated (Figure 11) , the S component of the contractile ·re-

spo~se to NE or H was abolished, and the NE-induced ·contrac~ 

tion remained. The addition of EGTA to a Ca+~ free PSS re~ 

sulted in an inhibition of the F component of NE or H-induced 

contraction. 



Figure· 11. Typical recordings obtained from ?J.ddition 
of the maximum concentration of norepinephrine 
(NE), histamine (H), or potassium chloride (KCl) 
in a PSS containing 2.4 mM or 0 mM cac1

2
. 
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Figure 12. Typical contractile responses of the 
rabbit pulmonary_~rtery induced·by norepi~ 
nephrine (5 'X 10 M) in a normal PSS and in 
a calcium free PSS c~~taining 0.1 mM EGTA, and 
by histamine (5 x 10 M) in a normal PSS and in 
a calcium free PSS containing 0.1 mM EGTA. 
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As illustrated in Figure 13~ the contractile force 

developed in response to NE (5 x 10-SM) or H (5 x 10-4M) was 

d d . . . 2 4 1 d . ++ f recor e 1n a PSS conta1n1ng . mM CaC 2 an 1n a Ca ree 

PSS containing· 0.1 mM EGTA. The NE-induced contractile force 

obtained in a Ca++ free, EGTA containing solution was de-· 

creased by 78% of the control value. The H-induced contrac

tile force obtained in a Ca++ free, EGTA containing solution 

was decreased by 84% of the control value. 

III. Effects of Extraceilular Magnesium-upon Norepinephrine, 

Histamine, and Potassium Chloride-Induced Contractions 

of the Rabbit Pulmonary Artery 

Cumulative concentration-response curves representing NE 

and H-induced contractile activity were obtained from tissues 

in the presence or the absence of 1.2 mM Mgcl 2 , and the EC50 

values were calculated. As shown in Table 5, the EC50 values 

. -. . . ++ . obta1ned from NE-lnduced contract1ons 1n a Ca , magnes1um 

(Mg++) PSS (3.71 ~ 0.49 x 10-7M) were not different than the 

++ . ++ ECSO values obtained from NE in a Mg free, Ca PSS (3.78 + 

-7 0.63 x 10 M). However, the EC50 values obtained from H-

induced contractions in a Mg++, Ca++ PSS (3.35 ~ 0.45 x 10-5M) 

were significantly greater than the· EC50 values obtained from 

++ . ++ -5 H in a Mg free, Ca PSS (2.54 ~ 0.29 x 10 M). 

As illustrated in Figure 14, maximum contractile force 

developed in response to a cumulative addition of NE in a 

Mg++, Ca++ PSS (3.24 ~ 0.22 g) was not different from the force 

++ .++ developed in a ~~g . free, Ca · PSS · (3. 08 +. 0. 21 g) . The 



Figure 13. Contractile responses -(g) of the 
.rabbit pulmona~~ artery obtained f~om addi
tion o!

4
5 x 10 M norepinephrine (NE) or 

5 x 10 M histamine (H) in a PSS containing 
2.4 mM cac1

2 
and in a PSS containing 0 mM 

cac1
2 

and 0.1 mM EGTA. The vertical bars 
represent the S.E.M. (n = 8-10). Each 
calcium free response was significantly 
different from the control·value (2.4 mM 
CaC1

2
) (p < 0.05). 
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TABLE 5 

EC50 Values. Determined from Norepinephrine and Histamine
Induced Contractions of the Rabbit Pulmonary Artery in a 

PSS Conta,ining 1.2 roM or 0 mM MgC1
2

a -

r.1agnes i urn 
(mM) 

1.2 

0 

NE 

-7 3.71+0.49 X 10 M 

-7 3.78+0.63 X 10· M 

H 

3.35+0.45 X 10-5M 

2 54 0 29 X 10 -5Mb • + • 

aMean values + S.E.M. of 12 experiments. 

bDenotes a significant difference between the two concen
trations of hista~in~ (p < 0.05). 

59 



Figure 14. Maximum contractile force (g) of the 
rabbit pulmonary artery in response to the 
cumulative addition of norepinephrine or 
histamine in a calcium PSS containing 1.2 mM 
or 0 mM MgC1

2
. The vertical bars represent 

the S.E.M. (n = 12). 
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maximum contractile force developed in response to a cumu~ 

lative addition of H in a Mg++, Ca++ PSS (2.40 ~ 0.20 g) was 

not different from the force developed in a Mg++ free, Ca++ 

PSS (2.36 ~ 0.19 g). 

As indicated in Figure 15, the presence or the absence 

of 1.2 mM MgC1 2 affected the contractile response to KCl 

(70 mM). The contractile force induced bycKCl in a Mg++, Ca++ 

PSS (2.42 ~ 0.17 g) was significantly greater than the con

tractile force ~nduced by KCl in a Mg++ free, Ca++ PSS (1.91 + 

0.16 g). 

As illustrated in Figure 16, NE-induced contractile 

f . ++ f Mg++ f SS (65° f t 1) orce 1n a Ca ree, ree P ~ o con ro was 

. ++ . 
significantly greater than NE-induced fore~ 1n a Ca free 

Mg++ PSS (20% of control). NE-induced contractile force in a 

Ca++ free, Mg++ free PSS contai,ning 0.1 mM EGTA (22% of con-

trol) was significantly greater than N~-induced force in a 

++ f ++ . . 0 1 G ( 4 .f 1 ) Ca · ree, Mg PSS conta1n1ng . mM E TA % o centro . 

H-induced contractile force in a Ca++ free, Mg++ free PSS 

(69% of control) was significantly greater than H-induced 

. ++ ++ force 1n a Ca free, Mg PSS (5% of control). H-induced 

. 1 f . ++ f ++ f . . t . . contract1 e orce 1n a Ca ree, Mg ree ~SS con a1n1ng 

0.1 mM EGTA (16% of control) was significantly greater than 

. d d f . ++ f ++ s . . 0 1 H-ln uce orce 1n a Ca ree, Mg PS conta1n1ng . mM 

EGTA (0% of control). ++ ++ In a Ca free, Mg free PSS, both 

in the presence and in the absence of EGTA, the contractile 

response to H was inhibited to the same degree as the con-

tractile response to NE. ++ ++ In a Ca free, ~g PSS, both in 

the presence and in the absence of EGTA, the contractile 



Figure 15. Contractile force (g) of the rabbit 
pulmonary arteryrinduced by 70 mM KCl ·in a 
calcium PSS containing 1. 2 mM or 0 mM MgC1

2
• 

The vertical bars represent the S.E.M. 
(n=l2). 

* denotes a significant difference between 
the two values (p <.0.05). 
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Figure _16. -~gntractile responses to an 2jPlication 
of '5 x 10 M norepinephrine or·5·x 10 M hista
mine in each of the four calcium free PSS in
dicated. Each response is ~xpressed as the 
percent of the control response obtained in a 
PSS containing 1.2 mM cac1

2 
and the correspond

ing concentration of MgC1
2

. The vertical bars 
represent the S .E .M . . (n = 6). 

* Indicates a significant difference between 
the responses induced by norepinephrine and 
histamine in the same PSS (p < 0.05). 
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response to H was inhibited to a significantly greater degree 

than the contractile response io NE. KCl was unable to in-~· 

duce a contraction in any of theCa++ free·PSS. 

As illustrated in Fig~re 17, the contractile response to 

NE in a Ca++ PSS was not different in the presence or in the 

absence of extracellular Mg++. The :response consisted of an 

initial F component followed by a sustained S component. The 

contractile response to NE in a Ca++ free PSS was altered by 

. - . ++ ++ 
the presence or the absence of extracellular ~1g • In a Ca 

++ . . . 
free, Mg . free · PSS the initial F componer:tt · of contraction.· 

remained relatively normal and force developed was m·aintained, 

while the S component of contraction was abolished. The 

addition of 1_.2 mM cac12 tb the PSS re~ulted ·~n the restora

tion of the S component of the NE-induced contractile res~onse 

to the control level. ++ ++ In a Ca free, Mg · PSS the S com-

ponent of· contraction was absent, while th~ F component of 

contraction was greatly inhibited, and the contraction was not 

maintained. The addition of 1.2 roM CaC1 2 to the PSS resulted 
. / . 

in a rapid contraction that resembled a combination of F and 

S components, and.the force was restored to the control level. 

IV. Effects of Ruthenium Red on Norepinephrine, Histamine, 

and Potassium Chloride-Induced Contractions of the Rabbit 

Pulmonary Artery 

As shown in Table 6, ruth~nium red's effect occurred 

over a .narrow concentration range. 0.1 mM ruthenium red had 

no effect upon NE (5 x 10-SM)-induced contractile responses. 



Figure 17. Typical recording of the contractile 
responses of the rabbit pulmonary art~5Y ob
tained from the application of 5 x 10 M nor
epinephrine in each of the four PSS indicated. 
1.2 mM cac1

2 
was added to the PSS where in

dicated. 
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TABLE 6 

Percent Inhibition of Contractile Force of the Raegit 
Pulmonary A~tery Induced by Norepinephrine (5 x.lO M) 

Resulting from Various Conc~ntrations of Ruthenium 
Reda, 

0.1 mM 0.5 mM 1.0 mH 

0% 30% 33% 

Average values of 4-8 experiments. 

bAll solution~ contained MgC1 2 (1.2 rnM). 
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0.5 mM ruthenium red resulted in a 30% inhibition of the con-

tractile force induced by NE. 1.0 mM ruthenium red resulted 

in a 33% inhibition of· the cbntractile £6rce induced by NE. 

As illust:rated. in Figure 18, the contract_i~e responses 

obtained in a PSS containing_ 0. 5 mM ruthenium red \vere signif

icantly smaller than the control values, and the contractile 

responses obt~ined in a Ca++ fr~e PSS were significantly less 

than the corres~onding ·value~'ob~ained- in a PS$ containin~ 

ruthenium red. An application-of NE (5 x 10-5M) induced 

2.80 + 0.17 g of contractile force in a normal PSS, 1.67 ± 
0.14 g of force in PSS containin9 0.5 mM ruthenium red, and 

0.57 + 0.10 g of-force inCa++ free PSS. An application·of 

H (5 x 10-4M) induced 1.35 + 0.08 of contractile· force in a 

normal PSS, 0.71 ±. 0.10 g. of force in PSS containing 0.5 mM 

ruthenium red, and 0.09 + 0.03 g of force· in a Ca++ free PSS. 

An application of KCl (70 mM) induced. 1.68 + 0.18 g of contrac-

tile force in a normal PSS, 0.26 ±. 0.06 g of force in a PSS 

·containing 0. 5 mM ruthenium red, and 0 g of force in a Ca ++ 

!free PSS. 

As illustrated in Figure 19, the second application of 

NE (5 x 10-5M) in a PSS containing 0.5 mM ruthenium red in.-

duced a significantly smaller contractile response (0~58 ±. 

0.16 g) than the initial response to NE obtained in a PSS 

containing 0.5 mM ruthenium red (1.11 + 0.15 g). The third 

application -of NE. in a PSS containing 0.5 mM ruthenium red 

resulted in,a contractile response (0.27 ±. 0.07 g) which was 

significantly smaller than the second respons~ to NE obtained 

in a PSS containing 0.5 ~ruthenium red. 



Figure 18. Contractile force· (g) ."of!~~ rab.bit 
pulmonary artery indu~~d by. 5 x 10 M . norepi
nephrine (NE), 5 x 10 M histamine (H), or 70 
mM potassium chloride (KCl) in: a normal PSS, 
a PSS containing 0.5 mM .ruthenium red, and in 
a calcium free PSS. All solutions contained 
MgC1

2 
(1.2 mM)._ The vertiqal bars represent 

the S.E.M. (n = 5-7). 

* Indicates a significant difference betwe~n 
the values for each agent (p < 0~05). 
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Figure 19. Contractile force (g) of the rabbit 
pulmonary artery induced by the_girst, second, 
and third application of 5 x 10 M norepi
nephrine (NE), with an equi!ibration in a 
PSS containing 0.5 mM ruthenium red before 
and after each trial. All solutions contained 
MgC1 2 (1.2 mM). The vertical bars represent 
the S . E. M. ( n = 7) . 

* Indicates a significant difference between 
each value (p < 0.05). 
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As illustrated in Figure 20, two hours of washing in a 

normal PSS was unable to reverse the inhibition of contractile 

force induced by ruthenium red. NE (5 x 10-5M) ·induced 1.88 + 

0.17 g of contractile force in a normal PSS _(not shown), 

1.51 + 0.21 g of force in a PSS containing 0.5 mM ruthenium 

red, and 1.20 ~ 0.14 g of force after washing in a normal PSS. 

H (5 x 10-4M) induced 1.06 + 0.11 g of contractile force in a 

normal PSS (not shown), 0.57 + 0.12 g of force in a PSS con-

taining 0. 5 mM ruthenium red, and 0'. 36 + 0.11 g of force after 

washing in a normal PSS. KCl induced 1.64 ~ 0.18 g of.con

tractile force in a normal PSS (not shown), 0.42 ~ 0.08 g 

of force in a PSS containing 0.5 mM ruthenium red, and 0.25 + 

0.04 g of force a~ter washing in a normal PSS. 

As illustrated in Figure 21, the inhibition of contrac-. 

tile force induced by 0.5 mM ruthenium red was significantly 

greater in a PSS containing 1.2 mM MgC1 2 than in a PSS con

taining 0 ~1 MgC1 2 . rn.the presence of 0.5 mM ruthenium red 

the contractile response toNE (5.x 10-5M) was 59% of the con-

trol response in a PSS containing 1.2·mM Mgcl 2 and was 79% of 

the control response in a PSS containing 0 mM f·igC1
2

. In the 

presence of 0.5 mM ·ruthenium· red, the. contractile response to 

H (5 x 10~ 4M) was 52.% of the control response in a PSS con-

taining 1. 2 mM MgC1 2 and was 65% of the control respon:se in 

a PSS containing 0 mM MgC1 2 . The contractile response to KCl 

obtained in the presence of 0.5 mM ruthenium red was 18% of. 

the control response in a PSS containing 1.2 ~1 Mgcl2, and was 

29% of the control response in a PSS containing 0 mM MgC1
2

• 



Figure 20. Contractile force (g) of ~~e rabbit 
pulmonary artery indu~~d by 5 x 10 M norepi
nephrine (NE), 5 x 10 M histamine (H!, or 70 
mM potassium chloride (KCl) in a PSS contain
ing 0.5 mM ruthenium red and after two hours 
of washing in a normal PSS. All solutions 
contained MgC1

2 
(1.2 mM). The vertical bars 

represent the S.E.M. (n =B). . 
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Figure 21. . Contractile force of t!!5_ rabbit pul-
. monary artery induced_~Y 5 x 10 M norepi

nephrine (NE), 5 x 10 M histamine (H), or 
70 mM potassium chloride (KCl) in a PSS con
taining 0.5 mM ruthenium red and either 1.2 
mM or 0 mM MgCl . The data are expressed as 
the percent of ihe response obtained in the 
absence of ruthenium red. The vertical bars 
represent the S.E.M. (n = 6-8). 

* Indicates a significant difference between 
-the responses to one agonist (p < 0.05). 
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The percen~ of total force developed durin~ the F com-

ponent of drug-i?duced contractions in the various PSS is 

shown in Table 7. For NE, compared to the control value, the 

contribution of the F component to the total force-developed 

was signifibantly increased in the presence of 0.5 mM ruthenium 

++ red and was further increased in a Ca free PSS. For H, com-

pared to the control value, the F component's contribution to 
Q. 

the contractile force was significantly increased in the pres-

f h . d d . - ++ f f ence o 0.5 ~M rut en1um re , an 1n a Ca ree PSS was ur-

ther increased. For KCl, the F component of contraction was 

++ -
abolished by 0.5 mM ruthenium red and by a Ca free PSS. 

v. Graphical Analysis of Norepinephrine, Histamine, and 

Potassium Chloride-Induced Contractions of the Rabbit 

Pulmonary Artery 

As illustrated in Figure 22, graphing force vs time semi-

logarithmically revealed three components of the contractile 

'-5 
response to a maximum concentration of NE (5 x 1-0 M-) in a 

normal PSS: an initial fast (F) component, a short inter-

mediate (I) component, and· a prolonged slow (S) component. 

In a PSS containing 0.5 mM ruthenium red the S component was 

removed, and the contractile force developed during the F and 

I components was maintained at .a plateau. ++ In a Ca free PSS 

only the F component remained, and the contractile force which 

developed during the F component was maintained at a plateau. 

Increasing the concentration of ruthenium red.to 1 mM gave the 

same results. 



TABLE 7 

Percent of the Total Contractile Force:of the Rabbit 
Pulmonary Artery Induced by Norepinephrine, Hi-stamine, 

or Potassium Chloride, Contributed by the Fas~ 
Component of Contraction in. the Various PSSa' 

Agent Control Ruthenium Red Calcium·-- Free 

NE 66% 82%c 96%c 

H 60% 84%c 100%c 

KCl 49% 

a -
Averag~ values + S .E .M. of 5-6- experim~nts. 

bAll solutions coritai~ed MgC1
2 

(1. 2 mM) .: 

cindicates a sighificant difference between the values 
obtained for one- drusr (p < o . o 5) . 
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Figure 2 2. Graphical analysis of the contractile 
responses of one rabb~~ pulmonary artery that 
was exposed to 5 x 10 M norepinephrine in the 

. I • . • • • 
var~ous PSS ~nd~cated. Contract~le force (g) 
is plott.ed logarithmically and time is plotted 
linearly. All solutions contained MgC1

2 
(1.2 

mM). r = 0.954 to 0.999 

F fast component 
I intermediate component 
S slow component 
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As illustrated in Figure 23, graphing force vs time 

semilogarithmically revealed three·components of the con-

85 

-4 tractile res~onse to a maximum concentration of H (5 x 10 M) 

in a normal. PSS: an initial F component·, a short I component, 

and a prolonged S component. In a PSS containing 0. 5 m~1 

ruthenium red, the S component was removed, and the contrac-

tile force developed by the F and I components wai not main-

tained. 
++ . 

In a Ca free PSS_the contractile response to H was 

almost abolished (0.10 g). 

As illustrated in Figure 24, graphing force vs time 

semilogarithmically revealed three components of the contrac-

tile response to- a maximum concentration of KCl (70 mM) in a 

normal· PSS: an initial F component, a short I component, and 

a prolonged S component. In a PSS containing 0.5 mM ruthenium 

re~ only the S component of contraction remained. In a Ca++ 

free PSS the contractile response to KCl was completely abol-

ished. 

As shown in Table 8, the contractile respbnse induced by 

each drug can be quantitatively described by the half life 

(t
112

) of each component of force development .. For each drug, 

the t
112 

of each component within any one response was signif

icantly different. In a Mg++ PSS.containing ruthenium red 

(0.5 mM) the S component of NE or H-induced contraction was 

abolished, and the t
112 

of the F or I component of NE or H-

induced contraction was significantly increased. ++ In a M.g 

PSS containing ruthenium red (0.5 mM) the F and I components 

of KCl-induced contraction were abolished, but the S component 



Figure 2 3. Graphical analysis of the contractile 
responses_~£ one rabbit pulmonary artery exposed 
to 5 x 10 M histamine in the various PSS in
dicated. Contractile force (g) is plotted 
logarithmically and time is plotted linearly. 
All solutions contained MgC1

2 
(1.2 mM). 

r 0.972 to 0.997. 

F fast component 
I intermediate component 
s slow component 
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Figure 2 4. Graphical analysis of the contractile 
responses of one rabbit pulmonary artery ex
posed to 70 mM potassium chloride in the · 
various PSS indicated. Contractile force (g) 
is plotted logarithmically and time is plotted 
linearly. All solutions contained MgC1

2 
(1.2 

mM). r = 0.986 to 0.995. 

F fast component 
I intermediate component 
S slow component 
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TABLE 8 

, Half Life Values (tl/2) for Each Componentof Contraction Developed 
by the Rabbit Pulmonary Artery in Response to ~orepinephrine, 

Histamine, or Potassium Chloridea' . 

Agent 

NE 

H 

KCl 

Contractile 
Component 

Fast 
Intermediate 

Slow 

Fast 
Intermediate 

Slow 

Fast 
Intermediate 

Slo~ 

Control 
PSS 

c 1.00 + 0.17 
23.00 + 4.63c 

223.50 +25.09c 

c 1.25 + 0.25 
11.50 + 0.50c 

194.50 +29.75c 

c 2.75 + 0.43 
28.00 + 4.90c 

142.67 +21.46c 

Ruthenium 
Red 

3.50 + 0.29c,d 
37.00 + 3. 42c,d 

3.50 + 0.29c,d 
40.50 + 3.8 6c,d 

165.00 + 9.98 

aAverage values (secol'l:ds) + S.E.M. of 4 experiments. 

bAll solutions contained HgC1 2 (1. 2 roN) . 

++ . 
Ca Free 

PSS 

.d 
8.00 + 1.63 

cindicates a significant difference between the components obtained in one 
response (p < 0.05). 

dindicates a significant difference from the control values (p < 0.05). 

\..0 
0 
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of KCl-induced contraction remained. In a Ca++ free Mg++ PSS 

the F component of the response to NE remained with a signifi-

cantly larger t
112

, and the response to KCl was abolished. In 

a Ca++ free Mg++ PSS the response to H was almost abolished 

++ ++ (t
112 

= 101.44 + 10.41 sec.), but in a Ca free Mg free PSS 

the F component of H-induced contraction remained (t
112 

= 

4.04 ~ 0.57 sec., not shown). Regression coefficients for 

each component of each response to each drug ranged from 0.951 

to 0.997. 

As illustrated in Figure 25, the three apparent compon-

ents of contraction can be seen on,original recordings of con-· 

tractile .responses without graphical analysis. In a normal 

PSS the contractile response to NE (5 x 10-5M) consisted of 

the F, I, and S components. In a PSS containing 1 mM ruthen-

ium red the contractile response to NE consisted of the F and 

I components. In a Ca++ free PSS the contractile ·response to 

NE consisted of only the F component. 



Figure 25. Typical recording of the contractile re
sponse_~£ a rabbit pulmonary artery induced by 
5 x 10 M norepinephrine (NE) obtained in: (a) a 
normal PSS, (b) a normal PSS containing 1 mM 

ruthenium red, and (c) a calcium free PSS. Dotted 
lines represent the estimation of_each component 
of each response. All solutions contained MgC1

2 
( 1. 2 mM) • 
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DISCUSSION 

The present investigation was designed to examine the 

role of Ca++ and Mg++ in drug-induced contractile responses 

of pulmonary vascular smooth muscle. The isolated rabbit 

main pulmonary artery was chosen as an example of pulmonary 

vascular smooth.muscle. The advantage of the isolated blood 

vessel preparation is that all variables can be controlled 

closely and reflex factors do not have to be considered. 

The isolated and ventillated perfused lung has been used to 

study the pulmonary circulation, but the exact site of drug 

++ ++ action or Ca J and Mg involvement could not be known for 

certain when studied by that method .. The in vivo model has 

the disadvantage of numerous cardiovascular, neuronal, and 

endocrine reflexes which may interfere with interpretation 

of the data. The rabbit was used because it is a well known 

animal often used to study vascular smooth muscle function. 

NE was chosen as a vasoactive agent because sympathetic 

adrenergic control of the pulmonary circulation has been well. 

demonstrated. H was chosen because it may play an important 

role in physiological or pathological alterations in pulmon-

ary blood flow. KCl was chosen because of it's known depen-

d 11 1 ++ f . d . 1 . ency upon extrace u ar Ca or ·1n uc1ng vascu ar contract1on. 
I 

Before a series of experiments was begun in which rabbit 

pulmonary arteries were repetitively exposed to vasoactive 

94 
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compounds in the presence of various conc~ntrations of extra

cellular Ca++.or Mg++, it was necessary to determine that the 

contractile response of the tissue remained constant upon re

peated drug exposure in a normal physiological salt solution. 

It has been demonstrated previously that the reactivity of 

smooth muscle in respo~se to repetitive exposures to stimula

tory agents is dec~eased. In 1946, Cantoni and Eastman re6og-

.nized that large- concentrations of stimulant. drugs produced a 

transient, non-specific loss of sensitivity of smooth muscle 

to the drug _after the initial drug response and washout. 

Paton (1961) found that the non-specific loss of sensitivity 

(desensitization) of ileal smooth muscle induced by_ his·tamine 

or acetylcholine was more pronounced when the duration of ex

posure to or concentration of the drug was increased. Waugh 

(1962) described this phenomenon as muscle fatigue, suggesting 

a depletion of a ceilular energy store. In addition, Schild 

(1973, 1975) reported a non-specific desensitization of ileal 

smooth muscle after exposure to histamine, which .was inversely 

related to the extracellular Ca++ concentration. Recently, 

Carrier et al. (1978) reported that prior exposure of aorta 

to NE, but not to KCl or acetylcholine, caused a diminished 

response to a second exposure to NE, which they termed specific 

alpha adrenergic desensitization. 

In contrast to these findings, the present study demon

strates that following an initial exposure ·of the rabbit pul

monary artery to NE, H, or KCl, the maximal contractile force 

developed in response to these agents was increased with sub

sequent applications. The increased maximum force following 
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repeated exposure of the tissues to these drugs occurred 

when a ma·ximum effective concentration of the drug was added 

to the bath either in a cumulative fashion or a single appli-

cation. The increased contractile force developed by the tis-

sues upon repeated exposure to these drugs reflected a non-

specific phenomenon, since it occurred with all three (NE, H, 

and KCl). This effect was not related to an alteration in 

the sensitivity or population size of the alpha adrenergic 

or histaminergic receptors per se, since the identical phenom-

enon was observed with KCl. In addition, these results were 

not due to an insufficient equilibration period to or sub-

sequent to the time the tissues were first exposed to the 

agonist, since the same phenomenon was observed when the 

equilibration period was increased from'l to 3 hours. 

Several investigators (Bohr, 1963~ Sitrin and Bohr, 

1971; Deth and Van Breeman,, 1974) have demonst-rated that the 

contractile response of vascular tissue to catecholamines and 

histamine consisted of two components. The initial F compon-

ent of contraction was related to the release of cellularly

++ bound Ca , and the S component of contraction was dependent 

upon an influx of extracellular Ca++. KCl-induced vascular 

contractions consisted of two components, with the F compon

ent dependent upon an influx of extracellular Ca++, while 

the S component represented the release of cellularly-bound 

++ Ca (Van Breeman, 1969). The analysis of the contractile 

responses of the rabbit pulmonary artery to repeated appli-

cations of maximum effective concentrations of the-different 
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drugs revealed that the r9,te and magnitude of the F component 

of contraction induced by NE and H, and the S component of 

contraction induced by KCl,were increased after the initial 

application of these agonists and were probably due to the 

mobilization of bound Ca++. It seems likely that the increased 

rate and magnitude of force developed with'repetitive exposure 
' \_ 

was related to an increase in either the amount or rate of re

++ ' 
lease of bound Ca . This would account for the increased 

maximum contractile force developed by the pulmonary artery 
\. 

upon repeated exposures to each of the different drugs. This 

was further supported by the fact that when NE or H was added 

. h . . ++ f d. h f to t e t1ssues 1n a Ca ree me 1um, t e F component o con-

traction was significantly greater than the F component of the 

initial contraction obtained in a normal PSS, while the S com

. ++ 
ponents of contraction were abolished by the Ca free PSS. 

There is no. clear explanation. for the altered shape of 

the concentration-response curves seen after the initial de-

termination (Figs. 1, 2, and 3). For all three drugs, after 

the repeated exposure to one of the drugs, the concentration-

response curves were steeper, although the ECSO concentrations 

were unchanged. The 'increased threshold concentration demon-

strated after the first determination may reflect the increased 

responsivenes~ of ~he tissues seen only at the· higher con-

centrations. 

The results suggest that the increased maximum force 

which followed repeated exposure _of the pulmonary artery to 

an agonist may be related to an increased availability of 
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intracellular or bound Ca++ to the contractile apparatus. 

This resembles the theory that reserpine-induced supersen

sitivity of vascular muscle is- partially due to ari in~reased 

ivailability of ~eilular Ca++ (Carrier and Hester, 1976; 

Carrier and Jurevics, 1973; Garrett and Carrier, 1971; 

Pegram and Carrier, 1969). Kaiman and Shibata (1978) re

ported that supersensitivity of veins from rabbits and 

guinea pigs treated with reserpine or 6-hydroxydopamine was 

characterized by an increased maximum contractile force and 

a lower EC50 value in response to norepinephrine, whereas 

the response to KCl was characterized only .by an increased 

maximum force. Although postjunctional supersensitivity is 

usually characterized by a d~crease in the ECSO value for an 

agonist, the possibility exists that the increased maximum 

contractile force observed following repeated exposure of the 

pulmonary artery to a drug may be a manifestation of a non

specific type of agonist-induced supersensitivity. 

As a result'of the above findings, the second contrac

tile response to ·a drug was used as the control response when 

comparing contractile responses obtained in various PSS of 

different compositions. Therefore, in all experiments to be 

described below, the tissues were first exposed to a maximum 

concentration of a drug.in a normal PSS, .and the second re

sponse to the same drug in a normal PSS was used as the con

trol response for comparison to a subsequent response .obtained 

in a different PSS. 

Numerous studies have demonstrated that the rabbit pul

monary artery exhibits both electromechanical and 
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pharmacomechanical stimulus-contraction coupling, with pre-

dominantly graded responses (Somlyo and Somlyo, 1968; Somlyo 

et al., 1969; Suet al., 1964; Su and Bevan, 1965; Casteels 

et al., 1977; Haeusler, 1972, 1978). Some of these studies 

have suggested an involvement of extracellular Ca++ in the 

contractile response of this tissue. Devine et al. (1972) 

found that the rabbit main pulmonary artery contained the 

largest volume of sarcoplasmic reticulum of several blood 

vessels studied, indicating-the possibility of a significant 

source of intracellular Ca++ which may be involved in pharmaco-

mechanical coupling. The present experiments were performed 

in order to determine the role of intracellular and extra

cellular Ca++ in ~he contractile response of the rabbit main 

pulmonary artery, with_emphasis upon pharmac6mechanical cou-

pling rather than.-electromechan-ical coupling. 

The calculated EC50 values obtained from NE and H-induced 

contractions of the pulmonary artery showed no -change when the 

++ [Ca ext] was reduced to a low or zero level. Any alteration 

in the affinity of these drugs for their receptors would be 

reflected by a significant change in the EC50 values (Ariens 

and VanRossum, 1957). The present data suggest that the 

affinity of NE or H for t~eir respective receptor sites is 

++ not governed by the [Ca ext]. In contrast, the sensitivity 

of the muscle to KCl was related to the [Ca++ ext]. When the 

++ [Ca ext] was reduced to. 0 m~i, there was an increase in the 

EC50 value obtained from KCl-induced contractions. Several 

investigators have implicated the involvement of extracellular 
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Ca++ in an agonist-receptor interaction (Takagi et al., 1972; 

Tuttle and Moran, 1969). However, Schild (1975) has sug

gested that Ca++ was not required for the interaction of H 

with its receptor. Carrier et al. (1974, 1975, 1976) have 
. ++ . 

demonstrated that extracellular Ca was not required for 

the combination of beta.adrenergic agonists or cholinergic 

agonists with their receptors in cardiac or in syste~ic vas-

cular muscle. 

++ It was evident that the [Ca ext] was to some extent 

involved in agonist-induced contractility of the pulmonary 

artery after receptor occupancy. 
. ++ 

When the [Ca ext] was 

reduced to 0 mM, there was a decrease in the maximum contrac-

tile force developed in response to NE and H. The maximum 

contractile force developed in response to KCl was reduced 

in 1.2 ~1 and 0.6 mM cac12 , and almost completely abolished 

in 0 mM cac1
2

. The st.rong. contractions obtained from NE in 

0 mM cac1 2 , and the negligible contractions developed by KCl 

in 0 ~~ cac1 2 , are in agreement with reports on systemic 

blood vessels that NE utilized primarily intracellular Ca++ 

. . . ' ++ for contract1.on, wh1.le KCl requ1.red extracellular Ca for 

contraction (Briggs, 1962~ Waugh, 1962; Hinke, 1964~ Hiraoka 

et al., 1968; Van Breeman~ 1~69; Yamashita et al., 1977). 

++ The relatively slight dependence upon extracellular Ca ~ for 

NE-induced contractions in this vessel ~grees with the find-

ings of Folkow et al. (1976) that large arteries are less 

dependent upon external Ca++ for NE-induced contractions 

than are small peripheral blood vessels. Greenberg et al. 

(1973) found that the relative contribution of Ca++ influx 



and intracellular ~a++ release in NE-induced contractions 
I 
I 

varied depending ~pan which blood vessel was ex~mined. 

Much less is known about the .utilization of Ca++ by H 
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during the contractile response th~t it induces. Goodman and 

Weiss (1971) found that NE, H, and kcl utilized different 

1 f ++ h'il 1 poo s o Ca , w 1i e Van Breeman et a . (1972) concluded 

that NE and H utilized a common pool of intracellular Ca++. 

Kalsner et al. (1970) found that H utilized both superficially 

'++ and firmly bound ca . The present studies show.that NE and 

H-induced contractions are inhibited to the same degree by the 

removal of extracellular Ca++, indicating that NE and H may 

++ utilize a coi:nmon pool of cellular Ca . It also .was found 

' . ++ 
that H was less dependent than KCl upon extracellular Ca. 

for inducing a contractile response, indicating a differen-

. 1 '1' . f ++ b h d t1a ut1 1zat1on o Ca y t e two rugs. 

The addition pf 0.1 mM EGTA to. theCa++ free PSS re-

sulted in a greate~ reduction in the contractile force in-

duced by NE and H.· 
. ++ 

EGTA may remove loosely bound Ca from 

a pool which was released by NE and H, and which was in 

. ++ 
equilibrium with extracellular Ca • The tightly bound pool 

++ of Ca which was hot removed by EGTA played a significant 

role in the contractile response to NE and H. Wheeler and 

Weiss (1979) indicated that the removal of superficially 

b d ++ b I ' ++ oun Ca y EGTA.may cause removal of a t1ghtly bound Ca 
I 

pool. Since it wak possible that EGTA removed cellular Ca++, 
! 

and the purpos~ of' the present investigation was to examine 
' ++ 

the role of extrac~llular Ca , EGTA was not added to the 

++ other Ca free 
I 

solutions. 

I 

I 

I 
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The preseni experiments indicate that the contractile 

response of the pulmonary artery to NE and H consists of an 

initial F component which is related to cellular Ca++ release, 

followed by a sustained S component which is dependent upon 

extracellular Ca++. Several investigators have reported 

similar findings with the systemic vasculature (Bohr, 1963, 

1964; Deth and Van Breeman, 1974; Sitrin and Bohr, 1971; 

Steinsland et al., 1973; Turlapaty et al. 1976). The present 

++ experiments also ·show that in a Ca free PSS, NE can initiate 

and maintain a contraction, but H can only initiate a contrac

tion and requires extracellular Ca++ to maintain th~t contrac

tion, indicating ~ differential mechanis~ of Ca++ utilization 

by the two. agents. A differential action of NE and H on cellu

lar Ca++ stores in the aorta has been reported (Hudgins and 

Weiss, 1968; Goodman and.Weiss, 1971). 

++ ++ Ca and Mg are similar divalent cations, and it would 

not be unreasonable to expect a competition between the two 

ions for cellular or extracellular binding sites. Several 

++ reports have suggested that the influence of Mg upon vas-

cular smooth muscle contractile responses may be due to an 

++ ++ interaction between Ca . and Mg (Altura and Altura, 1971, 

1974, 1975, 1976; Turlapaty and Carrier, 1973; Jurevics and 

Carrier, 1973; Turlapaty et al., 1975; Carrier et al., 1976) G 

The influence of Mg++ upon the drug induced contractions of 

the rabbit pulmonary artery was examined in relation to a 

possible interaction of Mg++ with Ca++. 

The present re~ults indicate that the presence or absence 

of extracellular Mg++ exerts a differential action on the 
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contractile responses of the pulmonary artery to various 

drugs. The ECSO values obtained from H-induced contractions 

were lower in the absence of extracellular Mg++, while the 

ECSO values obtained from NE-induced contractions were not 

++ altered by the presence or absence of extracellular Mg . 

This indicated that the affinity of NE for the alpha adrener

gic receptor did not involve extracellular Mg++, but the affin-

ity of H for the H
1 

receptor was inhibited by extracellular 

Mg ++. . Mg ++ has been shown to · dif.ferentially alter the sen-

sitivity of the aorta to numerous agonists (Altura and Altura, 

1971~ Jurevics and Carrier, 1973~ Turlapaty et al., 1975), and 

Mg++ may increase the affinit~ of neurohypophyseal hormones 

for their receptors in the systemic vasculature (Somlyo et al., 

1966~ Altura and Altura, 1975). In intestinal smooth muscle, 

~1g ++ influenced the affinity of NE, H, and muscarinic agonists 

for their respective receptors (Takagi et al., 1972~ Burgen 

and Spero, 1970). 

It was found that in a normal PSS the maximum contractile 

force developed in response to NE and H was irtdependent of the 

++ presence or absence of extracellular Mg ~ but that KCl-induced 

contractile force was potentiated by the presence of extra

++ cellular Mg . ·similar results have been obtained in the 

aorta. Carrier et al. (1976) found that in a normal PSS, the 

maximum contractile force induced by KCl was increased by Mg++, 

-while Altura and Altura (1971) reported that Mg++ did not af-

feet H-induced contractions. Other studies have indicated 

that Mg++ differentially altered the contractile force of the 

systemic vasculature in response to a variety of agonists, 
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including catecholamines (Altura and Altura, 1971, 1972, 1975; 

Somlyo et al., 1966; J:urevics and Carrier, 1973; Turlapaty and 

Carrier, 1973; Turlapaty et al., ~975). The potentiati~n of 

the response to KCl by Mg++ may be due to displacement of in-

11 1 1 b d ++ 11 . h' ++ b '1 trace· u ar y oun Ca , a ow1ng t 1s Ca to ecome ava1 -

able for contraction. NE and H, however~ have been shown to 

++ be effective in releasing intracellularly bound Ca (Van 

Breeman et al., 1972; Deth and Van Breeman, 1974), and, there

fore, may be able to release this Ca++ pool in a Mg++ free PSS. 

++ ++ In a Ca free PSS, Mg greatly reduced the contractile 

responses to NE or H, both in the presence and in the absence 

of EGTA. The response to H was inhibited to a greater degree 

++ by Mg than was the response to NE, both in the presence and 

in the absence of EGTA. These· results suggested that in a Ca++ 

free PSS, Mg++ displaced bound Ca++, causing a loss of Ca++ 

that could have been utilized for contraction. A competition 

++ ++ between Mg and Ca for cellular binding sites in the sys-

temic vasculature has been suggested by several investigators 

(Altura and Altura, 1971, 1974, 1976, 1978; Carrier et al., 

1976; Jurevics and Carrier, 1973; Turlapaty and Carrier, 1973; 

Turlapaty et al., 1975). The present data also indicated a 

. ++ . 
differential utilization of cellular Ca stores by NE and H, 

and suggested that NE was more effective·than H in releasing 

Ca++ from "Mg++ resistant" binding sites. 

In a normal PSS, the shape of the contractile response 

++ to NE was unaffected by Mg . There is good eyidence that in 

the contractile response of vascular smooth muscle to 



105 

catecholamines, the F component resulted from cellular Ca++ 

release, while the S component resulted from extracellular 

Ca++ influx (Bohr, 1963, 1964~ Van Breeman, 1969~ Sitrin and 

Bohr, 1971~ Deth and Van Breeman, 1974). In a Ca++ free, 

Mg++ free PSS the initial F component of NE-induced contrac

tion remained intact and sustained, and the addition of Ca++ 

++ restored the ab~ent S component of contraction. In a Ca 

++ . . 
free, Mg PSS the F component of NE-induced contraction was 

greatly inhibited and was not sustained,, and the S component 

of contraction was absent, while the addition of Ca++ re

stored the normal force. This suggested that Mg++ displaced 

++ some of the cellula~ly bound Ca . The response to NE pres-

·. ++ ++ ently observed 1n a Ca free, ~1g PSS greatly resembled the 

contractile response to NE obtained by Turlapaty et al. (1976) 

++ ++ with an adventitia-free aorta in a Ca free, Mg free PSS. 

++ It appeared that the addition of Mg to the PSS produced an 

effect similar to removal of the adventitia, suggesting that 

Mg++ may have displaced Ca++ bound in the adventitia. 

In the experiments discussed so far, the influence of 

++ cellular and extracellular Ca on drug~induced contractile 

. . ++ . h' responses was exam1ned by remov1ng Ca from the bat 1ng 

medium. Another method of examining this question was to pre-

vent the entry of extracellular Ca ++ into the cell, that so 

although Ca ++ 
was present in.· the solution, it could not be 

utilized by the contractile proteins. Greenberg et al. (1973) 

found that ruthenium red prevented the systemic vasculature 

from accumulating 45ca, thereby abolishing contractions in-

duced by KCl but not by NE. It was found in the present 



studies that ruthenium red irrevers~bly inhibited the con

tractile force of the pulmonary artery induced by each of 
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the three drugs. Ruthenium red acted in a very narrow con

centration range, that is 0.1 rnM~:had ·no effect and there were 

no differences between the effects of 0.5 and 1.0 rnM. 

The ruthenium red-induced inhibition of the contractile 

response to each drug was ranked KCl>H>NE, a~ was found with 

a Ca++ free PSS. Inhibition of Ca++ ~nflux gave results simi

lar to the removal of extracellular Ca++, b~t the contractile 

response to each drug in a Ca++ free PSS was reduced further 

than in a.PSS containing ruthenium red. This was probably 

due to one hour of incubation and .washing in a Ca++ free PSS, 

which removed the loosely bound Ca++ that was utilized for 

contraction by these drugs. In a normal PSS containing 

ruthenium red, there was no concentration gradient pulling 

Ca++ from the cell. The results indicate that NE and H ef

fectively released cellularly bound Ca++ to induce a contrac-

tion. 

Repeated NE-induced contractions obtained in the presence 

of ruthenium red resulted in progressively s~aller responses. 

Greenberg et al.· (1973) reported that ruthenium red prevented 

45ca influx brit did not affect 45ca efflux. The explanation 

for the present results was that during washout-induced relaxa

tion, some of the free cytoplasmic Ca++ mobilized during con

traction was either actively pumped from the cell or passively 

effluxed. Since influx of Ca++ was prevented by ruthenium 

red, the lost Ca++ was not replenished, leading to a net loss 
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of cellular Ca++ which caused a diminished subsequent con-

.traction. Van Breeman (1973) found that the second'NE-induced 

contractile response of the aorta obtained in the presence of 

+++ . 
La was smaller than the in~ti~l response obtained in the 

presence of La+++. He also found that La+++ blocked Ca++ 

influx and efflux, and concluded that the cellular sites of 

Ca++ uptake and release were-separate. It is possible that 

both explanations for the same general results are correct. 

The ruthenium red induced-inhibition of contractile re-

sponses to all three drugs was increased by the presence of 

Mg++ in the PSS. This was probably an additive effect, since 

it was likely that Mg++ displaced Ca++ from extracellular and 

. ++ 
cellular binding sites while ruthenium red displaced Ca from 

extracellular binding sites. The presence of Mg++ also in

creased the inhibition of contractile force in a Ca++ free 

++ PSS, probably by displacing cellularly bound Ca . 

Ruthenium red was used to analyze further the contractile 

response of the pulmonary artery to a maximum concentration of 

each drug. The literature describing "biphasic" contractile 

responses of the systemic vasculature is purely qualitative, 

based upon an arbitrary separation of the F and S components 

of contraction. The present study describes graphical and 

statistical methods of analyzing vascular smooth muscle con-

tractility in quantitative terms. It was found that the 

drug-induced contractile response of the rabbit pulmonary 

artery was best described by a three expon~?tial model, with 

a fast (F), ~ntermediate (I), and slow (S) component. Plotting 
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force versus time semilogarithmically yielded three lines, 

each with a correlation coefficient approaching unity. The 

half life of each component of contraction was calculated ~nd 

was significantly different. 

The data suggested that each component of t~e contractile 

response to NE and H may be related to a different pool of 

activator Ca++. The S component probably resulted from an 

influx of extracellular Ca++, since it was abolished by ru

thenium red and by a Ca++ free PSS. The I component of con-

++ traction may represent release of loosely bound cellular Ca , 

since it was not-abolished .by ruthenium red but was abolished 

by one hour of incubation in a Ca++ free PSS. The F campo-

nent of contraction may represent release of tightly bound 

cellular Ca++ which NE and H are known to affect (Hudgins and 

Weiss, 1968; Goodman and Weiss, 1971), because the F component 

++ was not removed by ruthenium red or by a Ca free PSS. In 

support of _this, the F component's percent contribution to 

the total contractile force induced by NE or H was increased 

++ by ruthenium red and was further increased by a Ca free PSS. 

The removal of extracellular Ca++ inhibited the F and I com

++ ponents of contraction, and the removal of loosely bound Ca 

further inhibited the F component of contraction. This sug

++ gested that all- of the individual Ca pools were in an equi-

librium, a finding recently indicated by Wheeler and Weiss 

(1979). The data also indicated that KCl released loosely 

++ bound cellular Ca , represented by the S component of con-

traction, which W?S removed by a Ca++ free PSS but not by 
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ruthenium red. KCl also induced an influx of extracellular 

++ Ca , represented by the F and I components, which was pre~ 

++ vented by ruthenium red and by a Ca free PSS. 

h 1 f d . ++ . 1 . T e arge amount o ata concern1ng Ca 1nvo vement 1n 

the contractile resporise of the rabbit aorta allows for a 

fairly direct compari~on with the data obtained from the rab-

bit pulmonary artery. Since both vessels are large elastic 

arteries from the same species, a reasonable comparison of 

the role of Ca++ in the pulmonary and the systemic circula~ 

tions can be made. It appeared that there are similarities 

between the two vessels in the utilization of the various 

++ Ca pools during drug-induced contractions. The order of 

dependency upon extracellular Ca++ for inducing a contrac-

tion of the pulmonary artery was ranked KCl>H>NE, was also 

reported for the aorta (Hudgins and Weiss, 1968). Removal 

of extracellular Ca++ caused an inhibition of the S component 

of contraction induced by NE or H in both tissues .. In the 

+++ aorta La removed the S component of NE and H-induced con-

tractions and removed the F component of KCl-induced contrac-

tions (Van Breeman, 1969; Van Breeman et al., 1972; Deth and 

Van Breeman, 1974), while ruthenium red gave the same results 

with the pulmonary artery. In addition, the presence or ab

++ sence of extracellular Mg resulted in an alteration in the 

sensitivity a~d maximum contractile responses of both tissues 

to a variety of agents, although specific. differences do exist. 

There also were found several differences between the 

role of Ca++ in the contractile responses of the aorta and 
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the pulmonary artery. The lack of influence of Ca++ upon the 

affinity of NE or H for their' receptors in the pulmonary 

artery is in contrast to a report on the aorta (Tuttle and 

Moran, 1969), but the discrepancy may be due to the differ

ences in the methods used. In a normal PSS, Mg++ had no ef-

feet on the F or _S components of the contractile response of 

the pulmonary artery to NE; but in the aorta Mg++ altered the 

F or _S components of contraction to various agonists (Altura 

and Altura, 1974; Turlapaty et al., 1975). In the presence 

f +++ ' ++ f ' d d ' f o La or 1n a Ca ree PSS, NE-ln uce contract1ons o 

the aorta could not be maintained at a plateau but rapidly 

fell toward baseline, yet in· the presence of ruthenium red 

' ++ f ' d d ' f h 1 or 1n a Ca ree PSS NE~ln uce contract1ons o- t e pu man-

ary artery were mairitained at a plateau for several minutes. 

This indicated that the pulmonary artery may~have better de

++ veloped cellular Ca stores than the aorta. This possibility 

was supported by a report by Devine et al. (1972) that in-

dicated that the rabbit pulmonary artery had a slightly 

greater volume of sarcoplasmic reticulum than the rabbit 

aorta. 

Some results were obtained which have never been reported· 

for any blood vessels. Although other investigators have 

noticed an increased responsiveness of blood vessel prepara-

tions to repeated drug applications (Van Breemen, 1977), this 

phenomenon has never before been systematically characterized 

or any mechanism investigated. The ability of NE but not H 

to maintain a contraction developed in a Ca++ free PSS has 

not been reported before. The findi?g that NE but not H can 
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++ ++ . release Ca from "Mg res1.stant" binding· sites was a new 

finding. Graphical analysis of the contractile response re-

vealed that there were three components ·or exp·onential func-

tions to a response that previously appeared to consist of 

only two components. A response which was previously de

scribed in qualitative.terms can now be described in quanti-

tative terms, and can be statistically analyzed as well. 

In conclusion, this dissertation was another step in 

further understanding the pharmacology of the pulmonary cir-

culation. Although generalizations between the rabbit pul-

mcnary artery and the human pulmonary circulation are dif-

ficult to make, these results may eventually contribute to 

the development.of clinically useful modes of therapy for 

various pulmonary disorders." 



SUMMARY 

1. The initial contractile response of the rabbit pulmonary 

artery was found to be inadequate as a proper control 

for comparison to subsequent contractile responses. 

For each drug (NE, H, or KCl), the second, third, and 

fourth responses were no different. For each drug, com

pared to the initial response there was a change in the 

shape of the concentration response relationship, but 

no-change in the ECSO value. 

2. The maximum contractile force of the pulmonary artery 

induced by each drug increased when compared to the 

initial response. The rate of force induced by each 

drug also increased when compared to the initial respon.se. 

The increased rate and magnitude of contraction was re

lated to an increased availability of intracellular Ca++ 

which occurred after the initial contraction and relaxa

tion. 

3. The concentration-response relationships and ECSO values 

obtained from NE or H-induced .contractions qf the pul

roon~ry artery were independent of .the concentration of 

extracellular Cacl
2 

(2.4 roM, 1.2 roM, 0.6 roM, or 0 roM). 

In 0 roM cac1
2 

the concentration-response curve for KCl 

was shifted to the right and ihe ECSO value for KCl was 

incre~sed. The ECSO value for NE was independent of 
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++ the presence or absence of extracellular Mg , but the 

EC50 value for H was greater in 1.2 mM MgC1
2 

than in 

0 mM MgC1 2 . 

4. The maximum contractile force of the pulmonary artery in-

duced by NE or H was no different in 2.4, 1.2, or 0.6 

mM CaC1 2 , but was lower in 0 roM Cacl2 . The maximum con

tr,actile force induced by KCl was lower in 1. 2 mM and 

0.6 mM- cac12 than in 2.4. ~1 Cacl2 , and was almost abol

ished in 0 mM cac1 2 . The addition of 0.1 mM EGTA to 

the Ca++ ·free PSS further reduced the response to NE 

or H. 

5. In a normal PSS, the shape o£ the contractile response to 

an application ·of a maximum concentration of NE (5 x 10-5 

M), H (5 x 10-4M), or KCl (7 x 10-2M) to the pulmonary 

artery appeared to consist of an initial short fast (F) 

component, followed by a subsequent prolonged slow (S) 

component. In a Ca ++ free Mg ++ fre·e PSS, the F compo-

nent of the response to NE or H remained unaltered but 

the S component was removed, and the response to KCl was 

abolished. ++ ++ In a Ca Mg free PSS, the force developed 

by the F component of NE-induced contraction was main-

tained at a plateau, but the force developed during the 

F component of H-induced contraction was not maintained. 

In a Ca++ Mg++ free PSS containing 0.1 mM EGTA, the same 

results were obtained, and in addition, the F component· 

of NE or·H-induced contraction was reduced. 



6. In a normal PSS, the maximum contractile force of the 

pulmonary artery induced by NE or H was no different 

in 0 mM or 1.2 mM Mgcl 2 , but the maximum contractile 

force induced by KCl was greater in 1.2 mM MgC1 2 than 
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' 0 mM M Cl h .f ++ . ++ f 1n _g · 2 . T e presence o Mg 1n a Ca ree PSS 

reduced the contractile response to NE.or H, both in the 

presence and in the absence of EGTA. ++ In a Ca free, 

++ Mg free PSS, in the presence and in the absence of 

EGTA, the contractile response to NE or H was inhibited 

t th d ++ f . . ++ o e same egree. In a Ca - ree PSS conta1n1ng Mg , 

in the presence and in the absence of EGTA, the contrac-

tile response to H was inhibited to a greater degree 

than the contractile ·response to NE. The presence of 

Mg++ in a Ca++ free PSS inhibited the F component of the 

contractile response to NE or H. 

7. Ruthenium red (0.5 roM) inhibited the contractile force of 

the pulmonary artery induced by each drug, but less·.::.bhan 

++ a Ca free PSS. The inhibition of contraction, rahked 

++ KCl>H>NE, was induced by ruthenium red and by a Ca free 

PSS. Two hours of.washing in a normal PSS could notre

verse the effect of ruthenium red on any drug. The 

presence of 1.2 mM MgC1 2 potentiated the effect of ruthen

ium red on each.drug. Repeated NE-induced contractions 

in the presence of ruthenium red became progressively 

smaller. 

8. The contractile response to an application of a maximum 

concentration of NE, H, or KCl to the pulmonary artery 
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was graphically analyzed by plotting force versus time 

on semilogarithmic graph paper. Linear regression co-

efficients approached unity. ~or each drug, in a normal 

PSS three exponential components of the response were 

discovered: an initial fast component (F), a short 

intermediate component (I), and a prolonged slow (S) com-

ponent, For NE and H induced contractions, ruthenium red 

removed the S component and. reduced the F and I compo-

nents. In the presence of ruth,enium red, the force 
I 

developed by NE was maintained at· a plateau, but the 

force developed by H was not maintained. For KCl-induced 

contraction, ruthenium red removed the F and I component 

but not the S component. ++ . ++ In a Ca free, Mg PSS, the 

F component of the NE-induced response .remained but was 

reduced, the response to H·was almost abolished, and the 

response to KCl was complet·ely abolished. In addition, 

. ++ f ++ . . 1n a Mg ree, Ca free PSS, the F component of the 

response to ~ remained but ~as reduced. The percent of 

the total contractile force contributed by the F compo-

nent of NE or H-induced contraction increased in the 

presence of ruthenium red, and increased further in a 

++ Ca free PSS. For NE, H, or KCl-induced contractions 

of the pulmonary artery, the average t 112 of each compo

nent of contraction was calculated and found to be signif-

icantly ·different. 
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