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This essay deals with a body of recent clinical and 
experimental findings that reinforce the concept that 
adverse coronary smooth muscle activity, also called 
spasm, is not a peculiar occurrence limited to an 
arcane form of angina, but a common pathogenic 
element in acute myocardial infarction and in sudden 
cardiac death, the leading causes of death in our 
society. I will consider here the likelihood that the 
endothelium has only a limited secondary role in 
spasm, and will explore the categories of vasoactive 
substances that might be implicated directly in acute 
coronary contraction. The main theme of this article, 
however, is to foster the view that spasm is 
multifactorial; that intrinsic smooth muscle cell 
mechanisms are implicated intimately in spasm, 
acting sometimes alone and sometimes in concert 
with vasoconstrictors. Approaches to solving what 
has now emerged as a central problem in vascular 
biology will be explored. 

CONTRACTILE DYSFUNCTION 

Although contractile dysfunction is acknowledged 
to be an integral part of several major cardiovascular 
diseases, in particular hypertension and congestive 
heart failure, its contribution to coronary artery 
disease generally has been depreciated. Myocardial 
infarction and sudden cardiac death involve primarily 
large coronary arteries, but these conditions 
are most often attributed to the hemodynamic 
consequences of intraluminal plaque growth and 
vessel narrowing, culminating in thrombotic 
occlusion, rather than to the contractile charac- 
teristics of coronary vascular smooth muscle [l, 21. 

The susceptibility of atherosclerotically narrowed 
vessel segments for thrombosis is assumed to 
be linked to their altered geometry and flow 
characteristics, against the background of endothelial 
damage, common at such sites. Coronary thrombosis 
has been linked especially to breaks or ulcerations 
in the surface of atheromas, exposing underlying 
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thrombogenic surfaces to the vascular lumen. The 
vessel walls, in such cases, are presumed to be so 
compromised by rigid components of atherosclerosis 
that significant smooth muscle contraction is out of 
the question [3]. This view is seemingly supported 
by several key observations. In particular, thrombus 
formation occurs in atherosclerotically narrowed but 
not in physically unobstructed segments of human 
coronaries perfused postmortem with blood [4], and 
also in animal coronaries at sites of mechanically 
induced stenoses [5,6]; occlusive thrombi are found 
angioscopically in the majority of patients with acute 
infarction [7]; and thrombolytic therapy but not 
vasodilator therapy re-establishes flow during the 
initial stages of an infarct, while the residual coronary 
lumen at the infarct site remains structurally 
narrowed [2]. Surprisingly, these salient observations 
are not incompatible with a principal role for spasm, 
and it is submitted here that smooth muscle 
contraction acts both as initiator and as exacerbater 
of acute coronary events. 

RECONSIDERATIONS 

Lumen narrowing 

Much new evidence questions the commonly held 
association of extensive atherosclerotic narrowing 
with sites of thrombus formation. It is now clear that 
angiographic scoring of plaque severity, location and 
morphology in screened populations of patients does 
not enable prediction of culpable sites in a subsequent 
thrombotic myocardial infarction [S-10]. Further, 
repeat angiograms reveal that most coronary 
obstructions show no significant progression in 
severity even over a 3-year observation period 
[ll, 121. Even when angiography is done shortly 
before an acute episode, the location of the future 
infarct cannot be predicted [ 131. 

Individuals who do experience infarctions often 
have an angiographic history of relatively minor or 
negligible lesions, in contrast to those who live 
indefinitely with chronic ischemia but without 
infarction. This suggests that severe obstructions 
present less risk for infarction or sudden death, 
linked to those particular sites, than do minor 
obstructions. This lack of positive correlation 
between the severity of the lesion in the future 
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infarct vessel and the development of a myocardial 
infarction indicates that progression is discontinuous 
or episodic. It suggests that structurally rigidified 
vessels are not responsible for most infarction, 
probably since slow progression of such lesions 
allows for collateral vessel growth. Instead, an abrupt 
change in coronary artery geometry likely occurs, 
such as might be provided by inappropriate and 
intense smooth muscle contraction. 

Thrombolysis 

Information obtained from thrombolytic therapy 
supports the view that an acute alteration in vessel 
dynamics occurs around the time of infarct. It 
appears that the high-grade residual stenosis 
persisting after thrombolytic therapy does not define 
the severity of the pre-existing atheroma, but reflects 
the accumulated thrombic elements overlying the 
atheroma, making the lesion and vessel narrowing 
appear more severe than it was at the onset of the 
infarct [lo, 14,151. Although occlusions are found 
in nearly 90% of vessels studied angiographically 
within the initial few hours of infarction, infusion of 
thrombolytic agents yields progressive increases in 
lumen diameter [X-18]. Angiographic separation of 
the coronary atheroma from the thrombus in infarct 
patients reveals that the underlying atherosclerotic 
lesion generally is not even sufficient to impair 
materially blood flow [17]. 

Plaque morphology 

Plaque morphology encourages the idea that 
smooth muscle spasm may be the acute event that 
precipitates thrombosis and infarction. First, the 
large majority of infarct-linked plaques are associated 
with coronary segments that clearly retain the 
capacity to contract. Although concentric plaques 
are relatively rigid, due to the deficit in smooth 
muscle and the splinting effect of extracellular 
components, they account for less than a third of 
the total plaque number [19]. The much more 
common lesion, and the type linked to myocardial 
infarction and sudden cardiac death, is the eccentric 
lesion, which retains a disease-free wall arc length 
that represents a significant portion of the total 
vessel circumference, providing a considerable 
amount of smooth muscle, even when lumen 
obstruction is more than 50% [20]. 

Second, the eccentric lesion is prone to fracture. 
It often includes a space in the intima containing a 
pool of semi-liquid extracellular lipid held apart 
from the lumen by a cap of fibrous tissue that may 
be insufficiently supported by strands of collagen 
[19]. Intact eccentric lesions appear angiographically 
smooth, with tapered, intact surfaces, and those that 
have ruptured appear complex or rough surfaced, 
sometimes with narrow necks and luminal 
protrusions. A variety of work associates complex 
lesions with the major clinical ischemic conditions, 
in particular occlusive thrombus, infarction and 
sudden death [19,21-271, and there is compelling 
reason to associate this pivotal sequence with 
vascular smooth muscle activity. 

MECHANISMS OF PLAQUE RUPTURE 

Plaque contents frequently are found dispersed 

deeply in the thrombus, indicating that plaque 
rupture likely precedes thrombus formation [28]. 
Soft lipid pools cannot bear significant stresses, and 
high tensile strength is concentrated at the ends of 
such plaque caps [29,30]. These plaques are highly 
vulnerable to rupture and consequent hemorrhage 
into the plaque or, alternatively, emptying into the 
vessel lumen of atheromatous material, including 
lipid and collagen, with ensuing thrombosis and 
occlusion (14,281. In the view of some, plaque 
disruption may yield a large fissure through the 
fibrous cap of lipid-rich plaque, exposing collagen 
and fat to which platelet thrombi adhere [7, 13, 151. 

Plaque rupture is deemed by most clinicians to be 
a random event, assignable to normal hemodynamic 
stresses [28], particularly when the fibrous cap is 
weakened by foam cell infiltration [31]. Sudden 
surges in blood pressure, repetitive dynamic stresses 
of pulsatile pressure causing plaque fatigue, or even 
repetitive bending during the cardiac cycle are 
thought by some to explain plaque rupture at 
weakened sites. However, coronary vascular tissue 
has a marked contractile potential that cannot be 
dismissed peremptorily when seeking the instigator 
of plaque rupture, and several clinical observations 
point to its decisive involvement. 

SMOOTH MUSCLE AND RUPTURE 

Autopsy studies indicated to Constantinides [21] 
that “a sudden explosion of pressure within the 
atherosclerotic arteries cracked their rigid walls,” 
yielding thromboses and wall hemorrhages. Similarly, 
Hellstrom [32] postulated that “compressive forces 
of spasm could rupture the intima, and with soft 
plaques, extrude atheromatous material into the 
lumen.” In a search for a morphological marker that 
would allow the postmortem diagnosis of coronary 
artery spasm, Factor and Cho [33] described medial 
smooth muscle contraction bands in some coronary 
arteries, correlated with atherosclerotic plaque 
ruptures and mural plaque hemorrhages, that 
appeared similar to those shown by others after 
experimental exposure of animals to high doses of 
vasoconstrictors [34]. 

The progression of coronary artery spasm to fatal 
infarct was documented angiographically, with 
autopsy demonstrating fracture of intimal collagen 
fibers and plaque rupture [35]. The direction of 
distortion of the torn intimal fibers of some coronary 
vessels, seen at autopsy, indicated to Lin et al. [23] 
“that the vector of disruptive forces proceeded from 
within the wall toward the lumen.” They concluded 
that coronary artery spasm “can cause rupture of a 
soft, or semiliquid, atheromatous plaque in a way 
similar to volcanic eruption, with cholesterol crystals 
oriented to the rheological vector direction,” and 
that the ruptured plaque appears to have been 
“continuously squeezed by spasm” with an irregular 
folding appearance of the fibrin thrombus. Such 
clinical observations, suggestive of intense and 
unremitting contraction, must be interpreted in 
terms of our knowledge of the contractile potential 
of the large epicardial arteries of the heart. 
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CONTRACTILE STATUS OF CORONARY ARTERIES 

Human epicardial coronary artery segments show 
spontaneous tone and rhythmic motor activity in 
vitro [36,37], as do those from most common 
laboratory animals, including dog, sheep, pig and 
cattle [36,38]. Rhythmic contractions can reach 
amplitudes approximating 50% of maximal con- 
tractile capacity, a magnitude sufficient to alter blood 
flow. Our insight into in uiuo coronary motor activity 
is limited, probably because of the vasodilator effects 
of the injected radiopaque chemicals, and to some 
extent the resolution characteristics of the cinematic 
equipment. However, epicardial arteries apparently 
maintain a basal level of contractile tone, because 
they are dilated by nitrite compounds, even in 
patients with diagnosed coronary artery disease [39- 
411. 

Areas of coronary artery stenoses also show a 
basal level of contraction [39,42,43], with the large 
majority of eccentric stenoses, ranging in severity 
from 4.5 to 94% lumen obstruction, dilating an 
average of 49% to the combination of nitroglycerin 
and nifedipine [42], confirming smooth muscle 
activity in diseased segments. 

An obstacle to the appreciation of spasm as a 
major player in infarction has been the notion that 
the large surface arteries of the heart are incapable 
of occlusive contractions, even when the tissues are 
provoked pharmacologically. It is now established 
that spastic occlusion of non-atherosclerotic arteries 
occurs spontaneously, or with pharmacological 
provocation, in patients with rest angina [44]. 
Further, a lumen occluding contraction is not 
necessary if the injurious sequence incorporates 
plaque rupture and thrombosis. 

In my experience, the large epicardial coronary 
arteries in vitro, either perfused or mounted in 
muscle chambers, present a highly variable range of 
contractile performance to agonists, but contractility 
is much enhanced by the processes of priming and 
supersensitivity discussed later in this article. Full 
expression of the latent contractile potential of these 
vessels, in a region of plaque instability and 
thrombotic potential, might have devastating car- 
diovascular consequences. 

DAMAGED ENDOTHELIUM AND SPASM 

The endothelial monolayer synthesizes several 
potent vasodilators and vasoconstrictors, inhibits the 
aggregation of platelets and other cells, and according 
to some, hinders the penetration of exogenous 
vasoactive agents, including platelet products. 
However, the available evidence, summarized below, 
indicates that endothelial dysfunction is not the 
principal initiator of acute ischemic syndromes. 

Access barrier function 

The endothelium does not appear to protect the 
underlying arterial smooth muscle from agonists. 
Studies in which perfused segments of rabbit ear 
artery were cannulated at both ends, mounted in 
perfusion chambers, and selectively exposed to 
agonist through either the adventitial or intimal 
surface revealed that norepinephrine, potassium and 

methoxamine are just as potent in pioducing medial 
contractile responses when administered by the 
intraluminal (endothelial) route as extraluminally 
[45]. From another vantage point, Verbeuren et al. 
[46] perfused isolated dog coronary artery segments 
intraluminally with tritiated serotonin and found 
that segments without endothelium accumulated 
approximately twice the label of intact segments. 
Even if this difference in amine uptake and retention 
reflected totally the fate of free and active amine in 
the vicinity of the pertinent receptors, which is 
unlikely, it would translate at best into a modest 
impeding effect of the endothelium on the magnitude 
of contractions to serotonin, which are achieved 
over a lOO-fold agonist concentration range. 

Acutedenudationshouldyieldmateriallyincreased 
contractions if the endothelium is a barrier to the 
intimal penetration of agonist. My laboratory 
mounted cattle coronary artery segments as pairs in 
a sandwich configuration in muscle baths to compel 
access through the endothelial surface. These 
preparations contracted to serotonin, potassium 
chloride, and to a thromboxane A1 analogue with a 
rate and response magnitude that were similar 
with the endothelium intact or denuded.* Also, 
preparations of cattle coronary artery segments in 
which the adventitial surfaces were coated with a 
barrier substance, such as Saran wrap [47], to ensure 
an intimal route of entry, did not reveal an inhibitory 
effect of intact endothelium on agonist penetration, 
as measured by responses to several potent agonists. * 

In vivo studies confirm that denudation of the 
endothelium does not directly alter responses to 
agonists. In one such study, done in anesthetized 
dogs, focal coronary artery denudation using 
a balloon-tipped catheter left unchanged the 
constrictor responses to intracoronary angiotensin 
and to phenylephrine [48]. Similarly, the effects of 
the thromboxane A, analogue, U 46619, on the 
diameter of the left anterior descending coronary in 
dogs did not differ when compared immediately 
before and after endothelial denudation [49]. 

Basal EDRF release 

The endothelium is the source of EDRFt (NO), 
and a number of investigators consider the loss 
of endothelium-mediated relaxation to be the 
underlying common denominator in abnormal 
coronary constriction [50-521. There is little doubt 
that release of EDRF provoked by acetylcholine 
and bradykinin can produce potent, albeit transient, 
relaxations of precontracted coronary epicardial 
arteries in uitro. However, such incited release tells 
little about the actual participation of endothelially 
liberated dilators in cardiovascular events. 

Studies in vitro, utilizing mechanical denudation, 
show that endothelially produced vasodilators are 
not suppressing substantial inherent tone in cattle, pig 
and dog coronary arteries [53-551. Pharmacological 
denudation of the endothelium has yielded mixed 
data, partially because of drug specificity problems. 

* Kalsner S, unpublished data. 
t Abbreviations: EDRF, endothelium-derived relaxing 

factor; L-NMMA, L-A@-monomethyl arginine; and L- 

NOARG, L-p-nitro arginine. 
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Methylene blue, one of the key compounds used to 
define basal EDRF release, acts on the soluble 
guanylate cyclase enzyme located in the smooth 
muscle cells, making interpretation of tone changes 
difficult [56]. Additionally, methylene blue is non- 
specific, interfering with a number of cellular 
processes [57,58]. My own experience with the 
compound is that it sometimes produces major 
contractions of coronary artery segments that cannot 
be duplicated by other inhibitors or by mechanical 
denudation, and therefore increases in basal tone 
with this compound do not certify the loss of a potent 
relaxation vector. In moderate concentrations, 
neither methylene blue nor the inhibitor hemoglobin 
contract human coronary arteries in vitro [59]. 

Arginine analogs are relatively specific inhibitors 
of nitric oxide synthesis, and they might provide 
more reliable information on the basal release of 
EDRF and its inhibitory impact on tone. Rabbit 
aorta rings show very slight contractions to L-NMMA 
(up to 300 PM) [60] and, according to others, neither 
L-NOARG (15 PM) nor L-NMMA (30 ,uM) contract 
aortic rings in the absence of agonists [61]. Similarly, 
the basal tone of human mammary artery rings in 
vitro were only very slightly increased in tension by 
L-NMMA (10e4M) 1621. My own studies with cattle 
coronary rings do not show contractions to L- 
NMMA.* 

Suppression in vivo of basally produced EDRF, 
either pharmacologically or by endothelial denud- 
ation, does not in itself free any significant amount 
of coronary muscle tone, and certainly does not 
trigger spasm. Balloon denudation of the left 
descending coronary artery in intact anesthetized 
dogs did not alter significantly the dimensions of the 
artery over a 120-min observation period [63], and 
similar findings have been made by others [48,49]. 
Although the intracoronary administration of the 
nitric oxide synthesis inhibitor L-NMMA to patients 
blocks the vasodilator response to acetylcholine, 
confirming efficacy, it does not alter significantly the 
tone of the proximal left anterior descending artery 
and only very slightly, by 5.9%, that of the distal 
portion [64]. These findings are not surprising since 
human coronary arteries in vivo manifest basal tone, 
which is not in keeping with an endothelial over- 
ride of coronary contractility. 

Other work indicates that denudation of the 
endothelium does not alter significantly either the 
EDGE or the maximum contractile response to 
phenylephrine, histamine or serotonin in rabbit aorta 
[65]. Similarly, denudation of dog, pig and cattle 
coronary artery rings in vitro does not increase 
significantly contractions to phenylephrine, pot- 
assium chloride or prostaglandin Fza* [54, 661. 

Studies in vivo support a minimal role of 
endothelial dilators in impeding contractility. For 
example, in intact anesthetized dogs the constrictor 
responses of the left descending coronary artery to 
phenylephrine and to angiotensin are similar in the 
presence and in the absence of endothelium [48]. It 
is possible, however, that the provoked release of 
vasodilators from the endothelium by certain 
exogenous vasoconstrictors, such as acetylcholine 

* Kalsner S, unpublished data. 

and serotonin, temper or counter their medial 
actions, and account for potentiated responses 
observed in some denuded tissues in certain species 
[48,51,67]. But there is substantial disagreement as 
to whether endothelially mediated dilator responses 
to serotonin and norepinephrine operate effectively 
in human coronaries [39,59,68]. 

Endothelium and atherosclerosis 

How do we explain those experiments that seem 
to link damaged endothelium with increased 
contractions to agonists? A number of them 
compound denudation with a battery of additional 
acute and chronic treatments, and in humans, with the 
longstanding conditions of age, hypercholesterolemia 
and atherosclerosis. Several seemingly incon- 
trovertible observations strongly negate the notion 
that structural or functional impairment of endo- 
thelium, alone, has catastrophically negative effects 
on coronary diameter. Depressed release of EDRF 
by acetylcholine, shear stress, or exercise occurs 
too frequently in ageing or hypercholesterolemic 
individuals [50,69-711 to explain the triggering 
spasm of angina, or the plaque rupture of infarction 
and sudden death. Some aspects of endothelium- 
mediated dilation are lost or attenuated early in the 
course of atherosclerosis, when vessels have minor 
surface irregularities as assessed angiographically, 
and even in smooth surfaced vessel segments in 
otherwise atherosclerotic beds [52,69,71,72]. In 
fact, compromised endothelium-mediated relaxation 
may be common in the general population at any 
age [73], including smokers [74], and also has been 
noted in an animal model of hypertension [75]. In 
one relevant study, examining the responses of 
human vessel segments removed during surgery, 
only half of them showed endothelial-mediated 
relaxations to acetylcholine or to the ionophore 
A23187, and some normal arteries from young 
subjects failed to show endothelial responses [59]. 

Prostacyclin relaxes large coronary arteries, and 
its release is activated by shear stress and hypoxia, 
but the above-quoted experiments on mechanical 
denudation, and other work [76], suggest it 
contributes little to endothelium-dependent relax- 
ation. Additionally. the endothelium releases a 
hyperpolarizing factor that cannot be explained by 
the action of EDRF [77], but again, based on 
the denudation experiments described above, its 
contribution to spasm does not appear substantial. 
Other work has shown that vasodilator prosta- 
glandins, distinct from prostacyclin, perhaps deriving 
from the smooth muscle itself, may contribute to 
coronary tone in cattle and perhaps other species 
1781. 

PHARMACOLOGICAL CONSIDERATIONS 

A number of substances potentially are spas- 
mogenic, particularly when working against a 
background of heightened coronary reactivity. The 
initiation of spasm could involve one vasoconstrictor, 
or a combination of them. In terms of vascular 
architecture, candidates range from adrenergic and 
cholinergic neurotransmitters and their associated 
cotransmitters, derived from the nerve plexuses 



Coronary artery spasm 863 

embedded in the adventitial-medial border [53,7+ 
811, to the peptide endothelin released from the 
inner endothelial lining [82,83]. Endothelial and 
perhaps muscle cells additionally synthesize several 
prostaglandins, thromboxanes and lipoxygenase 
products of arachidonic acid with contractile 
properties [84], and their dysfunctional release 
cannot be ruled out, but is presently uncertain 
[75,85-871. Murally invading inflammatory cells may 
also contribute vasoactive compounds [88], but we 
know little about them. 

The bulk of studies on adrenergic control have 
examined regulation of arterioles and precapillary 
vessels and have not focused on the large epicardial 
arteries of the heart, which appear minimally con- 
trolled by adrenergic mechanisms [89,90]. Human 
coronary artery strips in vitro contract slightly to 
low-frequency stimulation, reflecting contributions 
from both adrenergic and cholinergic nerves, as 
responses are partially antagonized by phentolamine 
and atropine [53]. Periarterial stimulation of a 
perfused cattle myocardial slab in uitro elicits a 
potent vasoconstrictor response that is antagonized 
by atropine and potentiated by physostigmine [91], 
but this may also involve smaller downstream vessels. 
Against a background of enhanced vascular 
reactivity. neurogenic activity may provide sufficient 
contractile input to rupture plaque. 

Serotonin and histamine are prime candidates in 
the elusive search for mediators of spasm. They can 
potently contract the largest epicardial arteries, 
particularly when reactivity is increased. Kalsner 
and Richards [92] found that human coronary artery 
segments contain very substantial stores of histamine 
and serotonin, and that the amount of histamine is 
elevated very significantly in the arteries of older 
patients and in those whose deaths are attributed to 
coronary artery disease. These autocoids might be 
liberated by provoking stimuli, such as in an antigen- 
antibody reaction. 

PLATELETS: THE RELEASE OF VASOACTIVE AGENTS AND 
REINFORCEMENT OF SPASM 

The second phase of smooth muscle involvement 
is defined here as that which follows the spasm 
that initiates plaque rupture or severe platelet 
aggregation. It incorporates vasoactive products 
of platelet aggregation and release, such as 
thromboxane and serotonin, as well as those of 
murally invading cell types [88]. It should be noted, 
however, that areas of damaged endothelium and 
platelet deposition are common in the ageing human 
coronaries. as discussed above, and platelet 
deposition alone does not initiate an occlusive 
thrombus [ 191. 

Animal models used to simulate acute coronary 
artery disease usually couple inflicted endothelial 
damage with mechanical compression of coronary 
artery tissue and intrusive promotion of thrombus 
[93-951. Since the pathogenetic elements in human 
acute ischemic syndromes are not yet established, 
however, no animal model can be presumed to 
replicate the human condition. This is particularly 
evident when it is considered that most human 
disease involves arteries of 45- to 80-year-old 

patients, for whom there is no matching animal 
counterpart. 

In a favored model initially described by Folts et 
al. [5], a rigid plastic cylinder is placed around the 
outside of an epicardial artery of dogs, sufficient to 
compress the vessel and reduce the lumen by about 
60%. The intima is wrinkled and distorted, the 
endothelium damaged and the subendothelium 
exposed [96]. Periodic decreases in flow, occurring 
several times an hour and lasting minutes, begin 
promptly after creating the stenosis. The cyclic flow 
irregularities have been attributed, in a series of 
publications, to platelet thrombi forming and 
dislodging periodically in the narrowed lumen [6]. 
Cyclic flow deteriorates to persistently low flow 
usually within hours due to an occlusive thrombus. 
confirmed at the constrictor site [6,97]. One essential 
thrust of this research has been to substantiate the 
view that platelet-mediated obstruction of stenosed 
and endothelially injured vessels is the critical event 
in the abrupt progression from a chronic stable 
myocardial picture to an unstable one [6]. However, 
mechanical compression of an artery to simulate 
atherosclerotic narrowing must also be considered a 
simulation of persistent coronary artery spasm. 

Cyclic flow variations are antagonized by inhibitors 
of cyclooxygenase and thromboxane A? synthetase, 
and by the serotonin SZ receptor antagonist 
ketanserin. These effects have been attributed, with 
few exceptions [97], to inhibition of platelet 
aggregation and release rather than to block of 
vasoconstriction [6.93,98]. But thromboxane A1 is 
synthesized and released in large quantities by 
aggregating platelets and is a vasoconstrictor as well 
as a platelet-aggregating agent, despite its brief half- 
life of approximately 30 set 1991. Thromboxane 
analogs, such as U44069 and U44619, potently 
contract dog, monkey, human and cattle coronaries 
[loo-1021. Similarly, serotonin is released in very 
high peak concentration during platelet aggregation 

[511. 
My own work with isolated cattle hearts, perfused 

with Krebs-Henseleit solution rather than blood. 
seems to confirm a role for motor activity both in 
the initial and in the secondary phases following 
mechanical occlusion in the absence of blood-borne 
vasoconstrictors. We placed a plastic constrictor 
around a doubly cannulated and isolated branch of 
the left coronary artery in an in vitro cattle heart 
preparation and monitored flow under constant 
perfusionpressure. Immediatelyfollowingplacement 
of the occluder, flow was substantially reduced. and 
then returned partially to control values, coupled 
with cyclic flow oscillations that were antagonized 
by vasodilators.* Undoubtedly, in duo. platelet 
released vasoconstrictors contribute additionally. 
and potently, to flow oscillations. 

THREE ALTERNATE SCENARIOS 

Hyperreactiuity 

A possible paradigm for the spasm that initiates 
infarction and sudden cardiac death invokes smooth 
muscle cell supersensitivity to contracting agents, 

* Kalsner S, unpublished data. 
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with lowered thresholds (affinity) and increased occur in large coronary arteries and may invoke 
maximal responses (efficacy) [92,103]. It is well spasm. For example, the frequently reported 
established that coronary artery segments are induction of spasm by an intruding coronary catheter 
hyperreactive to diverse stimuli in rest angina [44], [112] indicates excitation spread some finite distance 
and this is not limited to atherosclerotic vessels. The through an arterial segment. This process illustrates 
coronary arteries of some patients in a pre-infarction spasm without a spasmogen. The vasospasm of rest 
and post-infarction state also seem hyperreactive to angina occurs repeatedly in patient-specific coronary 
pharmacological provocation, reacting with focal artery loci, pointing again to an excitatory alteration 
spasm [104,105]. in vascular cells [lOl, 1131. 

My own laboratory found that the contractility 
to serotonin, histamine and norepinephrine of 
epicardial coronary arteries removed soon after 
death from hearts of cardiac patients was much 
increased over the entire concentration-response 
curve, compared to non-cardiac tissues [92]. Maximal 
responses to histamine were over lOOO-fold greater 
in the cardiac group, and those to serotonin were 
increased over 400%. The enhanced efficacy provides 
a background against which any available vasoactive 
agent might cause spasm. Similarly, Allen et al. [106] 
reported that non-atherosclerotic human coronary 
segments in uitro responded with weak contractions 
to leukotrienes but responses of atherosclerotic 
vessels were much increased. Further, studies in 
miniature pigs and monkeys chronically fed a high 
cholesterol diet, in some cases after inflicted 
endothelial damage, support the concept of enhanced 
vascular reactivity in human coronary disease [65, 
107-1111. 

Spontaneously generated contractions probably 
involve membrane electrical activity, common to a 
variety of smooth muscles, particularly the intestinal 
tract [ 1141. With respect to blood vessels, electrically 
induced tone changesnot involvingneurotransmitters 
have been associated with the single unit type of 
vascular smooth muscle, such as arterioles and some 
veins. It has been customary to regard coronary 
arteries as multiunit smooth muscle, each cell discrete 
from its neighbors, controlled by neurotransmitters 
and hormones, rather than as syncytial smooth 
muscle capable of generating and coordinating 
electrical activity between cells, but even the largest 
epicardial arteries demonstrate substantial rhythmic 
activity [36, 37, 1151. 

Priming 

Priming is a term that I use to describe a 
phenomenon examined in some detail in my 
laboratory, and it may explain the reinforcing spasm 
of unstable ischemic conditions that involve liberated 
platelet products. Priming means that when 
subthreshold or threshold concentrations of agonists 
that act through discrete receptors are present 
simultaneously, any single further agonist addition, 
even in threshold concentration, elicits substantial, 
even near maximal contractions or spasm. This 
process is a form of synergism. In primed coronary 
artery segments, virtually any compound with 
minimal vasoconstrictor activity, even in minimal 
concentration, may become a potent spasmogen. 
These substances may be added to the external phase 
sequentially or together as a cocktail (Fig. 1, A and 
B). This phenomenon likely occurs in uiuo and 
negates the requirement for the culpable agonist to 
have sufficient potency and concentration, on its 
own, to induce spasm. 

It is known that a single pacemaker cell can drive 
the contractility of a relatively large area of human 
and pig coronary tissue [116]. Such responses are 
likely mediated by intercellular pathways of low 
electrical resistance, namely connexons or gap 
junctions, similar in protein composition to those in 
cardiac tissue [117]. The conducted electrical activity 
must activatevoltage-sensitivechannels and transport 
processes in each responsive coronary artery cell. 
For example, spontaneous calcium transients, or 
oscillations in cytoplasmic free calcium, have been 
recorded in multilayered cultures of rat aortic smooth 
muscle cells and seem to represent synchronous 
activity in electrically coupled cells [118]. Such 
processes, apart from any inciting agonist-receptor 
combination, may be fundamental to understanding 
spasm. 

Spasm and no spasmogens 

Propagated responses. Propagated contractions 

Electrically induced responses. My laboratory has 
developed a means of activating relaxation and 
contraction processes that seem to mimic components 
of spontaneous motor activity. A voltage-sensitive 
relaxation cascade can be triggered off in contracted 
coronary arteries of animals and humans by a few 
very brief and innocuous externally applied electrical 
pulses, far below the number needed to activate 
neurogenic mechanisms in arterial tissue [119]. Even 
a single pulse of 0. l-msec duration, delivered through 
transmurally placed electrodes to a superfused 
coronary artery ring or strip, in a state of spontaneous 
or stimulant-induced tone. profoundly blocks that 

Fig. 1. Effects of vasoconstrictors alone and in threshold or subthreshold combination on coronary artery contractions. 
(A) Responses to serotonin (5HT), histamine (HST), acetylcholine (ACH) and U46619 individually and in sequential 
combination on isolated cattle epicardial preparations. Concentrations of each compound are as shown. (B) Same as 
(A) except that endothelin (ENDO) was also used, and all drugs were added either individually or together as a cocktail 
at the highest indicated concentrations of each. The calcium channel antagonist nifedipine (NFD) was added as indicated. 
All preparations in (A) and (B) are from the same coronary vessel and heart. The vertical axes indicate grams of tension 
in isometric recording (note the scale changes on the ordinate) and the horizontal axis indicates time. Dashed lines 

indicate the maxima1 contractile tension that can be pharmacologically produced in these vessels. 



tone. Relaxation does not begin promptly with 
stimulation but only after a delay of about 20 set, 
likely signifying the involvement of intermediary 
metabolic processes, and minutes are required for 
the full effect and the return of agonist-induced tone 
[119]. Repeated stimulation, even with a single 
OS-msec pulse, once every minute, usually ensures 
sustained blockade of pre-existing contractions to 5- 
hydroxytryptamine, the thromboxane A2 analogue 
(U46619) and endothelin. 

Anti-oxidants to inhibit free radicals, including 
superoxide dismutase and catalase, do not reduce 
the relaxations and neither does endothelial 
denudation, tetrodotoxin, or antagonists of prosta- 
glandin synthesis. Utilizing cascade style experi- 
ments, it was determined that no vaso-relaxant 
substance was released by the stimulated tissue 
[lOl, 1191. 

Mechanism of relaxation and contraction. Studies 
on the ionic dependency of the observed relaxations, 
and experiments with pharmacological antagonists 
of membrane transport systems, indicated that the 
applied stimulation pulses activated voltage-sensitive 
calcium-dependent potassium channels, and to some 
extent Na,+ K+-ATPase, presumably by modifying 
protein conformation with a resultant hyper- 
polarization* [101, 1191. Hyperpolarization or 
repolarization, in turn, likely activates calcium 
sequestration processes, namely calcium-ATPases 
that sequester or extrude intracellular calcium, and 
also possibly the forward mode of the Na+-Ca’+ 
exchanger [ 1201, allowing the dephosphorylation of 
myosin light chain and vascular relaxation to proceed. 

Whereas vessels in a state of contraction relaxed 
to stimulation, we soon found that when tone was 
minimal they contracted to brief electrical pulses, 
even in the presence of adrenergic and cholinergic 
antagonists and tetrodotoxin. 

Stimulation with one pulse of OS-msec duration 
every 3 min, or even a single OS-msec pulse, led to 
large contractions, often sustained over many 
minutes. These contractions were not reduced by 
anti-oxidants and were equivalent to those produced 
in responsive vessels by potent coronary stimulants 
such as endothelin, and the thromboxane AZ 
analog U46619, given in concentrations in excess 
of the EC50 values. We found, surprisingly, that these 
contractions seem mediated largely by the release 
of calcium from voltage-sensitive cellular stores, as 
they are largely resistant to calcium channel 
antagonists and zero calcium Krebs solution [121]. 

Contractions to 1 or 5, 0.5-msec pulses were 
sometimes of very large amplitude and, in some 
preparations stressed by prolonged storage, they did 
not reverse even over an hour-long observation 
period (Fig. 2). In uiuo, coronary artery smooth 
muscle cells are damaged slowly over time by 
atherosclerosis and medial necrosis, and these might 
be counterparts to our storage in vitro. 

IMPLICATIONS OF SPONTANEOUS ACTIVITY 

Clinical investigators have not integrated spon- 
taneous motor activity and defects in it into the mix 
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of factors at the root of coronary artery disease. Can 
the initiating and plaque rupturing spasm of infarction 
ensue from a dysfunctional smooth muscle cell 
physiology in the face of an intrinsically generated 
and conducted electrical signal? If so, the key to 
vasospasm in human coronary artery disease would 
lie not in the quantity of impinging spasmogen, but 
in the quality of the conducted signal and in those 
processes that normally control the contractile 
machinery through the accumulation and removal 
of second messengers at intracellular sites of action 
in individual smooth muscle cells. 

What about the evidence implicating chemicals in 
the initiation and maintenance of spasm? It is 
possible that the mechanism(s) sensitized by agonists 
during priming may be the very processes activated 
by our stimulation pulses. My laboratory found that 
very low, even subthreshold concentrations of any 
one of several spasmogens, including thromboxane, 
endothelin and serotonin, or elevated potassium, 
markedly potentiate the magnitude of the con- 
tractions elicited by 1 or S stimulation pulses each 
of 0.5-msec duration [ 1211. 

Ergonovine incites spasm in patients with rest 
angina and in some with recent infarction, reflecting 
increased responsivity of relevant coronary segments, 
and this may tie in to the mechanism described here; 
we find that the responses to even a single stimulation 
pulse are greatly magnified in size and prolonged 
in duration by subthreshold concentrations of 
ergonovine. 

AGEING AND CORONARY REACTIVITY 

In distinct contrast to most ageing biological 
systems, older human coronary arteries, examined 
in vitro, show heightened spontaneous motor activity 
and increased reactivity to pharmacological stimuli 
in vitro [92]. This is also the case in vessel segments 
taken from the hearts of those whose deaths were 
attributed by the pathologist to cardiac disease, and 
whose hearts showed myocardial evidence of old or 
recent infarcts [92]. Many of these vessels showed 
substantial atherosclerosis and mineralization. 

PRECISE MECHANISM OF SPASM 

* Kalsner S and Yao JA. unpublished data. 

As to the precise subcellular mechanism(s) 
involved in spasm, much work needs to be done. 
Enhanced magnitude and prolonged duration of 
response to a contractile signal likely indicate a 
defect in the removal of calcium from its intracellular 
sites of action, or a failure to reverse the processes 
activated by calcium [91]. We know extremely little 
about the processes that hold or remove calcium at 
its site of action, or from its combination with 
calmodulin, or even if the continued presence of 
calcium is necessary for contraction. Until such 
processes are better understood, the precise defect 
in tone control will probably remain obscure. An 
increased sensitivity of contractile mechanisms 
independently of calcium also cannot be excluded. 
We need to explore the multifactorial processes 
governing tone, including Na,+ K+-ATPase, the Na+- 
Ca2+ exchanger, cyclic nucleotides, K+-dependent 
calcium channels and calcium seauestration 
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Fig. 2. Cattle coronary artery stimulated twice with 5 pulses of 0.5-msec duration at 0.5 Hz. Dots 
indicate onset and offset of stimulation. Persistent contractions to stimulation can be reversed by certain 
vasodilators, e.g. isoproterenol (ISO), as shown. The vertical scale indicates grams tension of isometric 
recording of superfused coronary artery preparations stimulated as described in text. The horizontal 

scale shows time. 

processes. Is the actin-myosin system and depho- 
sphorylation of the 20,000 Da myosin light chain by 
myosin light chain phosphatase itself impaired in 
spasm? 

OTHER IMPLICATIONS 

Interestingly, cholesterol and atherosclerosis may 
interact with intrinsically generated tone signals. 
Exogenous cholesterol is well known to incorporate 
itself into cell membranes and to alter vascular 
reactivity, presumably by modifying the physical 
state of membranes and altering ion channel 
conformation. Gleason et al. [122] found that 
norepinephrine-induced contractions and calcium 
uptake were increased in rabbit carotid artery 
segments perfused with cholesterol-enriched lipo- 
somes. Voltage-clamping studies reveal that single 
channel conductance is altered in synthetic mem- 
branes by cholesterol enrichment, and aortic plasma 
membrane transport of calcium is much increased 
in experimental atherosclerosis in rabbits [123]. 
Cholesterol depresses the activity of sarcoplasmic 
reticulum Ca2+-ATPase in skeletal muscle, which 
removes free intracellular calcium [124]. Should 
cholesterol alter coronary artery membrane function 
similarly, any conducted electrical response or 
agonist-initiated response would be both prolonged 
and enhanced. 

SUMMARY 

Myocardial infarction and sudden cardiac death 
may be initiated by a sudden intense localized 
contraction of coronary artery smooth muscle. When 
this event occurs around a vulnerable eccentric lipid- 
filled plaque, rupture and extrusion of plaque 
contents and exposure of collagen occur. This may 
sometimes be a silent and self-limiting event; other 
times it leads to thrombus formation. A second 
wave of spasm due to accumulated platelet 
and inflammatory mediators may compound the 
contractile consequences of the initiating event. 
Spasm involves intrinsic smooth muscle cell electrical 
mechanisms, hyper-responsive cells, and multiple 

agonists that synergize their actions, and the 
involvement of each mechanism varies at different 
times in the sequence of vascular occlusion. Study 
of spasm requires vascular systems that adequately 
model coronary artery responses of the ageing 
human heart. As previously emphasized, tissues 
obtained postmortem, and when possible from 
recipients during heart transplants, must be integral 
to theory building, alongside animal models, despite 
the experimental limitations such tissues impose. A 
multidisciplinary approach, at all levels of vascular 
physiology and pharmacology, will be necessary to 
understand coronary motor activity and human heart 
disease. 
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