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ABSTRACT 

Substance P (SP) is widely distributed in mammalian hearts. It can be 

released by different chemicals and during path~logical conditions. These facts are 

consistent with the opinion that SP in heart has physiological or pathological 

' 
relevance. This study was designed to investigate the cardiac effects of SP and the 

mechanisms involved in its actions. The role of SPin myocardial dysfunction during 

myocardial ischemia/ reperfusion was also investigated. 

Local cardiac effects ~f SP were studied in isolated guinea pig heart and atrial 

preparations. In heart and right atrial preparations, SP caused negative changes in 

rate and force. Both chronotropic and inotropic changes were dose- or concentra-

tion-related. In electrically stimulated left atrial preparations, SP had no significant 

effect on contractile force at concentration up to 3x10-5 M. 

A series of experiments was conducted to understand the mechanisms 

involved in the actions ofSP~ It was hypothesized that cholinergic neurons modu1ate 

the effects of SP. Atropine, a muscarinic receptor antagonlst, at a concentration of 1 o-
6 M significantly blocked the negative rate and force effects of SPin both heart and 

atrial preparations. Depletion of acetylcholine (ACh), achieved by concomitant 

el~ctrical stimulation of the vagus nerves and perfusion with hemicholinium-3, also 

significantly antagonized the negative effects ofSP. There was no significant effect 
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of SP observed in hearts with ACh depletion or with muscarinic receptor blockade. 

These results suggest that SP elicits its effects mainly through the release of ACh. 

The role of adrenergic neurons in the effects of SP was evaluated by use of 

adrenergic receptor blocka~~ and norepinephrine (NE) depletion. Phentolamine 

and nadolol (a- and J3--adrenergic receptor antagonists, respectively) at a concen

tration oflQ-6 M significantly blocked the rate and force effects of isoprotenolol but 

did not affect the actions of SP. This finding suggests that SP does not affect 

adrenergic neurons. However,_ depletion ofNE by reserpine pretreatment signifi

cantly potentiated both rate and force effects of SP. One explanation for this 

observation could be that reserpine exerts a non-selective supersensitivity within 

the tissue. Our observation that reserpine pretreatment increased the sensitivity of 

muscarinic receptors to ACh appears to support this explanation. 

Nitric oxide (NO) can be synthesized in the heart and may be involved in the 

negative rate and force effe_cts mediated by or produced through cholinergic 

neurons. Many actions of SPin other tissues have been reported to be mediated by 

NO. Therefore, we hypothesized that NO formation in heart mediates the effects of 

SP. Nitric oxide is fortl;led from L-arginine by NO synthase (NOS) and elicits its 

effects by stimulating soiuble guanylyl cyclase (GC) and the formation of cGMP. We 

utilized NG-nitro L-arginine methyl ester (L-NAME, a NOS inhibitor) or methylene 

blue (a soluble GC inhibitor) to block the actions of endogenous NO. Methylene blue 

and L-NAME significantly attenuated the rate and force effects of SP. Subsequent 

addition of L-arginine reversed the blocking effects of L-NAME. These data suggest 
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that NO mediates the cardiac effects of SP. 

Post-ischemic ventricular dysfunction (myocardial ~tunning) has been char

acterized by an impairment of myocardial contraction during reperfusion after a 

short ischemic period. Due to its negative actions in the heart and a report that SP 

release is iricreased during myocardial hypoxia, we, hypothesized that SP may 

mediate this post-ischemic cardiac contractile dysfunction. Our model was isolated 

guinea pig hearts su~jected to15 minutes of global ischemia and followed by 60 min 

of reperfusion. The hearts.~xhibited a recovery in left ventricular developed pres

sure (LVDP) to 54% of the pre-ischemic baseline. After pretreatment of the heart 

preparations with neurokinin-1 (NKl) receptor antagonists, CP-99,994-01 or span tide, 

LVDP recovered to 78% and 88% of the pre-ischemic baseline, respectively. Depletion 

of SP by pretreatment with: capsaicin also significantly enhanced recovery of the 

LVDP. These results suggest that SP is a mediator of post-ischemi~ myocardial 

dysfunction. 

In summary, SPhas both negative inotropic and chronotropic effects in heart. 

The release of ACh mediates the effects of SP. Nitric oxide also mediates-the effects 

of SP. Substance.P can be·~eleased in heart during ischemia and reperfusion and 

appears to play a role in :post-ischeinic cardiac contractile dysfunction. 
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INTRODUCI'ION 

A. Statement of the problem 

In recent years,. interest in the local actions of sensory nerves has grown 

rapidly. These afferent nerves not only regulate autonomic activity by activating a 

variety of reflex responses (J ancs6 & Such, 1983; Clozel et al., 1985; Ordway & Pitetti, 

1986), but also take part in modulation of local organ function by releasing certain 

neuropeptides peripheral tissues. The local effects of these neuropeptides provide 

an important means of the potential pathophysiological role of these sensory nerves. 

Substance P (SP) is localized in heart of many species, including humans 

(Nilsson& Brodin, 1977; Brodin &Nisson, 1981; Hougland and Hoover, 1983; Urban 

& Papka, 1985). It is mostly located in primary afferent nerves which innervate atrial 

and ventricular walls, valve cusps, large vessels, coronary vessels, and cardiac 

gangliacell~(Weiheetal.,1981,1984;Papka&Urban,1987).Specificbindingof[125I]SP 

is associated with cardiac parasympathetic ganglia and some coronary arteries 

.(Hoover & Hancock, 1988). The pepti~e is synthesized in small neurons of nodose 

and dorsal root ganglia (Hokfelt et al., 1975; Katz & Karten, 1980) and is axonally 

transported both antrograde and retrograde. In dorsal ganglion preparations, four 

times as much SP is transported peripherally as is transported centrally (Harmar & 

Keen, 1982). In the nodose ganglion, 13 times as much SP is transported toward the 

periphery as centrally (Brimijoin et al., 1980). In some pathological conditions, such 

as cardiac hypoxia, the release of SP is in~eased (Milner et al., 1989). These facts raise 
I 

the possibility of SP involvement in control of cardiac function and dysfunction. 

In spite of the large number of studies involving immunohistochemistry, 

binding, and release, functional evidence for a role of SP in the local regulation of 

cardiac function is very limited. Early functional studies of SP focused mainly on its 
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action on coronary vessels. Substance P was shown to be a potent vasodilator in most 

species (Maxwell, 1968; Losay et al., 1977) and as such, may regulate coronary blood 

flow. There are also some observations that SP has a negative chronotropic effect in 

isolated right atrium (Stanovnik et al., 1986; Bachelard et al., 1987) and in Langendorf£ 

heart preparations (Hoover, 1990). Although it has been reported that SP has no 

direct effect on myocardial contractility in isolated cardiac muscle (Burcher et al., 

1977), Lundbergetal. (1984) reported thattheSP antagonist [D-Argl, D-Pro2, D-Trp7,9, 

Leull]SP induced a long-lasting stimulation of contractile rate and force in guinea 

pig right atrium. This result suggests that endogenous SPin heart may depress 

cardiac contractile rate and force. 

Substance P-stimulated release of acetylcholine (ACh) from cholinergic 

neurons has been reported in various organs (Yau et al., 1982; Shirakawa et al., 1989; 

Aizawa et al., 1990). The fact that the negative chronotropic effects of SP were 

significantly blocked by atropine (Hoover, 1990) suggests that muscarinic receptor 

activation by ACh mediate the effectofSP in heart. In addition, the binding ofSP was 

found predominantly around the cardiac parasympathetic neurons. Therefore, we 

hypothesized that SP causes ACh release in heart and that ACh mediates the effects 

ofSP. 

In many tissues, the effects of SP are modulated by nitric oxide (NO) 

(Matsumoto et al., 1993; Shiraishi et al., 1993; Ziche et al., 1993). Within heart, not 

only has NO synthase been localized in coronary endothelium, endocardium, 

myocytes, nerve fibers and neurons, but it has also been shown that NO causes 

negative inotropic and chronotropic effects (Finkel et al., 1992; Brady et al., 1993; 

Shimoni et al., 1994). These findings raise the poss~bility that NO may modulate the 

negative cardiac effects of SP. 

In recent years, the mechanisms of myocardial ischemia/reperfusion 

"stunning'' have be~n under active investigation. Substance P has been reported to 

be released during myocardial hypoxia (Milner et al., 1989). It also has been suggested 
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to be involved in transmission of pain during myocardial ischemia (Furness et al., 

1982). H SP has negative inotropic effects as has been suggested by Lundberg et al. 

(1984), it is possible that release of SP during ischemia/ reperfusion constitutes one 

of the mechanisms of 11myocardial stunning". 

B. Literature Review 

1. History of SP and its cardiac a'ctions in heart 

In recent years, evidence has accumulated that afferent nerves in peripheral 

tissues have local effector roles in regulating various functions in local tissues 

(Maggi, 1991). Neuropeptides in afferent nerves, released during stimulation and 

regulate the function of peripheral tissues. Among these, SP may be one of the most 

important. 

Substance Pis an eleven amino acid peptide for which the sequence is H-Arg

Pro-Lys-Pro-Gln-Phe-Phe-Gly-Leu-Met-NH2. It was first reported by von Euler and 

Gaddum (1931) that extracts of equine brain and intestine contained a substance 

which caused hypotension and smooth muscle contraction. Later this substance was 

named 11Substance P" where 11P" is standard for 11preparation" (von Euler, 1936). After 

four decades and relatively few investigations, the complete purification and 

sequencing of SP was reported (Chang et al., 1971; Leeman & Mroz, 1974). The 

availability of synthetic SP led to the renewed interest in SP research. 

Substance Pis widely distributed in mammalian tissues, mostly in neurons. 

It is not only found in high concentration in the central nervous system, but also in 

the peripheral nervous system. In the periphery, SP is mainly found in primary 

sensory neurons and the SP neurons are small diameter primary afferent neurons 

(Hokfelt et al., 1975). Substance Pis synthesized in small diameter sensory neurons, 

in peripheral ganglia, such as the nodose ganglia (Katz & Karten, 1980; MacLean et 

al.,1988,1989;Helkeetal., 1990)anddorsalrootganglia(Hokfeltetal., 1975; Battaglia 

& Rustioni, 1988). It is transported through the vagus nerve (Gamse et al., 1979; 
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Brimijoin et al., 1980) and the dorsal roots (Harmar & Keen, 1982) to their peripheral 

and central terminations. Comparison of SP release from peripheral and central 

nerve endings has revealed that more SP is released in peripheral ending than in 

central ending. Harmar and Keen (1982) studied axonal transport of SP in a dorsal 

root ganglion-nerve preparation. They found that four times as much as SP was 

transported peripherally as centrally. Study of axonal transport of SPin the vagus 

nerve by Brimijoin et al. (1980) revealed that 13 times as much SP is transported 

peripherally as centrally. This early result suggested an important role for SPin 

peripheral tissues. 

In peripheral tissue, SP causes both vasodilation and an increase in vascular 

permeability in skin (Devillier et al., 1986), enhances the activities of leukocyte and 

somehumoralcomponentsofinflammation(Payanetal., 1984a),andeithercontracts 

or relaxes non-vascular smooth muscle (Billet al., 1979; Barth6 et al., 1982; Hua et al., 

1986; Lundberg & Saria, 1987). In addition, understanding of its role in local cardiac 

functional control has grown during recent years. 

Many .studies have indicated that hearts of many species possess numerous 

SP immunoreactive nerve fibers. Most functional studies have employed guinea pig 

heart because of the relative abundance ofSP in this species compared to the rat, dog, 

and mouse (Nilsson & Brodin, 1977; Brodin & Nisson, 1981; Hougland and Hoover, 

1983; Urban & Papka, 1985). Immunoreactivity to SP occurs throughout the guinea 

pig heart: in the atrial and ventricular walls, in the valve cusps, in the large vessels 

and coronary vessels, and around cardiac ganglia cells (Weihe et al., 1981, 1984;. 

Papka & Urban, 1987). 

Capsaicin (8-methyl-N-vanillyl-6-nonenamide), a pungent ingredient of 

certain hot peppers, has a neurotoxic effect on unmyelinated C-fiber afferent nerves 

aftersystemicadministrationofhighdoses (in themg/kgrange). The most extensive 

and consistent lesions are produced by the systemic treatment with a single dose of 

50 mg/kg which results in a permanent loss of -90% of all unmyelinated afferent 
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fibers (Scadding, 1980; Nagy et al., 1981, 1983; Papka et al., 1984). Neurochemically, 

capsaicin causes depletion of SP and other neuropeptides, such as calcitonin gene

related peptide (CGRP), and neurokinin A (NKA) (Gamse et al., 1980; Nagy et al., 

1981; Buck & Burks, 1986). Therefore, capsaicin is now widely used as a probe for the 

investigation of primary afferent neurons, includingSP-containing neurons. Guinea 

pigs treated with capsaicin lost >90% of SP immunoreactivity in the heart, which 

suggested that the SP immunoreactive nerves in the heart are branches of 

unmyelinated afferent neurons (Dalsgaardetal., 1986;Papkaetal., 1987). Urban and 

Papka (1985) con~uded that most of the SP-containing afferent fibers in guinea pig 

heart have their cell bodies in the dorsal root ganglia. In guinea pig hearts, specific 

binding of [1251] SP to its receptors was found in association with the distribution of 

SP (Hoover & Hancock, 1988), especially around cardiac parasympathetic ganglia. 

Repetitive electrical stimulation of dorsal roots causes a release of SP, as 

determined by radioimmunoassay (Otsuka & Konishi, 1976). The release of SP is 

calcium dependent and likely results from Ca2+ influx through either L- or N-type 

channels (Holz et al., 1988). Release of SP from nerve terminals in the heart was also 

detected by capsaicin and bradykinin (Hoover, 1987). In addition, SP release in heart 

was increased during myocardial hypoxia (Milner et al., 1989). 

Compared with the studies oflocalization,release and binding, the functional 

studies of SPin the heart are limited. Concerning its effect on myocardial contractility, 

various studies have provided different results. In an isolated cardiac muscle 

preparation, SP showed no direct effect on myocardial contractility (Burcher et al., 

1977). However, Lundberg et al. (1984) reported that the SP antagonist [D-Argl, D

Pro2, D-Trp7,9, Leull]SP induced a long-lasting stimulation of contractile rate and 

force in guinea pig right atrium. In contrast, several studies have demonstrated that 

SPevokesaconsistentnegativechronotropiceffectinisolatedrightatrium(Stanovnik 

et al., 1986; Bachelard et al., 1987) and Langendorffheart preparations (Hoover, 1990). 



2. Cellular aspects of SP 

a) Mammalian tachykinins 

6 

In the early 1980's, SP was recognized as one important member of a 

structurally related family of bioactive peptides, the tachykinins (Kangawa et al., 

1983; Kimura et al., 1983). In 1986, a new nomenclature system for the mammalian 

tachykinins was proposed (Henry, 1981) and is now widely used. The tachykinin 

family includes SP, neurokinin A (NKA), and neurokinin B (NKB). Two additional 

tachykinins, neuropeptide K (NPK) and neuropeptidey(NPy), have been discovered 

(Tatemoto et al., 1985; Kage et al., 1988). All of these mammalian tachykinins have 

a common COOH-terminal sequence, Phe-X.-Gly-Leu-Met-NH:z, where X represents 

an aromatic (Phe, Tyr) or branched aliphatic (Val, lle) amino acid. 

b) Tachykinin receptors 

During the 1980's, a considerable understanding of tachykinin receptor 

pharmacology developed. These advancements were due primarily to the 

development of selective agonists for each receptor type, and have been supported 

by the discovery of relatively potent and selective antagonists. The availability of 

radiolabelled tachykinins and their analogs has been very important in characterizing 

the pharmacological specificities and distribution of the receptor types. 

Based on the relative potency of tachykinin agonists, binding studies in 

central and peripheral tissues and functional studies have distinguished three main 

types of tachykininreceptors,namelythe neurokinin1 (NK1) ,NK2 andNK3 receptors 

(Maggio, 1988; Regoli et al., 1988; Guard & Watson, 1991). These receptors, which 

have been cloned, belong to the large family of receptors coupled toG proteins 

characterized by their seven transmembrane domains (Nakanishi, 1991; Takeda et 

al., 1991). Theordersofpotencyare:attheNK1receptor,SP>NKA>NKB;attheNK2 

receptor, NKA>NKB>SP; at the NKJ receptor, NKB>NKA>SP. In mammals, it is 

generally accepted that the three receptors, NK1, NK2, Nl<J, are predominantly 

responsible for the actions of SP, NKA, and NKB, respectively. Two other peptides, 
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NPKandNPy have been shown to bepotentagonists of only NK2receptors (Beaujouan 

et al., 1988; Krause et al., 1990). 

Binding studies indicate that NK1 receptors prefer SP. Radio-labeled SP 

([125I]BH-SP) binds to NK1 receptors on IM-9 cells with a Ki value of 0.1 ± 0.01 nM 

(McLean et al., 1993). Substance P has 100-1,000 times more selectivity for the NK1 _ 

receptor than for the NK2 or Nl<3 receptors (Regoli et al., 1991). Neurokinin1 

receptors are not only distributed in central nervous system (Cheeseman et al., 1983), 

but also widely distributed in peripheral tissues, such as endothelial cells (Saito et 

al., 1991), smooth muscle cells (Watson & Iversen, 1984), glands (Lew et al., 1990), and 

on a number of immunoactive cells such as macrophages, mast cells, neutrophils, 

and lymphocytes (Hartung et al., 1986). 

For several years, only a few peptide antagonists with limited potency and 

selectivity were available. Among the tachykinin peptide antagonists, span tide ([D

Arg1 ,D-Trp7,9,Leu 11 ]SP) has been employed most widely (Folkers et al., 1984). Folkers 

and colleagues tested several peptide antagonists of SP receptor for their capacity to 

block the contractile effects ofSP on the guinea pig isolated taenia coli. Among these 

antagonists, spantide had the highest pA2 value (7.1-7.2) and the lowest ICso value 

(10~ M). Span tide was also notable for combining a high antagonistic potency with 

a weak spasmogenic effect and poor histamine releasing effects. 

However, peptide antagonists have disadvantages in that their affinity is 

lower than that of the natural agonist and their sensitivity to peptidase inactivation 

limits their use in in vivo studies. In recent years, progress has been made in the 

development of NK1 antagonists with the discovery of s.ome potent and selective 

non-peptide compounds. Snider and his colleagues first reported that CP-96,345 

was highly potent in blocking the SP-induced relaxation of the dog carotid artery 

(Snider et al., 1991a). Later the drug was shown to antagonize SP-induced activation 

of locus coeruleus neurons (McLean et al., 1991), SP-induced salivation (Snider et al., 

1991b), and SP-induced hypotension (Constantine et al., 1991). However, some of 
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thesereportsalsodescribed effects ofCP-96,345 on smooth muscle and cardiovascular 

parameters which were unrelated to NKt receptor blockade (Boyle et al., 1991; 

Constantine et al~, 1991; Snider et al., 1991a). This compound also has been reported 

to interfere with calcium channel binding sites and to antagonize calcium channels 

(Guard & Watling, 1992; Schmidt et al., 1992). CP-99,994-01 is a newly di~covered 

non-peptideNK1 receptorantagonist(McLeanetal., 1993).Itbindsstereoselectively 

and with affinity equal to that of SP (Ki=0.25 nM). CP-99,994-01 exhibited affinity 

with 10,000 fold selectivity for theNKt relative ~o the NK2 and NK3 receptors. It does 

not interact with CGRP receptors or muscarinic receptors. It is more selective than 

CP-96,345 on NKt receptor and this greater selectivity should improve the chances 

for achieving maximum NK1 receptor blockade without eliciting the effects of 

calcium channel blockade. 

c) Cellular mechanisms of SP actions 

Substance P usually causes membra~e depolarization in neurons and smooth 

muscle cells most likely via: a decrease of K + conductance (Hosli et al., 1981; Fujisawa 

& Ito, 1982). Substance P reduces the inwardly rectifying K+ current in cholinergic 

neurons (Stanfield et al., 1985). The reduction of inward! yrectifying K+ current results 

in a depolarization and an increased excitability of neurons. 

It is generally believed that SP increases intracellular calcium concentration 

through both the release of calcium from intracellular stores as well as the influx 

fromtheextracellularspace(Matthijs.etal., 1990).Calciuminfluxmayoccurthrough 

the opening of voltage activated calcium channels as a result of membrane 

depolarization evoked by SP. The release of calcium from intracellular stores may 

be mediated through inositol phospholipid hydrolysis. Guanine nucleotides regulate 

the binding of tachykinin agonists a finding which indicates that a G protein is 

involved in the SP receptor signaling pathway (Cascieri & Liang, 1983). This concept 

issupported by molecular studiesofthereceptor complex (Yokotaet al., 1989; Hershey 

& Krause, 1990). The binding of SP to its receptor leCJ.ds to the hydrolysis of 
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membrane-bound inositol phospholipids via the activation of a phosphoinositide

specific phosp~olipase C (PLC) (Dun & Karczmar, 1,979). Two second messengers, 

inositol1,4,5-trisphosphate(IP3)anddiacylglycerol,stimulatecalciumreleasefrom 

intracellular stores and protein kinase C activation, respectively (Berridge & Irvine, 

1989). Activation of all three established tachykinin receptors stimulate 

phosphoinositolmetabolism. In peripheral tissues,NK1-stimulationofthis pathway 

has been reported in rat parotid and submandibular glands (Hanley et al., 1980; 

Laniyonuetal., 1988).Activationofthispathwayplaysanimportantroleincontrolling 

excitability of neuronal cells (Downes, 1986; Kaczmarek, 1987). 

3. Parasympathetic control of the heart and the role of SP 

The vagus nerves innervate the intracardiac parasympathetic ganglia 

predominantly located in the posterior aspect of the atria (Loffelholz & Pappano, 

1985). Cardiac ganglia cells are more numerous in the right than in the left atrium. 

Other sites of innervation include the interatrial septum, the entrances of the venae 

cavae, near the roots of the aorta and pulmonary artery, and along the coronary 

arteries (Cabot & Cohen, 1980). The parasympathetic postganglionic neurons give 

rise to short axons. The atria of mammalian hearts receive a much greater overall 

cholinergic innervation than the ventricles (Randall, 1977). Acetylcholine (ACh) 

release can be modulated by transmitters released from adjacent non-cholinergic 

neurons. 

· Substance P-containing fibers have been trac~d in both parasympathetic and· 

. sympathetic ganglia where collaterals of afferent neurons seem to make synaptic 

contacts with dendrites of the principal ganglion cells (Marley & Livett, 1985). 

Because SP reduces the inwardly rectifying K+ current in cholinergic neurons which 

results in a depolarization and an increased excitability of neurons (Stanfield et al., 

1985), it may cause neurotransmitter release from these neurons. Substance P 

stimulation of ACh release from cholinergic neurons has been reported for various 
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organs. Aizawa et al. (1990) reported that SP or capsaicin increased the contractions 

of guinea pig tracheal smooth muscle, and that this effect was inhibited by atropine; 

suggesting that SP increased ACh release. ACh release produced by SP has been 

reported in tissues such as urinary bladder, intestine, and spinal cord neurons (Yau 

& Youther, 1982; Shinkai et al., 1989; Shirakawa, 1989; Otsuka, 1991). 

In the heart, SP-immunoreactivity has been detected near parasympathetic 

ganglion cells. In addition, specific SP binding was found mostly around cardiac 

parasympathetic neurons. Therefore, parasympathetic neurons are most likely to be 

involved in cardiac effects of SP. In further support of this hypothesis, Hoover (1990) 

reported that atropine significantly blocked the negative chronotropic effects to SP. 

4. Nitric oxide in the heart and the role of SP 

Furchgott and Zawadzki (1980) reported that relaxation elicited by 

acetylcholine in rabbit aorta depended on the presence of endothelial cells. This 

endothelium-dependent vascular relaxation is mediated by a humoral factor, which 

became known as endothe1iu~-derived relaxing factor (EDRF). The nature of EDRF 

was reported to be identical to nitric oxide (NO) in terms of biological activity and 

stability (Ignarro et al., 1987; Palmer et al., 1987; Moncada et al., 1988). 

There is now much evidence that NO plays an important role in cardiac 

function. Early studies focused on endothelium-derived NO from coronary arteries. 

Nitric oxide is continuously released from coronary endothelium under basal 

conditions, and is thought to play ~role: in determining basal coronary artery tone 

(Amrani et al., 1992; Kelm & Schrader, 1990). 

Recently, investigators have found direct effects of NO on cultured cardiac 

myocytes. Nitric oxide synthase (NOS) is found not only in endothelium of the· 

coronary vasculature, but also in cardiac myocytes (Balligand et al., 1993), cultured 

porcine endocardial cells (Schulz et al., 1991), and in cardiac nerves and neurons 

(Hassan et al., 1992; Klim~schewski et al., 1992). Therefore, NO could be released 
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directly from these latter cells upon stimulation, and may elicit its effects on cardiac 

cells and neurons independent of release of NO from coronary endothelial cells. 

Brady et al. (1993) reported that NO attenuated intrinsic cardiac ~yocyte 

contraction. Negative inotropic ~ffects produced by NO in papillary muscle have 

also been reported (Finkel et al., 1992). The localization of NOS in cardiac ganglion 

cells and parasympathetic nerve fibers innervating the sinoatrial and atrioventricular 

nodes has raised the possibility of NO involvement in control of SA node function. 

Balligand et al. (1993) discovered that the negative chronotropic effects of the 

muscarinic agonist, carbachol were abolished by methylene blue (MB) and specific 

NOS inhibitors. In addition, Shim()ni et al. (1994) reported that in isolated sinoatrial 

node cells, the negative effects of carbachol on calcium current were abolished by the 

NOS inhibitor L-NAME. These results suggest that a NO signaling system is 

constitutively present in cardiac SA node cell and ventricular myocytes, and is 

involved in their regulation. Mediation of the effects of SP by NO have been 

demonstrated in several tissues, such as the gastrointestinal tract (Jin et al., 1993) and 

in coronary endothelial cells (Ziche et al., 1993). Since NO may also mediate the 

effects of ACh, it seems possible that NO in the heart may contribute to some of the 

effects of SP. 

In mammalian cells, NO is formed from the terminal guanidino-nitrogen of 

L-arginine and oxygen by NOS (Bredt &Snyder, 1990). The activity ofNOSis regulated 

by the binding of the Ca2+-binding protein calmodulin, or phosphorylation of the 

enzyme. Nitric oxide has a high affinity for binding sites on ferrous hemeproteins, 

such as soluble guanylate cyclase and hemoglobin. The effects of this NO binding 

is the stimulation of the soluble guanylyl cyclase (a heme protein), leading to 

formation of cyclic guanosine-monophosphate (cGMP). Cyclic GMP in turn 

specifically regulates protein phosphorylation on calcium channels which inhibits 

the Ca current. Nitric oxide apparently binds to the heme moiety of the soluble 

guanylyl cyclase and, by dislocating the _heme-iron, induces a conformational 
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changes in the soluble guanylyl cyclase. Current methods of investigating NO action 

include arginine analogs to inhibit NO synthesis or inhibitors of soluble guanylate 

cyclase. Because the measurement of NO release is difficult, these indirect tests that 

evaluate the NO pathway at different levels are commonly used as indexes of the 

releaseofNO. Furthermor~, these tests provide information which indicates whether 

NO mediates a specific biological activity. 

5. Myocardial ischemia and reperfusion 

Myocardial ischemia occurs when the delivery of oxygenated blood is 

insufficient to meet the metabolic demands of the myocardium (Hillis & Braunwald, 

1977). When myocardial ischemia is confined to a specific region of the heart, the 

term 11regional ischemia" is used. In contrast, if blood flow is completely abolished 

to the entire heart, the term 11global ischemia" is employed. The major consequence 

of ischemia is depressed myocardial contractile function. It is known that contractile 

dysfunction is one of the earliest consequences of ischemia (Sa yen et al., 1958; Tatooles 

& Randall, 1961). Contractile force is suppressed (measurably) within 6-10 sec after 

the onset of ischemia (Hardenetal., 1979). The cause of such rapid functional inhibition 

is still elusive because the onset of contractile failure precedes any substantial 

decline in total tissue ATP content (Covell et al., 1967; Kanaide et al., 1982). The 

contractile dysfunction during ischemia has been suggested to be related to several 

factors, including: a decline in ATP, and a rapid accumulation pf metabolites (H+ 

and phosphate) (Steenbergen et al., 1977). Although reperfusion can salvage the 

myocardium, it may also induce functional abnormalities which persist for hours or 

days in a variety of experimental models. This phenomenon of myocardial depression 

during reperfusion after a short period of ischemia was first reported by Heyndrickx 

et al. (1975) and later referred to as 11myocardial stunning'' (B~aunwald & Kloner, 

1985). Myocardial stunning is described as: persistent functional depression, requiring 

less than 24 hrs for recovery following ischemic exposure, yet insufficient to cause 
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myocardial necrosis. Interest in the mechanism of myocardial stunning has been 

growing· due to the potential clinical importance. 

The reasons of reperfusion injury are currently under investigation. A 

number of possible mechanisms have been proposed. Among them, reduced A TP, 

calcium overload, and oxygen-derived free radicals are commonly considered. It 

has been suggested that myocardial stunning is a multifactoral event. 

Although ATP levels in stunned myocardium are decreased, the cellular 

energy status does not appear to be a primary causal factor because of the following 

observations: 1) an increased rate of A TP synthesis does not increase the rate of 

recovery from contractile dysfunction (Taegtmeyer et al. 1985); 2) A TP repletion and 

recovery of contractile dysfunction does not occur in parallel (Glower et al., 1987); 

and 3) stunned myocardium can be stimulated by.inotropic agents (Mercier et al. 

1982; Ellis et al. 1984; Becker et al. 1986; Ambrosio et al. 1987) indicating that energy 

sources are not impaired and can keep pace with high m~tabolic demands. 

Oxygen-derived free radicals, such as superoxide anion (•02-), hydrogen 

peroxide (H202), and hydroxyl radical ( •OH), have been considered to contribute 

to myocardial stunning. There exists evidence that free radicals are released during 

reperfusion and contribute to myocardial stunning (Bolli et al., 1989). The sources of 

free radicals in the heart include mitochondria within ischemic myocytes; the 

xanthine oxidase reaction in endothelium (Charlat et al., 1987), and prod~cts derived 

from the activation of neutrophils and monocytes (Lucchesi & Mullane, 1986; 

Thompson& Hess, 1986). Within myocytes, ischemia-induced damage of the electron 

transport chain in the mitochondria, accumulation of reducing equivalents, and the 

metabolism of arachidonic acid can produce •02- and H202. The xanthine oxidase 

inhibitor, allopurinol, produces a marked improvement in the function of stunned 

myocardium (Charlat et al. 1987) suggesting that xanthine oxidase contributes to 

post-ischemic dysfunction. The role of activated neutrophils and monocytes in 

myocardial stunning is controversial. Several studies have suggested that granulocytes 
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do not play a major role in the post-ischemic dysfunction after short periods of 

ischemia, although they appear to contribute to irreversible tissue injury after 

prolonged periods of ischemia. Free radicals can attack all cellular components, 

especially proteins and lipids. They can denature proteins and inactivate enzymes 

(Davies,1987). They can also produce peroxidation of polyunsaturated fatty acids, 

within cellular membranes. (Thompson & Hess, 1986). Although the release of free 

radicals from neutrophils evoked by SP has been extensively reported (Brunelleschi 

et al., 1992; Baisi.et al., 1993), there is no direct evidence that SP causes a release of 

free radicals in the ischemic heart. Further studies are necessary to investigate the 

relationship between SP and free radicals in myocardial stunning. 

Calcium balance is a key: regulator of myocardial function. Free cytosolic 

calcium increases at an early stage of myocardial ischemia and remains elevated 

during reperfusion (Steenbergen et al. 1987; Guarnieri, 1989). The mechanis~ for 

such a rise is still uncertain. It may be due to decreased uptake by sarcoplasmic 

reticulum (Krause & Hess, 1985) or through entry from the extracellular space 

(Lazdunski et al. 1985). The· fact that post-ischemic contractile dysfunction is 

significantly attenuated when hearts are reperfused with low concentrations of 

calcium indicates that excessive calcium entry may be an important mechanism of 

myocardial stunning (Kusuoka et al., 1987). The consequences of an increase in 

cytosolic calcium include, activation of phospholipases, proteases, and calcium

dependentATPases(Marbanetal.1989;0pie,1989),allofwhichcanimpaircontractile 

functions. Substance P has been reported to increase intracellular calcium levels 

through multiple signal pathways such as: 1) mobilization of intracellular calcium 

as aresultofanincreaseofinositol1,4,5-trisphosphate(IP3) (Tayloretal.,1986;Song 

et al., 1988); and/ or 2) increasing cyclic adenosine monophosphate (cAMP) (Akasu 

& Tokimasa, 1989). However, there is no direct evidence showing a relationship 

between SP and myocardial calcium overload in, and as sudl, further study is 

necessary. 



MATERIA.LS & METHODS 

General Methods 

Chemical Agents and Animals 

The chemicals obtained from Sigma Chemical Company (St. Louis, MO) 

were: aminophylline, atropine, capsaicin, ethanol, h~micholinium-3, ketamine, L

arginine, L-NAME (N-G-nitro L-arginine methyl ester), methylene blue, nadolol, 
J 

phentolamine, spantide ([D-Argl,o-Trp7,9,Leu11]), substance P (SP), reserpine, and 

xylazine. The sources for the other chemicals were: acetic acid (Fisher Scientific 

Company,FairLawn,NJ);heparinsaline(Elkins-sinn,Inc,CherryHill,NJ);terbutaline 

(CIBA-Geigy Ltd, Basle, Switzerland); tween 80 (Nutritional Biochemicals Corpora

tion, Deerfield, IL); tyramine (Nutritional Biochemical Corporation, Cleveland, 

OH); and CP-99,994-01 which was a generous gift from Pfizer, Inc. (Groton, Conn). 

Male Guinea pigs (300-SOOg) were obtained from Harlan, Inc. (Indianapolis, 

IN). Guidelines for the use of laboratory animals were followed according to the 

Medical College of Georgia Committee on Animal Use for Research and Education 

(approval number: 91-08-028). 

Langendorf! technique 

Guinea pigs were pretreated with heparin saline (100 USP units/0.1 ml, i.p.) 

and then decapitated. Hearts were quickly removed for perfusion according to a 

modified Langendorf£ technique (Broadley, 1979). Figure 1 shows the Langendorf£ 

apparatus employed in the experiments. The perfusion buffer was a modified 

Chenoweth-Koelle solution containing: NaC1120 mM, KC15.6 mM, CaCl2 2.2 mM, 

MgCh· 6H202.1 mM, NaHC0319 mM, and dextrose 10 mM. The isolated hearts 

were cannulated through aorta and perfused at a constant flow rate of 10 ml/min 

15 



Figure 1: LANGENDORFF apparatus. A system designed for consistent flow 

perfusion of the isolated guinea pig heart. The hearts were perfused at a 

flow rate of 10 ml/min throughout the experiment which produced a 

perfusion pressure of about 80-90 mmHg. 
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with a MasterFlex pump (Cole-Parmer, Chicago, IL.). This flow rate produced a 

perfusion pressure of about 80-90 mmHg. The perfusion buffer (pH 7.4, adjusted 

with acetic acid) was kept at 370C and gassed with 95% 02-5% C02. A latex balloon 

tied to the end of a polyethylene tube was passed into left ventricle through the 

mitral valve and connected to a force displacement transducer to monitor left 

ventricular developed pressure. The balloon was filled with aqueous solution to 

achieve an initial end-diastolic pressure of 15 mmHg and kept isovolumetric 

throughout the experiments. Left ventricular developed pressure was defined as the 

difference between left systolic and end-diastolic pressure. Ventricular rate was 

determined from the left ventricular pressure signal via a cardiotachometer. Perfu

sion pressure was measured using a force transducer attached at a side arm of the 

aortic cannula. Perfusion pressure, left ventricular. developed pressure, and left 

ventricular rate were recorded with a direct chart recorder (Grass 70 polygraph). 

Isolated guinea pig atrial preparation 

After decapitation (see above), the hearts of guinea pigs were removed and· 

placed into ice-cold modified Chenoweth-Koelle buffer. The left and right atria were 

excised and suspended in different water-jacketed organ baths (12 ml) which 

contained modified Chenoweth-Koelle solution (37 oc, pH 7.4) bubbled with 95% 

02 - 5% C02. Figure 2 illustrates the apparatus for atrial studies. The atrium was 

suspended under a passive tension of 0.5g which was maintained throughout the 

expe~ment. The atria were attached by a nylon thread to a Beckman R612 pressure/ 

force transducer for measurement of isometric tension. Changes in spontaneous 

contractile rate and force of the right atrium were monitored with a cardiotachometer. 

Left atria were used to record changes in contractile force and were stimulated 

electrically with square wave pulses of 5 msec. duration using a Grass SD9 stimu

lator at a voltage approximately double threshold. Stimuli at a rate of 3 Hz were 

delivered via two platinum electrodes placed adjacent to the left atria. 



Figure 2: Apparatus for isolated atrial studies. The organ bath is a double~walled 

container with a heat exchanger. The organ container has 12 ml 

capacity with 5 ml solution. The tissue holder has two platinum 

electrodes and the atrium can be stimulated electrically when needed. 
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Depletion of acetylcholine and norepinephrine 

For acetylcholine (ACh) depletion, guinea pig hearts were isolated and 

prepared as described for the Langendorf£ technique. The two vagi were gently 

isolated near the heart. A perfusion buffer containing 20J.1M hemicholinium-3 (HC-

3) was perfused through the hearts. The hemicholinium-3 remained in the buffer 

throughout the experiment in order to prevent the uptake of choline and synthesis 

of new ACh (Glavinovic, 1988). A fluid-filled balloon was placed into the left ven

tricle to monitor left ventricular pressure via a pressure transducer. Ventricular rate 

was obtained from the left ventricular pressure signal. Cardiac ACh release was 

enhanced by electrical stimulation of the vagus nerves via a Grass SD9 stimulator. 

Stimulus pulses of 10 msec duration and 6-8Hz frequency at increasing voltages 

were delivered through two platinum electrodes to the vagus nerves. Vagus nerve 

stimulations were monitored by observing the related decreases of ventricular rate 

and force reflecting vagal ACh release. The stimulation intensity began at 10 V and 

the trains of stimuli lasted 10 sec, and were separated from each other by 10 sec 

periods of rest. The stimuli were increased by 10 volts when there was no effect on 

ventricular rate and force to the previous voltage. The depletion of ACh was 

confirmed by observing no rate or force changes with successive vagus nerve 

electrical stimulations. 

Depletion of norepinephrine was carried out by pretreating guinea pigs with 

reserpine (lmg/kg, i.p.) 24 hours before th~ experiment (Rice, 1987). Depletion of 

NE was confirmed by applying different concentrations of tyramine after every 

experi~ent. Data derived from atria that continued to respond to tyramine were 

discarded. Reserpine solution was prepared according to the recipe provided by Dr. 

Peter Rice of Eastern Tennessee University (Personal communication): 50 mg 

reserpine plus 125 mg anhydrous citric acid were dissolved in 1 m1 benzyl alcohol 

plus 5 m1 Tween 80 and distilled water to 50 ml. 
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Global ischemia and reperfusion in isolated guinea pig hearts 

The experiments were performed in isolated guinea pig hearts perfused accord

ing to a modified Langendorf£ procedure, as described previously. The hearts were 

perfused at a constant flow of 10 ml/min which prod~ced a perfusion pressure of 

about 80-90 mmHg. The perfusion buffer was kept at 3f'OC and gassed with a mixture 

of 95% 02 and 5% C02. Left ventricular developed pressure was monitored through 

a balloon connected to a force displacement transducer. Heart rate was monitored 

from the electrocardiogram (ECG) signal via a cardiotachometer. The two leads of 

ECG were placed on the left and right ventricles. The fluid in the balloon was 

adjusted to achieve an initial end-diastolic pressure of 15 mmHg and kept 

isovolumetric throughout the experiments including the ischemic period. 

The isolated hearts were perfused for -60 min until pressure and rate stabilized. 

To produce a stunned myocardium, hearts were subjected to 15 min of global 

ischemia at 37 oc by completely shutting off the peristaltic pump and clamping the 

perfusion line. After the period of global ischemia, the hearts were reperfused for 60 

min. 

Sensory nerve depletion with capsaicin 

A protocol developed by Lundberg et al (1983) was used to deplete substance 

P in cardiac sensory nerves. Capsaicin was dissolved in vehicle (a mixture of 80% 

saline, 10% ethanol and 10% Tween 80). The guinea pigs were anesthetized with 

ketamine (50 mg/kg, i.m.) and xylazine (0.1 mg/kg, i.m.) prior to the injection of 

capsaicin. A total dose of 50 ·mg/kg (s.c.) capsaicin was administered through 

several injections over 1 hr. Guinea pigs were pretreated with aminophylline (25 

mg/kg, i.p.) and terbutaline (0.1 mg/kg, s.c.) before injections of capsaicin to avoid 

airway restriction. Animals were used 5 days later and the completeness of sensory 

nerve depletion was confirmed at the end of each experiment by a lack of response 

to capsaicin (lo-s M) in the Langendorffpreparation. 



Experimental Design 

Local cardiac effects to SP 

Atrial study 
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Stock solutions of SP were prepared by dissolving SP in saline which 

contained 0.01 M acetic acid. Aliquots were stored at -600 C. The vehicle was saline 

in 0.01 M acetic acid and was used to dilute the SP stock. 

For each atrium, an equilibration period of 60 min was allowed before drugs 

were administrated to the bath. During the stabilization period, the Chenoweth

Koelle solution was replaced at 20 minutes intervals. 

The protocol for the right atrial study is shown in Figure 3a. The concentra

tions of SP examined were from 3x10-10 M to 3x1o-s M in order of ascending con

centrations. Between each concentration of SP, the atria were washed twice and 

recovered until baseline. Concentrations of SP were separated by at least 15 min 

intervals to avoid tachyphylaxis. Three atrial preparations did not receive any 

treatment other than washes with Chenoweth-Koelle solution every 20 minutes in 

order to observe the influence of time on basal heart rate and force. 

Potential tachyphylaxis to the effects of SP was examined in certain right atria 

by applying 10-6M of SP; then the atria were washed twice and after 15 minutes the 

same concentration of SP was applied again in the same preparation. 

Isolated heart study 

Isolated guinea pig hearts were perfused for - 60 min until stabilization 

before the administration of drugs. Injections ofSP or vehicle were given in a volume 

of 0.1 ml over 1 min through a 27xG needle into the aortic cannula. Before each dose 

of SP, stabilization of heart function was required. Injections of SP were given in 

order of ascending doses (2.5 - 187.5 nmol) to construct dose-response curve. The 

protocol for the isolated heart study is shown in Figure 3b. Doses were separated by 

at least 15 min intervals to avoid tachyphylaxis. Some hearts were given only vehicle 

injections as control and some hearts wer~ perfused only with buffer without any 



Figure3: Diagram of protocols for isolated atrial and isolated heart studies. For 

the atrial study, the concentration-response curves for SP were 

constructed in control (SP only, n=B), in atropine pretreated atria 

(n=9), in HC-3 pretreated atria (n=B), in phentolamine and nadolol 

pretreated atria (n=B), in reserpine pretreated atria (n=9), in reserpine 

and atropine pretreated atria ( n=9), and in reserpine and HC-3 

pretreated atria (n=9). For the isolated heart study, dose-response 

curves for SP were constructed in group of control (SP only, n=11), 

group of atropine (n=6), and group of phentolamine and nadolol (n=6). 

V-vehicle. 
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treatment to observe the influence of time on heart rate and force. Tachyphylaxis to 

the effects of SP was tested in some hearts by injecting 125 nmol of SP and then the 

same dose was given again in the same isolated heart preparations after 15 minutes. 

Mechanisms of cardiac effects of SP 

Role of the cholinergic system 

In order to examine the role of the cholinergic system on the effects of SP, 

depletion of ACh and muscarinic receptor blockade were evaluated. 

In right atrial preparations, the concentration-response curves were con

structed for SPin the control group (SP only), in vitro atropine-pretreated group, and 

in vitro ACh-depleted group (HC-3 pretreatment). The concentrations of SP exam

ined were from 3x10-10 M to 3x1Q-5 M in order of ascending concentrations in all 

groups. In all experiments, a stabilization period of 60 min was allowed before drugs 

were administrated to the bath. During the stabilization period, the Chenoweth

Koelle solution was replaced at 20 min intervals. Then the Chenoweth-Koelle 

solutions alone or with atropine (10-'6 M) was replaced. Between each concentration 

of SP, the atria were washed twice and allowed to recover until baseline levels were 

achieved. Concentrations of SP were separated by at least 15 min intervals to avoid 

tachyphylaxis. 

The role of parasympathetic neurons in the effects of SP was also evaluated 

in right atrial preparations after in vivo reserpine pretreatment. 'The concentration

response curves were constructed for SPin the control group (reserpine-pretreated 

only), in vitro atropine-pretreated group (after reserpine-pretreatment), in vitro 

ACh-depleted group (after reserpine-pretreatment). The concentrations of SP ex

amined were from 3x10-10 M to 3xlo-s Min order of ascending concentrations in all 

groups. 

In Langendorf£ heart preparations, pretreatment with atropine (10-'6 M) on 

the effects ofSP was also evaluated. Injections ofSP were given in order of ascending 
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doses (2.5 -187.5 nmol) to construct dose-response curve in both the control (SP only) 

and the atropine pretreated group. 

The ability of atropine (1Q-6 M) to block muscarinic receptors was assessed by 

comparing the rate effects of exogenous ACh in control and atropine treated right 

atria. Similarly, the ability of adrenergic blockade by nadolol and phentolamine (10-

6M each) was assessed by comparing the rate effects of exogenous isoprotenolol in 

control and treated (nadolol and phentolamine) right atria. The pD2 values were 

compared between groups. 

Role of the adrenergic system 

Effects of depletion ofNE and adrenergic receptor blockade on the responses 

to SP were evaluated to further examine the role of the adrenergic system. 

In right atrial preparations, the concentration-response curves· were con

structed for SPin the control group (SP only), the phentolamine and nadolol

pretreated group, and the NE-depleted group (reserpine pretreated). The concen

trations of SP ex~ined were from 3x1Q-10 M to 3x1Q-5 Min order of ascending con

centrations in all groups. 

The effect of adrenergic blockade by nadolol and phentolamine (lQ-6 M each) 

was assessed by comparing the rate effects of exogenous isoprotenolol in control and 

treated (nadolol and phentolamine) right atria. The pD2 values were compared 

between groups. 

· The effect of reserpine pretreatment on cardiac sensitivity to exogenous ACh 

was evaluated in right atrial preparations.- Because there were p.o significant 

differences between the maximum rate responses to ACh in control and reserpine 

pretreated preparations, the sensitivity to ACh was compared using pD2 values (

logECso). 

The effects of pretreatment with phentolamine and nadolol (JQ-6 M each) on 

the effects of SP were also evaluated in Langendorf£ heart preparations. Injections 

of SP were given in order of ascending doses (2.5 - 187.5 nmol) to construct dose-
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response curves in both control (SP only) and phentolamine and nadolol pretreated 

group. 

Role of nitric oxide 

The role of nitric oxide (NO) in the actions to SP was evaluated in Langendorf£ 

heart preparations as described previously. Injections of SP were given in order of 

ascending doses (1.6- 63.1 nmol) to construct a dose-response curve. The protocol 

of this study is shown in Figure 4. A series of experiments was conducted to deter

mine whether NO mediates the actions of SP. The nitric oxide inhibitor (L-NAME) 

or the guanylyl cyclase inhibitor (methylene blue) was added to the perfusion 

solution to assess the effects ofSP. Furthermore, L-argininewas added into L-NAME 

solution to examine if it could reverse the effects of L-NAME. 

Hearts were divided into six groups: group 1 hearts had no pretreatment; 

group 2 ~d 3 hearts were pretreated with methylene blue of1o-s M and 3x1o-s M 

each; group 4 hearts were pretreated with L-NAME (3x10-5 M), respectively; and 

groupS and6hearts were pretreated with L-NAME (3x1o-s M) plus L-arginine (3x10-

s M or 3x1Q-4 M), respectively. 

Role of SP in myocardial dysfunction during ischemia/reperfusion 

Pretreatment with span tide or CP-99,994-01, NK1 receptor antagonists, were 

conducted by perfusing span tide (10-6 M) or CP-99,994-01 (10-6 M) 10 min before 

ischemia, and during the first 15 min of reperfusion. Before the ischemia study, 

different concentrations of span tide and CP-99 ,994-01 were used to block the effects 

of SPin order to select the concentration to be used in ischemia study. 

FigureS shows the protocol for this study. Hearts were divided into four groups: 

1) control group which has no pretreatment, 2) group with span tide pretreatment, 

3) group with CP-99,994-01 pretreatment, and 4) group with SP depletion by 

pretreatment of capsaicin. The first three groups were perfused with either standard 

perfusion solution or perfusion solution which has 1o-6M each of atropine (mus-



Figure4: Diagram of experimental protocol for the study of the role of nitric 

oxide in effects of SP in Langendorff heart preparations. The dose

response curves for SP were constructed in group of control (SP only, 

n=B), groups of methylene blue (MB) pretreated (MB 10-s M, n=l; or 

MB 3x1o-s M, n=B), group of L-NAME pretreated (10-6M, n=B), 

groups of L-NAME (10-6M) and L-arginin pretreated (L-Arg 3x1o-s 

M, n=B or L-Arg 3x10-4 M, n=l). V-vehicle. 
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FigureS: Diagram of experimental design for the seven groups used in 

myocardial stunning studies in Langendorf! preparation. The heart 

preparations were subjected to 15 min global ischemia and followed a 

60 min reperfusion. A+N+P: perfusion buffer with 10-6M each of 

atropine, nadolol, and phentolamine. 
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carinic blocker), nadolol (beta blocker), and phentolamine (alpha blo~er). Hearts 

with SP depletion were perfused with solution which has autonomic blockers. In 

each of these groups, two isolated hearts were used without ischemia as non

ischemic control. Two guinea pigs were pretreated with the vehicle of capsaicin (a 

mixture of 80% saline, 10% ethanol and 10% Tween 80) 5 days before ischemia/ 

reperfusion study as a control for capsaicin. 

Data Presentation and Statistical Analysis 

For the studies regarding the cardiac effects and mechanisms of SP, the rate and 

force effects of SP or vehicle were expressed as percentage changes from baseline 

and are presented as the Mean ± SEM. Baseline data were obtained two min 

immediately before SP or vehicle applications. For the study of the role of SP in 

myocardial ischemia/reperfusion, the data are expressed as a percentage of the pre

ischemic baseline and are presented as Mean ± SEM. 

Data were analyzed by Analysis of Covariance (ANCOV A, Steel & Torrie, 1960) 

and one way analysis of variance (ANOVA, Winer, 1971). Differences among ex

perimental groups were determined by Newman-Keuls test and Scheffe's test. 

Significant differences between groups were assumed when p ~ 0.05. 

After ANOV A, Newman-Keuls test and Scheffe' s test were used to compare the 

rate or force effects of SP between 1) group of control (SP only) and the group 

pretreated With atropine; 2) group of control (SP only) and the group pretreated with 

nadolol and phentolamine; 3) group of control (SP only) and the group pretreated 

with reserpine; 4) group of control (SP only) and the group with depletion of 

reserpine; 5) group of control (SP only) and the group pretreated with L-NAME. 

After ANCOV A, the rate and force effects of SP were compared among 

following groups: 1) group of reserpine pretreatment, group of reserpine and ACh 

depletion, and the group of reserpine and atropine; 2) group of SP only, group of 

methylene blue (10-5M), and the group of methylene blue (3x1o-s M); 3) group of L

NAME pretreatment, group ofL-NAME and L-arginine (3x1o-s M) pretreatment, and 

the group of L-NAME and L-arginine (3xl0-4 M) pretreatment. 
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For the study of the role of SPin myocardial ischemia/ reperfusion, statistical 

analysis among different subgroups in either group with standard solution or group 

with autonomic blockers were performed using Student-Newman-Keuls test and 

Scheffe' s test after ANCOV A or ANOV A. 



Local cardiac effects of SP 

Isolated heart study 

RESULTS 

Initial experiments were conducted in isolated Langendorf£ guinea pig 

hearts to assess the effects of SP on rate and force. Substance P caused' negative 

changes in left ventricular contractile rate and force of isolated guinea pig heart. 

Within one min after administration of SP, there was a fall in rate and a decrease in 

LVDP. Cardiac rate and force reductions occurred during the same period and 

lasted about 1 min. 

Tachyphylaxis to the rate and force effects ofSP was tested before conducting 

the SP dose-response study. The tachyphylaxis to the rate and force effects of SP was 

examined by applying same dose of SP (125 nmol) twice in the same preparations 

with a interval of 15 min, which is the time interval for conducting dose-response 

curve for SP. fu our study, there was no significant difference between the two 

applications of the same dose (Figure 6, p<0.05). 

Then the rate and force effects to SPin the heart were plotted against different 

doses. Figures 7 shows that the rate and force effects of SP in whole heart prepara~ 

tions were dose-related and were significantly different from those of the vehicle 

(p<0.05). There were no significant changes in basal rate or L VDP over the experi

mental period (p>0.05, data not shown). In addition, there was no significant 

changes in perfusion pressure by SP application in whole heart preparations 

(p>0.05, data not shown). 

Isolated atrial study 

The inotropic and chronotropic changes produced by SPin isolated right 

atria exhibited a pattern similar to that observed in whole heart preparations. Figure 
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Figure6: Rate and force effects to SP in Langendorf{ heart preparations. 

Substance P, at a dose of 125 nmol, was given twice in one preparation 

with an interval of' 15 min. Bars represent mean values and the vertical 

lines indicates SEM (n=3). 



37 

15 

T 
1 T 

T 1 10 

D rate 

II force 

5 

0 """--L--

First Second 

SP (125 nmol) 



Figure 7: Changes in heart rate and left ventricular developed pressure (LVDP) 

in guinea pig-isolated Langendorf! hearts to SP or vehicle (0.1 ml). 

Data are presented as mean± SEM (SP, n= 11; vehicle, n=5). * 

Significantly different from vehicle application (p<O.OS). 
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8shows the rate and tension changes bySP (10-6 M)inright atrial preparation. Changes 

in contractU~ force of the atria were expressed as changes in tension (mg). Substance 

P caused negative changes in left ventricular contractile rate and force of isolated 

guinea pig heart. The data presented in figure 9 indicate that the rate and force 

effects of SP in right atrial preparations were concentration-related and were 

significantly different from those of the vehicle (p<O.OS). There were no significant 

changes in basal rate or tension over the experimental period (p>O.OS, data not 

shown). 

In left atria (n=4), which were electrically paced (180 beat/min), SP had no 

significant effect on contractile force at concentrations up to 3x10-5M (p>O.OS, data 

not shown). But in electrically paced right atria (n=3), SP caused anegativeinotropic 

. effect (,.., 70% of baseline) which was similar to the changes observed in spontane

ously beating right atria (Figure 10). 

Mechanism of the cardiac effects to SP 

Role of the adrenergic system 

The role of adrenergic neurons in the actions of SP was evaluated by either 

depletion of NE or blockade of adrenergic receptors. In right atrial preparations, 

both adrenergic blockade an~ NE depletion slightly reduced the baseline contractile 

force (Table 1), however, neither of the changes were significant (p>O.OS). 

Phentolamine and nadolol are inhibitors of alpha- and beta- adrenergic receptors, 

respectively. At 10-6M each in guinea pig right atria, they shifted the dose-response 

curve of isoprotenolol (ISO) to the right by 250 fold (Figure 11). The pD2 values for 

control (ISO only) and treated atria are 6.8 ± 0.1 and 9.2 ± 0.2, respectively. 

Blockade of adrenergic receptors by nadolol and phentolamine did not 

significantlychangetherateortheforceeffe~ts to SPin wholeheart(Figure 12, p>O.OS) 

and right atria (Figure 13, p>O.OS) preparations. Depletion of NE by reserpine pre

treatment, however, signific~ntlypotentiated the negative chronotropic and inotropic 

effects to SP in isolated right atrial preparations (p<O.OS). With reserpine pretreat-



FigureS: A representative experiment illustrating the time course of changes for 

contractile rate and tension of right atrium following an administration 

of SP (10-6M). 
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Figure9: 

( ' 

Concentration-response curve for contractile rate and tension changes 

in guinea pig-isolated right atria to SP or vehicle (0.1 ml). Data are 

presented as mean± SEM (SP, n=B; vehicle, n=3). *Significantly 

different from vehicle group (p<0.05). 



44 

5-------------------------------------. 

-10 --o- Vehicle 

.. SP 

-15 
-9.5 -8.5 -7.5 -6.5 -5.5 -4.5 -3.5 

Log [SP] (M) 

5 

T 
0 

-5 

-10 

-15 -o- Vehicle 

* .. SP 

-20 
.L 

-9.5 -8.5 -7.5 -6.5 -5.5 -4.5 -3.5 

Log [SP] (M) 



Figure 10: Concentration-response curve for contractile tension changes in 

electrically paced right atria to SP or vehicle (0.1 ml). Data are 

presented as mean± SEM (SP, n=3; vehicle, n=3). 
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Figure 11: Concentration-response curves for changes in heart rate (top) and 

tension (bottom) in guinea pig-isolated right atria to isoprotenolol 

(ISO) in control (no-pretreatment, n=3) and in nadolol and 

phentolamine pretreated atria (N+P, n~S). Data are expressed as 

percentage of baseline and are presented as mean ± SEM. * 

Significantly different from control group (p<O.OS). 
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Figure 12: Dose-response curves for changes in heart rate (top) and left 

ventricular developed pressure (LVDP) (bottom) in guinea pig-isolated 

hearts to SPin control (no-pretreatment, n=11) and in nadolol and 

phentolamine pretreated atria (N+P, n=6). Data are expressed as 

percentage changes from baseline and are presented as mean :t SEM. 
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Figure 13: Concentration-response curves for changes in heart rate (top) and 

contractile tension (bottom) in .guinea pig-isolated right atria to SP in 

control (no-pretreatment, n=B) and in nadolol and phentolamine 

pretreated atria (N+P, n=B). Data are expressed as percentage changes 

from baseline and are presented as mean ± SEM. 
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Table 1 

Basal heart rate and the maximum change in rate produced by SPin different groups of right atria. 

Heart Rate 

Baseline Maximum 
(B/M) Effect (B/M) 

SP alone (n=8) 149.1 ±7AC 131.5 ± 8.6 

Atropine 151.4 ± 19.2 139.0 ± 19.6 
(n=9) 

HC-3a 155.3 ± 17.3 145.7 ± 13.0 
(n=8) 

N+Pb 147.3 ± 13.0 130.2± 11.7 
(n=8) 

Reserpine 130.4 ± 9.1 10~.0±9.3 
(n=9) 

Reserpine+ 138.2±9.6 125.2 ± 10.0 
Atropine 

(n=9) 
Reserpine+ 128.5± 9.1 114.4 ± 7.7 

HC-3 
(n=9) 

a depletion of ACh by hemicholinium-3 (20J.1M). 
b adrenergic receptor blockade by nadolol and phentolamine . 
. c All values are means±S.E.M. 

Maximum Change 
(B/M) 0/o 

17.6±2.6 -11.8 ± 1.0 

12.4± 2.2 -8.2 ± 1.1 

9.6±4.5 -6.1 ± 1.6 

17.1 ±2.6 -11.6±1.4 

27.4± 7.4 -21.0 ± 3.1 

13.0±2.4 -9.4 ± 1.1 

14.1 ± 2.3 -10.9±1.2 
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ment, the maximum rate fall evoked by SP increased from 11.8 ± 1.0% to 21.0 ± 3.1% 

and the maximum force reduction increased from 18.6 ± 1.1% to 32.0 ± 2.5% (Figure 

14). 

Role of the cholinergic system 

The role of cardiac cholinergic nerves in mediating the actions of SP was 

tested by both depletion of ACh and blockade of muscarinic receptors prior to SP 

exposure. Neither pretreatment affected the baseline level of heart rate (Table 1) or 

contractile force (Table 2). Atropine at 10-6M shifted the dose-response curve of ACh 

to the right by 3 orders of magnitude in guinea pig right atria (Figure 15). The pD2 

values for control and treated atria are 6.6 ± 0.2 and 3.1 ± 0.1, respectively. In the 

presence of atropine, the rate and force reductions to SPwere significantly decreased 

in both isolated hearts (Figure16) and right atria (Figure 17). Depletion of ACh also 

significantly blocked the rate and force reductions to SPin right atria (Figure 18). The 

maximum fall in rate decreased from 11.8 ± 1.0% to 5.3 ± 1.1% (atropine pretreat

ment) or to 6.0 ± 1.7% (ACh depletion). The maximum contractile force reduction 

decreased from 18.6±1.1% to8.2±0.7% (atropinepretreatment)orto4.6±0.6% (ACh 

depletion)~ 

The effects of ACh depletion and muscarinic blockade were also evaluated in 

atria which were also depleted of NE (Figure19). Substance P produced much less 

negative rate and force effects in the group with both NE and ACh depletion than 

in atria with only NE depletion. In both no-pretreatment atria and NE-depleted 

atria, muscarinic receptor blockade by atropine had similar effects on the actions of 

SPas those noted for depletion of ACh (Figure 18 & 19). 

Reserpine pretreatment resulted in increasing cardiac sensitivity to ACh 

(Figure 20). The pD2 values of heart rate for ACh in control and reserpine pretreated 

right atria were 6.6 ± 0.2 and 7.8 ± 0.1, respectively. Therefore, pretreatment with 

reserpine shifted the concentration-response curve for ACh about 16 fold to the left. 



Figure 14: Concentration-response curves for changes in heart rate (top) and, 

· contractile tension (bottom) in guinea pig-isolated right atria to SP in 

control (no-pretreatment, n=B) and in reserpine pretreated atria (n=9). 

Data are expressed as percentage changes from baseline and are 

presented as mean ± SEM. * Significantly different from control group 

(p<O.OS). 
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Figure 15: Concentration-response curves for changes of heart rate in guinea pig

isolated right atria to acetylcholine (ACh) in control (no-pretreatment, 

n=B) and in atropine pretreated atria (10-6M, n=7). Data are expressed 

as percentage decrease from baseline and are presented as mean :t 

SEM. *Significantly different from control group (p<0.05). 
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Figure 16: Dose-response curves for changes in heart rate (top) and contractile 

force (bottom) in guinea pig-isolated hearts to SPin control (no

pretreatment, n=11) and in atropine pretreated atria (10-6M, n=6). 

Data are expressed as percentage changes from baseline and are 

presented as mean :t SEM. * Significantly different from control group 

(p<0.05). 
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Figure 17: Concentration..;response curves for changes in heart rate (top) and 

contractile tension (bottom) in guinea pig-isolated right atria to SP in 

control (no-pretreatment, n=B) and" in atropine pretreated atria (10-6 

M, n=9). Data are expressed as percentage changes from baseline and 

are presented as mean± SEM. *Significantly different from control 

group ( p<O ~05). 
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Figure 18: Concentration-response curves for changes in heart rate (top) and 

contractile tension (bottom) in guinea pig-isolated right atria to SPin 

control (no-pretreatment, n=B) and in ACh pretreated atria (HC-3, 

n=B). Data are expressed as percentage changes from baseline and are 

presented as mean :t SEM. * Significantly different from control group 

(p<0.05). 
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Figure 19: Concentration-response curves for changes in heart rate (top) and 

contractile tension (bottom) in guinea pig-isolated right atria to SPin 

reserpine pretreated (n=9), in reserpine and HC-3 pretreated (n=9), 

and in reserpine and atropine pretreated atria (n=9). Data are 

expressed as p~rcentage changes from baseline and are presented as 

mean ± SEM. * Significantly different from reserpine control group 

(p<0.05). 
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Figure 20: Concentration-response curves for changes in heart rate in guinea pig

isolated right atria to ACh in control (no-pretreatment, n=B) and in 

reserpine pretreated atria (n=3). Data are expressed as percentage 

decrease from baseline and are presented as mean:!: SEM. * 

Significantly different from control group (p<0~05). 
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Table 2 

Basal contractile force and the maximum change in force produced by SP for the different 
experimental groups. 

Contractile Force 

Baseline Maximum 
(mg) Effect (mg) 

SP alone . (n=8) 867.5±21.4 706.1 ± 19.9 

Atropine 852.0 ± 19.1 782.2± 19.6 
(n=9) 

HC-3a 868.8 ± 13.3 828.8± 12.9 
(n=8) 

N+Pb 817.5 ± 17.5 650.7±14.1 
(n=8) 

Reserpine 817.2 ± 16.0 555.6± 13.0 
(n=9) 

Reserpine+ 832.2 ± 13.9 697.4± 13.5 
Atropine 

(n=9) 
Reserpine+ 822.2 ± 10.9 670.9±6.4 

HC-3 
(n=9) 

a depletion of ACh by hemicholinium-3 (20J.1M). 
b adrenergic receptor blockade by nadolol and phentolamine. 
c All values are means±S.E.M. 

Maximum Change 
(8/M) o/o 

161.4 ± 5.6 -18.6 ± 1.1 

69.8± 2.2 -8.2±0.7 

40± 2.0 -4.6±0.6 

166.8± 2.6 -20.4± 2.2 

261.6 ± 11.7 -32.0 ± 2.5 

134.8±5.4 -16.2 ± 2.2 

151.3± 13.0 -18.4± 4.1 
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Role of nitric oxide 

The role of NO in SP effects on the heart was evaluatedby pretreating isolated 

hearts with a NOS inhibitor, L-NAME, and a guanylyl cyclase inhibitor, methylene 

blue. In-addition, L-arginine was perfused along with L-NAME to reverse the effects 

ofL-NAME. 

L-NAME, at a concentration of 3x1o-s M, significantly attenuated. the rate and 

force effects to SP (Figure 21, p<O.OS). Pretreattrient with L-NAME in fact abolished 

the negative inotropic effect of SP. The maximum force reduction evoked by SP 

changed from -16.4± 1.2% to +2.7±0.7 %. The maximum rate fall bySP changed from 

-17.0 ± 1.6% to -8.6 ± 0.5 %. 

Addition of L-arginine (3x10-4 M) significantly attenuated the blockade pro

duced by L-NAME on the rate and force_ effects to SP (Figure 22). Aft~r pretreatment 

with both L-NAME and L-arginine (3x10-4 M), the maximum rate effect to SP was-

16.4 ± 1:.0 % which was not significantly different from that observed in the SP alone 

control group ( -17.0 ± 1.6 %),and the maximum force effect to SP ( -22.3 ± 2.3 %) was 

even greater than that of SP alone control (-16.4 ± 1.2 %). L-arginine alone, at a 

concentration of 3x1Q-5 M, slightly but not significantly reduced the basal heart rate 

and force (data not shown). 

Methylene blue, at a concentration of 10-s M, significantly attenuated the rate 

effects to SP (Figure 23, p<O.OS). However, the force effects to SP were not signifi

cantly changed by this concentration of methylene blue. At a concentration of 3x10-

5 M, however, methylene blue significantly blocked both rate and force effects to SP 

in a concentration-related manner (p<0.05). 

Role of SP in myocardial dysfunction during ischemia/reperfusion 

Ten isolated guinea pig hearts were subjected to 15 min of global ischemia 

and 60 min reperfusion. As indicated in Figure 24, the left ventricular developed 

pressure (L VDP) was only 55± 6 % of the pre-ischemic baseline; this depression of 

L VDP is termed myocardial stunning . At the end. of reperfusion, the heart rate and 

perfusion pressure were· as same as the pre-ischemic baseline (Table 4 & 5). 



Figure 21: Dose~response curves for changes in heart rate and contractility in 

guinea pig-isolated hearts to SPin control (no-pretreatment, n=B) and 

in L-NAME pretreated atria (10-5M, n=B). Data are expressed as 

percentage changes from baseline and are presented as mean :!: SEM. * 

Significantly different from control group (p<0.05). 
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Figure 22: Dose-response curves for changes in heart rate and contractility in 

guinea pig-isolated hearts to SPin L-NAME pretreated (10-5M, n=B), 

in L-NAME (10-5M) and L-arginine pretreated (L-Arg-1, 3x10-5 M, 

n=B), and in L-NAME (10-5M) and L-arginine pretreated atria (L

Arg-2, 3x10-4 M, n=7). Data are expressed as percentage changes from 

baseline and are presented as mean :t SEM. * Significantly different 

from L-NAME only group (p<0.05). 
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Figure 23: Dose-response curves for changes·in heart rate and contractility in 

guinea pig-isolated hearts to SPin control (no-pretreatment, n=B) and 

in methylene blue pretreated atria (MB-1,10-5 M, n=7; MB-2,3x1()-5 

M, n=B). Data are expressed as percentage changes from baseline and 

are presented as mean :t SEM. * Significantly different from control 

group (p<0.05). 
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Figure 24: Time course of depression and recovery of. left ventricular 4eveloped 

pressure (LVDP) in Langendorf! isolated hearts subjected to 15 min of 

global ischemia and 60 min reperfusion. *Significantly different from 

pre-ischemic baseline (at time 0, p<O .05). 
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Effect of NK-1 receptor antagonists 

As indicated in the earlier experiments, 1mM of spantide or CP-99,994-01 

. significantly blocked the cardiac effects of SP (0.3 mM). Spantide or CP-99,994-01 

blocked the rate effects of SP by 66 ± 2% and 81 ± 2 %, respectively (n=3). They also 

blocked the force effects of SP by 80 ± 1 %and 79 ± 2%, respectively (n=3). Therefore, 

this concentration was chosen for both span tide and CP-99 ,994-01 to block NK-1 

receptors in the reperfusion studies. 

a) Spantide 

Figure 25 demonstrates the differences in left ventricular developed pressure 

between hearts perfused without spantide and hearts perfused with spantide after 

15 min global ischemia. The hearts reperfused with standard buffer exhibited a 

recovery in left ventricular developed pressure to 55± 6 % of the pre-ischemic 

baseline. Two of the hearts reperfused with this standard buffer recovered only to 

-5% of pre-ischemic baseline (data not shown).- In contrast, in the hearts perfused 

with spantide 10 min before ischemia and first 15 min during reperfusion, left 

ventricular developed pressure recovered to 88 ± 2 % of the pre-ischemic baseline, 

which is significantly different from that of standard buffer perfusion. End-diastolic 

left ventricular pressure increased much less with span tide treatment than in hearts 

with standard buffer reperfusion (Figure 25, Table 3). 

A similar effect of spantide against left ventricular dysfunction during 

reperfusion was also observed in the hearts perfused with buffer containing 

atropine, nadolol, and phentolamine. Figure 26 shows that the left ventricular de

veloped pressure in hearts perfused without spantide recovered to 63 ± 5 % of the 

pre-ischemic baseline, whereas in hearts perfused with spantide recovered to 91 ± 

3 % of pre-ischemic baseline. The end-diastolic left ventricular pressure in the heart 

without spantide increased significantly more than that in hearts with spantide 

(Figure 26, Table 3). 



Table 3. Left ventricular end-diastolic pressure changes for the different experimental groups. 

Reeertusion 
Group Preischemic After 10 min 30min 

baseline (mmHg) pretreatment (mmHg) (mmHg) 
{mmHg} 

Control I a 17± 1 17± 1 44±7* 28±3* 
(buffer) 

CP-99,994-01 b 16±2 17±2 23 ± 2*t 19± 2t 
(buffer) 

Spantide c 16±2 16± 2 21 ±3t 18± 2t 
(buffer) 

Control II d 16± 1 16± 1 32±5* 24±3* 
(A+N+P) 

CP-99,994-01 e 16±2 17± 2 22 ± 2*:t 18 ± 2:t 
(A+N+P) 

Spantide f 16±2 18 ± 2 21 ± 3:t 19 ± 2:t 
(A+N+P) 

Capsaicin g 15 ± 1 15 ± 1 20 ± 2*:t 18 ± 2:t 
(A+N+P) 

a-c in modified Chenoweth-Koelle solution. 

d-g in modified Chenoweth-Koelle solution with 10-6M each of atropine (A), nadolol (N), and phentolamine (P). 

a, d no pretreatment with spantide, CP-99,994-01 or capsaicin. 

*significantly different from preischemic baseline (ps 0.05). 

t significantly different from control I (ps 0.05). 

:t significantly different from control II (ps 0.05). 

60min 
(mmHg) 

26±3* 

17±2t 

17±2t 

23±3* 

17 ± 2:t 

18 ± 2:t 

17 ± 1:t 

80 



Table 4. Heart rate changes for the different experimental groups. 

Re~erfusion 
Group Preischemic After 10 min 30min 

baseline (beat/min) pretreatment (beat/min) (beat/min) 
~beat/min} 

Control I a 141 ± 10 141 ± 10 142±8 143±9 
(buffer) 

CP-99,994~01b 147±7 143±8 147±6 142±7 
(buffer) 

Spantide c 134 ± 12 148 ± 14 144 ± 13 133 ± 14 
(buffer) 

Control II d 106±3 104±3 109±4 102±3 
(A+N+P) 

CP-99,994-01 e 124±9 122 ±9 127±8 124±8 
(A+N+P) 

Spantide f 99±4 111 ± 4 111 ± 3 98±4 
(A+N+P) 

Capsaicin 9 109±3 109 ±3 113 ±5 114±5 
(A+N+P.) 

a-c in modified Chenoweth-Koelle solution. 
d-g in modified Chenoweth-Koelle solution with 10-6M each of atropine (A), nadolol (N), and phentolamine (P). 
a, d no pretreatment with spantide, CP-99~994-01 or capsaicin. 

60min 
(beat/min) 

146 ± 10 

143±7 

132 ± 14 

101 ±4 

127±8 

96±4 

114± 6 
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Table 5. Perfusion pressures before ischemia and during reperfusion in the 
different experimental groups. 

Re(2erfusion 
Group Preischemic After 10 min 30min 

baseline pretreatment (mmHg) (mmHg) 
{mmHg} {mmHg} 

Control I a 95±3 95±3 84±6 94±3 
(buffer) 

CP-99,994-01 b 98±2 98±2 91 ±4 97±3 
(buffer) 

Spantide c 93±2 93±2 87±3 93±2 
(buffer) 

Control II d 92±2 92±2 90±2 93±3 
(A+N+P) 

CP-99;994-01 e 94±3 95±3 84±3 93±2 
(A+N+P) 

Spantide f 93±3 92±4 83±3 92±2 
(A+N+P) 

Capsaicin9 91 ± 1 91 ± 1 88± 1 91 ± 1 
(A+N+P) 

a-c in modified Chenoweth-Koelle solution. 

d-g in modified Chenoweth-Koelle solution with 10-6M each of atropine (A), nadolol (N), and phentolamine (P). 

a, d no pretreatment with spantide, CP-99,994-01 or capsaicin. 

60min 
(mmHg) 

95±3 

98±2 

93±2 

93±2 

95±2 

94±2 

91 ± 1 

82 



Figure 25: Time course of the depression and recovery of left ventricular developed 

pressure (LVDP) and changes in left ventricular end-diastolic pressure 

(EDP) in control hearts (n=10) and in hearts pretreated with spantide 

(10-6M, n=10). Data were obtained during perfusion with standard 

solution (Chenoweth-Loelle solution). *Significantly different from 

control-hearts during reperfusion (p<0.05). **Significantly different 

from pre-ischemic baseline (p<0.05). t Significantly different from 

. control hearts (p<0.05). 
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Figure 26: Time course of depression and recovery of left ventricular developed 

pressure (LVDP) and changes in left ventricular end-diastolic pressure 

(EDP) in control hearts (n=14) and in hearts pretreated with 

spantide (10-6M, n=10). All data were obtained during perfusion with 

Chenoweth-Loelle solution with atropine, nadolol, and phentolamine 

(A+N+P, 10-6M each). *Significantly different from control hearts 

during reperfusion (p<0.05). **Significantly different from pre

ischemic baseline (p<0.05). t Significantly different from control hearts 

(p<O.OS). 
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b). CP-99,994-01 

A protective effect of an NK1 receptor antagonist on myocardial dysfunction 

was also demonstrated in the. heart pretreated with CP-99,994-01. Figure 27 shows 

the left ventricular developed pressure in hearts perfused with standard solution 

recovered tp only 55± 6 % of the pre-ischemic baseline, whereas in hearts perfused 

with CP-99,994-01, developed pressure recovered to 78 ± 2 % of pre-ischemic 

baseline. Similar effects of CP-99,994-01 were observed in hearts perfused with 1mM 

atropine, nadolol, and phentolamine (Figure 28). End-diastolic left ventricular 

pressure in the hearts perfused with CP-99,994-01 increased only slightly compared 

with the large rise in hearts without CP-99,994-01 (Figure 27 & 28, Table 3). 

SP induced responses after depletion with capsaicin 

Guinea pigs were pretreated with capsaicin to deplete SP; next the hearts 

were subjected to global ischemia. Left ventricular developed pressure in hearts 

pretreated with capsaicin recovered to 91 ± 4% of the pre-ischemic baseline, a volue 

which is significantly greater than that observed in hearts without capsaicin pre

treatment (Figure 29). The end-diastolic left ventricular pressure in hearts pre

treated with capsaicin increased less than that in hearts without capsaicin pretreat

ment (Figure 29, Table 3). 

Effects of NK-1 receptor antagonists and capsaicin pretreatment on heart rate and 

perfusion pressure 

Table 4 shows heart rate changes during ischemia and reperfusion in the 

experimental groups. Heart rate decreased along with the time of ischemia, and then 

increased during reperfusion. After 10 min of reperfusion, the heart rate was almost 

the same as the pre-ischemic baseline. Although NK-1 receptor antagonists and 

capsaicin pre-treatment significantly prevented left ventricular contractile d ysfunc

tion, they did not affect heart rate. 



Figure 27: Time course of depression and recovery of left· ventricular developed 

pressure (LVDP) and ~hanges in left ventricular end-diastolic pressure 

(EDP) in control hearts (n=10) and in hearts pretreated with 

CP-99,994-01 (10-6M, n=10). Data were obtained during perfusion 

with standard solution (Chenoweth-Loelle- solution). *Significantly 

different from control hearts during reperfusion (p<0.05). 

**Significantly different from pre..,ischemic baseline (p<0.05). 

t Significantly different from control hearts (p<O.OS). 
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Figure 28: Time course of depression and recovery of left ventricular developed 

pressure (LVDP) and changes.in left ventricular end-diastolic pressure 

(EDP) in control hearts (n=14) and in hearts pretreated with CP-

99,994-01 (10-6M, n=10). All data were obtained during perfusion 

with Chenoweth-Loelle solution with atropine, nadolol, and, 

phentolamine (A+N+P, 10-6M each). *Significantly different from 

control hearts during reperfusion (p<0.05). * * Significantly different 

from pre-ischemic baseline (p<O.OS). t Significantly different from 

control hearts (p<0.05). 
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Figure 29: Time course of depression and recovery of left ventricular developed 

pressure (L VDP) and changes in left ventricular end-diastolic pressure 

(EDP) in control hearts (n~14) and in hearts pretreated with capsaicin 

(n=15). All data were obtained during perfusion. with Chenoweth

Loelle solution with atropine, nadolol, and phentolamine (A+N+P, 10-6 

M each). * Significantly different from control hearts during 

reperfusion (p<0.05). **Significantly different from pre~ ischemic 

baseline (p<0.05). t Significantly different from control hearts 

(p<0.05). 
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Perfusion pressure during the reperfusion period was the same as the pre-ischemic 

baseline (Table 5). The different pretreatments did not alter perfusion pressure. 

Effects of autonomic receptor antagonists 

During the first 10 min of reperfusion, left ventricular developed pressure 

and the end-diastolic pressure of the hearts perfused with autonomic blockers (in 

both control and pretreated groups) recovered faster than those for hearts perfused 
' ; 

with standard solution (Figure 30). Left ventricular developed pressure was sig-

nificantly greater with autonomic blockade during the first 10 min reperfusion 
\ 

period, but returned to control levels by the end of the reperfusion period. Similarly, 

end-diastolic left ventricular pressure was not different between the two groups 

(Table3). 



Figure 30: Time course of depression and recovery ofleft ventricular developed 

pressure(LVDP) in hearts perfused with spantide (1()-6 M) in 

Chenoweth-Loelle solution ( n=10) and in Chenoweth-Loelle solution 

-with atropine, nadolol, and phentolamine (10-6M each, n=10). 

*Significantly different from control hearts (p<O.OS). 
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DISCUSSION 

Local cardiac effects to SP 

Substance P immunoreactivity has been found to be widely distributed in 

guinea pig hearts (Weihe et al., 1984; Papka & Urban, 1987). The specific binding of 

[J125]SP also has been reported in guinea pig hearts (Hoover & Hancock, 1988). 

Therefore, SPin the heart may have cardiac effects. This study demonstrated that SP 

has negative inotropic and chronotropic effects in isolated guinea pig hearts and 

right atria. 

Lundberg and colleagues reported that one antagonistofSP receptor induced 

a long-lasting positive chronotropic and inotropic effects in guinea pig right atria 

(Lundberg et al., 1984). Their finding suggested that endogenous SP has negative 

chronotropic and inotropic effects. Stanovnik et al. (1986) observed thatSPproduced 

a dose-dependent negative chronotropic response in isolated right atria. They found 

the ECso for SP to be 4x1Q-6 M. Hoover (1990) studied the effects of SPin isolated 

guinea pig hearts and observed that the peptide evoked negative chronotropic 

effects which were dose-dependent. These findings are consistent with those of the 

present study. 

Substance P evoked negative inotropic responses in isolated guinea pig 

hearts and right atria. However, it has been reported that SP has no effect on 

myocardial contractility (Burcher et al., 1977; Lundberg et al., 1985). An explanation 

for the discrepant responses can bethedifferentmethodsofmeasuringthemyocardial 

contractility. In the present study, left ventricular developed pressure was used as 

an index of myocardial contractility. A fluid-filled balloon was placed into the left 

ventricle and systolic and diastolic pressures were measured. In other studies, 

however, ventricular contractions were measured by tying a suture to the apex of the 

heart and connecting it to an isometric force transducer. However, this method of 

measuring left ventricular contractility may not be sensitive enough to detect the 
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negative inotropic responses to SP because only longitudinal changes in tension 

would be detected. 

Myocardial perfusion pressure is determined by two main factors: coronary 

flow and vascular resistance. The present results indicate that SP did not significantly 

change perfusion pressure of the isolated guinea pig heart. However, in a study by 

Hoover (1990), SP was reported to reduce perfusion pressure suggesting that the 

peptide has coronary vasodilator effects. The discrepant results regarding perfusion 

pressure between our study and those by Hoover (1990) may be due to the different 

methods employed. In their study, basal vascular tone was elevated by 

[Arg8]vasopressin (AVP) or high potassium (Hoover, 1989). Although most studies 

have indicated that SP is a potent vasodilator in vivo (Bury & Mashford, 1977), there 

exist reports that the coronary vasodilator responses to SP are more transient than 

vasodilatorresponsesinothervascular beds because of tachyphylaxis (Maxwell,1968; 

Yeoeta1.,1984). Furthermore,Nakamuraetal. (1991)reported thatSPelicits coronary 

vasoconstriction in dog hearts. Substance P was also reported to reduce coronary 

flow in isolated working rat heart (Kulakowski et al., 1983) and isolated guinea pig 

heart(Flaimeta1.,1984). TheeffectofSP on coronary blood flow remains controversial. 

Mechanism of the cardiac effects of SP 

Role of cholinergic neurons 

It is known that SP enhances ganglionic transmission (Dalsgaard et al.,1982). 

Substance Pis located throughout the guinea pig heart, including the areas around 

thecardiacganglioncells(Papka&Urban,1987;Weiheetal.,1981;1984).Inaddition, 

specific SP binding sites in the guinea pig heart are associated with cardiac 

parasympathetic ganglia (Hoover & Hancock, 1988). Therefore, the negative 

chronotropic and inotropic effects to SP may involve the participation of cholinergic 

neurons. 

Results of the present studies indicate that cholinergic neurons in the heart 

mediate the negative chronotropic and inotropic effects to SP. This study that 
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atropine, an antagonist of muscarinic receptors, significantly antagonized the rate 

and force reductive effects to SP which suggests that muscarinic receptors mediate 

the negative cardiac effects to SP. However, these results do not indicate whether or 

not ACh release is involved because SP may elicit its effects by (1) releasing ACh 

and/or changing the sensitivity of muscarinic receptors to ACh, or (2) acting 

through direct stimulation of muscarinic receptors. To determine whether release of 

ACh in the heart mediates the effects to SP, functional studies were performed in 

right atria which were depleted of ACh. Depletion of ACh significantly attenuated 

both the negative rate and force effects to SP. This finding suggests strongly that SP 

releases ACh from cholinergic nerve endings in the guinea pig heart or right atria 

and that ACh mediates the negative rate and force effects to SP. The fact that 

muscarinic blockade and depletion of ACh antagonized the effects of SP to a similar 

degree suggests that SP elicits its effects primarily through release of ACh from 

cholinergic neurons in heart. 

'fhe, present findings are in agreement with the earlier studies of others. 

Stanovnik et al. (1986) showed that SP produced dose-dependent rate reductions in 

right atria which were diminished by atropine. Bachelard et al. (1987) found that SP 

caused negative chronotropic effects in right atria and this effect was increased after 

the atria were exposed to neostigmine. They also observed that SP had no action after 

the atria were exposed to a combination of neostigmine and atropine. These data 

indicate that ACh is involved in the effects of SP. 

Konishi et al. (1985) observed that SP has a stimulant action on cardiac 

parasympathetic ganglion cells located in the atrial wall of guinea pig heart. Their 

study demonstrated that SP depolari.Zes cardiac parasympathetic neurons and 

evoked action potentials in some cells, and that this action of SP is reduced by 

spantide. Therefore, it is possible that SP acts onNK1 receptors on cardiac ganglion 

cells to stimulate the release of ACh .. 

Substance P evoked a negative inotropic effect in both spontaneously beating 

right atria and electrically paced right atria. But it did not significantly change the 
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contractile force in paced left atria. This finding can be explained by the distribution 

of cholinergic neurons in heart. There are more parasympathetic nerve endings in 

the right atria than in the left atria (Cabot & Cohen, 1980). Since most of the effects 

of SP are mediated by ACh release, it is not surprising that the negative inotropic 

effects of SP are higher in right atria than in left. 

Role of adrenergic neurons 

In other tissues,·some effects of SP appear to involve interactions with 

sympathetic neurons ~cause the vasodilation and extravasation of plasma produced 

by injection of SP into the rat femoral artery are only fully revealed after chemical 

sympathectomy or guanethidine treatment to remove sympathetic vasoconstrictor 

tone (Pemow, 1983). Therefore, experiments were conducted to investigate the role 

of adrenergic neurons in cardiac effects of SP. 

In order to determine whether adrenergic neurons in the heart mediate the 

actionsofSP, u-and ~-adrenergic receptors in the heart were blocked by phentolamine 

and nadolol (10~ M each, respectively) prior to SP applications. Combined a- and 

J3-adrenergic' receptor blockade produced by phentolamine and nadolol did not 

altertherateorforcereductions to SP. At this concentration, nadolol and phentolamine 

can shift the dose-response curve for ISO to the right by 250 fold. Additionally, the 

antagonistic potency, pA2, of nadolol against the actions of isoproterenol has been 

reported to be 9.78 ± 0.05 (Kuwahara et al., 1987). Thus, this concentration of nadolol 

and phentolamine (1~ M) should have been high enough to adequately antagonize 

the effects of endogenous NEat adrenergic receptors~ Therefore, our results suggest 

that the adrenergic nervous system does not mediate the cardiac effects to SP. 

However, when reserpine was used to deplete NE from hearts, the negative 

rate and force effects to SP were potentiated. This result was different from that with 

adrenergic blockade. The basis for this potentiative effect of reserpine on the actions 

ofSP may be related to a general supersensitizing effects on cardiac tissue. Reserpine 

has been reported to hypersensitize adrenergic receptors to their agonists (Hawthorn 
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& Broadley, 1982; Tenner et al., 1984). However, any up-regulation of P-a.drenergic 

receptors should oppose the effects ofSP, and this possibility is also unlikelybecause 

up-regulation of (J-adrenergic receptors requires at least 24 hours (Rice et al., 1987). 

The finding that reserpine pretreatment shifted the heart rate concentration-response 

curve for ACh to the left by 16 fold indicates that reserpine pretreatment any 

enhance the sensitivity of muscarinic receptors for ACh. Other studies have reported 

that reserpine can induce supersensitivity to a number of non-adrenergic substances 

-such as calcium and glucagon (Meghji et al., 1978; Tenner & Carrier, 1978). Based on 

these observations, the effects of reserpine pretreatment on SP responses may be 

explained by the ability of this agent to produce nonspecific supersensitivity in 

cardiac tissues. 

Role of nitric oxide 

Substance P continues to produce cardiac effects after muscarinic receptor 

blockade or after depletion of ACh, suggesting that other mechanism(s) of action are 

also involved. Based on the fact that some effects ofSP'in other tissues are mediated 

by nitric oxide (Jinet al., 1993; Zicheetal., 1993),itwas hypothesized that nitric oxide 

may also mediate the local cardiac effects to SP. 

Nitric oxide is now recognized not only to be synthesized and released in 

endothelium of coronary vasculature (Amrani et al., 1992), but also in endocardium 

(Schulz et al., 1991), cardiac myocytes (Brady et al. 1993), an~ cardiac nerve fibers 

and neurons (Hassall et al., 1992; Klimaschewski et al., 1992). Recently, many 

investigators have observed that NO has negative inotropic effects in isolated 

myocytes (Brady et al., 1993) and in papillary muscle (Finkel et al., 1992). Nitric oxide 

in heart also appears to modulate the negative chronotropic effects to muscarinic 

agonists in single sinoatrial node cells (Shimoni et al., 1994) and ventricular myocytes 

(Balligand et al., 1993). 

In many tissues, NO apparently exerts its actions via activation of soluble 

guanylyl cyclase which then causes formation of d:;MP (Bohme et al., 1981; Koesling 
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et al., 1991). Cyclic GMP in turn specific;ally regulates protein phosphorylation, ion 

channel conductivity, and phosphodiesterase activity. It has been suggested that 

NO interacts with the heme group bound to soluble guanylyl cyclase (Craven & 

DeRubertis, 1978). Methyl~e blue is known to oxidize protein bound heme and 

non-heme ferrous iron and thereby affect iron-containing enzymes (Kelner et al., 

1988). Stoichiometric amounts of iron are present in both soluble guanylyl cyclase 

and NOS (Mayer et al., 1991). The heme group of soluble guanylyl cyclase has been 

suggested as a target of methylene blue, resulting in a reduced responsiveness of 

soluble guanylyl cyclase to activation by NO (Ignarro et al., 1984; 1987). Mayer et al. 

(1993) demonstrated for the first time that methylene blue acts as a direct inhibitor 

of NOS. In addition, another mechanism for the action of methylene blue has been 

discovered. Studies by Martin and colleagues indicate that methylene blue inhibits 

prostacyclin synthesis by endothelial cells independent of its inhibitory effects on 

cGMP accumulation (Martin et al., 1989). This effect of methylene blue which is 

unrelatedtoguanylylcyclaseinhibitioncanbeexplainedbysuperoxideinactivation 

of NO (Gryglewski et al., 1986). Under aerobic conditions, the reduced form of 

methylene blue can be reoxidized by oxygen thereby generating superxide anion 

(McCord &Fridovich, 1970). Therefore, methylene blue has been used to demonstrate 

the involvement of NO in various drug actions. The finding in this study that 

methylene blue partially inhibits the effects of SP suggests that a NO signaling 

system is present in isolated guinea pig hearts and involved in their response to SP. 

The most commonly used method to study the involvement of NO signaling 

system is by using of NOS inhibitors. The NOS inhibitor used in this study was L

NAME. The drug significantly inhibited the negative chronotropic and inotropic 

effects to SP, supporting our hypothesis that NO in heart mediates the effects of SP. 

L-arginine reversed the inhibitory effects produced by L-NAME which further 

confirms our hypothesis. 

Nitric oxide is formed in response to many substances such as ACh and SP 

(Moncadaetal., 1991). ThesesubstancesstimulatetheformationofNObyelevating 
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intracellular Ca2+ concentration. Substance P can increase intracellular calcium 

concentration through both the release of calcium from intracellular stores and the 

influx from extracellular space (Matthijs et al., 1990). In addition, because SP can 

release ACh in heart, and since ACh causes NO formation ,in heart (Shimoni et al., 

1994; Balligand et al., 1993), NO can be released by SP indirectly through ACh. 

Cellular mechanisms of SP 

Substance P usually causes membrane depolarization in neurons and smooth 

muscle cells most likely through a decrease inK+ conductance (Fujisawa & Ito, 1982; 

Hosli et al., 1981). Substance P also reduces the inwardly rectifying K+ current in 

cholinergic neurons (Stanfield et al., 1985). The·reduction of inwardly rectifying K+ 

current results in depolarization and an increased excitability of neurons, thereby 

causing the release of neurotransmitters such as ACh. 

It is generally believed that SP increases intracellular calcium concentration 

through both the release of calcium from intracellular stores and through influx 

fromtheextracellularspace(Matthijsetal.,1990).Calciuminfluxmayoccurthrough 

voltage-activated calcium channels upon membrane depolarization evoked by SP. 

The release of calcium from intracellular stores may be mediated through inositol 

phospholipid hydrolysis. Guanine nucleotides regulate. the binding of tachykinin 

agonists indicating the involvement of G proteins in the SP receptor signaling 

pathway (Cascieri & Liang, 1983), a finding supported by receptor studies at the 

molecular level (Yokota et al., 1989; Hershey & Krause, 1990). Yokota and colleagues 

studied the amino acid sequence of the rat SP receptor on the basis of molecular 

cloning and sequence analysis and discovered that the sequence possesses seven 

putative membrane spanning domains (Yokota et al., 1989). Later, Hershey and 

Krause used the polymerase chainreactio~ (PCR) and conventional library screening 

techniques to isolate a complementary DNA (eDNA) encoding the rat brain SP 

receptor and concluded that this receptor belongs to the G protein-coupled receptor 

family (Hershey & Krause, 1990). 
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When intracellular calcium levels increase, soluble NOS is activated, thereby 

increasing NO generation. Although induction of the inducible isoenzyme of NOS 

can occur in cardiac tissue, it seems the NOS activity observed in this study is not 

likely to be cytokine-induced. There are several reasons: 1) The No-mediated 

response toSP was fast, as is characteristic of NO released by the Ca2+ I calmodulin

responsive isoformsofNOS. 2) The studies on the Langendorffhearts were performed 

within 3 hours after isolation, a time period insufficient for a significant induction 

of NOS. There exist several sources of NO. Nitric oxide can be released from the 

endothelium of the coronary vasculature, endocardium, myocytes, and cardiac 

neurons (Amrani et al., 1992; Schulz et al., 1991; Brady et al. 1993; Hassall et al., 1992; 

Klimaschewski et al., 1992). Substan~e P can directly increase NO generation by 

increasing intracellular calcium concentration. Substance P can also enhance NO 

generation by stimulating ACh release from cholinergic neurons'. The mediation by 

NO of the cardiac rate and force effects produced by muscarinic receptor agonists 

has been reported (Balligand et a1.,1993; Shimoni et al., 1994). In this study, it is 

considered that both pathways (SP-NO and SP-ACh-NO) are involved in the 

generation of NO after administration of SP. 

The mechanism for the cardiac action of NO is not certain. One common 

pathway for NO action is via activation of guanylyl cyclase, a heme protein leading 

to formation of cGMP. The role of cGMP in mediating the cardiac response to 

autonomic stimulation or to SP is still uncertain. In the present study, methylene 

blue significantly inhibited the effects of SP suggesting that the action of SP is 

mediated, at least in part, by activation of guanylyl cyclase, presumably a consequence 

of NO generation. 

Another consequence of NO generation is the production of peroxynitrite 

(ONOQ->· Peroxynitrite is toxic to cells. It may be an important mediator of free 

radical-dependenttoxicitybecauseofitsstrongoxidizingpropertiestowards.different 

biomolecules,includingprotein and nonprotein thiols (Radi et al., 1991a), deoxyribose 

(Beckmanetal.,1990) and membrane phospholipids (Radietal., 1991b). The increase 
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in intracellular calcium concentration produced by SP can increase free radical 

generation by activation of the arachidonate cascade or through activation of 

mitochondria in myocytes. In addition, calcium-activated kinases can also be 

activated by SP thereby leading to rate and force reductions. 

Role of SP in myocardial dysfunction during ischemialreperfusion 

Myocardial ischemia exists when the delivery of oxygenated blood is 

insufficient to meet the demands of the myocardium (Hirsh et al., 1981). The major 

consequence is depressed myocardial contractile function (Sayen et al., 1958). The 

development of thrombolytic therapy for restoring myocardial blood flow to 

ischemic myocardium has increased the interest in the effects of reperfusion on 

ischemic myocardium. Studies have shown that compl~te functional recovery by 

reperfusion is not immediate, and this delayed recovery of contractile function is 

termed "myocardial stunning'' (Braunwald & Kloner, 1985). 

In this present study, isolated guinea pig hearts were subjected to 15 min of 

global ischemia. These results indicate that the left ventricular contractile function 

is reduced during reperfusion compared to pre-ischemia. The left ventricular 

developed pressure, a measurement of contractile function, recovered to only 55± 

6 % of the pre-ischemic baseline. In addition, the end-diastolic left ventricular 

pressure duringreperfusion was higher than the pre-ischemic baseline. This elevation 

may due to impaired relaxation of left ventricle. Relaxation is the process by which 

the ventricular myocardium returns to its resting state after contraction, or t!J.e 

ventricle returns to its pre-ejection pressure and volume. Prompt caldum removal 

from the cytosol at the end of cardiac muscle contraction is required for normal 

cardiac muscle relaxation. H any factors inhibit the Ca2+ pump in the sarcoplasmic 

reticulum, delayed relaxation would be expected. 

Substance Pis present in the hearts of many species, and it is located in 

primary afferent nerves. The release of SP during myocardial ischemia has been 

suggested in many studies. Milner et al. (1989) have measured an increase in the 

release of SP during cardiac hypoxia in rat Langendorf£ preparation. Substance P 
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also has been reported to be a mediator of cardiac pctin during cardiac i~chemia 

(Furness et al. 1982). The"results of the present study has shown that SP has negative 

inotropic effects in isolatec;f guinea pig heart. Therefore, it was hypothesized that SP 

effects may contribute to ''myocardial stunning''. 

Two specific antagonists for the NK1 receptor, spantide and CP-99,994-01, 

were employed in this study. The depression of left ventricular contractile function 

toSPcanbepreventedbypretreatmentwitheitherNK1receptorantagonists,spantide 

or CP-99,994-01. These data suggest ~at SP released in heart acts on NK1 receptors 

to depress contractile function during ischemia and reperfusion. 

Capsaicin can deplete neuropeptides such as SP and calcitonin gene-related 

peptide(CGRP)fromcapsaicin-sensitivesensorynervesinheart(Buck&Burks,1986). 

In this study, myocardial contractile function during reperfusion was significantly 

improved after pretreating guinea pigs with capsaicin. This suggests that the 

peptides depleted by capsaicin play important roles in "myocardial stunning''. 

However, capsaicin also depletes CGRP which has been reported to" have a positive 

inotropic effect in guinea pig heart (Franco-Cereceda & Lundberg, 1985). The finding 

that depletion of SP and CGRP by capsaicin has a protective effect on "myocardial 

stunning'' suggests that the negative effect to SP during ischemia is more profound 

than the positive effect to CGRP. It is also possible that the release of CGRP is not as 

substantial as SP release during ischemia/reperfusion. 

The results of the initial experimental series demonstrated that most negative 

inotropic effects ofSP were due to the release of acetylcholine (ACh) from cholinergic 

neurons in the heart. In the ischemia study, the left ventricular contractile function 

was compared between groups with and without autonomic blockade. Although 

left ventricular contractile function does not change during perfusion with atropine 

over 60 min reperfusion, there was a significant difference between the control and 

atropine groups during the first 10 min ofreperfusion. Theleftventricular developed 

pressure and the end-diastolic pressure for. the hearts perfused with autonomic 

blockers recovered faster than those in hearts perfused with standard solution. This 
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suggests that ACh released by SP plays an important role in "myocardial stunning'' 

during the early phase of reperfusion. 

Seyeral studies using radioactive microspheres have reported that blood 

flow to the postischemic myocardium is normal (Nicklas et al. 1985; Stahl et al. 1988). 

The present results indicate that coronary perfusion pressure is unchange from the 

pre-ischemic baseline, suggesting that the myocardial dysfunction produced during · 

reperfusion is not mainly.due to impairment of myocardial perfusion. 

Calcium overload during reperfusion has been considered as a critical factor 

in the stunning mechanism. There is evidence that intracellular calcium rises during 

ischemia and remains elevated duringreperfusion (Steenbergenet al., 1987; Guarnieri 

1989). The fact that post-ischemic contractile dysfunction is significant! y attenuated 

when the hearts are reperfused with low concentrations of calcium indicates that 

calcium entry is an important mechanism of "myocardial stunning'' (Kusuoka et al., 

1987). Elevated intrac.ellular calcium may activate phospholipases and other 

degradative enzymes to impair contractile function. The mechanism for such a rise 

in intracellular calcium remains uncertain. Some· reports have shown that it may be 

due to decreases in calcium uptake by the sarcoplasmic reticulum, or by increases 

ofNa-Ca exchange. Substance P has been reported to increase intracellular calcium 

levels through multiple signal pathways such as: 1) mobilization of intracellular 

calcium as a result of an increase in inositol1, 4, 5-trisphosphate (IP3) (Song et al., 

1988; Taylor et al., 1986); and/ or 2) increasing cAMP (Akasu & Tokimasa, 1989). 

However, there is no direct evidence showing a relationship between SP action and 

calcium overload; therefore further study is necessary. 

The contribution of free radicals to "myocardial stunning'' also has been 

under active investigation. There is direct evidence that free radicals are released 

duringreperfusionand thattheycontributetomyocardialstunning(Bollietal., 1989). 

There are two sources of free radical generation in the heart that have been 

identified, namely, xanthine oxidase in endothelium of some species (Charlat et al., 

1987), and the activated neutrophil (Lucchesi & Mullane, 1986). In addition, activation 
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of the arachidonate cascade or activation of mitochondria in ischemic myocytes can 

initiate the generationoffreeradicals (Bolli et al., 1989). AlthoughSP has been reported 

to cause the release of free radicals from neutrophils (Brunelleschi et al., 1992; Baisi 

et al., 1993), theroleofneutrophils is controversial. In this study, the preparation was 

perfused with a cell free solution. Therefore, neutrophil release of free radicals could 

not occur in our experiments. Although there is no direct evidence that SP causes a 

release of free radicals from heart, the po.ssibility cannot as yet be ruled out. 

An important biological reaction may exist between superoxide ( •en-> and 

NO. The reaction between these two molecules is rapid in aqueous phase, yielding 

the peroxynitrite radical (ONOQ-, Radi et al., 1991a). The increase in intracellular 

Ca2+ can enhance the simultaneous production of •en-and NO. Calcium is postulated 

to participate in stimulation of •02- production by either xanthine oxidase 

(McCord,1985) or mitochondria (Cadenas & Boveris, 1980) and may increase •02-

production by endothelium (Matsubara & Ziff, 198~). Nitric oxide biosynthesis is 

catalyzed by Ca2+-dependent NOS activity (Marietta, 1989). In small blood vessels, 

therateofNO production canreach8x10-6 M/ min(Bechman et al., 1990)~ Nitric oxide 

and •02- can be released separately from different cell types and form ONOQ- in 

extracellular compartments. Peroxynitrite also can become protonated to form 

peroxynitrous acid (ONOOH), which decays rapidly and give rise to nitrogen 

dioxide (•N02) and an oxidant similar to •OH (Bechman et al., 1990; Hogg et al., 

1992). Both ONOO- and peroxynitrous acid are toxic species to cells. Peroxynitrite 

may be an important mediator of free radical-dependent toxicity because of its 

strong oxidizing properties towards different biomolecules, including protein and 

nonprotein thiols (Radi et al., 1991a), deoxyribose (Beckman et al., 1990) and 

membrane phospholipids (Radi et al., 1991b). During myocardial ischemia/ 

reperfusion, the increased intracellular calcium level increases NO production. 

Increased release of SP also increases the formation of NO in heart. However, the 

enhancement of both production of •02- and NO can increase the reaction of •02.

with NO, therefore reducing the vasoactive levels of NO and decreasing the 
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endothelial-dependent vasodilation responses. Furthermore, it was observed that 

ONOQ- is a less potent stimulator of guanylyl cyclase in vascular smooth muscle 

cells than NO, suggesting that endothelial-dependent vasodilation is impaired due 

to,diminished rates of c.GMP formation (White et al., 1994). 

In conclusion, the present studies indicate that substance P is a mediator in 

post-ischemic myocardial dysfunction. Neurokinin-1 receptor mediates its action. 

Acetylcholine mediates the myocardial dysfunction during the early phase of 

reperfusion. The results shown in this study may have clinical significance. The 

experimental model in our experiment resembles some clinical therapeutic models, 

such as open heart surgery. The protective effects of NK-1 receptor antagonists 

suggest that these agents could be important therapeutic agents to prevent 

"myocardial stunning" during ischemia/reperfusion injury. 
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