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Understanding of the role endogenous opioids play as modulators of parasympathetic 
function has increased. The endogenous opioid, methionine-enkephalin arginine 
phenylalanine (MEAP) attenuates vagal control of heart rate when delivered by 
microdialysis directly in the canine sinoatrial node. This effect was mimicked by the 0-2 
agonist, deltorphin-11 indicating involvement by a o-opioid receptor. The nodal delivery 
of the o-antagonist naltrindole abolished the effect of deltorphin-11, further supporting the 
delta character of the receptor. Although the findings suggested that the opioid receptor 
mediating vagolysis was delta in character, the exact subtype of o-receptor remained in 
question. 

Selective agonists and antagonists for o-1 and o-2-opioid receptors were employed to 
determine which subtype of o-receptor mediated MEAP vagolysis. In these experiments, 
vagolysis produced by the nodal delivery of MEAP was unaltered by the highly selective 
o-1 antagonist BNTX but abolished by the o-2 antagonist, naltriben. Nodal delivery of 
deltorphin-II attenuated vagal bradycardia similar to MEAP while o-1 agonists, DPDPE 
and TAN-67 failed to interrupt vagal bradycardia. T AN-67 actually improved vagal 
transmission and this effect was reversed by BNTX. These data indicate that o-2-opioid 
receptors in the sinoatrial node are vagolytic and support the presence of vagotonic o-1-
opioid receptors in the same location. 

Nitric Oxide/ Opioid Interaction 
The hypothesis that intranodal nitric oxide synthase (NOS) modulates vagal transmission 
and that MEAP attenuates vagal bradycardia via the interruption of the NOS-cGMP 
pathway was tested. The general (L-NAME) and neuronal (7-nitroindazole) NOS 
inhibitors each attenuated vagal bradycardia and both effects were reversed by adding 
excess of the NOS substrate, L-arginine. These findings suggested that nNOS was a 
necessary component of vagal bradycardia in the canine sinoatrial node. 

Various probes of the NOS-cGMP pathway (L-arginine, SNAP, cGMP, and ffiMX) were 
employed to determine if MEAP interrupted this pathway to produce vagolysis. The 
delivery of MEAP into the sinoatrial node for sixty minutes exerted a consistent 
vagolytic effect during vagal stimulations. When MEAP was combined with NOS 
pathway components, the vagolytic effect was reversed after i 5-45 minutes of treatment. 
These findings suggested that MEAP exerted its effect by interacting with the NOS
cGMP system. The site of convergence maybe cAMP since the phosphodiesterase 
inhibitor, mMX (by allowing the accumulation of cAMP) reversed the vagolytic effect 
ofMEAP. 



To rule out a postjunctional effect, MEAP and the NOS inhibitors were combined with 
the direct acting muscarinic agonist, methacholine. The bradycardia produced by 
methacholine was unaltered by MEAP or nNOS inhibitors. This suggested that the effect 
of NOS inhibitors and MEAP was prejunctional. In summary, the cumulative findings 
suggest that MEAP, by activating o-2-opioid receptors, attenuated vagal bradycardia 
prejunctionally, through modulating the cAMP component of the NOS-cGMP pathway in 
the canine sinoatrial node. 
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CHAPTER 1 

INTRODUCTION 

The investigations discussed in this dissertation were performed to examine the paracrine 

physiology of the canine sinoatrial node. A novel microdialysis tool was implemented to 

specifically investigate opioid and nitric oxide interactions with respect to 

parasympathetic nerve action on the sinoatrial node. Recent investigations of nodal 

physiology have demonstrated the following. 

1. The endogenous enkephalin MEAP is a vagolytic agent ( 6, 7, 18). 

2. Reduced blood flow raises endogenous levels ofMEAP in the sinoatrial node (28). 

3. Endogenous MEAP is vagotonic during reduced blood flow (28). 

4. MEAP mediated vagolysis employs o-opioid receptors in the sinoatrial node (27). 

The subtype of o-opioid receptor mediating the vagolytic effect of MEAP was unclear. 

Since the o-2 agonist, deltorphin-11 mimicked the MEAP mediated vagolysis, the o-2 

receptors are likely candidates(27). ·The NOS-cGMP pathway is thought to be a requisite 

component of vagal bradycardia and opioids have been .shown to inhibit vagal 

bradycardia (8,9,12,13,16,22,23,45,46). The activation of these o-2 receptors by MEAP 

could be suppressing parasympathetic function by interrupting the NOS-cGMP pathway 

in vagal nerve terminals. 
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The objectives of this dissertation were four fold: frrst, to delineate which subtype of 

o-opioid receptor in the sinoatrial node was responsible for MEAP mediated vagolysis; 

second to show that neuronal NOS in the sinoatrial node was necessary for nonnal vagal 

bradycardia ; third, to test whether MEAP interrupted the NOS-cGMP pathway in the 

sinoatrial node to mediate its vagolytic effect, and fourth, to show that the effect of 

MEAP and NOS were prejunctional in the sinoatrial node. The studies that followed 

employed a variety of opioid agonists and antagonists and various components of the 

NOS-cGMP pathway to accomplish the objectives described above. 

REVIEW OF THE RELATED LITERATURE 

Control of heart rate 

The cardiac autonomic nervous system consists of two major limbs: the sympathetic 

nervous system increases heart rate and contractile force while the parasympathetic 

nervous system decreases both these cardiovascular parameters. Autonomic nerve 

terminals converging on pacemaker cells of the sinoatrial node are necessary for this 

modulation of heart rate (24). When activated~ sympathetic nerves release norepinephrine 

which binds to and activates postjunctional ~-1 adrenergic receptors. This action induces 

a cascade of intracellular events mediated by the cyclic adenosine monophosphate 

(cAMP) second messenger system. One of these events is an increase in Ca2
+ influx into 

pacemaker cells which increases their spontaneous rhythm. This translates into an 

increase in heart rate (24). The exact opposite happens when acetylcholine is released 

from cholinergic nerve terminals. Acetylcholine activates muscarinic receptors on 

2 



..... 

pacemaker cells and decreases heart rate by suppressing. the cAMP second messenger 

system and reducing the influx ofCa2
+ into these cells (24). Though the sympathetic and 

parasympathetic innervation of the sinoatrial node predominates, little is known about 

the paracrine influences that fine tune the local envirorunent in which they operate. 

Opioid and nitric oxide systems are gaining recognition as local modulators of cardiac 

innervation and ultimately, autonomic balance. 

Endogenous Opioids: Discovery, Processing and Endogenous Opioid Receptors 

The term opioids refers · to compo\ffidS having pharmacological properties similar to 

opium. Opium is a mixture of pharmacologically active agents extracted from the opium 

poppy, Papaver Somniferum. Opium has been used for its medicinal analgesic and 

antidiarrheal properties for centuries (20,36). 

The alkaloid, morphine is the active agent in opium (20,33,36). The addictive properties 

and potential for abuse have hampered the free use of morphine for medicinal purposes. 

(20,33,36). As a result pharmaceu~c~l chemists for the past century have tried to separate 

the medicinal and addictive properties of this compound. Unfortunately, these attempts 

have been unsuccessful. 

Endogenous opioids are agents produced by the body that have properties similar to 

opioid alkaloids derived from the opium poppy (36). Various groups have brought forth 

evidence supporting the existence of these compounds. One of the most salient findings 
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was provided by Kosterlitz et al (33) when they observed that brain extracts could block 

the release of acetylcholine in guinea pig ileum, a standard opioid bio-assay. This effect 

was reversed by the opiate antagonist naloxone, which suggested that this substance was 

an endogenous agonist for the opiate receptor. The active ingredients were isolated and 

sequenced as two similar pentapeptides; methionine enkephalin (Tyr-Gly-Gly-Phe-Met) 

and leucine enkephalin (Tyr-Gly-Gly-Phe-Leu) (26). These peptides were immediately 

identified in other tissues including the heart (26, 54). 

Processing 

Proenkephalin, the precursor for the pentapeptides described above, was isolated from 

bovine adrenal cortex and cloned from both bovine and human tissues (25, 39) 

Proenkephalin is also concentrated in the heart (54). This precursor contains four 

different opioid sequences including: four copies of methionine enkephalin and one each 

of leucine enkephalin, methionine-enkephalin-arg-phe, and methionine-enkephalin-arg-

gly-leu (figure 1). These enkephalins are liberated by the hydrolysis at pairs of basic 

amino acids surrounding each sequence. When liberated, they are biologically active and 

. 
their half-life is dictated by circulating proteases and peptidases (54). 

IMffi I IME I IME I IMEAGL jME I jLE I jMEAP 

Figure 1. Schematic Representation of Proenkephalin (31 K) 
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Endogenous Opioid Receptors 

There are three classes of endogenous opioid receptors generally labeled IJ., K. and o. The 

characterization of these receptors was determined through a variety of behavioral, 

neurophysiological and pharmacological investigations (20,36). Distinct agonist and 

antagonist profiles led to the proposal of these receptor classes. Opioid receptors regulate 

a variety of physiological systems primarily by altering neurotransmitter release (20,36). 

The receptor classes are complicated further by similar evidence for the existence of 

subtypes of these receptors such as o-1 and o-2 subtypes (17,29,30,42,47,48). 

Recent antinociceptive and receptor binding studies with 8-opioid agonists and 

antagonists have provided functional evidence for distinct 8 receptor subtypes 

(11 ,17,29,30,37,42,47,48,50,55). Despite the isolation of a single o .receptor protein 

sequence, evidence persists for separate subtype specific biological actions of 8-1 and 8-

2 receptors. For example, Schultz et al (43) demonstrated that pretreatment with the 

selective 8-1 agonist, T AN-67, re~q.ced infarct size in the ischemic rat heart. The 

cardioprotection was prevented by a selective 8-1 antagonist and unaltered by a selective 

8-2 antagonist. In contrast, Jackson et a] (27) showed that the 8-2 agonist, deltorphin-II 

attenuated vagal bradycardia in the dog. The circumstances that determine which subtype 

is manifest remains poorly defined. 
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Opioid Control of Cardillc Parasympathetic Function 

Various groups have reported that endogenous opioids inhibited parasympathetic function 

(5,6,7,27,28,38,41,53). One endogenous opioid in particular, the cardiac enkephalin, 

methionine-enkephalin-arginine-phenylalanine (MEAP) exhibited significant vagolytic 

activity in the dog. MEAP attenuated vagally mediated bradycardia by more than seventy 

percent when infused systemically. MEAP was more potent than its close relative, 

methionine enkephalin. · The high affinity but nonselective opioid antagonist, 

diprenorphine completely reversed the peptide effect and restored vagal bradycardia, 

indicating opiate receptors were involved (6,7). 

These findings suggested that the vagolytic eff~ct was. peripheral in character though the 

location and specific receptor remained unclear. Likely targets included the intracardiac 

parasympathetic ganglion and prejunctional vagal nerve terminals innervating the 

sinoatrial (SA) node. A site in the sinoatrial node was identified since the delivery of 

MEAP directly into this region by .ID:icrodialysis attenuated vagally mediated bradycardia 

to the same extent as the systemic infusion of the peptide (18). The nodal location was 

confirmed by the fact that the vagolytic effect of systemically administered MEAP was 

blocked by the local introduction of diprenorphine into the nodal interstitium. 

Collectively, these findings indicated that MEAP modulated vagal control of heart rate by 

acting on opioid receptors located in the sinoatrial node (18). 
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The nature of the receptor however remained in question. Subsequent studies have 

indicated that the vagolytic effect of MEAP was mediated by o-opioid receptors. In an 

extended series of dose responses with specific opioid agonists and antagonists, Jackson 

et al (27) established a clear receptor profile. Nodal delivery of increasing concentrations 

of MEAP blocked vagally mediated bradycardia. Deltorpbin II, a selective o-2 opioid 

receptor agonist, attenuated vagal bradycardia similar to MEAP but more profoundly. 

The delta selective antagonist, naltrindole completely reversed the vagolytic actions of 

both MEAP and deltorphin Il. In the same experiments, and agonists had no effect on 

vagally mediated bradycardia and their respective antagonists were ineffective versus 

MEAP (27). Together, these data strongly indicated that o-opioid receptors within the 

sinoatrial node were responsible for the vagolytic effect ofMEAP. 

MEAP in the Sinoatrilll Node 

The actions of endogenous opioids in the cardiovascular system are not well 

characterized. However, MEAP is found highly concentrated in the heart (28,54). The 

precursor, proenkephalin is also in abundance in the myocardium (25). More 

interestingly, MEAP can be recovered from the sinoatrial node. Jackson et al (28) using 

radioimunnoassay found that MEAP concentrations increased during a preconditioning 

like protocol. However, the local production ofMEAP exerted a·vagotonic rather than a 

vagolytic effect. This observation suggested that endogenous and exogenous peptides 

exerted different responses during normal and reduced blood flow. The nodal location of 
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MEAP suggests that it may serve as an intricate paracrine regulator of parasympathetic 

function. 

Preconditioning Phenomenon and Endogenous Opioids 

Brief periods of coronary artery occlusion followed by reperfusion are known to protect 

the heart from the damage incurred by a prolonged occlusion. This phenomenon is 

known as preconditioning. In ischemic rat hearts, infarct size as a percent of area at risk 

(IS/AAR) was greatly reduced in hearts treated with a preconditioning protocol {4, 44). 

Recent studies have shown that there are a variety of mediators for this phenomenon. Of 

particular interest is the observation that opioids can confer cardioprotection during 

ischemic events. Schultz et al showed that morphine reduced the IS/ AAR in rats 

challenged with ischemia. The protective effect was reversed by the nonselective opiate 

antagonist naloxone, and the 8-selective antagonist, naltrindole (44). The preconditioning 

effect was not only mediated by an opioid receptor but also that receptor was 8 in nature. 

Since there is evidence for the existence of two pharmacologically distinct o-opioid 

receptors (8-1 and 2), Schultz et al demonstrated that a 8-1 agonist (TAN-67) and not a 0-

2 agonist reduced infarct size in ischemic rat hearts. The effect ofT AN-67 was abolished 

by pretreatment with the o-1-opioid antagonist, 7 -benzyllidenenaltexone (BNTX). BNTX 

treatment also reversed the cardioprotection conferred by brief cycles of occlusions and 

reperfusions (43). These findings provide evidence that 0-1 opioid receptors were 
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cardioprotective and that the ischemic rat heart contained· an opioid able to confer this 

protection. The opioid may be MEAP since Jackson et al (27) found that occlusion and 

reperfusion of the SA node artery released MEAP. This resulting increase in vagal 

transmission may reduce oxygen consumption locally and thus reduce ischemic damage. 

- Bimodal Opioid Effect 

The fact that exogenously administered MEAP produced a vagolytic response and 

endogenously released MEAP was vagotonic was puzzling. However, work done by 

Crane et al ( 14) provide an interesting hypothesis for these observations. Very low opioid 

concentrations exert stimulatory effects that are opposite to the inhibitory effects 

- produced by traditional concentrations of opioids (14). 

The proposed mechanism though complex in nature is consistent with current 

observations. On the biochemical level certain lipid chaperones (e.g. GMl) are thought 

to translocate stimulatory G (Gs) proteins to opioid receptor sites during treatment with 

low concentrations of opioids. This action produces a shift from an inhibitory to an 

excitatory dose response curve (14). A similar shift from inhibitory to excitatory actions 

-
during ischemia could explain the disparate effects of endogenous and exogenous MEAP. 

Small amounts of MEAP could activate excitatory 0-opioid receptors present in the 

sinoatrial node. This could confer cardiac protection by increasing vagal tone to decrease 

metabolic demand during reduced oxygen delivery. 

_,., 
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Nitric Oxide 

During the last decade numerous reports have described the actions of nitric oxide (NO) 

(8,9,2I). Nitric oxide is a labile product from the conversion ofL-arginine to L-citrulline 

by the enzyme, nitric oxide synthase (NOS). The vascular properties of NO were 

elucidated by Furchgott et al when they determined that the physiological and 

physicochemical properties of endothelium derived relaxing factor were similar to NO 

(8,9,2I). NO is produced in various tissues by three principal isoforms of NOS. The 

main actions of NO include ~mooth muscle relaxation, inhibition of platelet aggregation 

and monocyte adherence (8,9,21). 

/so forms of NOS 

The three isoforms of NOS were first identified in brain, macrophages, and endothelial 

cells (8,9,21). These isoforms include neuronal (found in brain and peripheral nerves, or 

NOS-I), inducible (found in a variety of cells, or NOS-2), and endothelial (found in 

endothelial cells of arterioles, or NOS-III). Subsequent studies have since localized NOS

I and III to a wide variety of other tissues such as skeletal muscle, cardiac muscle, and 

autonomic nerves (21 ). 

These three isoforms have many actions (4,21). NOS-III has been the most studied 

isoform of NOS. NOS-III relaxes smooth muscle and inhibits platelet aggregation. 

NOS-I can regulate the release of neurotransmitters from both cholinergic and adrenergic 

nerve terminals and can also induce metabolic dilation of skeletal muscle during exercise. 
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NOS-II may mediate certain pathologies such as heart failure and is also a mediator of 

preconditioning in the heart ( 4,21 ). 

Intracellular NO Targets 

NO has many potential intracellular targets (21,23). The most studied of these targets is 

soluble guanylyl cyclase (GC) . NO activates GC by binding to its heme moiety and 

inducing a conformational change in this protein. Once activated, GC synthesizes cyclic 

guanosine monophosphate (cGMP). cGMP activates protein kinase G (PKG), which in 

turn modulates ion channels and enzymes. Of particular interest, cGMP inhibits the 

activity of phosphodiesterases, which degrades cyclic adenosine monophosphate (cAMP) 

(21, 23). Other potential NO targets include membrane thiols, ribonucleotidases and 

NADPH oxidases (21 ). 

Role of Neuronal NOS in Parasympathetic function 

Recently neuronal NOS was identified in parasympathetic nerve terminals innervating 

the region around the sinoatrial node of guinea pig and rat heart (32,51 ). Neuronal NOS 

in this area has been hypothesized to be an integral part of normal vagal bradycardia. 

Herring et al (22) have shown that treatment of guinea pig atrial preparations with nNOS 

inhibitors attenuated vagally mediated bradycardia which was subsequently reversed by 

excess of the NOS substrate, L-arginine. These fmdings suggested that NOS-I and more 

specifically NO were constitutive components of normal vagal transmission. 
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The proposed mechanism of vagal transmission involves the NOS-cGMP pathway. 

Increased NO flux during vagal nerve stimulation activates GC and increases the 

formation of cGMP (figure 2). cGMP activates PKG, which phosphorylates and inhibits 

phosphodiesterase 3 (PDE-3), causing cAMP to accumulate. This accumulation of 

· cAMP activates PKA, which then phosphorylates Ca2
• channels and increases Ca2

• influx 

into parasympathetic nerve terminals. The rising intracellular Ca2
• facilitates the vesicular 

release of acetylcholine and initiates the subsequent bradycardia (22,23). 

Endogenous Opioid and nNOS Interaction in the Control of Heart Rate 

There is evidence that opioids can exert control over the NOS-cGMP pathway 

(1,2,15,34,49,52). Bhargvana et al (1,2) demonstrated that o-opioid agonists exhibited an 

inhibitory effect on the synthesis of NO and cGMP in rat spinal cord preparations. 

Endogenous opioids may also exert an inhibitory effect on the NOS-cGMP pathway in 

the SA node. However, there are no current studies in the literature to support this 

hypothesis. 
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Summary 

The endogenous opioid, MEAP, is well positioned as a modulator of parasympathetic 

function. MEAP is abundant in the heart, localized in the sinoatrial node where access to 

vagal nerve terminals facilitates opioid modulation of vagal bradycardia (6, 28, 54). 

Nitric oxide is an integral part of parasympathetic transmission. The NO pathway is 

localized within parasympathetic nerve terminals in the sinoatrial node area and 

facilitates vagal bradycardia (23,32). Thus, MEAP may interact with NO to modulate 

vagal bradycardia. 

MEAP exerted its vagolytic actions through o-opioid receptors in the sinoatrial node 

(27). Preliminary data also suggested that MEAP might exert its vagolytic action by 

suppressing the NO-cGMP pathway. These findings led us to propose the following 

hypothesis: MEAP acting on 0-2 opioid receptors located pre-junctionally in the 

sinoatrial node suppresses vagal bradycardia by interrupting the nNOS-cGMP 

pathway • 
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SPECIFIC AIMS 

Specific Aim 1 tested whether the 8-2 opioid receptors in the sinoatrial node were 

responsible for the vagolytic effect of MEAP. Previous studies showed that MEAP acted 

on 8-opioid receptors to inhibit vagal bradycardia and suggested that a 8-2-receptor 

subtype may have been responsible (27). Assorted agonists and antagonists selective for 

8-receptor subtypes were used to accomplish this aim . 

. 
Specific Aim 2 Tested whether NOS activity in the sinoatrial node participated in vagal 

bradycardia in the dog. ·Herring et. al (21) showed that general and neuronal NOS 

/ 
inhibitors attenuated vagal bradycardia in isolated guinea pig atria. Their fmdings 

suggested that nNOS was a requisite part of vagally mediated bradycardia but did not 

specifically identify the site as intranodal. This study determined the location of this 

effect. This aim was accomplished by combining nodal microdialysis with general and 

neuronal NOS inhibitors delivered into the SA node during vagal stimulations. 

Specific Aim 3 Tested whethe~ nodal MEAP suppressed vagal bradycardia by 

interrupting the NOS-cGMP pathway in the sinoatrial node. Several reports indicated 

that opioids exerted inhibitory actions on the NOS-cGMP pathway in other tissues. Since 

NOS appears to facilitate vagal bradycardia and MEAP is vagolytic, MEAP logically 

might inhibit vagal bradycardia by interrupting the NO pathway. MEAP and various 

components of the NOS-cGMP pathway were combined to accomplish this aim. 

15 



Specific Aim 4 Tested whether MEAP and NOS inhibitors interrupted vagally 

mediated bradycardia by interaction with muscarinic receptors within the node to 

attenuate vagal bradycardia. Herring et al. (22) showed that general and neuronal NOS 

inhibitors could not overcome the bradycardia induced by the mixed cholinergic agonist 

carbamylcholine, suggesting an interaction proximal to the pacemaker cells. Neuronal 

NOS has also been located in cardiac parasympathetic nerve terminals in the rat sinoatrial 

node area (32). Systemic MEAP was unable to overcome the actions of the direct acting 

muscarinic agonist methacholine, suggesting again a pre-junctional mechanism for 

1 inhibition of vagal bradycardia (6). 

Significance 

The paracrine environment of the sinoatrial node during normal and pathological states 

is not well characterized. This study provides insights pertaining to the functions of 

endogenous opioids and nitric oxide in the sinoatrial node environment and their effect 

on parasympathetic function. Vagal control of the heart is important to survival (3,31). 

The rapid hydrolysis of acetylcholine by local acetylcholinesterases allows the vagus to 

efficiently regulate heart rate on a beat to beat basis. In congestive heart failure and 

myocardial infarction, there is an increase in endogenous opioids, enhanced sympathetic 

tone, and an impairment of the NO system (4,19,21,35). These conditions depress vagal 

transmission and allow the sympathetic nervous system to exert control of the heart 

(4,21). This scenario increases oxygen consumption and reduces efficiency, which are 

16 



associated with an increased probability of arrhythmia, myocardial infarct, and sudden 

cardiac death (40). Studies have shown that patients who regain vagal control are more 

likely to survive these cardiac events (3,31). The findings in this study provide some 

insight into potential mechanisms of vagal dysfunction and may lead to treatments that 

restore vagal transmission during these events. 
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Abstract 

Local cardiac opioids appear to be important in determining the quality of vagal control 

of heart rate. Introduction of the endogenous opioid, methionine enkephalin-argininc

phenylalanine (MEAP) into the interstitium of the canine sinoatrial node by microdialysis 

attenuates vagally mediated bradycardia through a o-opioid receptor mechanism. The 

following studies were conducted to test the hypothesis that a o-2 opiate receptor subtype 

mediates the interruption of vagal transmission. Twenty mongrel dogs were anesthetized 

and instrumented with microdialysis probes inserted into the sinoatrial node. Vagal 

frequency responses were performed at 1, 2 and 3 Hz during vehicle infusion and during 

treatment with the native agonist (MEAP) and assorted o-1 opioid (T AN-67 and DPDPE) 

and o-2 ( deltorphin II) agonists. The vagolytic effects of intranodal MEAP and deltorphin 

were then challenged with the o-1 and o-2 opioid receptor antagonists BNTX and 

naltriben, respectively. Although the positive control, deltorphin II was clearly vagolytic 

in each experimental group, T AN-67 and DPDPE were vagolytically ineffective in the 

same animals. In contrast, T AN-67 improved vagal bradycardia by 30-35 percent. 

Naltriben completely reversed the vagolytic effects of MEAP and deltorphin. BNTX was 

ineffective in this regard but did reverse the vagal improvement observed with T AN-67. 

These data support the hypothesis that the vagolytic effect of the endogenous opioid 

MEAP was mediated by o-2 opioid receptors located in the sinoatrial node. These data 

also support the existence of vagotonic o-1 opioid receptors also in the sinoatrial node. 
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INTRODUCTION 

The role of endogenous opioid peptides in the local control of heart rate is not yet well 

understood. When administered exogenously, these peptides are effective modulators of 

cardiac vagal function. Weitzell et al. (31) first reported that enkephalin inhibited vagal 

transmission in isolated rabbit hearts. The inhibition was reversed by the nonselective, 

opiate antagonist, naloxone. Other investigators have obsetved that enkephalins 

suppressed vagal bradycardia in vivo suggesting that enkephalins function as governors of 

· vagal control (3,4,10,13,22,24). 

Several enkephalin sequences are concentrated in the heart (32) including the 

heptapeptide, methionine-enkephalin-arginine-phenylalanine (MEAP). MEAP attenuated 

vagally mediated bradycardia by more than seventy p~rcent when infused intra-arterially 

in anesthetized dogs and did not appear to involve a direct interaction with the pacemaker 

cells (3,4). The high affmity but nonselective opioid antagonist, diprenorphine completely 

reversed the effect ofMEAP, restored vagal control of heart rate, and indicated that opiate 

receptors were involved (3,4 ). 

Prejunctional vagal nerve terminals in the sinoatrial (SA) node and the nearby 

intracardiac. parasympathetic ganglia were the most likely targets for MEAP. MEAP was 

delivered directly into the SA node by microdialysis to resolve these two potential targets. 

Intra-nodal MEAP attenuated vagally mediated bradycardia to the same extent as that 

observed during systemic infusion of the peptide. Both nodal and systemic effects were 
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reversed by the nodal delivery of diprenorphine (10). Collectively, these findings 

indicated that MEAP modulated vagal control of heart rate by acting on opioid receptors 

in the sinoatrial node which were most likely located prejunctionally on vagal nerve 

terminals. 

In order to explore the physiology of opioids in the SA node, an extended series of dose 

response relationships w ith specific o pioid a gonists and antagonists were conducted to 

identify the responsible opioid receptor. Those studies have established a clear &-receptor 

profile indicating that the vagolytic effect of MEAP was mediated by o-opioid receptors 

(13). The nodal delivery ofMEAP and the o-2 agonist, deltorphin ll produced equipotent 

vagolytic responses and both effects were reversed by the o-antagonist, naltrindole. Mu 

and K-agonists had no effect on vagally mediated bradycardia and ).l- and K-antagonists 

were ineffective versus MEAP (13). These data strongly indicated that o-opioid receptors 

within the SA node were responsible for the vagolytic effect ofMEAP. 

Though distinct transcripts corresponding to o-receptor subtypes have not been 

isolated (1,9,17), there is considerable functional and pharmacological evidence for the 

existence of distinct o-1- and 0-2-receptor mediated responses (1' 15,25,28,29 ,30,33 ). The 

nature of subtype specific actions on cardiac function is not well defined but Schultz et al 

(27) demonstrated that pretreatment with the selective o-1-agonist, T AN-67 significantly 

reduced infarct size in the ischemic rat heart. The cardioproteetion conferred by T AN-67 
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was subsequently reversed by the selective 0-1 antagonist, BNTX. Chien et al. (5) also 

reported that 0-1-agonists helped to preserve the viability of multi-organ preparations. 

Since the activation of cholinergic receptors has also been implicated in cardioprotcction 

(34 ), a potential link between opioids and vagal function might be physiologically 

important. However, the vagolytic action of added MEAP cited above would be difficult 

to reconcile with reported cardioprotective effects of cholinergic stimulation. 

The application of a preconditioning-like protocol to the SA node artery stimulated a 

reproducible increase in the endogenous MEAP recovered by dialysis from the nodal 

interstitium (14). In contrast to the vagolytic effect of exogenously administered MEAP, 

the rise in endogenous MEAP was accompanied by a consistent enhancement of vagally 

mediated bradycardia. The 8-antagonist, naltrindole, reversed the vagotonic effect and 

suggested participation by 8-opiate receptors ( 14 ). An opioid mediated increase in vagal 

function during arterial occlusion makes a role in cardioprotection mechanistically easier 

to explain. An increase in cholinergic stimulation during oxidative stress could reduce 

tissue loss by lowering metabolic demand locally. 

These collected observations suggest the hypothesis that different subtypes of the 

8-receptor (8-1 and 8-2) may mediate respectively the opposing vagotonic and vagolytic 

effects of opioids. Consistent with the suggestion that the vagotonic effect is mediated by 

0-1-receptors, Shultz et al (27) reported that T AN-67 reduced resting heart rate in the rat. 
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In contrast &-activation by administered enkephalin m the dog produced a clear 

attenuation of vagal bradycardia. These opposing observations would be compatible if 

the vagolytic activity in the dog is mediated by o-2 receptors. The two subtypes of 0-

receptors may serve distinctly different roles in the regulation of heart rate. 

The purpose of these studies was to test the hypothesis that o-2 opioid receptors in 

the sinoatrial node were responsible for the vagolytic effect of the cardiac opioid MEAP 

and to rule out the participation of o-1 opioid receptors. This was accomplished with two 

strategies. In one, the vagolytic effects of MEAP and the o-2 agonist, deltorphin ll were 

first demonstrated and then the endogenous opioid, MEAP was challenged with 0-1 and 

8-2 selective antagonists. In the second, the vagolytic effects of MEAP and deltorphin II 

were compared with those of the selective 8-1 agonists, DPDPE and TAN-67. This 

endeavor arose as a result of previous studies, which established a role for 8-receptors in 

the vagolytic actions of MEAP. The efficacy of deltorphin II in those studies suggested 

the vagolytic effect might involve a 8-2 response, but the definitive comparisons were not 

available. 
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METHODS 

Experiments confonned to the Guide for the Care and the Use of Laboratory Animals 

published by the National Institutes of Health. 

Surgical preparation. Twenty Mongrel dogs were anesthetized with sodium 

pentobarbital, intubated and mechanically ventilated with room air. Fluid filled catheters 

were inserted into the femoral artery and vein then advanced into the descending aorta 

and inferior vena cava, respectively. The arterial line was attached to a Statham PD23XL 

pressure transducer to monitor heart rate and blood pressure continuously online 

(Powerlab ). The venous line was used to administer additional anesthetic as needed. 

Arterial blood gases were monitored (Instrumentation Laboratories blood gas analyzer) 

and the p02 (90-120 mmHg), pH (7.35 -7.45), and pC02 (35-45 mmHg) were adjusted to 

nonnal with supplemental oxygen, bicarbonate, or by altering the minute volume. 

The right and left vagus nerves were isolated in the cervical region through a midline 

surgical incision, tied off tightly with umbilical tape and returned to their position in the 

neck for 1 ater retrieval. A single dose of succinylcholine ( 1 m glkg) was administered 

intravenously to temporarily reduce involuntary muscle movements during the 10-15 

minutes required for the electrosurgical incision of the right thorax and removal of right 

ribs 2-5. The pericardium was opened and the upper margins were sutured to the body 

wall to provide a pericardia! cradle. 
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A 27-gauge stainless steel cannula was used to introduce the microdialysis probe into 

the sinoatrial node. To confirm the probe placement in the SA node, norepinephrine (1 x 

1 0"9 moles/J.Ll) was introduced into the microdialysis probe. The observation of a brisk 

30-40 beat increase in heart rate provided a functional confirmation of the probe location 

within· the SA node. Prior studies have determined that deliberate repositioning of the 

probe as little as 2 mm lateral to the node eliminates the norepinephrine mediated 

tachycardia (14). The microdialysis probe was constructed from a single one centimeter 

length of dialysis fiber (220 J.liD OD, 200 J.1IIl ID) and hollow silica inflow and outflow 

tubes (120 J.liD ID, 170 J.liD OD). The dialysis tubing permits molecules with a molecular 

weight of 36,000 or less to freely cross from the lumen into the nodal interstitium. This 

technique enables sampling and manipulation of the local nodal interstitial environment 

while minimizing alterations in systemic hemodynamics and reflex compensations. 

Protocols. These experiments were conducted to demonstrate that the o-2 opioid 

receptor subtype was responsible for the vagolytic effect of nodal enkephalins. Two 

strategies were employed. In the first the influence of o-subtype specific agonists [D

pen2·5] enkephalin (DPDPE), TAN-67 and deltorphin II were compared for their vagolytic 

action. In the second strategy, a vagolytic effect of the endogenous agonist MEAP was 

established and then the ability of subtype selective antagonists (7-benzyldenenaltrexone 

[BNTX] and naltriben) to reverse this effect were evaluated. All treatments were 
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introduced locally into the interstitium of the SA node by microdialysis at a flow rate of S 

J.L}/min . . 

Previous studies revealed that the o-2 selective agonist, deltorphin n (1.5 X 10"9 

moles/min) blocked vagally mediated bradycardia (13). The vagolytic effect of 

deltorphin II was successfully reversed by the o-selective antagonist, naltrindole. These 

findings suggested participation of a o-2 opioid receptor in this effect. This study 

determined the subtype of o-opioid receptor responsible for the inhibition of vagally 

mediated bradycardia by MEAP. 

Protocol 1. This protocol tested whether the intra-nodal administration of o-1-selective 

agonists is capable of interrupting vagal bradycardia. After microdialysis probe insertion, 

the SA node was perfused (5J . .Ll/min) with saline for 60 minutes. After this period of 

equilibration, control vagal responses were obtained by stimulating the right vagus nerve 

at 1 ,2, and 3 hertz. The nerve was stimulated at a supramaximal voltage for 15 seconds 

followed by one min 45 sec for recovery. Deltorphin II was then infused (5J.LVmin) into 

the sinoatrial node for five minutes to establish a functional vagolytic effect. The 

effective dose used for deltorphin II ( 1.5 x 1 o-9 moles/min) was determined previously 

(13). Once established, the vagolytic effect of deltorphin II served as a positive control in 

cases where the subsequent agonists under evaluation were without effeet. Following this 

procedure, dose responses were constructed for the selective 0-1 agonist DPDPE or TAN-
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67. Doses were selected to provide molar equivalent ranges (0.05- 5 x 10"9 moles/min) 

to those previously determined to be vagolytic for MEAP and deltorphin ll (13). Each 

dose of each agent was infused for five minutes before evaluating the vagus nerve. After 

each dose evaluation, the agent was washed out for 15 minutes and vagal function was 

retested to ensure that it had returned to normal. The length of washout was based on 

previous experiments (13). At the end of the TAN-67 protocol, this agent was combined 

with the o-1 antagonist, BNTX, to determine if the unexpected improvement in vagal 

. 
function was mediated by a o-1 opioid receptor. 

Protocol 2. This protocol was designed to test whether vagolytic effects of MEAP and 

deltorphin IT are blocked by a selective S-2 opioid receptor antagonist and. not by a 

selective o-1 opioid receptor antagonist. MEAP and deltorphin IT (1.5 x 10"9 moles/min) 

were introduced into the interstitium of the sinoatrial node· and vagal stimulations were 

performed as previously described in order to establish the vagolytic effect of each. After 

washout of these initial tests, MEAP was combined with increasing doses of the selective 

o-1 antagonist, BNTX, or the sel~ctive o-2 antagonist, naltriben. At the end of the 

protocol, the specific subtype was further confirmed by combining deltorphin IT with the 

maximum effective dose of one or the other antagonist. The hypothesis predicts that the 

o-2 antagonist, naltriben should overcome the vagolytic effect of MEAP and deltorphin 

and verify participation of the 0-2 opioid receptor. BNTX should not reverse the 
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vagolytic effect of MEAP or deltorphin indicating the absence of participation by 0-1 

opioid receptors. 

Materials. Methionine enkephalin-arginine-phenylalanine and deltorphin ll were 

synthesized by American Peptide Co. T AN-67, DPDPE and BNTX were obtained from 

. Tocris. Naltriben was obtained from Sigma Chemical Co. 

Statistical methods. All data were expressed as means and standard errors. Differences 

were evaluated with ANOVA for repeated measures. Individual treatment differences 

were determined by post hoc analysis with Tukey's test for multiple comparisons. 

Differences determined to occur by chance with a probability of p < 0.05 were accepted 

as statistically significant. 

RESULTS 

Twenty dogs were randomly assigned to various protocols employing o-1- and o-2-

agonists and antagonists. Table 1 represents the resting cardiovascular parameters for all 

animals across all treatments. Therc:c were no significant differences in heart rate or blood 

pressure among groups prior to treatment. Resting heart rate and blood pressure were 

also unaltered by any of the opioid agonists and antagonists, regardless of dose. 

Deltorphin vagolysis. Deltorphin n was used as a positive. control to demonstrate the 

functional integrity of the system in each animal prior to testing other agents. This pretest 

also served to verify the appropriate placement of the dialysis probe in the proximity of 
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the nodal opiate receptors responsible for the interruption of vagal bradycardia. The 

nodal administration of deltorphin ll (1.5 x 10"9 moles/min) reduced vagally mediated 

bradycardia by 75-85 percent at all vagal frequencies employed and was significantly 

different from control. 

DPDPE dose responses: In this protocol DPDPE was introduced directly into the 

sinoatrial node to rule out the participation of 0-1 opioid receptors in the opioid mediated 

interruption of vagal bradycardia. Control vagal stimulations during vehicle infusion 

prod~ced a normal graded decline in. heart rate at all vagal frequencies used (Figure 1 ). 

The nodal delivery of DPDPE had no effect on heart rate during the vagal frequency 

response as indicated by the superimposition of the DPDPE and vehicle responses (lower 

two curves). The vagolytic effect of deltorphin ll is_ illustrated in the upper curve. The 

complete dose responses for all three frequencies are illustrated in Figure 2. 

TAN-67 dose responses: In the absence of an effect as observed with DPDPE, it is 

difficult to say with confidence that. tbe agent successfully crossed the dialysis membrane 

into the interstitium. In this regard a second selective 8-1 opioid receptor agonist, TAN-

67 was used in a second group o f animals to provide further evidence that 8-1 opioid 

receptors were not vagolytic. During vehicle infusions, control vagal stimulations 

produced a normal graded decline in heart rate as the frequency of stimulation was 

increased (Figure 3, middle curve). Deltorphin ll produced a vagolytic response similar 
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to that observed (80% inhibition) in the prior group (Figure 3, upper curve). The 

administration of T AN-67 into the SA node had no vagolytic effect during the vagal 

frequency response at any dose employed. Rather, TAN-67 produced a greater vagal 

bradycardia as the dose was increased (Figure 3, lower curve). The maximum effect was 

observed at the 1.5 X 1 0'9 moles/min (Figure 4) with an apparent ED so of 0.1 X 1 0'9 

moles/min. The maximal improvement at 1.5 x 10'9 moles/min was 28-37 percent and 

was significantly different from control at all vagal frequencies. 

Acting on the presumption that the vagotonic effect ofT AN-67 was perhaps mediated by 

a 8-1 receptor, TAN-67 (1.5 x 10·9 moles/min) was then combined with the 8-1 antagonist 

BNTX (1.5 x 10·9 moles/min) and infused directly into the sinoatrial node via 

microdialysis. BNTX effectively prevented the vagotonic effect of TAN-67 since the 

vagally mediated bradycardia during the combined infusion was similar to control values 

(Fig 3, middle curve). The administration of BNTX alone had no effect on vagal 

bradycardia and once again produced values that were similar to control. Vagal 

stimulations were performed after ~~hout of each treatment and were again similar to 

control values. 

MEAP vs Naltriben dose responses.' In the second strategy, deltorphin ll and the 

endogenous cardiac opioid, MEAP were introduced into the SA node at vagolytically 

effective doses. Each agonist was subsequently combined .with selective 8-1 and 8-2 

antagonists to verify which 8-receptor subtype was responsible for the interruption of 
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vagal bradycardia. The control frequency response is illustrated among the lower curves 

in Figure 5. The vagolytic effect of deltorphin n and MEAP are illustrated in the two 

upper curves. Increasing doses of the selective o-2, opioid receptor antagonist, naltriben 

were combined with MEAP in the dialysis perfusate. Naltriben progressively reversed 

the effect of MEAP and restored vagal regulation of heart rate to control (Figure 6). The 

reversal was obtained with an ID50 approximating 1.5 x 10"10 moles/min and a maximal 

effect near molar parity with the agonist (1.5 x 10"9 moles/min). The similar blockade of 

the deltorphin and MEAP effects are illustrated among the lower curves in Figure 5 for 

the I ast dose in the naltriben dose response curve. Perfusion with the highest dose of 

naltriben alone was similar to control indicating that naltriben had no effect on vagal 

function independent of its ability to obstruct the access of MEAP and deltorphin n to 

nodal o-2 receptors. 

MEAP vs BNTX dose responses: The selective o-1-opioid receptor antagonist BNTX was 

used to confirm that the vagolytic effect of MEAP was mediated by o-2- and not by .o-1-

opioid receptors. This was achieved by combining increasing doses of BNTX with an 

effective vagolytic dose of MEAP < 1.·5 x 1 0"9 moles/min). The rationale presumed that if 

naltriben identified a functional o-2-response, then combining MEAP with increasing 

doses ofBNTX would find BNTX ineffective or much less effective than naltriben. The 

lower two curves in Figure 7 illustrate the control bradycardia response in this group and 

the absence of an effect of BNTX alone. The 50-70 percent inhibition by both MEAP 

and deltorphin n are indicated among the upper curves in Figure 7. When BNTX was 
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combined with MEAP or deltorphin ll, the resulting curves were very similar to those for 

MEAP and deltorphin alone (Figure 7, upper curves). BNTX had no effect on the 

vagolytic properties of either MEAP or deltorphin. The complete dose response curves 

for BNTX versus MEAP are described in Figure 8. Though a subtle reversal of the effect 

of MEAP might be suggested from these data, the observed bradycardia was never 

different from MEAP alone. The absence of an effect of BNTX versus both MEAP and 

the 0-2-agonist, deltorphin ll further supports the exclusive 0-2-character of the vagolytic 

· effect. 

DISCUSSION 

The data reported above support the primary hypothesis that the vagolytic effect of the 

endogenous opioid, MEAP on heart rate is mediated by 8-2-opioid receptors in the 

sinoatrial node. This conclusion is based on the observation that the vagolytic effect of 

MEAP was duplicated by the 8-2 agonist deltorphin II when the 8-1-agonists, DPDPE and 

Tan-67 were both vagolytically ineffective in the same animals. Participation by 8-2-

receptors was verified further by. demonstrating the vagolytic effect of MEAP was 

reversed by the 8-2-antagonist, n altriben and unaltered bye quimolar doses oft he 0-1-

antagonist, BNTX. The 8-character of the vagolytic effect of MEAP was rigorously 

determined earlier (13) and the current findings suggest that the vagolytic effect was 

mediated by 8-2-receptors without a measurable 8-1-receptor contribution. 
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Deltorphin ll served as positive control in these experiments to confinn the location of 

the dialysis probe within functional reach of the nodal opioid receptors responsible for the 

vagolytic response. The absence of a response when introducing agents by microdialysis 

can be ambiguous because it is often difficult to verify that every agent has successfully 

crossed the dialysis membrane into the interstitium · in biologically effective 

concentrations. In this instance, functionally similar but molecularly distinct 0-1-agonists 

were used to reduce the probability of interference with diffusion due to molecular 

charge, adsorption, or solubility. In this case, both DPDPE and T AN-67 are o-1-agonists 

but DPDPE is a modified peptide and T AN-67 is a heterocyclic isoquinoline. The use of 

both agents dramatically reduces the probability that the absence of a o-1-effect resulted 

from failure of agents to reach the target due to adsorption or failure to diffuse freely. 

Although TAN-67 had no vagolytic effect, it produced a consistent improvement in vagal 

bradycardia and thus provided additional direct evidence that T AN-67 had reached the 

nodal interstitium. The o-1-opioid receptor antagonist, BNTX subsequently reversed the 

T AN-67 mediated vagal improvement. Thus o-1- receptors were present in the SA node 

and were vagotonic rather than vagolytic. These observations suggested that the opioid 

modulation of vagal function is bimodal with opposite poles of the response mediated by 

different subtypes of the 8-receptor. 
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Selectivity issues: TAN-67 and DPDPE. The existence of o receptor subtypes has been 

based entirely on biological responses which can be distinguished by agonists and 

antagonists reported as selective for the respective subtypes (1,13,25,28,29,30,33). Each 

receptor subtype stimulated responses that were reversed by agonists preferential to that 

subtype. Mixed results were obtained when cross-tolerance or cross-desensitization 

experiments were conducted ( 1 ,21 ,29). A single receptor transcript has been isolated and 

attempts to identify distinct receptor proteins associated with o-1- and o-2-mediated 

responses have been as yet unsuccessful (1,9,17). Contradictory findings in some 

isolated systems in vitro support the suggestion that differences in coupling, agonist 

concentration or local membrane conditions may detennine whether o-1-, o-2-, or mixed 

responses are evident (7). 

Subtype specific responses have been used to quantify the relative 8-selectivity of 

various agents. DPDPE and deltozphin ll have been widely employed respectively as 

preferential 8-1- and 8-2-agonists. Each has approximately 80 to 100-fold selectivity for 

its respective receptor subtype in antinociceptive and binding studies (6,8,30). 

Antagonists for each receptor subtype have been characterized as well. BNTX and 

naltriben currently serve respectively as prototypical 8-1- and o-2-antagonists (15,25). 

DPDPE reportedly has some mixed 8-2-agonist activity in s orne biological systems 

(33). This aspect might complicate the intezpretation of the absent response with DPDPE 

during vagal stimulations and may help to explain the difference observed between 
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DPDPE and TAN-67. Since 0-2-opioid receptors were clearly vagolytic, the absence of a 

response to DPDPE would suggest either the absence of 0-1-receptors or the absence of a 

o-1-effect on vagal function. If DPDPE has measurable o-2-activity, one might expect to 

see a vagolytic response at the high end of the dose response curve. T AN-67 which is 

significantly more selective for o-1-opioid systems (6,16) augmented vagal bradycardia 

by 35 percent and was reversed by BNTX. This suggests that o-1-receptors were present 

and they did alter vagal function through an apparent 0-1-mechanism. IfDPDPE acted on 

both o-1- and o-2-receptors simultaneously, opposing vagotonic and vagolytic actions 

may have cancelled out one another. In summary, selective activation of o-1-receptors 

had no demonstrable vagolytic effect. In contrast, o-1-receptors appear to facilitate vagal 

function. 

The normal role of cardiac opioids in the autonomic control of the heart remains 

unclear but some of the details have begun to resolve. The presence of significant mRNA 

for proenkephalin in heart and the heart's prodigious capability to degrade enkephalin 

suggest the cardiac enkephalins function primarily as local paracrine hormones. The 

studies reported here have concenttated on interactions with vagal control of heart rate. 

Earlier studies both in vivo and in isolated heart models demonstrated that opioids 

-attenuated a ~ariety of cardiac parasympathetic responses during vagal nerve stimulation 

(3, 4, 10, 13, 22, 24, 31). The o-2-mediated interruption of vagal bradycardia is 

consistent with the traditional view of opioids as inhibitory neuromodulators. The 

apparent bimodal character of &.receptor activation though not often acknowledged is 
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also not that unusual (7,26). Since distinct o-1- and 0-2-receptor proteins have not been 

isolated, opposing responses in the same tissue presents some interesting mechanistic 

questions. One proposal suggested that the local membrane environment determined the 

functional expression of opposing opioid receptor responses by regulating how the 

receptors were coupled to their respective second messenger systems (7). How this local 

environment and the balance of these responses participate in normal heart rate control 

remains to be determined. 

What purpose do these o-subtypes serve m modulating heart rate during normal 

homeostasis? When endogenous nodal MEAP was elevated during occlusion of the 

nodal artery, vagal bradycardia was improved (14). The vagotonic effect was blocked by 

the general o-antagonist, naltrindole and the vagal improvement was quantitatively very 

similar to that observed during administration ofT AN-67 in this current report. Since the 

latter was blocked by BNTX, both responses may have been mediated by o-1-receptors. 

The coupling hypothesis cited above (7) also suggested that one side of the bimodal 

response was far more sensitive to. agonist. The hypothesis argued that the positive 

coupling to adenylate cyclase through the G-protein, Gsa predominated at physiologically 

very low opioid concentrations. Thus the vagotonic effect associated with nodal artery 

occlusion would be consistent with the bimodal hypothesis if the modest increases in 

nodal MEAP also observed during occlusion ( 14) improved the efficiency of vagal 

transmission through o-1-receptors much like T AN-67. The activation of o-1-receptors 
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during arterial insufficiency might serve to stabilize the heart by improving local vagal 

function and thereby reducing local oxygen demand and consequent irritability. 

At the other end of the spectrum, vasovagal syncope poses a different threat to the 

organism during stressful circumstances. In this regard, h igher rates o f o pioid release 

combined with the activation of o-2-opioid receptors may suppress vagal function when 

that activity is inappropriately intense. Thus at higher concentrations the more widely 
. 

recognized neuroinhibitory coupling to adenylate cyclase through the inhibitory G-protein 

Gla might predominate with the o pioids now serving as inhibitory governors of vagal 

activity. In accord with this proposed hypothesis, one might argue that the o-1-activity 

provides a background environment of neurofacilitatory activity while the o-2-receptors 

provide a more episodic "governor-like" function. 

The opioid receptor systems may also be of significance during cardiovascular 

pathologies such as myocardial infarction and congestive heart failure. Evidence that 0-1-

receptors mediate preconditioning suggested that these receptors might be therapeutically 

valuable during myocardial infarction (27). Conducting preconditioning-like protocols 

with the sinoatrial node artery demonstrated that nodal MEAP was elevated during 

repeated arterial occlusion. As indicated above, this increase in nodal MEAP was 

accompanied by an improved vagal function ( 14) that in retrospect may have been 

mediated by o-1-receptors. Healthy vagal influences have been associated with better 
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survival statistics after myocardial infarction {2, 18). The activation of 5-1-receptors 

could enhance vagal function during myocardial infarction and by slowing the heart, 

decrease work output and energy demand {23, 34). This would then reduce the damage 

caused by free radicals and help to maintain cellular integrity {23). 

The observation that o-2-opioid receptors are vagolytic suggests that their actions may 

be pathologic during sustained excess. Circulating endogenous opioids rise significantly 

during congestive heart fail'ure ( 11 ). The vagolytic action of these pep tides may 

contribute to cardiac dysfunction ~d the rise in sympathetic activity. In support of this 

hypothesis, o-opioid antagonists restored vagal function in atrial preparations from failing 

human hearts (19). However, the characterization of o-1- and o-2-receptor effects on 

heart rate during cardiovascular disease remains to be elucidated and may hold significant 

clinical potential. 

Conclusions. In conclusion, the current results suggested that the endogenous cardiac 

enkephalin, MEAP, attenuated vagal bradycardia via o-2-opioid receptors concentrated 

within the canine sinoatrial node. The data above also support the presence of 5-1-opioid 

receptors in the SA node that appear to facilitate vagal transmission. Whether o-1- and 

o-2-opioid receptors in the SA node are located prejunctionally on vagal nerve terminals 

and whether these receptors modify the release of acetylcholine both remain to be verified 

directly and as such constitute important future directions. 
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LEGEND 

FIG.1 This graph represents the heart rate/ frequency response mediated by right vagal 

nerve stimulation during the nodal delivery of Deltotphin ll (1.5 x 10"9 moles/min) and 

DPDPE (5 x 10"9 moles/min) by microdialysis. The data illustrated are for the maximal 

dose of DPDPE employed in its dose response curve. • = Significantly different from 

control, P< .05. 

Fig 2 (a,b,c). These graphs illustrate the change in heart rate produced during right vagal 

stimulation during exposure (5 min) to increasing doses of the 8-1-selective opioid 

agonist, D POPE. T he units for the doses 1 isted within the bars are x 1 o·9 moles/min. 

Deltorphin (1.5 x 10·9 moles/min) was included as a positive control. All treatments were 

infused into the sinoatrial node of the dog via microdialysis. • = Significantly different 

from control, P< .05. 

Fig 3. This graph represents the heart rate/ frequency response mediated by right vagal 

nerve stimulation during the n~d~l delivery of vehicle, deltotphin ll (1.5 x 10"9 

moles/min), TAN-67 (5 x 10"9 moles/min) or BNTX alone (5 x 10"9 moles/min), and 

TAN-67 (1.5 x 10"9 moles/min) combined with an equimolar dose ofBNTX and BNTX 

alone. • = Significantly different from control, P< .05. 

Fig 4 (a,b,c). These graphs illustrate the change in heart rate produced during right vagal 

stimulation during exposure (5 min) to increasing doses of the 0-1-selective opioid 
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agonist, T AN-67. The units for the doses listed within the bars are x 1 0"9 moles/min. 

Deltorphin (1.5 x 10"9 moles/min) was included as a positive control. All treatments were 

infused into the sinoatrial node of the dog via microdialysis. * = Significantly different 

from control, P< .05. 

Fig 5. This graph represents the heart rate/ frequency response mediated by right vagal 

nerve stimulation during the nodal delivery of vehicle, deltorphin II (1.5 x 10"9 

. 
moles/min), MEAP (1.5 x 10·9 moles/min), MEAP or deltorphin II (1.5 x 10"9 moles/min) 

combined with an equimolar dose of.Naltriben, and Naltriben (5 x 10"9 moles/min) alone. 

* = Significantly different from control, P< .05. 

Fig 6 (a,b,c). These graphs illustrate the change in ~eart rate produced during right vagal 

stimulation during exposure (5 min) to increasing doses of the o 2 antagonist, naltriben 

combined with MEAP (1.5 x 10"9 moles/min). The units for the doses listed in the bars 

are x 1 0"9 moles/min. Deltorphin ( 1.5 x 1 o·9 moles/min) was included as confirmation of 

the o-2-character of the naltrib~ .blockade. All treatments were infused into the 

sinoatrial node of the dog via microdialysis. * = Significantly different from control, P< 

.05. 

Fig 7. This graph represents the heart rate/ frequency response mediated by right vagal 

nerve stimulation during the nodal delivery of vehicle, deltorphin II (1.5 x 10-9 

moles/min), MEAP (1.5 x 10"9 moles/miD), MEAP or deltorphin II (1.5 x 10-9 moles/min) 
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combined with an equimolar dose of BNTX, and BNTX ( 5 x 1 0"9 moles/min) alone. • -= 

Significantly different from control, P< .OS. 

Fig 8 (a,b,c). These graphs illustrate the change in heart rate produced during right vagal 

stimulation during exposure (5 min) to increasing doses of the o-1-antagonist, BNTX 

combined with a fixed dose of MEAP ( 1.5 x 1 o·9 moles/min). The units for the doses 

listed in the bars are x 10"9 moles/min. Deltorphin (1.5 x 10"9 moles/min) was included as 

added confirmation of the absent o-1 receptor participation in the response. All 

treatments were infused into the sinoatrial node of the dog via microdialysis. • = 

Significantly different from control, P< .05. 
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/ Table 1. Cardiovascular Indices 
Grou~s {n} Control Treatment Washout 

HR MAP HR MAP HR MAP 
MEAP 128±5 114±7 132±7 113±7 125±5 114±8 
(15) 
Delt 127±4 118±4 128±6 114±6 126±4 112±9 
(13) 
DPDPE 129±5 lJ2±7 127±5 109±7 128±4 112±6 
(5) 
TAN-67 122±6 117±7 110±4 119±9 117±3 114±8 
(5) 
BNTX(5) 125±4 117±5 111±2 108±9 . 121±4 109±7 

Naltriben 136±7 112±7 123±6 118±5 120±2 114±4 
(.A (5) \0 
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ABSTRACT 

Endogenous opioids and nitric oxide are gaining recognition as modulators of 

cardiac function. Enkephalins and inhibitors of nitric oxide synthase (NOS) both 

produce similar interruptions in the vagal control of heart rate. This study was conducted 

to test the hypothesis that nitric oxide systems within the canine sinoatrial (SA) node 

facilitate local vagal transmission and that the endogenous enkephalin, methionine

enkephalin-arginine-phenylalanine (MEAP) attenuates vagal bradycardia by interrupting 

the NOS-cGMP pathway. Microdialysis probes were inserted into the sinoatrial (SA) 

node and they were perfused with non-selective (L-NAME) and neuronal (7-

nitroindazole) NOS inhibitors. The right vagus nerve was stimulated and both inhibitors 

gradually attenuated the resulting vagal bradycardia. The specificity of these inhibitions 

was verified by an equally gradual reversal of the inhibition with an excess of the NOS 

substrate, L-Arginine. Introducing MEAP into the nodal interstitium produced a quickly 

developing but quantitatively similar interruption of. vagal bradycardia that was also 

slowly reversed by the addition of L-arginine and not by 0-arginine. Additional support 

for a convergence of opioid and NO pathways was provided when the vagolytic effects of 

MEAP were also reversed by the addition the NO donor, SNAP, the protein kinase G 

activator, 8-bromocyclic-GMP, or the phosphodiesterase inhibitor, isobutyl-methyl

xanthanene. MEAP and 7 -nitroindazole were individually combined with the direct 

acting muscarinic agonist, methacholine to evaluate potential interactions with. 

muscarinic receptors with in the SA node. MEAP and 7-nitroindazole were unable to 

overcome the bradycardia produced by methacholine. These data suggest that NO and 

enkephalins moderate the vagal control of heart rate via interaction with converging 

systems that likely involve the regulation of cAMP within nodal parasympathetic nerve 

terminals. 

·-'".:.... 
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INTRODUCTION 

Endogenous enkephalins and nitric oxide (NO) are quickly gaining recognition for 

their effects on cardiac parasympathetic function. (4, 5, 6, 7, 8, 9, 10, 11, 13, 14, 15, 17, 

18, 19, 20). The endogenous opioid, methionine-enkephalin arginine phenylalanine 

(MEAP) is a potent inhibitor of vagally mediated bradycardia. In the canine heart, MEAP 

interrupted vagal transmission within the sinoatrial (SA) node at a site proximal to 

muscarinic receptors resident on the pacemaker cells (5,14). Extensive agonist/antagonist 

profiles indicated that the rec~tors responsible for these obsetvations are o-2-opioid 

receptors (15,19). These obsetvations are consistent with the hypothesis that 

prejunctional o-2-opioid receptors suppress acetylcholine release from vagal nerve 

terminals locally within the SA node. 

Nitric oxide also appeared to moderate parasympathetic function (8, 10, 11, 13, 

17, 18, 19, 23, 24). Interrupting the nitric oxide-cyclic-GMP pathway attenuated vagal 

bradycardia in several experimental models (8, 10, 11, 13, 17, 18, 19). NOS inhibitors 

reduced the negative chronotropic. r~sponse to vagal stimulation in both isolated tissue 

and whole animal model systems (11, 12, 13, 18, 19). A selective NOS-1 (neuronal) 

inhibitor produced a qualitatively similar vagolytic effect suggesting that the affected 

enzyme was resident within the network of intrinsic and extrinsic cardiac nerves (17). In 

support of this thesis, NOS-1 was immunocytochemically localized in choline 

acetyltransferase positive cells within the atria and NOS inhibitors were ineffective when 

the cholinergic agonist, carbechol was substituted for direct nerve stimulation (7, 17, 21) . 

... ~ ... 
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These findings suggested that the NO improves vagal control of heart rate by facilitating 

the local release of acetylcholine. None of these studies, however, clearly distinguished 

between actions within the node or within the nearby intra-cardiac parasympathetic 

ganglia. 

Nitric oxide may improve vagal transmission in the heart indirectly by reducing 

the degradation of neuronal cyclic-AMP. The accumulating cyclic-nucleotide activates 

. protein kinase-A, increases C~+2 influx, and thus facilitates vesicular neurotransmitter 

release. In this proposed mechanism, NO raises cyclic-GMP by increasing guanylyl 

cyclase activity. Cyclic-GMP increases the activity of the cyclic-GMP dependent protein 

kinase, PKG which then slows the rate of cyclic-AMP hydrolysis by suppressing 

phosphodiesterase activity (PDE-3). This ultimately leads to an accumulation of cAMP 

(17, 18). 

Interactions between opioids and the nitric oxide-cGMP pathway have been 

reported in several tissues (2, 3, 12 •. ~2, 26). The local administration of the o-1-selective 

opioid, D-Pen2, D-Pen5 (DPDPE) into the mouse brain and spinal cord decreased NOS 

activity (2, 3). Delta-opioids also reduced NO release in selected vascular endothelial and 

intestinal model systems (22, 26). Collectively these findings suggest that opioids can 

interact with a variety of NO generating systems. Similarities between the vagolytic 

effects of enkephalin and NOS inhibitors suggested that the opioids might exert their 

vagolytic activity in heart by interrupting the NOS-cyclic-GMP pathway. 
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This study was conducted to test the hypothesis that · riitric oxide systems within the 

c&nine sinoatrial (SA) node facilitate local vagal transmission and that the endogenous 

enkephalins like MEAP attenuate vagal bradycardia by interrupting the NOS-cGMP 

pathway. In the studies that follow, the gross anatomical location and the characteristics 

of the nodal NOS activity were evaluated in the SA node by microdialysis. Two 

strategies were employed. In the first, the vagolytic effects of NOS inhibitors and MEAP 

were compared with respect to time course, magnitude, specificity, and interaction with 

. 
cholinergic agonists. In the second strategy, the points of interaction or convergence of 

NO and opioid mechanisms were te~ted by evaluating the ability of selected components 

in the NOS-cyclic-GMP pathway to override the vagolytic effect ofMEAP. 

METHODS 

Experiments conformed to the Guide for the Care and the Use of Laboratory Animals 

published by the National Institutes of Health. 

Surgical preparation. Forty-~ee mongrel dogs were anesthetized with sodium 

pentobarbital (32.5 mglkg), intubated and mechanically ventilated with room air. Fluid 

filled catheters were inserted into the femoral artery and vein then advanced into the 

descending aorta and inferior vena cava, respectively. The arterial line was attached to a 

Statham PD23SL pressure transducer to monitor heart rate and blood pressure 

continuously online (Power Lab). The venous line was used to administer additional 

anesthetic as needed. Arterial blood gases were monitored with an blood gas analyzer ( 

... ..:.., 
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Instrumentation Laboratories Inc. ) and the p02 (90-120 mmHg), pH (7.35 -7.45), and 

pC02 (35-45 mmHg) were maintained in their respective physiological ranges with 

supplemental oxygen, bicarbonate, or by altering the minute volume, respectively. 

The right and left vagus nerves were isolated through a midline surgical incision 

and tied off tightly with umbilical tape and the nerves were returned to the neck for later 

retrieval. A single dose of succinylcholine (50uglkg) was administered intravenously to 

temporarily reduce involuntary muscle movements during the 10-15 minutes required for 

the electrosurgical incision of the right thorax and the costal-sternal cartilage for ribs 2-5. 

The pericardium was opened and the upper margins sutured to the body wall to provide a 

pericardia! cradle. 

Since NO reportedly also reduces norepinephrine release from cardiac 

sympathetic nerves, the primary cardiac sympathetic nerves were severed bilaterally (25). 

The sympathetic nerves were isolated as they exit the stellate ganglia, (ansa subclavia). In 

each case their functional identity~~ verified by briefly stimulating the nerve (1 Hz, 15 

V, 15 sec) to observe an increase heart rate and/or pulse pressure. The nerves were then 

ligated with suture and severed to eliminate complicating interactions between NOS and 

adrenergic systems. 

A 27-gauge stainless steel cannula was used to introduce a linear microdialysis 

probe into the center of the sinoatrial node parallel to its long axis. The cannula with the 
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dialysis line inside was inserted into the node. The cannula was withdrawn and the 

dialysis window was positioned within the nodal tissue. After positioning the probe, the 

line is perfused with saline for 60 min to allow for the equilibration of interstitial 

conditions around the newly inserted probe. At the end of each experiment 

norepinephrine (1 x 10-9 moles/J..Ll) was briefly introduced into the microdialysis probe to 

confirm the accurate p lacement of the probe within the SA node. A brisk increase in 

heart rate provided functional verification of the nodal location. Prior studies detennined 

that deliberate repositioning of the probe as little as 2 nun lateral to the node eliminated 

the norepinephrine mediated tachycardia (20). The microdialysis probe was constructed 

from a single one centimeter length of dialysis fiber (200 urn ID, 220 urn OD) and hollow 

silica inflow and outflow tubes (120 urn ID, 170um 00). The dialysis tubing permits 

molecules with a molecular mass of 35,000 KD or less to cross from the lumen into the 

nodal interstitium. This technique allows the precise introduction of agents directly into 

the nodal interstitium for extended periods without provoking complicating systemic 

reflexes. 

Statistical Methods: All data were analyzed with repeated measures ANOV A and post 

hoc analysis performed with Tukey' s test for multiple comparisons. Differences 

determined to occur by chance with a probability <0.05 were deemed statistically 

significant. 

74 



Protocol I 

The purpose of this protocol was to test whether NOS is an integral component of 

vagal transmission within the SA node. Non-selective (L-NAME) or NOS-1 selective (7-

nitroindazole) NOS inhibitors were used to evaluate total and neuronal NOS 

contributions during vagal bradycardia. Dose responses were determined for each 

inhibitor in separate groups of animals. Each dose of each inhibitor (0.5, 5, and 15 X 10"9 

moles/min) was added to the dialysis inflow and perfused for 60 min. The right vagus 

nerve was stimulated for 15 sec each at 2 and 4Hz (5 msec, 15V). One min and 45 sec 

were allowed for recovery between the two sequential stimulation frequencies. These 

vagal/heart rate-frequency responses were determined before and then after 15, 30, 45 

and 60 min of exposure to the inhibitor. After one hour, each dose of each inhibitor was 

combined with a molar excess of the NOS substrate, L-arginine (50 x 10'9 moles/min) for 

another 60 min to verify that the effects of L-NAME and 7-nitroindazole resulted from 

competitive NOS inhibition. Vagal stimulations were repeated at 15-min intervals. L

arginine and the NOS inhibitor were washed out for 15 min and baseline vagal responses 

were verified. The protocol was repeated as just described above for the next two doses 

of inhibitor. 

Protocol 2. These protocols were designed to test whether enhancing the NOS-cyclic

GMP pathway in the SA node reverses the vagolytic effect of MEAP and to discern 

where in proposed pathway, the opioids are most likely to interact. Microdialysis probes 

were inserted into the SA node and after 60 min equilibration the probe was perfused 
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with saline for another 60 min. Two point vagal frequency responses were detennined as 

described in protocol 1 at 15-min intervals. MEAP (1.5 x 10"9 moles/min) was then 

introduced into the dialysis line perfusing the sinoatrial node and vagal stimulations were 

evaluated at 15 min intervals for the next 60 min. The MEAP was washed out and the 

restoration of baseline vagal responses was verified. Next, MEAP and L-arginine were 

combined and infused simultaneously into the sinoatrial node for a third hour. Vagal 

stimulations were conducted at 15-min intervals again as described above. Finally the 

combination of MEAP and L-arginine were washed out and L-arginine was infused alone 

for a fourth hour. In a second experimental group the inactive arginine enantiomer, D

arginine was substituted for the active substrate as a combination specificity-time control 

in an otherwise identical protocol. 

The basic four-part protocol was also repeated in three additional independent 

groups of animals to explore the ability of major components of the NO-cyclic-GMP 

pathway to reverse or bypass the vagolytic effect of MEAP. Guanylyl cyclase, PKG and 

PDE were each indirectly evalua~ep by substituting the NO donor, SNAP, the cell 

permeant cyclic-GMP analogue, 8-bromo-cyclic-GMP, or the phosphodiesterase 

inhibitor, isobutylmethylxanthanene for L-arginine in the protocol described above. 

Protocol 3: This protocol was designed to test whether the vagolytic effects of 

intra"-nodal MEAP or the NOS-1 inhibitor resulted from direct interactions with 

cholinergic neurotransmitters. The microdialysis probes were positioned in the SA node 
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as described above. The direct acting muscanruc agonist, methacholine (1 x 10"7 

mole/min) was introduced into the SA node by dialysis for 30 minutes to establish a 

consistent bradycardia equivalent to that obtained during a submaximal vagal stimulation. 

Heart rate was recorded at 5-min intervals and after 30 min the methacholine was washed 

out. When heart rate returned to baseline, the right vagus nerve was stimulated for 15 sec 

(3Hz) and the decline in heart rate was recorded. M EAP (5 x 1 o·9 moles/min) was 

introduced into the dialysis inflow and perfused for five min. After 5 min, the vagus was 

retested to verify that the vagolytic effect of intranodal MEAP was intact these animals. 

MEAP was washed out and me~acholine (1 x 10·7 mole/min) and MEAP (5 x 10"9 

moles/min) were combined in the dialysis inflow. The heart rate was recorded at 5-min 

intervals for 30-min. In separate experiments the same protocol was performed with the 

NOS-1 inhibitor, 7-nitroindazole. 

RESULTS 

Forty-three dogs were assigned to various protocols employing enkephalin, NOS 

inhibitors and various component~ of the NO mediated cyclic-nucleotide second 

messenger system. Table 1 represents the resting cardiovascular parameters for all 

animals across all treatments. Though there was a substantial range in initial values, the 

resting heart rate and blood pressure were not different among groups. Resting heart rate 

and blood pressure were also statistically unaltered by any ofthe treatments perfused into 

the sinoatrial node via cardiac microdialysis, regardless of dose. 
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L-NAME dose response (n=S). The purpose of this portion of protocol 1 was to 

detennine if NOS in the sinoatrial node was a requisite part of vagally mediated 

bradycardia. Control vagal stimulations during vehicle infusion produced frequency 

dependent two-step declines in heart rate that remained consistent throughout the 6 -hr 

experimental protocol. When L-NAME (5 X 10"9 moles/mtn) was introduced into the 

nodal interstitium, vagally mediated bradycardia gradually declined by 50% with the 

maximal effect illustrated in the upper line in figure 1. The interaction of the competitive 

antagonist L-NAME with nodal NOS activities was confirmed by overriding the 

inhibition with excess substrate. L-arginine was combined with L-NAME in the dialysis 

inflow at a 10-fold molar excess (5 x 1 o·8 moles/min). As indicated among the lower 

curves in figure 1, L-arginine restored vagally mediated bradycardia to values not 

different from those observed during vehicle administration. 

Figure 2 illustrates the results from the entire L-NAME dose response including the 

temporal development of the inhibition. The dose response indicates a maximal effect at 

5 x 10"9 moles/min (center panels) ~h~t develops slowly and reaches a maximum between 

30 and 45 min of exposure. The dose response was narrow in that no apparent effect was 

observed at one-tenth the dose (left panels) and no additional effect was observed at three 

times the dose (right panels). The effect did appear to develop somewhat earlier at the 

highest dose, suggesting that diffusion to the target may have contributed the rate of 

development of the inhibition. Although only the 60-min value is illustrated for the L-

NAMEIL-arginine combination, the competitive substrate completely prevented the 
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development of the vagolytic effect of L-NAME throughout the hour's exposure at all 

doses. The reversal by L-arginine indicates that the effect ofL-NAME was mediated by 

NOS inhibition and the failure of L-arginine to enhance vagal bradycardia suggested that 

the endogenous NOS substrate was sufficient under the current experimental conditions. 

7-Nitroindazole dose response {n=5). The purpose of this experiment was to test 

whether the NOS activity implicated in vagal transmission in the SA node included the 

neuronal NOS isoform, NOS- I. Control vagal stimulations during vehicle infusion 

produced consistent step-declines in heart rate during vehicle administration throughout 

the 6-hr protocol. The NOS-I selective inhibitor, 7-nitroindazole (5 X 10"9 moles/min) 

gradually reduced vagal transmission within the SA node by a maximum of 35% (figure 

3, upper line). An excess of the NOS substrate, L-arginine prevented the 7-nitroindazole

mediated reduction in vagal transmission (figure 3, lower curves) when combined in the 

dialysis inflow. This provided support for NOS participation in the response to 7-

nitroindazole (fig 1 ). 

Figure 4 illustrates the results of the entire dose response and the temporal 

development of the effect for comparison with . L-NAME above. The maximal effect is 

evident at 5 x 10·9 moles/min (center panels) and appears to reach that maximum between 

15 and 30 min of exposure. The effect is no greater at three times the dose {right panels) 

and completely absent at one-tenth the dose (left panels). The full inhibition does appear 

to develop earlier at the highest dose suggesting again that a concentration dependent 

- ·~ .. 
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factor determines the rate of access to the intracellular target. The combined addition of 

L-arginine (5 x 10"8 moles/min) and 7-nitroindazole for one hour completely prevented 

the 7-nitroindazole-mediated reduction in vagal bradycardia regardless of the 7-

nitroindazole dose employed. To conserve space only the one hour values for the L

arginine/7-nitroindazole combination are illustrated as the last bar in each panel. L

arginine did not appear to increase the vagally mediated decline in heart rate compared to 

that observed during vehicle administration suggesting again that the endogenous 

substrate available was not limiting during these experimental conditions. 

L-arginine vs MEAP (n=5). The purpose of this protocol was to test whether enhancing 

selected components of the NOS-cyclic-GMP pathway could reverse or bypass the 

vagolytic effect of MEAP. The upper curve in figure 5 illustrates the vagolytic effect of 

adding MEAP into the SA node interstitium after 60 min exposure. The dose of MEAP 

(5 x 10"9 moles/min) represents the EDIOO as determined in prior studies (20). This dose 

routinely produces a 65-75% inhibition of vagal bradycardia as indicated in figure 5. The 

combined administration of L-argi~I}e and MEAP reversed the vagolytic effect of MEAP 

as illustrated among the lower curves in figure 5. The vagal bradycardia during the 

administration of L-arginine (5 x 1 o-8 moles/min) alone was likewise not different from 

the vagally-mediated bradycardia observed during vehicle administration. 

Figure 6 depicts the development of each response during each one-hour portion of the 

protocol. The left panel illustrates the effect of repeated vagal frequency responses 
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during one hour of vehicle administration. No attrition or enhancement was evident. 

The addition ofMEAP to the dialysis inflow reduced the vagally-mediated bradycardia by 

approximately 75% at the first evaluation 15 min later (left center panels). The vagal 

evaluations throughout the remainder of the hour were not statistically different from the 

result obtained at 15 min indicating no significant desensitization of the opioid receptor 

mediated vagolytic event. Combining L-arginine and MEAP together did not 

immediately alter the vagolytic effect of MEAP. A significant reversal of the vagolytic 

effect was evident only after 45 min of exposure to the combination. The reversal was 

complete at that point and both the 45- and 60-min values were not different from the 

initial control vagal responses. After washing out the MEAPIL-arginine combination, L

arginine was introduced and perfused alone for 60 min. During the administration of L

arginine, the response to vagal stimulation was not different from control and clearly not 

better than control. These observations suggested that in the absence o f inhibition by 

MEAP or L-NAME, the available supplies of L-arginine are adequate to maintain flux 

through the NOS cyclic-GMP pathway. 

Three additional animals were evaluated to test whether the ability of L-arginine 

to restore vagal function during MEAP administration was consistent with the ability of 

L-arginine to serve as a NOS substrate. An equal molar dose of the non-substrate, D

arginine was substituted for L-arginine in the same protocol to evaluate potential non

specific actions of the molecule itself. The vagallheart rate frequency responses at 60 min 

indicate that D-arginine was uriable to modify the vagolytic effect of MEAP (figure 7, 
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upper curves) and D-arginine alone had no effect on the vagally mediated decline in heart 

rate. The complete temporal pattern for D-arginine (Figure 8) provided no suggestion of 

a D-arginine mediated reversal of MEAP. The sustained vagolytic effect of MEAP 

during the second hour also provided evidence that the reversal by L-arginine observed in 

Figure 6 was not the consequence of a slowly developing tachyphylaxis. 

SNAP vs MEAP (n=5). The purpose of this protocol was to test whether NO reverses the 

vagolytic effect of MEAP consistent with the NOS participation in the reversal. In these 

experiments the NO donor, SNAP was substituted for L-arginine in the original protocol. 

MEAP produced a typical vagolytic response as illustrated for 60 min in Figure 9 (upper 

curve). The vagal bradycardia was restored to values indistinguishable from those 

obtained during control when SNAP and MEAP were combined (lower curves) much 

like the reversal obtained with L-arginine. However, in contrast with L-arginine, SNAP 

produced a near complete reversal within 15 min, when the full temporal character of the 

response was examined (Figure 10. right center panels). SNAP administered alone had 

no apparent effect on the vagally mediated bradycardia suggesting that NO production 

needed for normal vagal transmission is adequate during control conditions. 

cGMP vs MEAP (n=5). The purpose of this protocol was to test whether the ability of NO 

to reverse the vagolytic effect of MEAP was consistent with the ability of NO to stimulate 

guanylate cyclase and the accumulation of cyclic-GMP. In these studies, the cell penneant, 

cyclic-GMP analogue, 8-bromo-cyclic-GMP was substituted for L-Arginine in the original 
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protocol. Once again MEAP produced a clear vagolytic response as illustrated for 60 min 

in Figure 11 (upper curve). Much like L-arginine and SNAP, the cyclic-GMP analogue 

completely reversed the vagolytic effect of MEAP when 8-bromo-cyclic-GMP and MEAP 

were combined in the dialysis inflow. The reversal was also evident by 15 min indicating a 

time course more like that observed for SNAP than for L-arginine (Figure 12). The cyclic-

GMP analogue did not alter the baseline vagal response when administered alone 

suggesting again that flux through this pathway is adequate under control conditions. 

Isobutyl methyl xanthanene vs MEAP (n=5). The purpose of this protocol was to test 

whether the ability of 8-bromo-cyclic-GMP to reverse the vagolytic effect of MEAP was 

consistent with the proposal that cyclic-GMP raises cyclic-AMP by reducing 

phosphodiesterase activity. In these experiments the phosphodiesterase inhibitor, isobutyl 

methyl xanthanene was substituted for L-arginine throughout the protocol. The intranodal 

delivery of MEAP produced a consistent vagolytic response at 60 min similar to those 

observed in the earlier experiments (Figure 13, upper curve). These vagolytic effects of 

MEAP were reversed by the addition of the phosphodiesterase inhibitor and the heart rate 

. 
response to vagal stimulation was restored to that observed during vehicle administration 

(lower curves). This observation suggested that an increased phosphodiesterase activity 

contributed t_o the vagolytic activity of MEAP. The control responses during vehicle 

administration and the vagolytic effects of MEAP were each consistent respectively 

through the first and second hours of the protocol (Figure 14, right panels). In contrast to 

SNAP and 8-bromo-cyclic-GMP, the reversal by IBMX developed slowly and became 
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statistically evident between 45 and 60 min in a temporal pattern similar to that observed 

for the reversal by L-arginine. In the absence of inhibition by MEAP, mMX had no effect 

on vagally mediated bradycardia suggesting that the hydrolysis of cyclic-nucleotides does 

not limit vagal transmission during control conditions. 

Methacholine vs MEAP (n=5). MEAP was combined with the direct acting 

muscarinic agonist, methacholine to test whether the vagolytic effect of MEAP was a 

direct interaction between MEAP and nodal muscarinic receptors. The nodal delivery of 

methacholine for 30 min produced a sustained decline in heart rate within the range of 

heart rates obtained during vagal stimulation (Figure 15, upper panel). After washing out 

the methacholine, the right vagus was stimulated at 3 Hz producing sharp 15 sec decline 

in heart rate (lower panel, right side). MEAP was introduced into the dialysis line as a 

positive control. MEAP did not alter the resting baseline heart rate. After 5 min 

exposure, the right vagal stimulus was repeated demonstrating a clear interruption in 

vagal transmission. The greater change in heart rate during control stimulations also 

indicated that the effect of methacholine was not supramaximal in these animals (lower 

panel, left side). Methacholine and MEAP were then combined and infused for a second 

30 min interval. The magnitude and temporal pattern of the decline in heart rate were 

identical to that observed for methacholine alone. This observation suggests there was 

no interaction. between MEAP and nodal muscarinic receptors. 

Methacholine vs 7-nitroindazole (N=5). The NOS-1 selective inhibitor, 7-nitroindazole 

was combined with the direct acting muscarinic agonist, methacholine to test whether the 
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vagolytic effect of 7-nitroindazole involved an interaction between 7-nitroindazole and 

nodal muscarinic receptors. The nodal delivery of methacholine for 30 min produced a 

sustained decline in heart rate (Figure 16, upper panel) similar to that observed in the 

prior study. After washing out the methacholine, the right vagus was stimulated at 3 Hz 

producing brief 15 sec decline in heart rate. MEAP was introduced into the dialysis line 

again as a positive control. MEAP did not alter the resting baseline heart rate but after 5 

min exposure, the MEAP produced a clear interruption in vagal transmission (Figure 16 

lower panel, right side). Methacholine and 7 -nitroindazole were then combined and 

infused for a second 30 min interval. The magnitude and temporal pattern of the decline 

in heart rate were identical to that observed for methacholine alone. This observation 

suggested the vagolytic effect of 7 -nitroindazole observed earlier did not include an 

interaction between 7 -nitroindazole and nodal muscarinic receptors, suggesting that both 

MEAP and the NOS-I inhibitor exert their effect proximal to the muscarinic receptors on 

the pacemaker cells. 

DISCUSSION 

The findings presented in this study are consistent with the hypothesis that MEAP 

suppressed vagal transmission by interacting with the NOS-cGMP pathway. This 

interaction was localized within the SA node and was likely prejunctional, occurring in 

parasympathetic nerve terminals. However, the comparison of the quantitative and 

temporal dynamics of vagal inhibition by MEAP and by NOS inhibitors suggested that 
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MEAP and the NOS-cGMP pathway converged on the same end component 

independently, to modulate vagal bradycardia. 

Temporal and Quantitative Differences between NOS Inhibitors and MEAP mediated 

vagolysis. Attenuation of vagal bradycardia by the general NOS inhibitor L-NAME and 

the neuronal NOS inhibitor 7-nitroindazole was quantitatively and temporally dissimilar 

to MEAP mediated vagolysis. NOS inhibitors were less effective at attenuating vagal 

bradycardia than MEAP. These agents attenuated vagal bradycardia by 35-50 percent 

while MEAP produced a 60-70 percent inhibition. Temporally, the vagolytic effects of 

MEAP developed and resolved respectively within minutes of initiating or discontinuing 

exposure (5). This time frame contrasts with the 45-60 minutes needed for both NOS 

inhibitors to take effect. Reversal of the enkephalin mediated vagolysis by opioid 

antagonists was also faster compared to reversal by the NOS substrate, L-arginine (5, 6 

14, 15, 20). Collectively, these observations suggest that MEAP did not attenuate vagal 

bradycardia by the direct inhibition of NOS. Rather, observations from experiments 

employing NO pathway components downstream from NOS suggested that MEAP and 

NO modulated vagal transmission ·by convergence on common mediators later in the 

pathway. 

·Reversal of MEAP Mediated Vagolysis by NOS-cGMP pathway probes. Observations 

that SNAP, cGMP, and ffiMX reversed MEAP mediated vagolysis were consistent 

with the hypothesis that opioids and NO could moderate vagal transmission by altering 

the synthesis and degradation of cyclic nucleotides. The observed effects of NOS 
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pathway intermediates and probes provided support for the sequential participation by 

nodal guanylate cyclase, PKG, and phosphodiestrase in the restoration of vagal function 

during exposure to MEAP. The finding that the phosphodiesterase inhibitor, IBMX 

reversed the enkephalin-mediated vagolysis suggested that MEAP interrupted vagal 

. transmission by suppressing adenylate cyclase and lowering cyclic-AMP within the vagal 

nerve terminals. As neuromodulators, opioids are widely recognized for their ability to 

suppress neurotransmitter release through the Gi/Go-coupled inhibition of adenylate 

cyclase activity. Since the NOS-cGMP pathway promotes vagal transmission by 

suppressing phosphodiesterase activity, the convergence of enkephalin and NO at cyclic

AMP provides an attractive explanation of the current findings. 

Proposed mechanisms for cholinergic neurotransmission include the activation of Gs

coupled, cyclic-AMP dependent, second messenger systems (19). In this mechanism 

adenylate cyclase activity increases cyclic-AMP within prejunctional terminals and 

activates protein kinase A (PKA). The subsequent increase in kinase activity increases 

neuronal calcium influx and facilitates the vesicular release of acetylcholine. In the 

current example, acetylcholine binds to muscarinic receptors on nearby pacemaker cells 

and reduces their rate of spontaneous depolarization leading to a decrease in heart rate 

(18, 19). Since neuronal opioid receptors interact with inhibitory G-proteins that 

suppress adenylyl cyclase (24), the resulting decrease in cyclic-AMP would provide a 

logical explanation of the vagolytic effect of MEAP (24). In contrast, NO promotes 

vagal transmission by increasing neuronal cyclic-AMP indirectly through a reduction in 

.. ..., 
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the rate of cyclic nucleotide hydrolysis (17, 18). When neuronal NOS is activated in 

vagal nerve tenninals~ the NO produced activates guanylyl cyclase and increases the 

concentration of cyclic-GMP. Once fonned cyclic-GMP activates PKG which in tum 

inactivates phosphodiesterase 3 (PDE3). PDE3 nonnally hydrolyzes cyclic-AMP to S' 

AMP and thus inhibition of PDE3 leads to the accumulation of cAMP. As stated earlier, 

an increase in cyclic-AMP should facilitate vagal transmission and promote vagal 

bradycardia (17, 18). The magnitude and temporal character of the facilitation would 

however depend upon the existihg cyclase activity and ambient concentration of cyclic-

AMP. As such, the NO pathway may detennine the responsiveness of vagal 

transmission to other neuromodulators that increase or decrease adenylate cyclase 

activity directly. 

The Interaction between MEAP and the NOS-cGMP Pathway is localized prejunctionally 

in the Sinoatrial Node. The observation that L-NAME, 7-nitroindazole and MEAP 

attenuated vagal bradycardia when delivered directly into the SA node suggested that 

their actions were localized to this region. Prior reports have carefully localized the 

vagolytic effect of MEAP within the SA node ( 14 ). The interaction between MEAP and 

selected components of the NOS-pathway further suggests that the NOS in question was 

located within the SA node. This finding does not rule out a similar role for NOS in 

other parts of the neuroeffector pathway such as the intracardiac parasympathetic 

ganglion (29). However, the current fmdings are consistent with reports that have 

localized nNOS in vagal nerve terminals innervating the mouse and rat sinoatrial node 

88 



and the guinea pig atria (7,22). Neither MEAP or the NOS inhibitors appear to interact 

with cardiac pacemakers since all three agents were ineffective when the bradycardia was 

produced by the intra-nodal delivery of the direct acting muscarinic agonist, 

methacholine. Similar experiments in the isolated guinea pig atria indicated that NOS 

inhibitors did not modify the bradycardia produced by the mixed nicotinic/muscarinic 

agonist, carbamylcholine (18). Although that guinea pig model does not distinguish 

between potential interactions at ganglionic and pacemaker junctions, the data are 

. consistent with the current findihgs. Thus the opioid and NOS activities in question are 

likely to be prejunctionally located at the vagal nerve terminals. However, participation 

by other cells or neural processes within the node have not been systematically ruled out. 

The inhibition of vagal transmission by the "nNOS" isoform selective inhibitor, 7-

nitroindazole, provided additional circumstantial evidence for the location of the targeted 

NOS within nodal nerves. The NOS-I inhibitor, 7-nitroindazole appeared less effective 

than to its non-selective analogue, L-NAME (35% vs 50%). If this difference is real, 

more than one NOS isoform, perhaps eNOS may have contributed to the overall 

response. However, immunocytochemical approaches failed to demonstrate eNOS in 

vagal nerve terminals in the sinoatrial node (7, 22) and when eNOS was knocked out, 

vagal brady~ardia was unaltered (7). 

Other limitations. Exogenous administration of NO (SNAP) and cGMP reversed the 

vagolytic effect of MEAP faster than the addition of the NOS substrate L-arginine. This 

-.. ~ ., 
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suggested that NOS activity normally restrains the supply of NO despite more than 

adequate L-arginine concentrations. The reversal pattern by mMX was slow by 

comparison suggesting that PKG-mediated inhibition of PDE3 might be more efficient 

than that provided by added ffiMX The differences between SNAP, cGMP and ffiMX 

may also reflect differences in their relative bioavailability in this model system. 

Physiological Significance. 

Both MEAP and Nitric oxide appear to function as neuromodulators. Each moderates 

vagal bradycardia differently though their effects may be integrated by converging on 

common components of second messenger systems that regulate neurotransmitter 

release. Both enkephalin and NO probably operate in a slower time domain than the 

cholinergic transmission they moderate. If as suggested, MEAP reduces adenylate 

cyclase activity, then the onset, amplitude, and duration of its influence on vagal 

transmission will necessarily be determined by the degree of adenylate cyclase inhibition 

MEAP provides and the relative rate of disposal of existing pools of cAMP by PDE3. 

Thus by regulating of PDE activity, NO would modulate the responsiveness to 

enkephalins and other neuromodulators that increase or decrease adenylate cyclase 

activity. The-net effect on transmission would be determined by the integrated sum of 

influences on synthesis and degradation. The relative ability to moderate synthesis or 

degradation would depend on the relative catalytic rates of each enzyme. If cyclase 

activity were high, the influence of PDE would be greater than if the cyclase activity 
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were suppressed. For example, one might expect NOS to restore cAMP and vagal 

transmission slowly during exposure to MEAP since the rate of cAMP production is also 

reduced. Thus NOS may serve as a tonic background modulator of vagal responsiveness 

to other perhaps faster, episodic modulators that activate or inhibit adenylate cyclase 

activity via G-protein coupled mechanisms. 

The NOS-cGMP system's in(luence may be limiting under control conditions since none 

of the NOS intermediates increased baseline neurotransmission and all were effective 

only when transmission was first suppressed by enkephalin or NOS inhibitors (7, 17, 18). 

Within the NOS pathway, NOS also appears to be rate limiting since bypassing NOS 

restored vagal transmission faster than adding the NOS substrate, L-arginine. Thus 

chronic changes in a constitutive NOS pathway could be instrumental in determining the 

responsiveness of the vagus to other neuromodulators. In support of this concept, 

exercise training mediated improvements in vagal control of heart rate were well 

correlated with increased NOS activity in atrial parasympathetics (18). Furthermore, 

pathologic states such as hypertension and congestive heart failure are both associated 

with impaired NO production ( 16, i5) and impaired vagal control of the heart. 
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Conclusions: Both MEAP and NO modulate vagal transmission in the canine SA node. 

Both agents appear to interact but differences in the character of their respective effects 

suggest independent routes to a common target, cAMP. Both interactions with vagal 

transmission are likely prejunctional, presumably mediated within parasympathetic nerve 

terminals. 
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LEGEND 

Figure 1 : This graph represents the heart rate/frequency response during right vagal 

nerve stimulation during the nodal delivery of saline vehicle, L-NAME ( 5 x 10·9 

moles/min, 60 min) alone and combined with L-arginine (50 x 10·9 moles/min, 60 min).* 

= Significantly different from control, P< .05. 

Figure 2: This graph represents the heart rate/frequency response during right vagal nerve 

stimulations with increasing ddses of L-NAME and with each dose combined with L

arginine ( L-arg, 50 x 10·9 moles/min, 60 min). In an effort to save space, only the 60 

min value for L-arginine treatment is shown. Vagal stimulations were performed at 15 

minute intervals during the 60 min treatments. * = Significantly different from control, 

P< .05. 

Figure 3: This graph represents the heart rate/ frequency response during right vagal 

nerve stimulation during the nodal delivery of saline vehicle, 7 -nitroindazole (7 Nitro, . 5 

X 1 0"9 moles/min, 60 min ) alone and combined with L-arginine (L-arg, 50 X 1 0"9 

moles/min, 60 min).*= Significantly different from control, P< .05. 

Figure 4: This graph represents the heart rate/ frequency response during right vagal 

nerve stimulations with increasing doses of 7 -nitroindazole and with each dose 

combined with L-arginine (L-arg, 50 x 1 o·9 moles/min, 60 min). In an effort to save 

space, only the 60 min value for L-arginine treatment is shown . Vagal stimulations were 
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performed at 15 minute intervals during the 60 min treatments. • = Significantly 

different from control, P< .05. 

Figure 5: This graph represents the heart rate/frequency response to right vagal nerve 

stimulation during the nodal delivery of saline vehicle, L-arginine alone (5 x to·• 

moles/min , 60 min), MEAP ( 1.5 x 1 o·9 moles/min, 60 min) alone and combined with L

arginine (5 X 10'8 moles/min) .• = Significantly different from control, P< .05. 

Figure 6: This graph represents the heart rate/frequency response during right vagal 

nerve stimulation for the entire 60 minute time course during saline vehicle, MEAP, L

arginine and MEAP combined with L-arginine. Concentrations are the same as figure 5. 

Vagal stimulations were performed at 15 minute intervals. • = Significantly different 

from control, P< .05. 

Figure 7: This graph represents the heart rate/frequency response to right vagal nerve 

stimulation during the nodal delivery of saline vehicle, D-arginine alone ( 5 x 1 o·• 

moles/min, 60 min), MEAP ( 1.5 x 10"9 moles/min, 60 min) alone and combined with D

arginine (5 x 10·8 moles/min moles/min,). • = Significantly different from control, P< 

.05. 

Figure 8: This graph represents the heart rate/frequency response during right vagal nerve 

stimulation for the entire 60 minute time course during saline vehicle, MEAP, D-arginine 

-·..;.,. 
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and MEAP combined with 0-arginine. Concentrations for each treatment are the same as 

in figure 7. Vagal stimulations were performed at 15 minute intervals. • = Significantly 

different from control, P< .05. 

Figure 9: This graph represents the heart rate/frequency response to right vagal nerve 

stimulation during the nodal delivery of saline vehicle, SNAP alone (5 x 104 moles/min, 

60 min), MEAP ( 1.5 x 1 o-9 moles/min, 60 min) alone and combined with SNAP (5 x 

10·8 moles/min). *= Significantly different from control, P< .05. 

Figure 10: This graph represents the heart rate/frequency response during right vagal 

nerve stimulation for the entire 60 minute time course during saline vehicle, MEAP, 

SNAP and MEAP combined with SNAP. Concentrations for each treatment are the same 

as in figure 9. Vagal stimulations were performed at 15 minute intervals. * = 

Significantly different from control, P< .05. 

Figure 11: This graph represents the heart rate/frequency response to right vagal nerve 

stimulation during the nodal delivery of saline vehicle, 8-bromo-cGMP alone (5 x 10·8 

moles/min, 60 min), MEAP ( 1.5 x 1 o-9 moles/min, 60 min) alone and combined with 8-

bromo-cGMP (5 x 10·8 moles/min).*= Significantly different from control, P< .05. 

Figure 12: This graph represents the heart rate/frequency response during right vagal 

nerve stimulation for the entire 60 minute time course during saline vehicle, MEAP, 8-
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bromo-cGMP, and MEAP combined with 8-bromo-cGMP. Concentrations for each 

treatment are the same as in figure 11. Vagal stimulations were performed at 1 S minute 

intervals. • = Significantly different from control, P< .OS. 

Figure 13: This graph represents the heart rate/frequency response to right vagal nerve 

stimulation during the nodal delivery of saline vehicle, IBMX alone ( S x 1 o..s moles/min, 

60 min), MEAP (l.S x 10·9 moles/min, 60 min) alone and combined with ffiMX (S x 10..s 

. moles/min). • = Significantly different from control, P< .OS. 

Figure 14: This graph represents the heart rate/frequency response during right vagal 

nerve stimulation for the entire 60 minute time course during saline vehicle, MEAP, 

IBMX, and MEAP combined with ffiMX. Concentrations for each treatment are the 

same as in figure 13. Vagal stimulations were performed at 1S minute intervals. • = 

Significantly different from control, P< .OS. 

Figure 1S: This graph represents the change in heart rate produced by 30 minute nodal 

delivery of the direct acting muscarlnic agonist , methacholine (meth, 1 x 10·7 mole/min) 

alone and combined with MEAP (l.S x 10·9 moles/min). The lower panel compares 3 

Hz vagal stimulations during vehicle infusion and nodal delivery of MEAP ( 1.S x 1 o·9 

moles/min) with the 30 min values from the upper panel. • = Significantly different from 

control, P< .OS. 
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Figure 16: This graph represents the change in heart rate produced by 30 minute nodal 

delivery of the direct acting muscarinic agonist, methacholine (meth, 1 x 10'7 mole/min) 

alone and combined with 7-nitroindazole (1.5 x 10'9 moles/min). The lower panel 

compares 3 Hz vagal stimulations during vehicle infusion and nodal delivery of MEAP ( 

1. 5 x 10'9 moles/min) with the 30 min values from the upper panel. * = Significantly 

different from control, P< .05. 

· ·..:.. 
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/ Table 1. Baseline Hemodynamic Variables 

Groups Control Treatment Washout 

HR MAP HR MAP HR MAP 

MEAP 100±8 98±9 120±7 113±7 129±7 119±9 

L-NAME 98±6 100±5 115±6 102±8 124±6 115±6 

7-NT 117±5 116±7 118±8 116±6 119±5 120±7 

L-arg 115±4 112±7 114±6 116±9 118±6 117±5 -0 w 
SNAP 129±9 108±5 131±8 113±9 129±5 119±7 

cGMP 117±7 101±7 119±6 102±5 117±6 104±6 

D-arg 112±9 108±5 115±8 106±9 116±8 109±7 

IBMX 116±7 112±7 113±6 114±5 115±6 115±5 
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CHAPTER IV 

CONCLUSIONS 

We began this endeavor with two basic questions: 1) which subtype of opiate receptor 

was mediating the vagolytic effect of MEAP and 2) was this vagolytic effect a result of 

the interruption of the NO-cGMP pathway within the sinoatrial node. The major fmdings 

of this work are: 

1. The vagolytic effect of nodal MEAP was mediated by 5-2 opiate receptors in 

the sinoatrial node. 

2. 5-1-opiate receptors in the sinoatrial node may be_ vagotonic. 

3. The neuronal isoform of NOS in the canine sinoatrial node is an integral 

component of basal vagal transmission. 

4. MEAP interrupts vagal bradycardia by interacting with the NOS-cGMP 

pathway in the sinoatrial node. The possible site of convergence is cAMP. 
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S. The interaction between MEAP and the NOS-cGMP pathway was not 

mediated by nodal muscarinic receptors and was likely prejunctionally located 

in vagal nerve terminals in the sinoatrial node. 

The vagolytic effect of MEAP mediated by o-2 opiate receptors may moderate 

the release of acetylcholine from parasympathetic nerve terminals. This scenario may 

protect the heart during intense vagal stimulation (vasovagal syncope) or smooth the 

transition between predominarttly sympathetic and parasympathetic states. Nodal opioids 

may also be pathologic in selected circumstances since endogenous enkephalins have 

been reported to be elevated during hypertension and congestive heart failure. 

Inappropriate vagal transmission might increase sympathetic influences in the heart and 

possibly lead to rhythmic disturbances. 

The activation of 8-1 opiate receptors may enhance vagal bradycardia. An 

increase in vagal transmission may be beneficial in acute myocardial ischemia. The 

local release of opioids may activ~t~ o-1 opioid receptors and improve acetylcholine 

release in the ischemic area. The subsequent activation of muscarinic receptors would 

reduce myocardial contractile activity, oxygen consumption and the probability of tissue 

InjUry. 
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MEAP appears to exert its vagolytic action by interacting with the cAMP portion 

of the NOS-cGMP system in vagal nerve terminals in the sinoatrial node. This may be 

pathologic during heart failure and hypertension. Since the NO system is dysfunctional 

during these pathologies, a chronic rise in nodal MEAP could exacerbate this dysfunction 

by further reducing cAMP formation and decreasing vagal tone. 
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CHAPTERV 

FUTURE STUDIES 

The following studies are proposed to further clarify the cardiovascular effects of 

the MEAP and the Nitric Oxide System in the sinoatrial node: 

1. Measure cAMP during treatment with NO or MEAP. 

2. Use immunohistochemistry to determine the location and verify the types of 

opioid receptors harbored in the sinoatrial node. 

3. Use immunohistochemistry to verify that opioid receptors and nitric oxide 

systems are colocalized in parasympathetic nerve terminals in the sinoatrial 

node. 

4. Measure NO production during vagal nerve stimulation during normal 

conditions and opioid treatment. 
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5. Measure the release of acetylcholine during vagal stimulation with control and 

opioid treatments. This will directly detennine the effect of opioid activation on 

the release of neurotransmitter. 

6. Measure thmyocardial enkephalin during pathologic conditions such as 

congestive heart failure, hypertension, and myocardial infarction. This will 

detennine if myocardial enkephalins are elevated during these conditions. 

7. Use various kappa and mu agonists and antagonists to rule out their participation 

in the vagotonic effect produced by o-1 agonists. 
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APPENDIX 

The salient findings in this dissertation are: 1. o-2 opioid receptors in the sinoatrial node 

are vagolytic, 2. o-1 opioid receptors in the sinoatrial node are likely vagotonic, 3. 

Neuronal NOS in the sinoatrial node is a requisite part of vagal transmission, and 4. 

MEAP interacts with the cAMP component of the NOS-cGMP system in the sinoatrial 

node to modulate vagal bradycardia. As a point of clarity, several figures are provided to 

· illustrate the possible mechanism for each finding. 

First, the o-2-opioid receptor attenuates vagal bradycardia by reducing the release of 

acetylcholine from vagal nerve terminals in the sinoatrial node (Figure 1). By coupling 

with Gi proteins, o-2 receptor activation decreases the activity of adenylyl cyclase (AC) 

and leads to lower concentrations of cAMP in vagal nerve terminals. The decline in 

cyclic adenosine monophosphate (cAMP) ·reduces Ca2
+ influx into the nerve terminals 

and decreases the vesicular release of acetylcholine. A decreased release in 

acetylcholine translates into the ~ctivation of fewer muscarinic receptors on nodal 

pacemaker cells and a less intense vagal bradycardia. 

Second, the vagotonic effect of o-1 receptors is mediated by increasing the release of 

acetylcholine (Figure 2). o-1 receptors may accomplish this by coupling to Gs proteins 

and upon activation, increase the activity of adenylyl cyclase and elevating cAMP in 
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vagal nerve terminals. Overall, this would lead to an enhanced vagal bradycardia due to 

the increased release of acetylcholine and subsequent activation of muscarinic receptors 

on nodal pacemaker cells. 

Third, NOS (nitric oxide synthase) is a requisite portion of vagal bradycardia since it 

aids in the release of acetylcholine from vagal nerve terminals by decreasing cAMP 

hydrolysis (Figure 3). When NOS is activated NO (nitric oxide) is formed. NO then acts 

on guanylyl cyclase (GC) to increase its ability to create cyclic guanosine 

monophospshate (cGMP) .. The cGMP molecule then activates protein kinase G (PKG) 

which inactivates phosphodiesterase 3 (PDE3). The normal activity of PDE3 is to 

hydrolyze cAMP. This inhibition allows the accumulation of cAMP and the subsequent 

influx of Ca2
+ ions in vagal nerve terminals producing the vesicular release of 

acetylcholine and subsequent bradycardia. 

Fourth, MEAP may interrupt this system by lowering cAMP concentrations normally 

maintained by the NOS-cGMP pathway by lowering adenylyl cyclase activity as 

described earlier in the appendix. Both opioids and nitric oxide may control vagal 

transmission by regulating the steady state concentrations of vagal cAMP and thus the 

release of acetylcholine (Figure 4). If as proposed, these two opposing mechanisms 

operate in different temporal domains. The relative activity of a constitutive NOS 

pathway may determine the responsiveness of vagal nerve terminals to opioids and any 

other effectors that modify the cyclase directly . 
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