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I. Introduction

THE concept of chemical neuroeffector transmission
has evolved greatly since the turn of the century (reviews
refs. 159, 201). Since then research on transmitter sub-
stances has focused on general aspects of synaptic trans-
mission which now allows one to recognize more precisely
organ-specific differences. It appears that the cardiac
parasympathetic neuroeffector junction exhibits proper-
ties that are extremely different from those of the neu-
romuscular junction of skeletal muscle, although both
belong to the family of cholinergic junctions. These dif-
ferences are readily appreciated from the distinct roles

* Research done in the authors’ laboratories was supported by the

Deutsche Forschungsgemeinschaft (K. L.) and USPHS, HL-13339 (A.
P.).

1

of these cholinergic junctions in affecting the function
of the heart and the skeletal muscle, respectively.

A major goal of this article is to substantiate the
physiological “reasons” for, and the mechanisms of, the
organ-specific characteristics of cardiac neuroeffector
transmission. It is impressive how well tissue structure
and the release, removal, and postsynaptic actions of
acetylcholine (ACh) are organized to produce the typical
parasympathetic influence on the heart beat.

II. Anatomy of the Cardiac Parasympathetic
Innervation
A. Vagal Innervation

The preganglionic nerves of the right and left cardiac
parasympathetic fibers originate ipsilaterally in the me-
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dulla oblongata which serves as the major center for
mediating cardiovascular reflexes. For investigating the
precise location of the cardiac vagal preganglionic so-
mata, the horseradish peroxidase technique (53, 158) was
used in combination with electrical stimulation of the
medullary nuclei (88). In the bird, the dorsal motor
nucleus constitutes the principal location (review, ref.
39). In the cat, the nucleus ambiguus contains the bulk
of somata (72%) while successively fewer cell bodies were
located in the dorsal motor nucleus (19%) and the inter-
mediate zone (9%). It has been suggested that these
differences might reflect a phylogenetical ventral migra-
tion of the anlagen of the cardiac neurons (241; review,
ref. 39).

Recently the problem was considered as to whether
the localizations of the somata of the cardiac vagal neu-
rons in essentially two medullary nuclei are of functional
significance. Although the problem is not yet settled,
there has been a report (88) showing a differential cardiac
response to electrical stimulation of the two nuclei. Stim-
ulation of the dorsal motor nucleus resulted in a reduced
force of contraction with unchanged heart rate, while
stimulation of the nucleus ambiguus mediated the con-
verse reaction. Consistent with this report is the obser-
vation that in the cardiac vagal branches of the dog,
chronotropic fibers are not intermingled with inotropic
fibers to a large extent (266). Geis et al. (88) suggested
that vagal inotropic neurons of the dorsal motor nucleus
may be controlled by one set of reflexes while vagal
chronotropic neurons of the nucleus ambiguus may be
affected by a different set. However, evidence for this
kind of differential reflex pathway is still lacking. No
systemic account is yet available for inputs to the pre-
ganglionic cardiovagal cells, whereas the multiple inputs
to the sympathetic counterpart have been partially iden-
tified (198, 284).

The cervical and thoracic vagi give off several major
cardiac branches which vary considerably among verte-
brates. In man, the fine cardiac nerves can be separated
into cardio-inhibitory and cardio-acceleratory nerves,
whereas, in other mammals interconnections between
the two systems were frequently observed (266). In the
dog, even the cervical vagus carries sympathetic efferent
fibers (260) originating, at least in part, in the brain stem
itself (334).

According to fiber diameter and conduction velocities,
the cervical vagus is composed of B- and C-fibers. Con-
duction velocities of the preganglionic parasympathetic
fibérs projecting to the heart were all in the range of
myelinated B-fibers (2.8 to 15.5 m/s) (review, ref. 212;
236).

The vagus nerves innervate the intracardiac parasym-
pathetic ganglia. Much of the present knowledge on the
transmission through these ganglia has been obtained on
the isolated interatrial septum of the frog heart (52, 217)
which is so thin (5 to 100 um) that the ganglia can be

studied within the muscular tissue by light and electron
microscopy in combination with intracellular recording
of the excitatory postsynaptic potential (EPSP). Dennis
et al. (52) found in this preparation that, on each gan-
glion cell, 10 to 20 synaptic boutons are usually derived
from a single preganglionic vagal fiber and that these
fibers branch extensively to innervate several septal gan-
glion cells. Fibers derived from the right and left vagus
intermingled at the entry of the septum (48, 52), such
that even 40% of all ganglion cells studied received inputs
from both right and left nerves (275). Similarly, a sig-
nificant bilateral innervation of the cardiac ganglia was
found in the chicken heart by measuring output of ACh
in response to stimulation of the right and/or left vagus
nerves (193). One of the bilateral inputs may be sub-
threshold with respect to postganglionic activation. Bi-
lateral vagal innervation of intrinsic cardiac neurons
would also explain why unilateral vagal denervation of
the dog heart, in contrast to complete surgical denerva-
tion of the heart (including bilateral preganglionic de-
nervation), failed to cause supersensitivity to the nega-
tive inotropic effect of nicotine (261, 262) which is evoked
by stimulation of the intrinsic parasympathetic neurons.
Similarly, in rat (206) and cat (31, 32) hearts, bilateral
preganglionic parasympathectomy markedly reduced the
ACh content, whereas unilateral vagotomy was nearly or
totally ineffective. It seems that cardiac effects of unilat-
eral vagotomy and decentralization are small even at a
time when sprouting and re-innervation processes may
not yet be effective. Partial bilateral innervation of the
intrinsic parasympathetic neurons could explain the
small responses to unilateral vagotomy.

B. Regional Distribution of Pre- and Postganglionic
Neurons

Assuming that the parasympathetic postganglionic
neurons give rise to short axons, information concerning
the localization of these cell bodies would provide accu-
rate assessment of the specific cardiac regions influenced
by postganglionic neurons. The predominant location of
the cardiac ganglia is the posterior aspect of the atria
within the subepicardial connective tissue. The ganglia
are considerably more prominent on the right than on
the left atrium (review, ref. 39). Further preferential
locations of cardiac ganglia are the interatrial septum
(217, 275), the entrances of the venae cavae, near the
roots of the aorta and pulmonary artery, and along the
coronary arteries (39). The most complete picture of the
development of vagal innervation of the heart has been
obtained in the chick where the parasympathetic ganglia
are mainly situated in and around the coronary sulcus
(270). An elegant description of the migration and mat-
uration of neural crest cells that give rise to parasym-
pathetic cardiac ganglia has been given by Kirby and
Stewart (173). Bilateral extirpation of neural crest from
somites 1 to 3 appeared to be optimal for interrupting
vagal innervation of embryonic chick heart as assessed
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by reduction of *H-choline uptake and acetylcholinester-
ase (AChE, EC 3.1.1.7) staining.

The presence of ventricular ganglion cells is a more
constant feature of the avian heart than of the mamma-
lian one (294). Many ganglia of the avian heart were
observed in association with the coronary and epicardial
plexuses of the ventricular myocardium (294). In contrast
to the atria, the ventricles exhibit a more prominent
innervation of the ventral than dorsal surfaces (270).
The incidence of ventricular ganglia correlates with the
ACh content of the ventricles. This is obvious from
comparison between avian and mammalian hearts (172,
294) and between ventricles and atria. In the avian heart,
the total number of ganglia (270) and the total ACh
content (54) of the ventricles are higher than those of
the atria, though both properties, when expressed per
gram of tissue, are markedly lower in the ventricles than
in the atria (see below). Finally, the physiological signif-
icance of the parasympathetic fibers occurring in the
ventricles is easier to demonstrate in the avian than in
the mammalian heart, since transmural stimulation of
isolated ventricular strips as well as application of
exogenous ACh evoked a marked atropine-sensitive re-
duction in force of contraction in avian but not in mam-
malian preparations (11, 12, 21, 22).

The observation that atria of avian and mammalian
hearts receive a much greater overall cholinergic inner-
vation than the ventricles has never been a matter of
controversy (review, ref. 266). Consistent with this is the
finding that the amount of ACh as well as the activities
of its synthesizing and hydrolyzing enzymes, i.e., choline
acetyltransferase (ChAT, EC 2.3.1.6.) (see section III C)
and cholinesterases (see section IV), respectively, are
higher in atria than in ventricles. For example, in the rat
heart, the activity of ChAT was highest in the sinoatrial
node (1775 nmol of ACh synthesized g’h™!) and de-
creased in the order: interatrial septum (781)>rest of
right atrium (712)>left atrium (416)>basal part of right
ventricle (366)>apical part of right ventricle
(250)>interventricular septum (239)>basal and apical
part of left ventricle (208 and 205) (ref. 293). Likewise,
the ACh content of chicken and rabbit ventricles (per g
of wet weight) was 41% and 19% of the atrial content,
respectively (172). In various regions of the cat (31) and
rat heart (300) the ACh content decreased in the order:
right atrium > left atrium > right ventricle > left ven-
tricle.

Although the parasympathetic innervation of the
mammalian ventricular myocardium is sparse (170),
there is now a broad consensus that the ventricles of
mammals including man receive a parasympathetic in-
nervation. The contents of ACh and ChAT in the ven-
tricles, as presented above, indicate a density of cholin-
ergic innervation that is about one-fifth of that of the
atria. According to light microscopic analysis, however,
the innervation density seems to be even lower than one

fifth. Cholinergic innervation of the ventricular myocar-
dium as identified by AChE staining was limited to
perivascular terminals, axonal trunks and sparse
branches that originate from the larger trunks in both
canine and human hearts (170). Possibly, AChE staining
may be inadequate to identify all the ventricular cholin-
ergic neurons; a comparative study of AChE-containing
and ChAT-immunoreactive axons in mammalian ventri-
cles would be intriguing. At 17 days after complete de-
nervation of the canine heart, intrinsic cardiac nerves
were still observed in the ventricles by using electron
microscopy (231); these axons presumably originate from
the ventricular ganglion cells. The existence of a cholin-
ergic innervation of the ventricular myocardium is sup-
ported by the presence of muscarinic receptors in the
ventricle (section V) and by ventricular responses to
vagal activity and to muscarinic agonists (section VI).
In contrast to the scant innervation of the ventricular
myocardium, the atrium and also parts of the ventricular
conducting system of the vertebrate heart, including that
of humans, are richly innervated as identified by specific
histochemical stains for AChE (19, 170). Consistent with
the high incidence of ganglia at the posterior aspect of
the right atrium is the fact that the density of the
postganglionic varicose fibers in the heart is highest in
the sinoatrial node (237, 312). In this region, cholinergic
nerves run in close apposition with adrenergic nerves.
As shown by histochemical stains for AChE, the cholin-
ergic innervation is more prominent in the sinoatrial
node, Purkinje fibers, and atrioventricular node than in
either atrial or ventricular myocardium (18, 19, 152, 304).
In human hearts, cholinergic terminal fibers run parallel
with the Purkinje fibers in the left bundle of His (170).
It has been proposed that these fibers tend to raise the
ventricular fibrillation threshold (170; see section VI A
and B), and that resting vagal tone exerts a significant
effect on human ventricular refractoriness (263, 320).

C. Ultrastructure of the Neuroeffector Junction

The terminal cholinergic innervation is composed of
long chains of varicose fibers similar to the adrenergic
innervation. Varicosities of the cholinergic fibers exhibit
dense accumulations of vesicles and are assumed to
release the transmitter en passage, i.e., in response to an
action potential running from one varicosity to the next.
McMahan and Kuffler (217) could trace individual cho-
linesterase-stained varicose axons back to ganglion cells
in the interatrial septum of the frog heart. Moreover,
after surgical denervation of the heart (bilateral sympa-
thectomy and preganglionic parasympathectomy), the
remaining varicosities contained only agranular vesicles
indicating that these varicose axons had their cell bodies
in the septum (“intrinsic cardiac nerves”) (231) and were
cholinergic. The average density of varicosities (adrener-
gic and cholinergic) in the frog heart was 1.9 varicosities/
100 um? in the sinus venosus and 0.7 varicosities/100
um? in the ventricle (113). The cholinergic terminal
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fibers coursing between the myocardial cells seem to form
varicosities unrelated to their distance to the nearest
muscle cell (113). Thus the distance from a varicosity to
the nearest muscle cell varies from 200 Angstrom units
(A) to many micrometers (101, 113, 217). In areas of high
innervation density, as in the sinoatrial node (237, 312),
the atrioventricular node (304), the atrial and ventricular
conducting system (19), “close neuroeffector contacts”
(< 600 A) were observed more frequently and may even
be predominant. For example, Purkinje fibers are often
accompanied by one or more varicose nerves that course
in a tortuous fashion, the neuroeffector distance being
about 600 A (18, 170). Further morphometric analyses
are necessary to quantify the incidence of close contacts
in relation to the cardiac region. Evidence for a rich
cholinergic innervation of the cardiac specialized tissue
has been summarized above (section II B).

Even when “close contacts” are observed (e.g., 18, 237),
the postsynaptic cardiac membrane lacks obvious struc-
tural specializations as seen in the central nervous sys-
tem, in ganglia, and in the motor end-plate. In the heart,
muscarinic receptors are randomly distributed over the
entire cellular surface as indicated by ionophoretic ap-
plication of ACh and mapping of ACh sensitivity (113)
and by binding of [*H]quinuclidynlbenzilate *H-QNB)
and autoradiography (113, 291). It is concluded that the
parasympathetic neuroeffector junction of the heart does
not display synaptic specializations, a conclusion that
had been drawn as early as 1958 by Fawcett and Selby
(71).

III. Neuronal Mechanisms
A. Resting Release of Acetylcholine

Release of transmitters occurring in the absence of
neuronal action potentials is difficult to assess in vivo
and to distinguish from the release due to “tonic” activity
of the nerves. Assuming that tonic activity of the intrin-
sic parasympathetic neurons of the heart is absent after
isolation of the organ, release of ACh from the isolated
unstimulated heart must be “resting release.” Unfortu-
nately, we cannot be sure that this release is not, at least
partially, an artifact due to the isolation and perfusion
procedures. Addition of cholinesterase inhibitors to iso-
lated atria of dogs evoked effects, such as decrease in the
action potential duration and hyperpolarization of atrial
cells, that were blocked by atropine (313). After inhibi-
tion of the cholinesterase activity, isolated rabbit atria
released 5.4 pmol/min of ACh (about 7 pmol g'min™?)
(100) and isolated perfused chicken hearts liberated as
much as 64 pmol g"'min™! (195). Assuming these prepa-
rations had ACh contents of 6.7 and 4.5 nmol/g, respec-
tively (172), the amounts of ACh released per min and
expressed as percent of the ACh content were equal to
0.1% in rabbit atria and 1.4% in chicken hearts. Corre-
sponding values determined in isolated ileum, dia-

phragm, and superior cervical ganglion are in the same
range.

The question remains unanswered whether this ACh
originates from neuronal or extraneuronal sources (sec-
tion III C). The answer will not be found easily because
of the presence in the heart of extraneuronal carnitine
acetyltransferase (EC 2.3.1.7) (211, 293, 339), a second
enzyme that is capable of acetylating choline. Thus al-
though ChAT activity was found to be associated exclu-
sively with neuronal and not extraneuronal structures
(see section III C), ACh could be synthesized in, and
released from, extraneuronal stores. About 30 years ago
several studies were published which emphasized the
possibility of a resting release of ACh from myocardial
cells (23, 279) and envisaged ACh as a “local hormone”
involved in cardiac automaticity (38; see also refs. 45 and
293).

The opinions on subcellular events involved in resting
and evoked release of neuronal ACh are controversial
(review, ref. 43; 343). In the heart, resting release in
contrast to evoked release of ACh was not altered by low
Ca®* and by atropine (200). Therefore, it appears that
resting release is Ca?*-independent and is not modulated
by the presynaptic muscarinic feedback mechanism (see
section III B). In analogy to the resting release of ACh
from motor nerves (168, 325) a substantial fraction of
cardiac resting release may be due to “leakage” through
the axolemma rather than due to quantal release. Unfor-
tunately, the membrane potential of the heart cell does
not show changes equivalent to the mEPPs observed at
the neuromuscular junction, i.e. changes that would allow
a selective study of quantal release. The experimental
identification of extraneuronal resting release of ACh in
the heart is further complicated by two circumstances,
namely the intrinsic position of the postganglionic para-
sympathetic neuron and parasympathetic neuroeffector
junctions that are not restricted to specialized synaptic
areas. The problem remains unsettled whether the car-
diac resting release of ACh is based on one, two, or more
mechanisms and originates from one or more sources.

By analogy the results obtained on various tissue prep-
arations, it can be assumed that digitalis glycosides,
which inhibit the Na,K-ATPase, facilitate resting release
of ACh also in the heart, though a direct proof is still
lacking (92, 259). A brief look at ouabain and the release
of norepinephrine shows that the drug facilitates resting
release of axoplasmic norepinephrine through the intact
membrane (non-exocytotic release) (182, 190) presum-
ably by an effect on the Na-dependent amine carrier
system (97, 282). Further details are discussed in a recent
review article (259). Finally it is emphasized that effects
of digitalis glycosides on ACh resting release are observed
at high concentrations (> 10~°mol/of ouabain) and are
not expected to play a significant role in the parasym-
pathetically mediated effects of these drugs observed in
the heart under clinical conditions (see next section).
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B. Release of ACh Evoked by Nerve Activity

Between periods of increased reflex activity, vagal
motor neurons may be still active. This “tonic activity”
explains the importance of the vagus even in reflex
tachycardia. Tonic activity of the vagus is largely pro-
duced by input from the carotid sinus and aortic baro-
receptor afferent nerves (reviews, refs. 44, 56). The delay
with which the effect of a single impulse applied to the
carotid nerve appears in the cervical vagus ranges be-
tween 30 and 150 ms (148, 165, 215). After the latent
period, excitation of vagal motor neurons evoked by the
brief intracarotid pressure pulse (50 to 200 ms) increased
rapidly, but declined slowly and outlasted the pressure
pulse by 1 to 3 s (258). This prolonged and gradual decay
is mainly due to a central modulation of the reflex
activity.

In man baroreceptors are experimentally stimulated
by administration of hypertensive drugs (295), such as
phenylephrine or angiotensin, or by the “neck suction”-
technique (69). These non-invasive techniques were crit-
ically reviewed by Eckberg (57).

When the blood pressure falls or baroreceptor afferents
are eliminated by nerve section, the activity of cardiac
vagus fibers may decrease from, for example, 20 to 2
spikes/s or may even cease (180). As the mean pressure
is raised gradually, the vagal efferent fibers discharge
phasically with the cardiac cycle until, at elevated pres-
sure and pulse frequencies, the discharge tends to become
continuous attaining maximum rates (165, 179, 180, 242).
Some problems in the parasympathetic control of heart
functions arising from the phasic character of vagal
activity are discussed in section VII. The importance of
the parasympathetic tone for the regulation of the heart
rate at rest or after activation of the baroreceptor reflex
is obvious also from the effects of atropine occurring
even under resting conditions (58, 126, 242, 254). An-
other indication of the importance of parasympathetic
nerves has been obtained from a critical examination of
the Bezold-Jarisch reflex in the pathophysiology of cer-
tain cardiovascular disorders. The anatomical features
and operation of parasympathetic nerves as mediators of
cardiac depressor reflexes in several clinical states (in-
feroposterior ischemia and infarction, aortic stenosis,
chronic heart failure, etc.) have been comprehensively
reviewed (210).

The predominant role of the parasympathetic nerves
in baroreceptor reflex which has been shown for con-
scious human subjects, other mammals (126), and birds
(review, ref. 39), may disappear under certain conditions.
General anesthesia by barbiturates (2, 104) or the steroid
anesthetic, althesin (177), depressed the number of vagal
impulses and consequently increased heart rate. This
centrally mediated depression of the cardiac vagal reflex
observed after injection of general anesthetics is supple-
mented by a concomitant peripheral inhibition of ACh

release at the level of the postganglionic parasympathetic
neuron (192).

Much of our knowledge concerning the intracardiac
parasympathetic ganglion was obtained from studies on
the interatrial septum of the frog heart (52, 217, 275).
Most of the ganglion cells (60%) received inputs from
only one vagal fiber (see section II A), which, on the
other hand, can exite several ganglion cells. Stimulation
of a single vagal axon resulted in an all-or-none postsyn-
aptic impulse, i.e. an EPSP, which triggered one and
sometimes two action potentials (52). The parasympa-
thetic ganglion of the frog heart serves as a low-pass
amplifier (52). However, this ganglion does not appear
to have an important integrative function (52), a conclu-
sion which is supported by a study on perfused chicken
hearts by using a different experimental approach (192).
The release of ACh from the chicken heart into the
perfusate evoked by preganglionic vagal stimulation at
various frequencies (0.3 to 30 Hz) was not significantly
different from that found after transmural (pre- and
postganglionic) stimulation.

The release of ACh at the neuroeffector junction of the
heart displays certain features of stimulus-secretion cou-
pling (e.g., ref. 197), although the opinions on the sub-
cellular events leading to release differ considerably (43,
344). Briefly, the release evoked by electrical stimulation
or by high potassium was dependent on extracellular Ca
(55, 94, 191, 200, 323) and was inhibited by Mg, Co, and
Mn ions (94, 308). Inhibition by these cations is caused
by interference with the slow inward current in the
neuron (review, ref. 7). Manganese ions not only in-
hibited, but also facilitated ACh release possibly by a
reduction of the intracellular Ca binding sites (10).

The Ca dependence explains why drugs known to
decrease or increase neuronal Ca inward current, like
barbiturates or aminopyridines, respectively, have been
reported to change the release of ACh in the heart. At a
concentration of 1.7 X 10~* M, pentobarbital caused a
half-maximal inhibition (IC50) of the postganglionic
release of ACh in the perfused chicken heart (192). The
parasympathetic terminal fibers were more sensitive to
pentobarbital than other excitable cells of the prepara-
tion. In order to reduce the release of noradrenaline, or
the force of myocardial contraction or the conduction in
vagal B- or C-fibers, one had to infuse pentobarbital in
concentrations well above the IC50 for inhibition of
postganglionic ACh release. As discussed above, it is
possible that the clinically known “vagolytic” effect of
general anesthetics is due to both a central and a periph-
eral site of action.

Aminopyridines are used as tools to facilitate trans-
mitter release by promoting voltage-dependent Ca influx
(reviews, refs. 204, 305). Hence these drugs (e.g. 4-ami-
nopyridine and 3,4-diaminopyridine) not only increased
the postganglionic release of ACh (204, 333), but also
antagonized the inhibitory effect of pentobarbital on the
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release of ACh in cardiac preparations of chickens and
cats (333). These effects of barbiturates and aminopyri-
dines demonstrate that the mechanism of ACh release
follows general principles of stimulus-secretion coupling
even though we are still far from knowing the chain of
events involved in transmitter release.

Clinical observations support the experimentally
achieved concept that efferent vagal influence on the
heart is enhanced by digitalis glycosides (92, 110). The
effects of ouabain (15 ug/kg, i.v.) and vagal stimulation
on cardiac sinus function (pacemaker cycle length and
sinoatrial interval) in conscious dogs were blocked by
atropine and were so similar to each other that most
effects of ouabain on sinus node activity seem to be
mediated vagally (110). Experiments on isolated heart
preparations have not yet provided evidence that ouabain
or other digitalis glycosides increase the resting release
(see section III A) and evoked release of ACh at subtoxic
concentrations (<5 X 10~"mol/1) (92, 259). On the other
hand, several investigators (92, 216, 307) observed that
ouabain at low concentrations augmented the negative
chronotropic response to vagal stimulation. Moreover,
ouabain in the same low concentration range enhanced
the cardiac effects of exogenous ACh in various species
(92), indicating a postjunctional myocardial site of ac-
tion. Under therapeutic conditions, however, the vagally
mediated effects of digitalis glycosides may act entirely
through a central mechanism.

In general, presynaptic modulation of ACh release can
be classified into three aspects. (1) Feedback modulation,
i.e. modulation of ACh release through stimulation of
presynaptic cholinoceptors. Negative feedback modula-
tion of ACh release has been shown in perfused chicken
hearts (171, 200) and rat atria (338). Muscarinic agonists
depressed and atropine enhanced ACh release evoked by
vagal and field stimulation (171, 200) or by high K*
(338), and cholinesterase inhibitors were found to lower
the release of ACh (195, 338). The results indicate a
postganglionic localization of the presynaptic muscarinic
inhibition (200), which seems to operate under physio-
logical conditions in both avian and mammalian heart.
(2) Axo-axonal modulation, i.e. modulation by transmit-
ters released from adjacent noncholinergic neurons. This
type of modulation is prominent in organs that are
equipped with various kinds of neurons involved in in-
trinsic reflex modulation or automaticity control, in or-
gans like the central nervous system or the intestinal
tract. In the heart, axo-axonal contacts may be restricted
to a reciprocal interaction between adrenergic (sympa-
thetic) and cholinergic (parasympathetic) postganglionic
neurons. However, other kinds of axo-axonal interac-
tions involving non-cholinergic, non-adrenergic neurons
are possible (49, 236). Morphological evidence for close
contacts between adrenergic and cholinergic postgan-
glionic neurons has been obtained with electron micros-
copy in mammalian (59, 306) and amphibian cardiac

tissue (217). There is also strong evidence that ACh (185,
202) and vagal stimulation (203, 230) inhibit the release
of noradrenaline (reviews, refs. 228, 229). The existence
of presynaptic inhibitory adrenoceptors at the choliner-
gic nerve terminals may be expected by analogy with
other organs that have dual cholinergic and adrenergic
innervation (review, ref. 324). In the chicken heart, how-
ever, adrenoceptor agonists such as methoxamine, clon-
idine, and isoproterenol failed to modify the release of
ACh in response to vagal stimulation at 5 Hz (200),
whereas cholinoceptors at sympathetic nerve terminals
have been clearly shown to exist in the same preparation
(67). Only recently it was found, by using incubated rat
atria (338), that the ACh release evoked by high K* and
by field stimulation (5 Hz) was markedly inhibited by
norepinephrine and epinephrine via stimulation of pre-
junctional a-adrenoceptors. The possibility that the ob-
served species-differences in the prejunctional adreno-
ceptors follow a phylogenetical pattern is well worth
studying. (3) Transsynaptic (retrograde) modulation, i.e.
modulation of transmitter release by substances released
postsynaptically from the innervated target cell. It has
been shown that ACh enhances the release of arachidonic
acid from membrane phospholipids of various organs
(section VI C 2). Thus, in isolated rabbit hearts, vagal
stimulation (5 Hz, 10 min) as well as exogenous ACh
caused an atropine-sensitive increase in the efflux of
prostaglandins (157). Prostaglandins may inhibit cardiac
neuroeffector transmission according to some indirect
evidence obtained in the same organ, i.e., the isolated
rabbit heart (335), a result that contrasts with the pros-
taglandin-evoked facilitation of cholinergic transmission
in smooth muscle (review, ref. 102). However, a role of
prostaglandins in cholinergic transmission in general is
questionable and appears unlikely in the parasympa-
thetic neuroeffector transmission of the heart. Experi-
ments should be done to evaluate the possibility that the
substances modulating synthesis and release of prosta-
glandins, like acetylsalicylic acid, indomethacin, and also
bradykinin affect transmission in this synapse. It should
be mentioned that bradykinin was found to slow heart
rate by an effect on the intracardiac parasympathetic
pathway (288).

Adenosine, purine nucleotides, phosphodiesterase in-
hibitors, and phospholipid metabolites represent further
candidates for modulation of ACh release (reviews, refs.
78, 102, 103). As to the heart, evidence for transsynaptic
modulation is still lacking. Certain kinds of modulation
may occur selectively in the ischemic myocardium.

C. Synthesis of ACh

In general, ACh synthesis depends on the enzymatic
transfer of the acetyl moiety from acetyl coenzyme A to
choline (reviews, refs. 315, 317): choline + acetyl-CoA =
ACh + CoA. In the cholinergic neurons of the heart,
ACh synthesis is catalyzed by ChAT which seems to be
absent in non-cholinergic cells and, therefore, has been
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used as a marker for cholinergic neurons (277). It was
found that myocardial cells in culture lacked ChAT but
contained carnitine acetyltransferase (276), which also
is able to acetylate choline, though at a much slower rate
than ChAT (339). The K,, of carnitine acetyltransferase
for choline (8.7 mM; 339) is about 80 times higher than
the K., of ChAT for choline (discussion, ref. 293). ChAT
is highest in the right atrium (285, 293, 314) which shows
the highest density of cholinergic neurons (section II B).
Moreover, administration of the ganglion blocking drug,
chlorisondamine, to rats (61) or total denervation of rat
hearts by transplantation (including preganglionic par-
asympathectomy) produced a selective decrease of ChAT
(205), but not of the mitochondrial enzyme carnitine
acetyltransferase (discussion, ref. 211) thereby indicating
the latter’s presence in myocardial cells (211, 293). Sim-
ilarly to the heart, skeletal muscle cells also contain
enzymes able to acetylate choline (222, 316, 318), and it
has been claimed that a small amount (<10%) of the
total ACh present in the rat extensor digitorum longus
muscle is formed and stored in the muscle itself (255). It
is emphasized that the presence of myocardial carnitine
acetyltransferase and its ability to acetylate choline in
the heart homogenate do not necessarily demonstrate
the existence of extraneuronal ACh in the intact heart
(section III A).

Experiments to identify the source of acetyl groups,
with acetate or pyruvate as the most likely candidates
(reviews, refs. 315, 317), have not been carried out in the
heart. Our knowledge of the second precursor, choline,
is more complete. Choline utilized for ACh synthesis in
the heart is taken up from the interstitial space by a
Na*-dependent neuronal uptake mechanism which is
sensitive to hemicholinium-3 and is activated by stimu-
lation of the vagus nerves (195). The extracellular free
choline comes from three sources: (1) free choline in the
plasma, which is present at a concentration of about 10
umol/l in mammals (including humans) (16, 55, 343); (2)
choline bound to phospholipids which are present ubiq-
uitously in the heart and constantly release choline (47);
and (3) free choline formed from ACh that is released
into the interstitial space and is subsequently hydrolyzed
(194).

There is evidence for a high capacity of the first two
sources, the circulating free choline and the choline
phosphoglycerides. The plasma level of free choline,
which is rapidly incorported into cardiac ACh (119), is
well above the apparent K,, of the high-affinity choline
uptake which is generally in the range of 0.5 to 2.0 umol/
1 (review, ref. 155). In the heart, the K, was 0.2 umol/]
(337). Thus, under physiological conditions, the supply
of choline by the blood seems sufficient to maintain
synthesis of ACh in peripheral organs such as the heart.
Choline phosphoglycerides are also capable of providing
sufficient choline to permit complete resynthesis of ACh
even during high frequency nerve stimulation of the

chicken heart that released approximately the entire
ACh store within about 20 min (201; review, ref. 199).

One has to keep in mind that the two choline sources,
the free choline of the plasma and the tissue-bound
choline, are interdependent choline compartments. In-
corporation of choline into tissue phospholipids via the
cytidine diphosphocholine pathway, oxidation of choline
to betaine, and hydrolysis of choline phosphoglycerides
contribute to the net formation of free choline in organs
and in plasma. Thus, inhibition of choline oxidation in
peripheral tissues increases the level of plasma choline
(118). In conclusion, both plasma choline and tissue-
bound choline supply cholinergic neurons with choline
at a rate that is partially determined by the metabolism
of choline and choline phosphoglycerides. Therefore,
ACh synthesis in the neuroeffector junction of the heart
seems less dependent on the third source of choline,
namely choline formed from ACh cleavage, as compared,
for example, with autonomic ganglia (199).

Changes in turnover of ACh are related to neuronal
activity and to ACh release in a way that tends to keep
the contents of ACh in peripheral organs at a constant
level (reviewed in ref. 209). This holds true also for drug-
induced modulations of ACh release (section III B). In
anesthetized rats, turnover of cardiac ACh (144 pmol/g-
min, about 2.4% of ACh content/min, ref. 33) was slightly
higher than the resting release of ACh from various
isolated hearts (0.1 to 1.4%/min; section III A).

Drugs that interfere with ACh synthesis directly will,
of course, alter the tissue content of ACh and, subse-
quently, its release. This has been shown in the perfused
chicken heart for hemicholinium-3 (201), an inhibitor of
neuronal choline uptake, and this is expected also for 4-
(1-naphthylvinyl) pyridine, a drug that inhibits ChAT
activity in heart homogenates leaving carnitine acetyl-
transferase activity unchanged (339). A similar effect has
been described for bromoacetylcholine in heart tissue
(293). An important problem is the clarification of the
mechanisms responsible for the effects of exogenous cho-
line on ACh content and release in the heart and in other
tissues. These effects have gained physiological (154)
and clinical interest (160, 340, 343). Injection of choline
chloride, 1.2 mmol/kg s.c. into rats (178) and 0.4 mmol/
kg i.v. into guinea pigs (120) increased the cardiac con-
tent of ACh. Moreover, infusion of 10~ M choline chlo-
ride into isolated chicken and cat hearts caused a two-
to three-fold increase in the release of ACh evoked by
field stimulation (55). These data are difficult to recon-
cile with other observations obtained on the same prep-
aration. (1) Resynthesis of ACh in the chicken heart
after release of large amounts of ACh met the synaptic
demands to maintain a certain level of ACh tissue con-
tent (201). (2) The amount of choline taken up in re-
sponse to a 1 min-period of vagal stimulation was stoi-
chiometrically related to the preceding release of ACh in
the absence of exogenous choline and in the presence of
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physostigmine (195). (3) Despite large interindividual
variations in the resting rate of choline overflow (1.3 to
4.0 nmol g"'min™") from the chicken heart, a significant
correlation with the amount of the ACh release evoked
by nerve stimulation was absent (195). In conclusion,
these data suggest that the extracellular concentration
of endogenous choline in the isolated heart is not rate-
limiting for neuronal ACh synthesis.

It is difficult to explain how administration of choline
can affect ACh content and release in various organs in
vivo and in vitro. No convincing argument is available
that could explain the discrepancies in the results ob-
tained in many investigations on the potency of choline
to enhance tissue ACh (reviews, refs. 154, 317).

IV. Inactivation of Released ACh

Transmission in cholinergic neuroeffector junctions of
skeletal muscle, viscera, autonomic ganglia or heart are
different with respect to the time-limits of ACh inacti-
vation which vary between microseconds in the motor
end-plate and several seconds in the heart (194). In
skeletal muscle, contraction and relaxation are depend-
ent on a very rapid inactivation of ACh and postsynaptic
repolarization within milliseconds.

In principle, interstitial clearance of ACh is controlled
by hydrolysis and diffusion (98, 99). To reconstruct
mathematically the ACh-evoked hyperpolarization of
atrial myocardium, rate constants for the irreversible
enzymatic hydrolysis Ky of 1 to 5 s™ and a diffusion
constant D of 8 X 107 cm? s™ were used (246, 257). The
effect of cholinesterase inhibitors on the vagal cardiac
response is impressively seen in isolated heart prepara-
tions as well as in vivo. In atrial tissue, peak amplitude
and the declining phase of the hyperpolarization evoked
by vagal stimulation are drastically increased or pro-
longed, respectively, by cholinesterase inhibitors (95,
246). The cardiac symptomatology during organophos-
phorus poisoning is due to inhibition of cardiac and also
of extracardiac cholinesterase activity, since the plasma
level of ACh was elevated to concentrations of 10~ mol/
1 or above (244).

The rate of junctional clearance of ACh may determine
also the “phase response curves” (151, 184), i.e. the curves
describing the dependency of the efficacy of a vagal input
on the time within the cardiac cycle (P-P interval) at
which the vagal input arrives at the cardiac tissue (sec-
tion VII). At an early phase of the P-P interval, the vagal
input was considerably less effective than later in the
cycle so that the chronotropic efficacy was about halved
within less than 1 s (151, 184).

The enzymatic activities are not equally distributed
throughout the heart either on a regional or on a cellular
level. The overall activities of both acetylcholinesterase
and butyrylcholinesterase (EC 3.1.1.8) are higher in the
atria than in the ventricles of mammals (93; review, ref.
175). However, these facts are of limited value, because
hydrolysis of released ACh is determined by only those

esterase molecules that are located at the cellular surface
(“surface”, “external”, or “functional” cholinesterase).
Acetylcholinesterase activity was observed mainly in
cholinergic nerves and was less concentrated in adrener-
gic neurons and in myocardial cells. Thus, enzymatic
staining is used for histochemical mapping of cholinergic
nerves (section II B).

Cholinesterase has been localized within mammalian
(including human) myocardial cells, where the enzyme
was associated with longitudinal and perinuclear ele-
ments of the sarcoplasmic reticulum and the A band
(152, 161). It has been pointed out by Karnovsky (161)
that the “internal” cholinesterase may be important es-
pecially in relation to the hypothetical myocardial (non-
neuronal) ACh, a problem which is discussed in section
III A and C. ‘

How important is diffusion of ACh followed by extra-
cellular washout as the second factor of tissue clearance?
Theoretically, the importance of hydrolysis and diffusion
are inversely related to each other. In the motor end-
plate, for example, hydrolysis is the only important fac-
tor, because the apparent rate of diffusion is markedly
reduced by receptor binding, and the activity of the
surface cholinesterase is extremely high (167). On the
other hand, the rate of ACh hydrolysis in the extracel-
lular space of the heart is so low, that a large part of the
released ACh diffuses over long distances and escapes
into the vascular lumen (section VII C). This has been
shown for amphibian, avian, and mammalian hearts
(review, ref. 199). Washout of ACh from the extracellular
space of the heart is caused not only by diffusion but
also by bulk movements of fluid due to the “squeezing”
effect of the contracting myocardium (342). After a brief
period of vagal stimulation (5 s), the mean extracellular
concentration of ACh in the perfused chicken heart
declined in a multiexponential fashion and reached the
50% level after 2.5 s due to both factors, hydrolysis and
washout (194). In contrast, the decline of the extracel-
lular concentration of both ACh plus choline (formed
from ACh) was of first order and was characterized by a
rate constant of 0.069 s and a half-time of 10 s. The
data clearly indicate the importance of both diffusion
followed by extracellular washout and hydrolysis as sig-
nificant factors for the inactivation of released ACh.

V. The Myocardial Muscarinic Receptor
A. Regional Distribution

The availability of radioactively labeled ligands that
bind to muscarinic receptors with high affinity has
greatly aided the examination of muscarinic receptor
distribution in the heart. Tritium-labeled muscarinic
receptor antagonists, 1-[°H]-QNB and 1-[*H]-N-methyl-
scopolamine (NMS), have also been widely used to ex-
plore the physicochemical properties of muscarinic re-
ceptors (section V B). In an early description of the
interaction between *H-QNB and cardiac muscarinic
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receptors (72), the specific binding of *H-QNB to various
regions of the rabbit heart was reported as (fmole/mg of
protein): left atrium (302.4), right atrium (200.0), ven-
tricular septum (58.1), right ventricle (52.7), and left
ventricle (37.4). These data indicate that the density of
ventricular muscarinic receptors expressed as percent of
that of atria approximates 20% or less. The regional
distribution of muscarinic receptors has also been com-
pared in hearts of rabbits, rats, guinea pigs, and dogs
(332); the results obtained were essentially the same as
those of Fields et al. (72). In contrast, the corresponding
densities, when compared to atria, were 46% in frog
ventricle (113), 109% in embryonic chick ventricle (291),
and 82% in hatched chick ventricle (297). It is notewor-
thy that these hearts exhibit a higher density of ventric-
ular parasympathetic innervation as compared with
mammalian hearts.

The regional distribution of parasympathetic inner-
vation is discussed in section II B and the regional
variation of myocardial responses to vagal activity and
muscarinic agonists in section VI A.

B. Receptor Properties

It has been proposed that the muscarinic receptor is a
highly conserved protein because its molecular weight
(about 80,000 daltons) and physicochemical properties
are remarkably similar in a variety of tissues (14, 319).
When solubilized in digitonin/cholate, the atrial musca-
rinic receptor from pig heart binds very specifically to
lectin affinity resins (123). Approximately 50% of the
binding of solubilized muscarinic receptor to wheat germ
agglutinin was prevented by treatment with neuramini-
dase indicating that the receptor is a sialoglycoprotein
(123). Of particular interest is the observation that the
binding of *H-QNB to the solubilized muscarinic receptor
(apparent molecular weight, 75,000 + 5,000 daltons) was
increased by a nondialyzable, protease-sensitive factor
that could be a cytoskeleton fragment (124). The cyto-
skeleton has been implicated in the desensitization-in-
duced loss of muscarinic receptor by virtue of its role in
endocytosis (see below).

The question of the existence of different subtypes and
of different states of the muscarinic receptor has been
addressed. The antagonist, pirenzepine, but not atropine,
has been reported to bind selectively to a subtype (M;)
of muscarinic receptor in brain (106). Because pirenze-
pine has a much lower affinity for cardiac, as compared
to brain, muscarinic receptors, the predominant cardiac
muscarinic receptor has been classified as belonging to
the M; subtype (106). Limited proteolysis yielded essen-
tially the same peptide fragments from muscarinic recep-
tors in a variety of tissues including heart; these results
are not consistent with multiple oligomeric forms of the
muscarinic receptor (319). By contrast, experiments done
with the muscarinic antagonist, N-methyl-4-piperidyl p-
azidobenzilate (3), provided evidence for multiple forms
of the muscarinic receptor in brain and heart tissues.

Oligomeric forms of the muscarinic receptor, with molec-
ular weights of 40,000, 80,000, and 160,000 daltons, were
identified; the 80,000 and 160,000 dalton polypeptides
have been tentatively related to the high and low agonist
affinity states of the muscarinic receptor (3). This con-
clusion is doubtful. When purified to homogeneity
(100,000-fold), the detergent-solubilized muscarinic re-
ceptor from porcine atrium had a molecular weight of ~
78,000 daltons and had ligand-binding properties very
similar to those of membrane-bound receptors (252).
Oligomeric forms of the cardiac muscarinic receptor were
not detected in this highly purified preparation which
exhibited high and low affinity states for carbachol (252).
A comprehensive review of the concepts of subtypes and
of forms of the muscarinic receptor has recently been
presented (131).

The muscarinic receptor can exist in several states of
agonist affinity and guanine nucleotides and cations
regulate the transitions among these states in embryonic
(80) and adult hearts (reviews, refs. 60, 141, 248, 329). In
the rat heart (141) and the chick atrium (298), carbachol
displaces *H-NMS or *H-QNB from the muscarinic re-
ceptor existing in superhigh (SH), high (H), and low (L)
affinity states. In the absence of exogenous guanine
nucleotides, the rat heart and chick atrium display three
receptor states for carbachol with similar Kp values.
Addition of guanine nucleotides eliminates the occupa-
tion of the SH receptor state by carbachol and yields a
preponderance of the L state. Occupation of muscarinic
receptors in chick heart by ACh has also been reported
to be consistent with the presence of three interconvert-
ible affinity states (140). In these experiments, the pro-
portions of muscarinic receptors occupied by agonist in
the SH and H state were reversibly increased by Mg**
while the respective Kp’s were not changed. By contrast,
Mg?* decreased muscarinic receptor affinity for the an-
tagonist [*H]-QNB (138) and it has become apparent
that Mg** and also monovalent cations, in addition to
guanine nucleotides, can serve as important modulators
of muscarinic receptor properties (218; review, ref. 15).

Recent experiments with *H-oxotremorine (*H-0XO),
a potent muscarinic agonist, have extended our knowl-
edge of muscarinic receptor properties. In rat heart mem-
branes, *H-OXO bound to a single class of receptors with
high affinity (Kp = 0.3 nM and 2 nM, respectively)
according to Harden et al. (108) and Waelbroeck et al.
(326). The muscarinic agonist occupied approximately
48% (326) and 75% (108) of the receptor sites that bound
SH-QNB. Because of the rapid dissociation of *H-0XO,
the presence of a low affinity binding site (up to 20% of
total) could not be excluded. Whereas both groups re-
ported that guanine nucleotides reduced the binding of
3H-0XO to muscarinic receptors, Harden et al. (108)
concluded that there was no change in the Kp for mus-
carinic agonist while Waelbroeck et al. (326) reported
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agonist affinity to be significantly affected. This discrep-
ancy remains unsolved.

It has been suggested that the L state is more likely
associated with certain pharmacological actions of ago-
nist in embryonic chick atria [negative chronotropic
effect (105)], in ileal smooth muscle [contraction (13)],
and in human atria [inhibition of adenylate cyclase
(51)]. By contrast, the active state of the muscarinic
receptor in embryonic chick heart could not be identified
in pharmacological experiments which demonstrated a
loss of *H-QNB binding sites and a decreased affinity of
receptor for agonist during chronic exposure (15 min) to
carbachol (80). In a subsequent report, the results of
experiments with 3H-QNB binding and displacement by
carbachol in the chick heart were interpreted as being
consistent with the hypothesis that the pharmacologi-
cally active agonist-receptor complex occurred with the
receptor in the high affinity state (82).

Changes in muscarinic receptor properties have been
implicated in desensitization produced by agonist. When
the negative chronotropic effect of carbachol had dimin-
ished due to desensitization, the number of muscarinic
receptor binding sites had been reduced by about 50%
and the concentration of carbachol required to arrest
spontaneous beating had increased 12-fold (105). These
results, which confirmed those reported earlier by Galper
and Smith (80), were attributed to a reduction of mus-
carinic receptors in the H state without a change in
affinity of carbachol for the receptor. [In contrast to the
conclusion of Halvorsen and Nathanson (105) that the
L state of the muscarinic receptor is the pharmacologi-
cally active species, it may be argued that the transition
from H to L, which is facilitated by guanine nucleotides
is the pharmacological stimulus. This view seems espe-
cially appropriate when one considers that desensitiza-
tion is accompanied by a loss of receptors from the H
state.] The loss of muscarinic receptors from the H state
occurred rapidly (within 1 to 15 min) and this could be
distinguished from a more slowly occurring loss of recep-
tors presumably from the L state (80, 82). It is notewor-
thy that the slower loss of muscarinic receptors produced
by chronic exposure to carbachol was opposed by colchi-
cine and vinblastine, agents that inhibit microtubule
function and thereby endocytosis of muscarinic receptors
(80).

The ontogenesis of muscarinic receptors has been ex-
tensively reviewed (248, 273). Of particular concern are
discrepancies reported in the number of receptors de-
tected during development of the heart and in the rela-
tionship between receptor number and response. With
regard to the former, there is still no satisfactory solution
for the discrepancy in which muscarinic receptor number
either increases (139, 283) or does not change (81, 268)
as a function of age in the developing chick heart. In
addition, it seems particularly important to conduct such
experiments with specific cardiac tissues rather than

with membranes from whole hearts. For example, meas-
urements of the effects of muscarinic agonists in cell
cultures prepared from whole hearts revealed only small
changes in beating rate (—15%) and K* efflux (+33%) at
103 M carbachol (83). It is conceivable that the K*
efflux changes occurred only in atrial cells and that much
larger effects would have been recorded if K* fluxes in
the atrial cell were not diluted by those in the ventricle
where K* fluxes are not sensitive to muscarinic agonists
(see section VI B 2). Another illustration of such a
discrepancy was reported in the fetal mouse heart on the
13th to 14th gestational days where ACh reduced heart
rate by 44% yet no specific binding sites for *H-QNB
could be detected (274). These divergent results were
attributed to a dilution of 3H-QNB binding sites in the
sinoatrial node by membranes derived from whole heart
(274).

VI. Myocardial Responses to Vagal Activity and
to Muscarinic Agonists

A. Regional Variations

Acetylcholine and vagal stimulation were thought to
inhibit supraventricular (SA node, atrium, AV node) but
not ventricular electrical and mechanical activity (Pur-
kinje fibers and ventricular muscle) in mammalian hearts
(review, ref. 132). In contrast, in avian and amphibian
ventricles, negative inotropic effects of ACh and vagal
activity were stronger and therefore were detected earlier
(reviews, refs. 22, 247, 248; see also refs. 1, 21).

The first demonstration that mammalian ventricles
also showed vagal depression was obtained by DeGeest
et al. (50). This result was confirmed recently under in
vivo conditions (70). Following sympatheti¢ and para-
sympathetic decentralization, the slight atropine-sensi-
tive negative inotropic response to trains of high-fre-
quency stimuli applied directly to the ventricular epicar-
dial surface during the absolute refractory period of the
cardiac tissue indicated parasympathetic neuroeffector
transmission in the ventricular myocardium in vivo. The
effect was more obvious when the sympathetic influence
was unimpaired. Although these ventricular effects were
small, recent studies support the notion that the para-
sympathetic innervation of the ventricle (section II B)
bears physiological and pathophysiological significance.
Acetylcholine has direct effects on the electrical proper-
ties of Purkinje fibers (5, 40, 79, 196). The problem of
whether the ventricular parasympathetic innervation is
functionally significant was elucidated when the roles of
the sympathetic innervation and the cyclic AMP system
in the parasympathetic responses were detected. Exoge-
nously applied ACh and vagal stimulation exerted nega-
tive inotropic effects on the ventricle that were markedly
increased, or were demonstrable, only when the ventricle
had been stimulated by sympathetic adrenergic nerves
or by B-adrenoceptor agonists (reviews, refs. 126, 183,
184). Moreover, several phosphodiesterase inhibitors
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markedly increased the negative inotropic effect of ACh
in the cat ventricular heart muscle (235) indicating that
activation of cyclic AMP-dependent pathways may be a
prerequisite for the effectiveness of muscarinic receptor
activation in the ventricle. For example, ACh reduced
the positive inotropic effect but not the accumulation of
cyclic AMP caused by the phosphodiesterase inhibitor,
isobutylmethylxanthine, in embryonic chick ventricle
(12). This view is also consistent with the results of
experiments with cholera toxin in embryonic chick ven-
tricular muscle inasmuch as ACh completely and rapidly
(<3 min) antagonized the positive inotropic effect of the
toxin without affecting the accumulation (2.5-fold) of
cyclic AMP (250). In the absence of cholera toxin, ACh
had no effect on cyclic AMP content or on contractility
in embryonc chick ventricles. The inhibitory effect of
muscarinic agonist in the presence of cholera toxin,
which irreversibly activates adenylate cyclase (section
VI C 2), could result from diminished activation of cyclic
AMP-dependent protein kinase (143) or interference
with the phosphorylation promoted by cyclic AMP-de-
pendent protein kinase (169). Moreover, vulnerability
for ventricular fibrillation was significantly reduced by
muscarinic agonists and vagal activity; again, this effect
became obvious only during stimulation of 8-adrenocep-
tors and disappeared after administration of 8-adreno-
ceptor blocking drugs (e.g., ref. 320). Muscarinic inhibi-
tion of cyclic AMP accumulation caused by 8-adrenocep-
tor agonists is discussed in section VI C 2.

B. Electrophysiological Effects

1. Time-Independent K* Current (ix ). Gaskell (1886-
1887) was the first to report that vagal inhibition of the
heartbeat was related to changes in the electrical prop-
erties of the heart. Vagal stimulation hyperpolarized the
mechanically inactive tortoise auricle and this inhibition
was opposed by atropine (86). Gaskell (87) also observed
that muscarine mimicked the inhibitory effect of vagal
stimulation on cardiac contractions (no hyperpolariza-
tion was detected in the presence of muscarine) by an
action on an atropine-sensitive process; he concluded
that muscarine acted primarily on the cardiac muscle
cells and not through nerves. The validity of these con-
clusions was strengthened in 1896 by the experiments of
Pickering (253) who observed that application of electric
currents inhibited the heartbeat of chick embryos only
after it was assumed that nervous elements were present
and he proposed that: “. . . these experiments apparently
decide that the nervous elements are not only essential,
but that they play the more important part in the phe-
nomena of inhibition.” (253, p. 203). Pickering also re-
ported that the strength of an electric current needed to
inhibit the heartbeat was reduced in the presence of
muscarine and that atropine opposed the inhibition
caused by electrical stimulation and by muscarine in the
embryonic heart.

Experiments with intracellular microelectrodes con-

firmed and extended Gaskell’s observations for the ef-
fects of vagal stimulation (133, 142) and muscarinic drugs
(37, 336) on the sinoatrial node and the atrium. Burgen
and Terroux (37) proposed in 1953 that muscarinic drugs
hyperpolarized atrial cells by increasing K* permeability.
This view was verified by measuring the effect of mus-
carinic drugs on the rate of “’K efflux (111) and on the
K*-dependence of the reversal potential for muscarinic-
induced hyperpolarization (309). The ability of ACh to
increase a time-independent K* current (ix,) had gener-
ally been accepted as a mechanism for muscarinic inhi-
bition of the sinoatrial pacemaker and atrium (review,
ref. 28). (This conclusion has been disputed by the results
of experiments on isolated rabbit sinoatrial node cells
studied with the patch clamp technique. In this prepa-
ration, ACh appears to induce current through a specific
class of K* channels rather than by increasing current
through existing inwardly rectifying K* channels (280).
This matter is also considered in section VI C 1.) An
increase of ix, has also been invoked to explain the
hyperpolarization of canine (79) and rabbit (225) cardiac
Purkinje fibers although it cannot account for the effects
of ACh on the maximum diastolic potential of sheep
cardiac Purkinje fibers (40, 196). When ACh inhibits the
slow inward current (i) in the ventricle of birds and
mammals, there is no increase of ix, detected (128, 144,
156). [The only apparent exception to this view was a
hyperpolarization of embryonic chick ventricular my-
ocytes by carbachol (291). While the carbachol-induced
hyperpolarization was occasionally accompanied by an
increased membrane conductance (291, Fig. 7B), in most
cells, there was no change of conductance (291, Fig. 7C).
The authors did not rationalize these divergent results.]
Therefore, occupation of muscarinic receptors by ago-
nists would not be expected to produce a stereotyped
electrophysiological response throughout the heart.

2. Voltage- and Time-Dependent Slow Inward Current
(i,;). Muscarinic inhibition of the cardiac action potential
is also dependent upon a reduction of i,; which is carried
by Ca®* and Na*. This mechanism for muscarinic inhi-
bition was first described in the amphibian atrium (90);
the reduction of i,; occurred at significantly lower con-
centrations of ACh than those required to increase ix,
(85, 90). In the mammalian atrium, ACh also reduced i,;,
but at concentrations greater than those needed to in-
crease ik, (303). Acetylcholine also reduced i, and Ca®*-
dependent action potentials in the mammalian (128, 145,
156) and the avian ventricle (11, 144). As in mammalian
ventricle, ACh inhibited Ca’*-dependent action poten-
tials in canine cardiac Purkinje fibers when i,; had been
augmented either by 8-adrenoceptor agonist or by phos-
phodiesterase inhibitor (6). Therefore, ACh can inhibit
canine cardiac Purkinje fibers by acting on i, and ik, as
in atrial muscle. Muscarinic inhibition of the ventricular
action potential appears to involve a reduction of i,;
alone.
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The inhibition of the SA node by ACh has been re-
ported to result entirely from the activation of a K*
current induced by muscarinic agonist; no change of i;
was detected (240). The observation that ACh acted on
ix, and not on iy is surprising and these experiments
have been critically reviewed (28). If the result presented
by Noma and Trautwein (240) is correct, one may con-
clude that the conductances involved in muscarinic in-
hibition vary greatly as a function of cardiac cell type
from ik, alone (SA node), to i,; and ik, (atrium, canine
Purkinje fibers) and to i,; alone (ventricle). [Recent ex-
periments with voltage-clamped mammalian AV node
indicated the participation of ik, and i, with the former
being dominant (130).] This apparent order of conduct-
ance changes produced by ACh in various cardiac cells
is complicated by species differences. In sheep Purkinje
fibers, ACh reduced ik, and i,; (41, 42) while in the dog,
ACh increased ik, (79) and reduced i; (6).

C. Relationships between Receptor Activation and
Cardiac Function

1. Membrane Ionic Conductances. Because ACh modi-
fies at least two ionic conductances, i and ik, it is
conceivable that the interaction between muscarinic re-
ceptor and these two channels is achieved by qualita-
tively different mechanisms. It has been speculated that
subclasses of muscarinic receptors (section V B) may be
coupled to ix, and i, channels, respectively (review, ref.
114). Results consistent with this view have been pre-
sented by Nargeot and Garnier (232) who reported that
tetraethylammonium (TEA) inhibited the effect of mus-
carinic agonists on ix, but not on i, whereas atropine
blocked agonist action on both conductances. Because
TEA can block K* channels directly, this result is no
proof of the existence of distinct subclasses of muscarinic
receptors linked to ionic conductances. However, Pott
(267) has reported that TEA, at concentrations lower
than those needed to block K* channels directly, acted
like a competitive muscarinic antagonist when applied
iontophoretically to guinea pig atrial cells. If this result
is correct, it should be possible to demonstrate a displace-
ment of radioactively labeled muscarinic antagonists by
TEA. [In this context, it is noteworthy that the density
of muscarinic receptors (sites/um?), estimated from spe-
cific binding of 3H-QNB, averaged 120 [frog interatrial
septum (113)] and 110 [embryonic chick atrial and ven-
tricular myocytes (291)]. By contrast, the density of K*
channels acted upon by a maximally effective concentra-
tion of ACh is about 1/um? [rabbit SA node (239)]. The
different densities of receptor sites and K* channels
could be taken as an indication that fractions of the
receptor population are coupled to different electrophys-
iological (i, and ik, channels) and metabolic (adenylate
cyclase, phosphatidylinositol) properties.]

The ability of ACh to increase ix, was viewed as an
effect of mucarinic receptor activation on an existing
background K* current (85). Although this conclusion

seems correct for the action of ACh on atrial muscle cells
(296), it may not apply in the cases of ACh action on
sinoatrial and atrioventricular node cells. According to
recent experiments in the sinoatrial node (review, ref.
310), ACh induces a separate class of K*-specific mem-
brane channels that are gated by the muscarinic receptor.
This proposal has been strengthened by results obtained
in patch clamp experiments with isolated heart cells from
rabbit sinoatrial and atrioventricular nodes (280). In
these nodal cells, ACh was required to elicit a K* current
that displayed inward-going rectification (280). That SA
node cells may not have ik, channels in the absence of
ACh has also been reported by others (290). In rabbit
cardiac Purkinje fibers, ACh, acting through muscarinic
receptors, increases ik, by an action on the inwardly-
rectifying K* current and not by opening a special class
of ACh-activated K* channels (226). Therefore, atrial
muscle cells and Purkinje fibers appear to have “ACh
regulated K* channels” while SA and AV node cells seem
to exhibit “ACh-dependent K* channels.” The musca-
rinic receptors may be a component of the specific class
of K* channels in the SA and AV nodes but not in the
atrium or in Purkinje fibers. It has been proposed that
the operation of ACh-dependent K* channels involves a
series of reactions, similar to that triggered by the acti-
vation of nicotinic receptors, with appropriate slowing of
the reaction rates to accommodate the kinetic features
of the muscarinic response (280). Insofar as it is known,
such a reaction would include a change in channel gating
conformation by muscarinic agonist independent of met-
abolic intermediate(s). Although cyclic GMP has been
suggested as a mediator of muscarinic receptor activation
in the heart, this cyclic nucleotide is able neither to
mimic the effect of ACh on “’K efflux (75, 234) nor to
modify the hyperpolarization of AV node cells by ACh
(311). Nevertheless, one cannot exclude a reaction
scheme that requires a metabolic intermediate linking
muscarinic receptor and K* channel (95, 114, 127). Ex-
periments in atrial cells showed that there is a marked
delay between ACh application and membrane hyper-
polarization; this delay is highly sensitive to temperature
(95, 113). These results, along with elegant experiments
done with photoisomerizable muscarinic antagonists
(233), are consistent with the proposal that an enzy-
matic-like reaction involving metabolic intermediates is
involved in linking muscarinic receptor to K* channel.

By contrast, it has been convincingly demonstrated
that cyclic AMP is involved in the regulation of i, by
ACh in the adult and in the embryonic heart (reviews
221, 249, 251, 269). The inhibitory effect of muscarinic
agonists on i, includes not only a reduction of adenylate
cyclase activity (221, 266, 331) but also an interference
with the effects of accumulated cyclic AMP (116, 248,
250, 327). In the latter, muscarinic inhibition might be
achieved by mechanisms discussed above (see section VI
A).
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That inhibition of i,; by muscarinic agonists is achieved
by stimulation of guanylate cyclase leading to accumu-
lation of cyclic GMP has not received consistent exper-
imental verification (reviews, refs. 189, 221). However,
the importance of measuring cyclic GMP-dependent pro-
tein kinase activity, in addition to cyclic GMP content,
has been stressed by those who have obtained evidence
consistent with the cyclic GMP hypothesis for musca-
rinic inhibition (188). Moreover, the ability of ACh to
inhibit “*Ca influx (234) and the Ca’*-dependent action
potential (176) in atrial muscle was mimicked by cylic
GMP derivatives. In light of these difficulties, it is of
interested to consider the possibility that a reciprocal
(Yin Yang hypothesis) relationship may exist between
the ratio of cyclic AMP/cyclic GMP on the one hand
and cardiac contractile force on the other (96). The work
of Flitney and colleagues (76, 77, 292) with the amphibian
heart indicated that agents or procedures that increased
the ratio of cyclic AMP/cyclic GMP produced positive
inotropic effects while those that reduced this ratio had
negative inotropic effects. However, the applicability of
this hypothesis to the mammalian heart is uncertain.
Although a reasonable correlation between cyclic AMP
content and contractile force was evident with isoproter-
enol and forskolin, there was no evidence for an impor-
tant role of the ratio of cyclic AMP/cyclic GMP in
contractile function for these agents or for nitroprusside
(272). Moreover, cyclic GMP derivatives did not mimic
carbamylcholine insofar as they exerted a positive ino-
tropic action of their own and did not oppose the positive
inotropic effects of isoproterenol, norepinephrine, phen-
ylephrine, or cyclic AMP in canine ventricle (66). At
present, there seems to be insufficient evidence either to
reject or to accept the cyclic GMP hypothesis for mus-
carinic agonist action on heart cells.

2. Metabolic Effects. It now appears that of the various
biochemical effects of muscarinic receptor activation
those on phospholipids and on cyclic nucleotides may
play a central role in signal transmission.

The receptor molecules, membrane-bound enzymes,
and channel proteins are intercalated in the phospholipid
bilayer of the cell membrane. The lipid heads and tails
of the phospholipids interact with membrane proteins.
This interaction and those involving internal cellular
structures gain a new dimension when we recognize that
muscarinic receptor activation controls the metabolism
of certain membrane phospholipids.

A quantitatively minor group of membrane phospho-
lipids, namely the inositol phosphoglycerides, has at-
tracted considerable attention (134, 135). About 30 years
ago, Hokin and Hokin (135) detected the muscarinic
stimulation of phosphatidylinositol breakdown. This so-
called “PI effect” was studied in heart tissue (30, 34).
Surprisingly, carbachol, but not oxotremorine, increased
PI turnover in chick heart cells, whereas both drugs
inhibited isoproterenol-stimulated cyclic AMP accumu-

lation (30). The muscarinic receptor detected by car-
bachol displayed H and L affinity states whereas that
detected by oxotremorine displayed only the H state.
Conceivably, the H state of the muscarinic receptor is
associated with adenylate cyclase and the L state with
the PI breakdown (30). The possibility was also consid-
ered that the metabolic effects of the two agonists could
result from actions on the same receptor state that is
efficiently coupled to adenylate cyclase and inefficiently
coupled to PI hydrolysis (30). The weak efficacy of
oxotremorine in causing the PI effect as compared to the
efficacy of carbachol was also found in rat cerebral cor-
tical slices (27). Recently, indirect evidence in favor of a
muscarinic stimulation of choline phosphoglycerides was
found in cerebral cortex and the perfused heart (46, 47).
Changes in phospholipid metabolism may link receptor
activation to the final cellular responses (1) by altera-
tions in the membrane properties (e.g., surface charge,
fluidity) (reviews, refs. 4, 129) and/or (2) by formation
of a metabolite serving as cellular messenger. Phospha-
tidate (112, 281), arachidonate metabolites (section III
B), myoinositol-D-1,4,5-trisphosphate (301; review, ref.
74), and diacylglycerol (review, ref. 238) are possible
candidates for such a molecular link in the response to
muscarinic agents. It is an important task to find out
whether a phospholipid metabolite is released by mus-
carinic receptor activation and mimicks a certain effect
of acetylcholine in the heart. Another approach would
be to identify those enzymes involved in phospholipid
turnover that are activated by muscarinic agonists and
mimick the acetylcholine response. For example, mus-
carinic agonists activate the phosphodiesteratic cleavage
of phosphoinositides (“PI effect”) (review, ref. 74) and
possibly the deacylation-reacylation cycle (47, 121).
There is much discussion about a link between mus-
carinic receptors and cyclic nucleotides in cardiac muscle
(reviews, refs. 302, 327, 329). Muscarinic agonists in-
crease cyclic GMP (96) and reduce cyclic AMP. However,
the reduction of ventricular adenylate cyclase activity
(227, 331) and thereby the accumulation of cyclic AMP
(11, 29, 250) occur only when the adenylate cyclase is
activated reversibly, e.g., by B-adrenoceptor agonists.
The effect is not observed with agents (Gpp(NH)p and
cholera toxin) that irreversibly activate adenylate cyclase
(250, 331). A positive correlation between the accumu-
lation of cyclic GMP and the negative inotropic effect of
either ACh (89) or vagal stimulation (73) was reported
in rat atria. By contrast, ACh raised cyclic GMP content
but had no effect on cyclic AMP content or phosphoryl-
ase “a” activity in isolated rat ventricles (84). Neverthe-
less, ACh inhibited the accumulation of cyclic AMP and
the activation of phosphorylase “a” caused by epineph-
rine, an effect attributed to muscarinic inhibition of 8-
adrenoceptor stimulation of adenylate cyclase. These
results can explain the inhibition of glycogenolysis
caused by ACh in mammalian hearts stimulated by 8-
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adrenoceptor agonists (125, 322). In guinea pig ventricles,
ACh increased cyclic GMP content but had no effect on
cyclic AMP content or contractility (328). Because, in
the ventricle, a negative inotropic effect of ACh occurs
in the presence of substances that raise cyclic AMP
(section VI A), it was proposed that the effect of mus-
carinic agonists was due to cyclic GMP-dependent atten-
uation of the effects of accumulated cyclic AMP (328).

The above results reinforce the view, advanced with
regard to the study of muscarinic receptor identification
by receptor-specific ligands (see section V B), that it is
essential to examine selected cardiac tissue to ascertain
muscarinic agonist action because the mechanisms may
differ not only between atria and ventricles (26) but also
within a small area.

The importance of guanine nucleotides in regulating
muscarinic receptor affinity for agonist has been ad-
dressed (section V B) and the molecular details of this
phenomenon have begun to emerge particularly by anal-
ogy with the role of guanine nucleotides in the activation
of adenylate cyclase by stimulatory hormones, transmit-
ters, and drugs. For example, activation of adenylate
cyclase requires a stimulatory guanine-nucleotide-bind-
ing protein (N,; 271) to couple S-adrenoceptor to the
catalytic unit of adenylate cyclase (271, 278). Enzyme
activity (synthesis of cyclic AMP from ATP) is low when
guanosine diphosphate (GDP) is bound to N,. Addition
of agonist initially forms a high affinity complex between
p-adrenoceptor and agonist and also facilitates the ex-
change of guanosine triphosphate (GTP) for GDP on N,.
In the presence of GTP, N, decreases S§-adrenoceptor
affinity for agonist and increases the catalytic activity of
adenylate cyclase. Hydrolysis of GTP to GDP, which
results from a GTPase inherent in N,, reduces the cata-
lytic activity of adenylate cyclase and the cycle can begin
again by agonist occupation of 8-adrenoceptor (271, 278).

Inhibition of cardiac adenylate cyclase by muscarinic
agonists also requires guanine nucleotide (149, 331) and
it had been proposed that the guanine-nucleotide-bind-
ing protein is a different molecule, termed N;, for this
action (reviewed, ref. 271). Treatment of cardiac mem-
branes with N-ethylmaleimide (<3 % 10~* M) decreased
the affinity of muscarinic receptors for agonist and pre-
vented muscarinic inhibition of adenylate cyclase with-
out modifying basal enzyme activity or its activation by
B-adrenoceptor agonist (109). Moreover, guanine nucleo-
tides lost their ability to reduce receptor affinity for
agonist in the presence of N-ethylmaleimide. Although
these results do not distinguish between separate cou-
pling proteins (N, vs N;) or distinct sites on the same
protein for stimulation and inhibition of adenylate cy-
clase, respectively, it seemed reasonable to conclude that
either of these possibilities is most consistent with the
model advanced by Rodbell (271).

A toxin isolated from Bordetella pertussis displays
features that are consistent with the existence of N; as a

separate protein entity. Pertussis toxin treatment of rat
heart cells in culture prevented the decrease of cyclic
AMP content caused by ACh (122) while the accumula-
tion of cyclic AMP caused by 8-agonist was augmented.
Pertussis toxin (sometimes called islet-activating protein
because it potentiates insulin secretion in response to
hormonal and nutritional stimuli) also prevented the
inhibition of cardiac adenylate cyclase and contractility
caused by adenosine (63, 122). Because this effect of
adenosine, like that of ACh, has been attributed to an
effect of inhibitory receptor agonist on N; (271), Hazeki
and Ui (122) suggested that the site of action of pertussis
toxin (presumably N;) was distinct from that of cholera
toxin (N,). This view has been borne out in an elegant
series of experiments by Gilman and colleagues who
reported on the purification of N;, its subunit composi-
tion and role as a substrate for ADP-ribosylation cata-
lyzed by pertussis toxin and its function as a mediator of
inhibitory drug action on adenylate cyclase of several
cell types (20, 162, 163, 164). In this context, it would be
of interest to learn whether a guanine nucleotide-de-
pendent protein is involved in the regulation if ik, by
muscarinic agonist.

With biochemical methods, it has been difficult to
demonstrate guanylate cyclase activity and its regulation
by muscarinic agonists in cardiac membrane prepara-
tions (review, ref. 302). However, the localization of
guanylate cyclase activity by histochemical procedures
has been reported in the sarcolemma and sarcoplasmic
reticulum of mammalian and avian hearts (287).
Whether the guanylate cyclase distribution, as indicated
histochemically, is a reflection of enzyme pools subject
to muscarinic receptor regulation is problematic. The
cytochemical procedure permitted activation of guany-
late cyclase by sodium nitroprusside (287), but it has
been emphasized that muscarinic agonists and sodium
nitroprusside may act on different pools of guanylate
cyclase and cyclic GMP-dependent protein kinase (188).

The importance of phosphorylation-dephosphoryla-
tion reactions as ultimate expressions of cyclic-nucleo-
tide-mediated actions of autonomic transmitters has
been stressed (reviews, refs. 166, 302, 327). The phos-
phorylation states of the cardiac proteins phospholam-
ban, troponin-I, and protein C will be considered. For
material concerning phosphorylase b kinase, the sub-
strate for phosphorylase, the reader should consult the
excellent review by Stull and Mayer (302).

Phospholamban, a 22,000 dalton protein of the sarco-
plasmic reticulum membranes, regulated the Ca®*-uptake
and Ca®*-dependent ATPase activity of such membranes
by virtue of the action of cyclic AMP-dependent protein
kinase (174; review, ref. 166). In this connection, Watan-
abe et al. (330) reported that perfusion of isolated hearts
with isoproterenol increased the incorporation of P into
phospholamban in a time-dependent manner. The in-
creased phosphorylation state of phospholamban was
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associated with the positive inotropic and accelerated
relaxation effects characteristic of S-adrenoceptor ago-
nists and was blocked by propranolol. Of particular in-
terest is their observation that ACh, by an action on
muscarinic receptors, attenuated the positive inotropic
effect and the phosphorylation of phospholamban caused
by isoproterenol (330). Although the effect of ACh could
be explained by a reduction of cyclic AMP synthesis, the
ability of muscarinic agonists to activate a protein phos-
phatase has not been excluded (327).

Autonomic transmitters also regulate the phosphory-
lation of a 165,000 dalton protein (116), which is thought
to be the C-protein of the thick (myosin) filaments found
in heart muscle (243). The C-protein, which is a com-
ponent of the thick filament yet antigenically distinct
from myosin (243) is phosphorylated by 8-adrenoceptor
agonists in a concentration- and time-dependent manner
(116). The increased phosphorylation of C-protein and
positive inotropic effect are demonstrable within 15 s
after addition of isoproterenol and these effects persist
for as long as the S-adrenoceptor agonist is present (up
to 20 min). Carbachol, acting on muscarinic receptors,
reduces the phosphorylation of C-protein and the posi-
tive inotropic effect of isoproterenol. However, the rela-
tionship between the phosphorylation of C-protein and
the negative inotropic effect of carbachol is complex. For
example, the muscarinic agonist (10~ M) blocked the
positive inotropic effect of isoproterenol within 30 s yet
did not reduce the phosphorylation of C-protein until 60
s. had elapsed. In addition, carbachol reduced the positive
inotropic effect by more than half at a concentration
(10~7 M) that had no effect on the phosphorylation of C-
protein. The inhibition of C-protein phosphorylation
caused by carbachol was not mimicked by dibutyryl cyclic
GMP. Moreover, carbachol inhibited the phosphoryla-
tion of C-protein caused by 8-bromocyclic AMP indicat-
ing that the inhibitory effect depended upon interruption
of a cyclic AMP-dependent protein kinase system (116).
This conclusion has also been drawn by others (see
section V C 2). Whereas there is much evidence to link
phosphorylation of C-protein with the positive inotropic
effect of 8-adrenoceptor agonists (116, 153), the relation-
ship between dephosphorylation of C-protein and the
negative inotropic effect of muscarinic agonists is uncer-
tain. Hartzell (115) has recently suggested an alternative
hypothesis in which the decay time of twitch tension
(rather than peak systolic force) is inversely related to
the degree of phosphorylation of C-protein. Thus, iso-
proterenol increased C-protein phosphorylation and de-
creased the decay time of the cardiac muscle twitch.
Carbachol had the opposite effect. In the presence of
carbachol, there was a striking temporal relationship
between the decreased incorporation of 3P into C-pro-
tein and the increased decay time of the muscle twitch
(115). A systematic test of this hypothesis, especially of
the concentration-dependence for the effect of carbachol

on decay time and **P incorporation, is needed. Only
then can one begin to evaluate the quantitative and
qualitative significance of this mechanism for neuro-
transmittey regulation of contraction in cardiac muscles
from different vertebrates.

Although an important role for cyclic GMP in the
dephosphorylation of C-protein is unlikely, it has been
proposed that muscarinic agonists, acting by accumula-
tion of cyclic GMP, dephosphorylate troponin-I in car-
diac muscle and thereby increase the sensitivity of my-
ofilaments to intracellular Ca%* (137). Earlier experi-
ments had indicated that 8-adrenoceptor agonists acting
on intact (68) or on hyperpermeable (224) cardiac muscle
increased the phosphorylation of troponin-I. The in-
creased phosphorylation of troponin-I caused by cyclic
AMP-dependent protein kinase was associated with a
reduced sensitivity of cardiac myofibrils to Ca?* (224)
and to stimulation of myofibrillar ATPase by Ca®* (267).
By contrast, cyclic GMP increased myofibrillar Ca’*
sensitivity in hyperpermeable cardiac fibers (214). The
importance of the regulatory function of troponin-I in
the negative inotropic action of muscarinic agonists is
not known. It appears unlikely that increased Ca®* sen-
sitivity of the myofibrils can account for the negative
inotropic effect of muscarinic agonists. However, it has
been suggested that the degree of phosphorylation of
troponin-I, which is significantly controlled by cyclic
nucleotides, is an important mechanism in determining
the tone and the rate of diastolic filling in the heart (214,
224). If this assertion is correct, it is essential to solve
the discrepancies observed in the troponin-I hypothesis
and in the effects of muscarinic agonists. First, troponin-
I phosphorylation was not always associated with the
positive inotropic effect of S-adrenoceptor agonists (68).
Second, ACh reduced the positive inotropic effect of -
adrenoceptor agonists before dephosphorylation of tro-
ponin-I could be detected (68). Third, the increased
myofibrillar Ca®* sensitivity produced by methacholine
persisted for up to 30 min after washout of the drug
(137). Although these discrepancies do not necessarily
disprove the troponin-I hypothesis for regulation of con-
tractility, they indicate that the regulatory mechanisms
for autonomic transmitter action on the contractile pro-
teins are exceeding complex (review, ref. 166).

3. Chronotropic and Inotropic Effects. The negative
chronotropic effect of ACh in the heart can be explained
by the changes produced in ik, and/or i, of the SA node
(reviews, refs. 28, 91, 147, 310). An increase of ik, and a
decrease of i;; by ACh seem to participate in the inhibi-
tion of automaticity in atrial muscle, AV node, and
canine Purkinje fibers (see section VI B 1 and 2). Because
ACh acts only to reduce i; in ventricle, it would be
expected that muscarinic inhibition of ventricular auto-
maticity depends upon a less complex mechanism. This
possibility has not been critically examined.

The negative inotropic effect of ACh in the atrium also
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depends indirectly upon an increase of ix, and directly
upon a decrease of i; (see section VI B 1 and 2). Again,
a negative inotropic effect of ACh in the ventricle arises
from a diminution of i ; only. In this tissue, much evi-
dence is available for a critical role of the adenylate
cyclase-cyclic AMP system in muscarinic inhibition of
ventricular electrical and mechanical activity (see section
VI C 1). For example, ACh inhibits ventricular contrac-
tility when the force of contraction has been increased
by substances that either stimulate adenylate cyclase
activity (S8-adrenoceptor agonists, histamine, glucagon)
or inhibit phosphodiesterase activity (reviews, refs. 184,
248, 327).

It is essential to consider the experimental evidence
for a positive inotropic action of muscarinic agonists in
the heart. Our discussion will focus only on the cate-
cholamine-independent positive inotropic effect of mus-
carinic drugs; the catecholamine-dependent positive in-
otropic effect of ACh is well-known (review, ref. 186).
The positive inotropic effect of vagal stimulation or
muscarinic agonists has been observed in ventricles of
the dog (136), cat (17, 36), and chick (8, 12), and in atria
of the rabbit (62). It is unlikely that endogenous cate-
cholamines are mediators of this effect because the pos-
itive inotropic action of muscarinic agonists or vagal
stimulation is not prevented by adrenergic neuron block-
ade (17, 36, 136) or by B-adrenoceptor antagonists (17,
62, 136). Moreover, the positive inotropic effect of ACh,
which occurs at concentrations = 107 M in all reported

studies, was not accompanied by an increase of cyclic -

AMP content (12). Atropine prevented the positive ino-
tropic effect of vagal stimulation or of ACh in all prepa-
rations except the experiments of Buccino et al. (36).
This discrepancy is puzzling because atropine opposed
the positive inotropic effect of vagal stimulation in the
experiments reported by Blinks (17) in which cat heart
muscle was also used. There are two mechanisms that
may be advanced to explain the positive inotropic effect
of vagal stimulation and ACh that is initiated by occu-
pancy of muscarinic receptors. First, the “rebound” pos-
itive inotropic effect of vagal stimulation in the rabbit
atrium was associated with an increased signal of the
luminescent calcium-sensitive protein, aequorin (62).
This result indicates that the cytoplasmic concentration
of calcium during the positive inotropic effect of vagal
stimulation is greater than that occurring during a car-
diac muscle twitch under control conditions. [The light
signal from calcium-aequorin interaction was less than
control during the negative inotropic effect of vagal
stimulation which preceded the rebound positive ino-
tropic effect.] A second explanation, which does not
exclude the first, is that ACh increases the calcium
sensitivity of the myofilaments. This view is consistent
with the results of experiments with hyperpermeable
cardiac fibers exposed to ACh (137; see section VI C 2).
The effect of ACh on calcium sensitivity of the myofila-

ments, which was also observed when cyclic GMP was
present (214), was prevented by atropine. It seems rea-
sonable to conclude that an increased concentration of
cytoplasmic calcium (is this from sarcolemmal or sarco-
plasmic reticulum stores?) and an increased calcium
sensitivity of the myofilaments to calcium contribute to
the positive inotropic effect of vagal stimulation and
ACh.

It is of interest that a-adrenoceptor agonists also have
a positive inotropic effect in the heart (review, ref. 286).
The positive inotropic effect of a-adrenoceptor agonists,
unlike that of 8-adrenoceptor agonists, is not associated
with an increase either of cellular cyclic AMP (35, 289)
or of the rate of muscle relaxation (181). Additionally,
Ca channel antagonists oppose the positive inotropic
effect of a-adrenoceptor agonists (65, 181). The ability
of a-adrenoceptor agonists to increase the magnitude of
Ca’*-dependent action potentials had been attributed to
a reduction of a voltage- and time-dependent outward
current rather than to an increase of i,; (107). However,
in voltage clamp experiments, phenylephrine increased
i and delayed the inactivation of this inward current
without changing outward current (35). Muscarinic ag-
onists did not interfere with the generation of Ca®*-
dependent action potentials caused by a-adrenoceptor
agonists (146) and either had no effect (64) or increased
slightly (107) the positive inotropic effects in contrast to
those inotropic effects that are mediated by the adenylate
cyclase-cyclic AMP system (section VI C 2).

VII. Conclusions: The Integrative Nature of the
Parasympathetic Neuroeffector Transmission in
the Heart

One of the major goals of this review article is to
analyze the role of the parasympathetic neuroeffector
junction in modulating the neurally mediated signal into
a signal of the effector cell. Three aspects are summa-
rized.

A. Integration of the Sympathetic Innervation

A characteristic feature of the sympathetic and para-
sympathetic modulation of cardiac function are the re-
ciprocal activities of the two nervous systems. Besides
the reciprocity of discharge frequencies due to central
baro- and chemoreceptor reflex mechanisms (e.g., 44, 56;
section III B), activation of the parasympathetic nervous
system inhibits sympathetic effects at pre- and postjunc-
tional levels. Axo-axonal muscarinic inhibition of nor-
adrenaline release (section III B) and postsynaptic inter-
action due to muscarinic receptors being coupled to the
B-adrenoceptor-activated adenylate cyclase (section VI)
have been described in many studies. The summarizing
conclusion is that cholinergic modulation of sympathetic
adrenergic effects is intimately integrated into the para-
sympathetic neuroeffector transmission and that nega-
tive chronotropic and, even more so, negative inotropic
effects of vagal activity depend on the background level
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of the sympathetic activity, particularly in the mamma-
lian heart.

B. Temporal Aspects of Parasympathetic Neuroeffector
Transmission

Tonic stimulation of the vagus nerves causes abrupt
slowing of the heart within a second or less, and discon-
tinuation of the stimulation is followed by a return to
the control level within a few seconds, which is rather
long in comparison with the milliseconds (or less) re-
quired for the recovery of a twitch of the skeletal muscle
and its end-plate potential. Some aspects of the time-
course of neuronal activity and of cardiac responses to
vagal stimulation have been discussed in sections III and
IV. The reader is also referred to electrophysiological
analysis of this topic (246, 257, 265).

The relatively fast onset (as compared to the slow
termination) of the negative chronotropic response to
vagal stimulation presumably is due to the fact that the
activation of close neuroeffector junctions (<600 A)
which are frequently found in the sinoatrial and atrio-
ventricular nodes (section II C) determines the rate of
onset of the effect. The delay (30 to 100 ms) and early
rising phase of the ACh-evoked hyperpolarization were
explained by a reaction scheme consisting of at least
three subsequent steps between binding of ACh to the
receptor and the opening of the K* channel (117, 256).
In this sequence, the kinetics of the muscarinic receptor-
activated channel have to be considered as rate-limiting
for the onset and partially for the time to peak of the
vagal response (127, 245, 246, 256). This is particularly
important for tissues with a high occurrence of close
junctions, since in these junctions the changes of the
ACh concentration are faster than the kinetics of the K*
channel. The situation is reversed when the effector cells
are more distant to the site of ACh release (see below).
Finally, the fact that the ACh receptor of the heart
belongs to the muscarinic and not to the nicotinic sub-
type is another important temporal aspect. Purves (264)
pointed out that the kinetic differences in the responses
mediated by these receptors have an important physio-
logical meaning whereas the pharmacological distinction
may lack any biological relevance.

In contrast to the complicated mechanism of the time
to peak, the decay phase terminating the cardiac vagal
response is exclusively determined by the ACh concen-
tration, i.e., by the removal of the ACh caused by diffu-
sion that is followed by extracellular hydrolysis or vas-
cular washout. Those molecules that escape hydrolysis
will be removed from the extracellular space by vascular
washout at a half-time of 10 s. However, most of the
ACh released was found to be hydrolyzed after 2.5 s
(194). At a diffusion constant of 8 X 10~%cm?/s for ACh,
the bulk of the transmitter molecules diffuses over a
distance of several tens of micrometers.

To elucidate the physiological importance of the de-
scribed temporal aspects of the parasympathetic neu-

roeffector transmission, the rates of onset and termina-
tion of vagal cardiac effects have to be seen in relation
to the length of the cardiac cycle (P-P interval) which is
0.3 to 1.5 s in humans. Although the onset of vagal
chronotropic effects has been described above as “ab-
rupt,” vagal stimulation has no effect on the cycle in
which it is delivered, when the stimulation falls within
the last 180 ms of the free-running cycle (151, 187).
Hyperpolarizing and phase-shifting effects are postponed
to the following one or more cycles. The “phase response
curves” obtained by plotting the P-stimulus interval
versus the P-P interval of that cycle, in which the stim-
ulus was delivered, are also influenced by the rate of
junctional clearance of extracellular ACh (section IV).
“Phase-response phenomena” are intimately linked to
the temporal characteristics of the parasympathetic neu-
roeffector transmission. Physiological and clinical impli-
cations of these phenomena are given by the facts that
reflex vagal discharges normally are grouped in discrete
bursts within each cycle and that the time of delivery of
these bursts is important for the synchronization of the
pacemaker. The reader is referred to recent studies in
this special field (151, 184).

In this context, some important advances have been
made with computer-based models of pacemaker cell
membrane. Action potentials of the SA node pacemaker
have been reconstructed by computer simulation of ex-
perimentally derived ionic currents (24, 219). Bristow
and Clark (24) adapted the Purkinje fiber model (213) in
their experiments while Michaels and colleagues (219)
used a model derived from experiments on the SA node
(341). Both groups of investigators (25, 219) have at-
tempted to simulate the effects of vagal stimulation or
ACh pulses on SA node pacemaker activity.

In spite of oversimplification (neither potassium ac-
cumulation nor electrogenic pump activity is modelled)
each model reproduces the time course of vagal or ACh-
induced hyperpolarization and the “phase response
curves” observed with ACh applied at different times in
the diastolic interval. The model used by Michaels and
colleagues mimicked the effect of vagal stimuli on P-P
interval (deceleration followed by acceleration) while
that of Bristow and Clark did not reveal the paradoxical
acceleration observed experimentally. It is noteworthy
that the “beating mode” model used by Michaels et al.
(219) indicated that i, could be greater during diastole
and thereby increase the rate of diastolic depolarization.
When vagal stimulation caused anomalous acceleration
of the SA node pacemaker, the membrane depolarized
(223). Neither the depolarization nor the anomalous
acceleration was observed in the presence of verapamil
and it was tentatively concluded that these phenomena
resulted from an increased i,; caused by neurally released
ACh (223). Neither model showed a significant secondary
period of inhibition which has been attributed to extra-
cellular accumulation of potassium (299). [In guinea pig
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atria, extracellular accumulation of potassium contrib-
uted to the “fade” of ACh-induced hyperpolarization and
to the “rebound” of membrane potential when ACh was
removed (9, 95). By contrast, the wide extracellular clefts
of rabbit Purkinje fibers makes potassium accumulation
unlikely even though ACh-induced hyperpolarization
displays “fade” and the membrane potential “rebounds”
upon removal of ACh (225).] Finally, the entrainment of
the SA node pacemaker by vagal stimuli, which has been
implicated as a mechanism for vagally induced arrhyth-
mias (150, 220), was demonstrable in the SA node model
of Michaels and colleagues (219).

C. Spatial Aspects of Parasympathetic Neuroeffector
Transmission

As discussed above, ACh released from parasympa-
thetic terminal fibers can readily diffuse over distances
of many tens of micrometers and reaches effector cells
of a large area. Theoretically, the diameter of an area
“innervated” by a point source of ACh (a single varicos-
ity) may be 100 um or more, which is about 5 times the
average distance between two capillaries (321). This ex-
plains why the ultimate fate of released ACh diffusing
away from the site of release is not necessarily hydrolysis
within the extracellular space but escape as unhydrolyzed
ACh into the circulation. Iontophoretic application of
ACh for periods of less than 100 ms has been used to
analyze temporal aspects of the parasympathetic neu-
roeffector transmission (see above). However, the spatial
aspects are complicated not only by the tonic activity of
vagal motor neurons (section III B) but by the multiplic-
ity of point sources of ACh. An area with, for example, a
diameter of 100 um which theoretically could be inner-
vated by a single varicosity (see above) may be controlled
by about 30 to 100 cholinergic varicosities depending on
the regional density of cardiac innervation (section II C).
In other words, the parasympathetic neuroeffector junc-
tion of the heart shows a considerable overlap. In this
context, the postjunctional effect of neurally released
ACh is considered in a simplified manner, that is, het-
erogeneity in cellular reactivity to ACh is neglected. The
importance of heterogeneity among SA node cells to ACh
(as well as to epinephrine, calcium, and temperature
changes) has been emphasized (207, 208). Shifts of pace-
maker activity between superior and inferior portions of
the SA node have been implicated as determinants of
neurotransmitter action and interaction in vivo (208). A
comprehensive discussion of the variations in tissue re-
sponse to vagal stimulation and to ACh has been given
by Levy and Martin (186).

Focal release of ACh into close neuroeffector Junctlons
(<600 A), which are found most frequently in the sino-
atrial and atrioventricular nodes, presumably plays an
essential role in the onset of vagally induced effects
especially on cardiac automaticity and in the synchro-
nization of the pacemaker to repetitive efferent vagal
discharges (see above). Otherwise sustained inotropic

and chronotropic vagal effects are determined by the
overall concentration of ACh in the extracellular space.
In other words, these aspects of vagal effects are imitated
by “bath application” of ACh rather than by “focal (e.g.
iontophoretic) application” (113). The nonfocal trans-
mission is supported by other features of the vagal car-
diac innervation (section II C) such as release of ACh
“en passage” from consecutive varicosities of an activated
fiber, the random distribution of varicosities in relation
to the effector cells, the homogeneous distribution of
muscarinic receptors on the myocytial surface of a cer-
tain cell (lack of membrane specializations), and finally
the low density of receptors and channels even in mem-
branes of sinus cells (239, 245). It seems that the tem-
poral and spatial aspects of the parasympathetic neu-
roeffector transmission characterize the modulatory role
of the vagus in controlling cardiac automaticity and force
of contraction.

VIII. Summary

This review has directed attention to the anatomical,
biochemical, physiological, and pharmacological features
of cardiac parasympathetic neuroeffector transmission.
The relationships among these properties have permitted
a synthesis of the operation of the parasympathetic
nervous system at the subcellular, cellular, tissue, and
organ level in the heart. However, the attempt to obtain
a comprehensive model of parasympathetic neuroeffector
transmission in the heart has not only unmasked many
features of junctional activity that are poorly understood,
but also indicated significant gaps between in vitro and
in vivo experimental situations.
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