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I. Introduction

The development of synaptic relation-

ships between nerve and muscle cells has
attracted much attention (51). Factors that
contribute to the establishment of synaptic
connections have been studied in the vol-
untary and autonomic divisions of the pe-
ripheral nervous system. Isolated neuro-
muscular preparations as well as cell cul-

ture techniques have been used to explore
the roles of nerve cell and of muscle cell

development in the establishment of syn-
aptic connections.

The subject of this article is the develop-
ment of autonomic neuromuscular rela-

tionships in the embryonic, fetal, and neo-
natal heart. Our understanding of the re-

lationship between nerve and heart mus-
cle cells has been enlarged by examining

systems from adult animals in which the
motor innervation of the muscle cell has

been removed by surgical or pharmacolog-
ical means. It is advantageous to examine
the relationship under circumstances in
which the neural elements begin to trans-
mit information to muscle cells. It then

becomes possible to study the properties of
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the muscle cell before and after innerva-
tion simply by examining the system dur-
ing the course of ontogenetic development.
Development of autonomic neuroeffector
relationships will be analyzed in connec-
tion with the questions:
1. When do efferent autonomic nerves ap-

pear in the heart and when do the
nerves contain transmitter?

2. When do autonomic nerves begin trans-

mitting information to effector cells?
3. When do the receptors for transmitter

agents appear?
4. What relationships exist between the

development of neuroeffector transmis-

sion and the development of receptors

for transmitter agents?
Although the answers to these questions

are incomplete, several aspects of the de-
velopment and establishment of cardiac
neuromuscular relationships emerge.

This report will not consider the devel-

opment of a.fferent autonomic pathways
and cardiovascular reflexes; this is dealt
with elsewhere (34, 40). In addition to

these, the reader may wish to consult re-
views that deal with the phylogenetic de-
velopment of the autonmic nervous system

(25), the autonomic innervation of the
heart (138, 162, 163), the ontogenetic de-
velopment of the cardiovascular system (7,

135), and the pharmacology of heart cells

during development (119). Other publica-
tions that are helpful include the cardio-
vascular physiology of the bird (146) and

the comparative development of cardiac

cell properties in vivo and in vitro (97).

II. Synopsis of the Development of the
Heart

The vertebrate heart develops from a

tubular connnection between the extraem-

bryonic and intraembryonic blood vessels.
A helpful guide to the comparative devel-

opment of cardiac muscle in seven verte-
brates, including man, has been given by
Sissman (141). The features of cardiac de-
velopment to be described will be taken
primarily from the chick embryo; the hu-

man heart (23) and chick heart display

similar features during early development
with the latter changing at a more rapid

rate. The tubular chick heart begins con-
tracting spontaneously at the 9-somite
stage (33-38 hr after fertilization), shortly
after myofibrillogenesis has been detected
in ventricular myocytes (103). First con-

tractions have been noted in mouse, rat,
and human hearts at 8, 9, and 22 days
after fertilization, respectively (141). The

sporadic twitches of the chick heart are
succeeded by regular pulsatile contrac-

tions at the 15-semite stage (about 48 hr
after fertilization) and the tubular heart
has assumed an “S” shape. The ventricles,

atria, and sinus venosus can be identified
morphologically as separate components of

the cardiac tube at the 9-semite, 16-somite,
and 25-somite stages, respectively. These
three cardiac regions can be identified
electrophysiologically at a time when no
morphological separation is evident and
when the heart has not begun to contract.
Action potentials were recorded from si-
noatrial and from ventricular cells at the

8-semite stage (28 hr); the sinoatrial action
potential preceded the ventricular action
potential (155). At an early stage of devel-
opment, the dominant cardiac pacemaker
is in the presumptive sinoatrial region and
there is a characteristic delay between
atrial and ventricular excitation. Action

potentials characteristic of atrial, ventric-
ular, and bulbar regions were recorded
from presumptive cardiac areas explanted

from chick blastoderm and allowed to de-
velop in vitro (92). It is noteworthy that
when the presumptive cardiac area is sep-

arated into anterior, middle, and posterior
fragments, actions potentials resembling

those of bulbar, ventricular, and atrial
cells, respectively, were recorded. There-

fore, the differentiation of presumptive
cardiac cells into specific cell types occurs
early in development.

Circulation of blood between extraem-
bryonic and intraembryonic regions begins

at the 16 to 17-semite stage (45-49 hr after

fertilization). Moreover, the operation of

the Frank-Starling mechanism has been
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demonstrated as early as the 3rd incuba-
tion day in vivo (50) and the 4th incubation
day in vitro (106). Enlargement and rota-

tion of the cardiac tube occur rapidly. Sep-
tation is nearly complete in the atria by
the end of the 5th incubation day and in

the ventricles by the 6th incubation day.
The pericardium develops as a sac-like

structure around the heart between the

6th and 8th incubation days. The chick
heart has the appearance of its adult coun-

terpart by the end of the first week of life
in ovo; hatching occurs 21 days after fer-

tilization. At this time, the general de-

velopment of the chick has reached a stage
comparable to mouse, rat, and human fe-
tuses at 15�/2, 17 to 18, and 47 days after

fertilization, respectively. The gestation
times for mouse, rat, and man are 19’/2

days, 22 days, and 40 weeks, respectively

(141).

III. Ontogenesis of Parasympathetic In-
�ervation of the Heart

A. Morphological and Chemical Studies

Vagus nerve fibers have been detected
in the truncus arteriosus (aorta precursor)

of the chick embryo heart between 64 and
68 hr. The possibility that these first vagal
neurons were sensory in function (149) has
never been tested. Elements of the vagus
nerve were reported in the interatrial sep-

tum on the 5th incubation day (89), the
sinoatrial region on the 6th incubation
day, and in the atrial wall at the end of the
7th incubation day (1). Ganglion cells were

detected between the 4th and 6th incuba-

tion days (148) and the bulbar (ventricular

and aortic) and atrial plexuses were
clearly established by the end of the first
week of life in in ovo.

Zachs (164) noted that the chick embryo

heart reacted positively to a histochemical
test for the presence of cholinesterase at

the 68 to 72-hr stage. Acetylcholinesterase
was detected in the neural folds of the
chick as early as the 1st incubation day.
Since the detection of acetylcholinesterase
preceded the morphological differentiation
of nerve cells and the appearance of acetyl-

choline in the embryo, an inductive action
of the enzyme on differentiation was �con-
sidered (164). Gy#{233}vai(66) confirmed the
observation that the appearance of acetyl-
cholinesterase in cardiac muscle cells pre-

ceded innervation by the vagus nerve in
both the chick and rat hearts. Innervation

of the fetal rat heart by the vagus is
thought to occur after the 13th gestational
day. Cholinesterase-positive neurons and

ganglia have been found in the ventricular
myocardium of chicks and full-term mam-

malian fetuses of man, monkey, cattle,

and sheep (53, 143). Nerve cells enter the
human heart at the 15-mm stage (about 37
days after fertilization) and an epicardial
plexus of several ganglia develops during
the next 7 weeks (142). At the end of the

embryonic period of development (8 weeks
after ovulation), fibers from the right va-

gosympathetic trunk enter the sinoatrial
node and interatrial septum while fibers

from the left vagosympathetic trunk enter
the aorta, pulmonary trunk and veins, and

the left vena cava (56). The presence of

ganglia in the human heart was confirmed
in this study (no thoracic sympathetic fi-

bers to the heart were found at this stage).

The ganglia in the human embryonic
heart (56, 142, 143) may be the cell bodies

of afferent sensory neurons or of efferent
postganglionic neurons. Neither cholines-
terase staining nor perikaryon shape
(multipolar vs. bipolar or unipolar) has

conclusively identified postganglionic cho-
linergic nerves in the vertebrate heart.

Acetylcholinesterase has been found in
association with rough surfaced endoplas-
mic reticulum of the fetal rabbit cardiac
myocyte on the 9th gestational day (68).
The appearance of the enzymatic reaction
product in the sarcoplasmic reticulum
later in development supported the view
that the membrane of the sarcoplasmic re-

ticulum is derived from the rough endo-
plasmic reticulum. As in other vertebrates
studied, acetylcholinesterase appeared in
fetal rabbit cardiac muscle cells before in-
nervation occurred. The view that cholin-

esterase is involved in differentiation of
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cardiac muscle cells and in the appearance
of automaticity has often been suggested

(84). However, these proposals have not
been tested in developing animals.

Considerably less information is availa-

ble concerning choline acetyltransferase
and acetylcholine in the embryo heart. An
increase of choline acetyltransferase activ-
ity occurred on the 10th incubation day in

chick embryo heart; the activity of this
enzyme continued to increase throughout
the remaining period of life in ovo (62).
The results of this study have been con-
firmed and refined by means of more sensi-
tive chemical measurements (134). Both

studies agree that a neuronal source of

choline acetyltransferase is detectable at
the 10th to 13th incubation day stage.
However, Gifford et al. (62) concluded that
there was an extraneuronal store (heart
muscle) of choline acetyltransferase in the
young (4th to 9th incubation day) chick
embryo heart. This observation is disputed
by Roskoski et al. (134) who did not detect

the enzyme with a sensitive and specific
chemical assay; they concluded that the
enzyme is absent from heart muscle cells.
Measurements of choline acetyltransfer-
ase activity do not indicate the origin of

the enzyme since it could be located either
in preganglionic or in postganglionic cho-
linergic fibers of the efferent vagus. Fur-
thermore, experiments have yet to deter-

mine when vagal neurons are capable of
synthesizing acetylcholine from choline
and acetyl coenzyme A. High affinity cho-
line uptake is said to be a sensitive indica-

tor of cholinergic neuron development
(144); measurements of choline transport

could assist in determining the develop-

ment of intracardiac vagal neurons.
Measurable amounts of an acetylcho-

line-like substance have been detected in

the chick embryo heart (99) placed in or-

gan culture. The detection of an acetycho-
line-like material in these experiments
was associated with the histological dem-
onstration (silver stain) of nerves within
the heart. Although no nerves were de-
tected in embryo hearts at 48 hr, neurons
were seen at 60 hr after fertilization - sev-

eral hours earlier than the time described
by others. The hearts were placed in organ
culture along with segments of spinal cord;
the latter were removed several days be-
fore biological assay for the acetyicholine-
like material. Cardiac content of the ace-
tylcholine-like material and of intramural
nerves increased in parallel in these organ
culture experiments. However, acetylcho-

line content and disposition have not been
measured in the heart isolated from em-
bryos of different ages. In addition, the
ultrastructural appearance of developing

cholinergic nerves in the heart has not

been described.

B. Cholinergic Neuroeffector Transmis-

sion

Inhibitory transmission between post-
ganglionic neurons and sinoatrial pace-
maker cells was detected for the first time

on the 12th incubation day in the isolated
chick embryo heart (121). Inhibition was

cholinergic in nature because inhibitory
transmission was associated with mem-

brane hyperpolarization due to an in-
creased conductance to K� and was

blocked by atropine, as in adult vertebrate
hearts (152). The inhibitory effect of field
stimulation was also blocked by tetrodo-

toxin at a concentration that did not signif-
icantly change pacemaker activity. This
finding pointed to a neural origin of the
inhibitory effect. Detection of inhibitory
cholinergic transmission occurred on the
10th incubation day in the presence of phy-
sostigmine in the chick embryo heart. The

effect of physostigmine was attributed to
inhibition of cholinesterase which allowed

small amounts of released acetylcholine to
reach sensitized postsynaptic receptors

(101) in concentrations sufficient to inhibit
pacemaker activity. Evidence that the ap-

pearance of cholinergic inhibitory trans-
mission depended upon the presence of suf-
ficient amounts of transmitter available
for release was provided by experiments
done with nicotine and dimethyiphenylpi-

perazinium (118) (see section III C 2).
These data do not agree with the conclu-

sions drawn from experiments done with
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chick embryos at 4 to 6 days incubation

age (93). Injection of acetylcholine into the
region of the 4th ventricle (just caudal to

the auditory vesicle level) caused inhibi-
tion of the heart in 5-day (120-126 hr) and
6-day (144-150 hr) but not in 4-day (96-101
hr) chick embryos. It was concluded that

the efferent (motor) vagal pathway to the
heart began to function at the 5th incuba-
tion day. This interpretation assumed that
at least two synapses (ganglion and neu-
roeffector) were functioning on the 5th in-

cubation day. However, this assumption
was not tested with pharmacological an-

tagonists such as atropine, hexametho-
nium, and tetrodotoxin. Therefore, it is

uncertain that a vagal cardioinhibitory
mechanism functioned on the 5th incuba-

tion day.
The results of electrophysiological and

pharmacological studies of the develop-
ment of cholinergic inhibitory transmis-
sion to the sinoatrial pacemaker are in

accordance with the view that the amount
of transmitter available for release is re-

sponsible, in part, for determining the on-
set of transmission. However, the amount
of transmitter present in the heart at dif-
ferent stages during ontogenesis is not
known. In addition, the presence of acetyl-

choline in a neuronal component derived
from the heart should be determined and
compared to the onset of transmission.

The reason for underscoring the cellular
location of the acetylcholine is shown in

the work of Coraboeuf et al. (36). They
reported that the chick embryo heart con-

tained an acetylcholine-like material in
the non-innervated state. Electrical stimu-
lation of the heart at frequencies greater

than normal evoked an inhibition of auto-
maticity that occurred at the end of the

stimulus period. It seemed that the inhibi-
tion was not the result of overdrive (156)
since it did not occur in the presence of
atropine. The inhibitory effect was aug-
mented by elevation of the concentration
of K� or Ca� in the bathing fluid, proce-
dures that can increase the release of

transmitter agents from nerve cells (85).

An acetylcholine-like material was de-

tected when the pooled effluent from stim-

ulated hearts was assayed on leech mus-
cle. Coraboeufet al. (37) proposed that the

acetylcholine-like material originated
either in cardiac muscle cells or in connec-
tive cells. The results of this study are
intriguing for they could be viewed in ac-

cordance with the proposal that acetylcho-
line, released from heart cells, could act

upon heart cells through a negative feed-
back mechanism and regulate automatic-

ity. It remains to be demonstrated that the
intracellular organelles (multivesicular

bodies and atrial granules) described by

Coraboeuf et al. (37) actually contain and
release transmitter agents. Multivesicular

bodies in heart muscle cells contain 500 A
vesicles that resemble those found in other

cell types (108); it has been proposed that
multivesicular bodies in the heart, as in

other cells, have lysosomal activity (108).

The chick atrium (10) and ventricle (18)
have an inhibitory cholinergic nerve sup-

ply. Stimulation of intracardiac nerves
evoked a negative inotropic effect that was

followed by a positive inotropic effect. The

negative inotropic effect of field stimula-
tion was prevented by atropine or hyoscine
but not by the ganglion blocking agents,
hexamethonium or pempidine. The phar-
macological properties of inhibitory trans-
mission to the sinoatrial pacemaker, atrial
muscle, and ventricular muscle cells are

quite similar. That is to say, field stimula-

tion initiated impulses in postganglionic
neurons and released acetylcholine that
evoked characteristic inhibitory effects on
nonpacemaker and pacemaker cells.
Blockade of the inhibitory effect of field
stimulation in the ventricle by triethylcho-

line was attributed to impairment of ace-
tylcholine synthesis, a mechanism previ-

ously described at the skeletal neuromus-
cular junction (22). There are no data con-
cerning the onset of cholinergic neuroeffec-
tor transmission in either the avian
atrium or ventricle. Inhibitory innerva-
tion of atrial muscle may not occur at the

same time as that of the sinoatrial pace-

maker. Experiments that examined this
problem would allow one to determine the
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developmental pattern for functional in-
nervation of the upper heart by inhibitory
vagal neurons. In addition, it is not known

whether the negative inotropic effect me-
diated by cholinergic receptors precedes

the appearance of inhibitory cholinergic
Innervation of the avian ventricle. Since

acetylcholine had inhibitory effects on
ventricles from 3-week-old chicks (18) and
had no inhibitory actions on ventricles up

to the 19th incubation day (140), it seems
that the cholinergic receptors causing in-
hibition develop much later in the ventri-

cle than in the atrium.

Cholinergic innervation of ventricular
muscle from birds seems to be rather well

developed when, compared with that from
atrial muscle with respect to density of
terminal nerve fibers and intensity of ef-
fect. In mammalian hearts the ability of
the parasympathetic nervous system to re-

duce contractility of ventricular muscle is
considerably less than that observed in

atrial muscle (71). It is noteworthy that
stimulation of vagal fibers to the isolated,
perfused heart of the adult chicken re-
leased large amounts of acetylcholine
(about 100 to 250 pmole g�/min� in the
absence of cholinesterase inhibitors (45,
86). The ventricular muscle content of ace-
tylcholine and of cholinesterase is higher
in the chicken than in the rabbit and both
the innervation by cholinergic fibers and
sensitivity to applied acetylcholine are
greater in the chicken than in the rabbit
(86) or in the cat (87). The ability to re-

cover large amounts of acetylcholine in the

perfusate in the presence of large amounts
of cholinesterase may be related to the
cytological disposition of the transmitter
and enzyme (86).

There is little systematic information

regarding the onset and development of

cholinergic inhibitory neuroeffector trans-
mission in mammals with the exception of
man. Field stimulation inhibited contrac-
tions in atria taken from human fetuses at
the 8- to 9.9-mm (crown-rump length)
stage but not before this stage (158). The
negative inotropic effect of field stimula-

tion reached a maximum in 5 sec, was

augmented by neostigmine, and was
blocked by atropine or tetrodotoxin. These

findings are qualitatively similar to those

obtained in the chick embryo heart. The

similarity extends to the observation that
the ontogenetic appearance of the inhibi-
tory effects of nerve stimulation precedes

that of the excitatory effects (see above).
Stimulation of the cervical (pregan-

glionic) vagus nerve evoked a small (10%)
inhibition of the fetal lamb heart as early

as the 60th gestation day; the cardioinhibi-
tory effect increased with age during fetal

and postnatal life (21). However, experi-
ments have not been done to determine the
ontogenetic appearance of cholinergic neu-
roeffector transmission in the lamb. Effer-

ent vagal (preganglionic) stimulation
slowed the sinoatrial pacemaker in new-
born rabbits (41, 139) whereas no reduction
in heart rate occurred when epinephrine

was given to fetal rabbits (41). The failure

of epinephrine to inhibit the fetal rabbit
heart reflexly could have been due to the
absence of afferent or central cardiovascu-
lar reflex components as well as to a non-

functional efferent pathway. The inhibi-
tory effect of vagal stimulation was en-
hanced by physostigmine, particularly in
young (1 week) rabbits in which the inhib-
itory effect had been depressed by stimula-

tion at high (� 50 Hz) frequencies (139).
The depressant effect of high frequency
stimulation, which was attributed to depo-
larization block by virtue of intraneuronal

Na� accumulation, was not readily evoked

in older animals. It is important to note
that the inhibitory effects of vagal stimu-
lation were partially opposed by the type

and concentration of anesthetic used. So-
dium pentobarbital reversibly diminished
the inhibitory effect of vagal stimulation;
newborn rabbits were more sensitive to
this action of anesthetics than were 6-

week-old rabbits. This fmding illustrates
the difficulties encountered in determin-
ing the properties of neuroeffector junc-
tions in preparations exposed to anesthetic
agents.
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C. Reactivity to Cholinergic Agonists and

Antagonists

1. Muscarinic drugs. The interaction

between cholinergic drugs and the devel-

oping heart will be considered with regard
to the onset of drug action during ontogen-
esis, the change in reactivity with partic-
ular reference to innervation, and the
mechanism of action. John Pickering
(125), in 1893 considered all of these as-
pects in his paper dealing with the physiol-
ogy of the embryonic heart, published over
80 years ago. The results of Pickering’s
experiments in 1896 (127) with electrically-

induced alterations in cardiac rhythm con-
vinced him that the chick embryo heart
did not respond to muscarine until 200 hr

incubation, at which time inhibitory in-
nervation of the organ was demonstrable
(126), he concluded. Similarly, atropine

was found to be without specific effect on
the rate of spontaneous beating in the
chick embryo heart although it was capa-

ble of producing a nonspecific depression of
automaticity. [This observation has been
recently described by Coraboeuf et al.

(36)].
Subsequent investigations showed that

the inhibitory effects of acetylcholine on

the sinoatrial pacemaker in the chick
heart could be demonstrated earlier than
reported by Pickering with muscarine.

Platnner and Hou (128) concluded that the
inhibitory effect of acetylcholine did not
require innervation since it was observed

at 72 to 94 hr after fertilization. Indeed,
acetylocholine evoked an atropine-sensi-
tive inhibition of the chick heart pace-
maker at the 10-semite stage or 33- to 38-

hr embryo (38, 74). Therefore, the receptor

for acetylcholine had been synthetized and
the coupling of the receptor to the inhibi-
tory mechanism had been accomplished in
the chick embryo heart membrane at a
time when spontaneous contractions are
first detected. Hsu (74), as well as Cullis

and Lucas (38), reported that “tolerance”
to the inhibitory effect of acetylcholine de-
veloped during continuous exposure to the

Medical Library
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drug and that a second exposure to acetyl-
choline had less inhibitory effect even

though the heart had been washed in sa-
line solution between exposures. Further-
more, the tolerance to acetylcholine was
not due to hydrolysis of the drug by cholin-

esterase since recovery from inhibition oc-
curred even in the presence of physostig-
mine, an observation confirmed by

Obrecht-Coutris and Coraboeuf (111).
In 1960, Dufour and Posternak (47) con-

firmed the early ontogenetic appearance

and the brief duration (“adaptation”) of
the inhibitory effects of acetylcholine in
the chick embryo heart. They also found

that the sensitivity of the atria to acetyl-

choline increased between the 2nd and 3rd
incubation days on the one hand and the

7th to 10th incubation days on the other
hand. [Acetylcholine also inhibited auto-
maticity in isolated ventricular muscle

segments, particularly at the base. The
frequency of beating of the apex, which
was slower than that of the base, was often

accelerated by high concentrations (10� to
10� g/ml) of acetylcholine.] Dufour and

Posternak (47) concluded that it was not

possible to attribute the increased acetyl-
choline sensitivity to innervation which
was assumed to occur at the 5th to 6th

incubation days.
Studies done in the developing rat heart

noted that cardiac pacemaker sensitivity

to acetylcholine increased with age (69,
113). However, the results of these investi-

gations differ with respect to the relation-
ship between reactivity to acetylcholine
and cardiac innervation. Hall (69) found
that acetylcholine inhibited the rat heart
at the 11�-day stage and concluded that

this response preceded vagal innervation
of the heart. On the other hand, Pager et

al. (113) reported that acetylcholine had
little or no effect on day 13 whereas its

inhibitory action was present by day 16,
that is, after morphological innervation
had occurred. It is possible that the lower

temperature (24#{176}C)used by Pager et al.

(113), which reduced basal pacemaker fre-

quency, impaired the detection of acetyl-
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choline-induced inhibition. The impor-
tance of temperature has been emphasized

by Robkin et al. (131) who conducted ex-
periments with explanted rat embryos at
37#{176}Cand confirmed the observations

made by Hall (69). Results obtained in
experiments done with fetal mouse hearts
are similar to those described by Hall (69)

for the rat. Wildenthal (160) reported that
the responsiveness of the fetal mouse heart
to acetylcholine increased steadily with
age from the 13th day to the time of birth
(21-22 days). It is assumed that parasym-

pathetic fibers enter the mouse atrium on
the 14th to 15th gestation day and that
innervation increased in density thereaf-
ter (160). Therefore, the mouse heart si-

noatrial pacemaker has receptors that in-
teract with acetylcholine before vagal in-
nervation has occurred. It would be of in-

terest to determine whether, as in the
chick heart, a temporal relationship exists

between the functional innervation of the
mouse heart and altered sensitivity to ace-

tylcholine (see below).
There are at least two examples that do

not follow the pattern of increased reactiv-

ity to acetylcholine with age. The sensitiv-
ity to inhibition by acetylcholine was the
same in the mature fetal lamb and in the
adult (53). However, the reaction to acetyl-
choline differed in fetal and adult sheep
hearts as indicated by experiments with
atropine. Opposition to the inhibitory ef-
fect of acetylcholine by atropine in the

adult heart may have been due not only to

antagonism of muscarinic inhibition but
also to allowing the sympathomimetic ef-
fects of high concentrations of acetylcho-
line. The latter action was thought to be
minimal or absent in the fetal lamb be-

cause of the incomplete development of the
sympathetic nervous system (53). The
ED5O for the inhibitory effect of acetylcho-
line on the sinoatrial pacemaker increased
with age from newborn to adult stages in
the rabbit (25). The greater sensitivity of
the heart of the newborn rabbit to the
negative chronotropic effect of acetylcho-
line was attributed to a lower acetylcholin-

esterase content that permitted greater
preservation of applied acetylcholine.

It had been concluded that innervation
by the vagus, which was thought to occur

on the 5th to 6th incubation day, had no
effect on reactivity of the chick embryo
heart to acetylcholine (52, 106). It is of

interest that Fingl et al. (52), who recorded
intracellular action potentials in chick em-
bryo hearts from the 3rd to the 7th incuba-
tion day, noted that functional innervation

of the heart may not have taken place
during this period of time when histologi-
cal evidence suggested that morphological
innervation had occurred. The experi-

ments done in Shideman’s laboratory (106)
also showed that the ability of physestig-

mine to augment the inhibitory effect of
exogenously applied acetylcholine was ab-
sent in 3-day hearts, appeared in 4-day
hearts, and increased in 8-day hearts. This
phenomenon has been reexamined (94)
and it was found that the inhibition by
acetylcholine had the same concentration-
effect relationship and the same reactiv-

ity to atropine in 3- and 4-day chick em-
bryo hearts. However, physostigmine aug-

mented the inhibition by acetyicholine
only in 4-day preparations, an effect at-

tributed to an increase in the activity of
acetylcholinesterase (94). In view of the
observation by Zachs (164) that cholines-
terase was demonstrable histochemically
in the heart of 3-day chicks, it is possible

that the onset of the ability of physestig-

mine to prolong the effect of acetylcholine
is due to location as well as activity of the

enzyme. The duration of the inhibitory ef-
fect of acetylcholine was briefer in 4-day
than in 3-day hearts in accordance with
the proposal that hydrolysis of the drug by
cholinesterase was an important feature in
preparations from the 4th incubation day.

These results differ from those obtained in
other laboratories; the the inhibitory effect
of acetylcholine is brief, even in the contin-
uous presence of the drug, in hearts from

the lO-somite to 10th incubation day stages
(38, 47, 111, 122).

The sensitivity of the chick embryo
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heart pacemaker to acetylcholine in-

creased at about the time that cholinergic
neuroeffector transmission could be dem-
onstrated (101). The increased sensitivity

to acetyicholine occurred on the 10th incu-
bation day when transmission could be
demonstrated only in the presence of phy-

sostigmine. Therefore, it was concluded
that the last step in the onset of choliner-
gic transmission was related to an increase

in the amount of transmitter available for
release. The inhibitory effect of acetylcho-
line, which was brief before the onset of
cholinergic transmission, increased in du-
ration after this time. This phenomenon,

which had been termed tolerance (38) and

adaptation (47), was attributed to desensi-
tization (122). Desensitization seemed to

be specific, that is, the phenomenon oc-
curred with addition of choline esters (ace-

tyicholine, acetyl-/3-methylcholine, and
carbamylcholine) but not with an increase
in the external concentration of Kt De-

sensitization to choline esters was not as
readily produced in sinoatrial prepara-

tions taken from animals at and after the
onset of cholinergic transmission. Since
the membrane conductance to K� appar-

ently increased in atrial cells (116), it is
possible that the increased duration of the
inhibitory effect was due to a persistent

increase in membrane potassium conduct-
ance in cells from the older preparations.

During ontogenesis there is an increase of
potassium permeability and conductance
of atrial and ventricular muscle cells in

chick and rat hearts (14, 28, 116, 145).
Desensitization might also be related to a

change in the properties of the receptor;
determination of the chemical properties
of the receptor would help the analysis of
this problem. [The possibility that musca
rinic cholinergic receptors can be detected

in the developing chick heart has been
tested by exposing the tissue to the revers-
ible antagonist, 3-quinuclidinyl benzylate

(136). The specific activity of tritium-la-
beled antagonist bound to components in

the microsomal fraction increased from the
3rd incubation day to the day of hatching;

specific activity decreased slightly in adult

hearts. Experiments that compare recep-
tor affinity for agonists and antagonists

(chemically and biologically) are needed
before the specific binding sites can be re-

garded as receptor sites. In addition, it will
be necessary to determine the distribution

(atrium vs. ventricle; intracardiac nerves
vs. cardiac vs. vascular smooth muscle) of
specific bindings sites and compare the re-

sults with the distribution of drug receptor
sites in the developing heart.]

A. MECHANISM OF INHIBITION. The ef-

fects of acetylcholine and carbamylcholine
have been studied on the electrical proper-

ties of sinoatrial cells in the chick embryo
heart (36, 37, 52, 116). Pacemaker inhibi-
tion was accompanied by a decrease in

maximum diastolic potential of sinoatrial
cells on the 3rd and 4th incubation days
(52, 116) and an increase in maximum dia-

stolic potential after the 5th incubation

day. Since removal of Na� from the bath-
ing solution allowed drug-induced hyper-

polarization of the pacemaker membrane,
it was concluded that the choline esters
increased Na� permeability (decreased
maximum diastolic potential) and in-

creased K� permeability (pacemaker inhi-
bition and increased maximum diastolic

potential) in the 3- and 4-day hearts. The
ability of acetylcholine to increase mem-
brane conductance to K� and to accelerate
repolarization of atrial membranes and

thereby reduce action potential duration
increased progressively during develop-

ment of the rat (113) and chick heart (116).
Acetylcholine had no effect on atrial action

potential duration in the 4-day chick em-
bryo heart (36, 37, 116). This observation,

which confirmed that made by Fingl et al.
(52), supported the conclusion that the
ionic mechanism underlying the mem-

brane actions of acetylcholine changed
during development. Coltart et al. (32) re-

ported some puzzling results of experi-
ments done with atria isolated from 12- to
13-week human fetal hearts (32). Carba-

mylcholine (10� g/ml) reduced twitch ten-
sion by about 45%; however, no change in
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action potential duration was detected.
Furthermore, carbamylcholine had no ef-

fect on automaticity when force was di-
minished. Usually, cholinomimetic drugs
reduce twitch tension and atrial action po-
tential duration simultaneously; automa-
ticity is also inhibited by drug concentra-

tions that have a negative inotropic effect
(152). No mechanism has been advanced to

explain the results obtained by Coltart et

al. (32). It should be noted that some of the
results reported by Coltart et al. (32) have
not been obtained by others. Acetylcholine
inhibited the sinoatrial pacemaker in hu-
man fetal hearts as early as the 10th week

of life (59, 158). The discrepancy has not
been resolved.

Acetylcholine inhibits the pacemaker in

the adult vertebrate heart by increasing
membrane conductance to K� (152). This

mechanism also explains the inhibitory ef-

fect of acetylcholine in the developing rat
(113) and chick heart (116). It is of interest

that the ability of elevated external K� to

suppress automaticity increases with de-
velomental age (43, 116, 145) and this is
paralleled by an augmentation of the abil-
ity of acetylcholine to reduce the action
potential duration in the fetal rat heart
(113) and in the chick embryo heart (116).

The mechanism of the negative inotropic
effect of acetylcholine in embryonic heart
muscle could be due to a reduction in the

intensity and duration of the depolarizing
stimulus (action potential) as observed in

atrial muscle of adult vertebrates. Voltage
clamp experiments (63, 150) suggest that

the negative inotropic effect of acetylcho-
line is due to actions of the drug on two
ionic currents, the slow inward current

(carried by Na�/Ca�) and a time-inde-
pendent outward current (presumably car-
ried by Ki. In the mammalian atrium
(150) low concentrations of acetylcholine
increased a steady state outward (presum-

ably Ki current that prevented the slow
inward current (carried in part by Ca�)

from running its customary time course.
At high concentrations, acetylcholine de-

creased the inward current and increased

further the steady state outward current.
In the amphibian atrium (63), contrasting

results were obtained, for acetylcholine de-

creased the slow inward current at concen-

trations that did not increase the steady
state outward current. if these different
results were due to phylogenetic rather
than to technical variations in experimen-
tal conditions, it would be desirable to ex-

amine the ionic basis of the negative mo-
tropic effect of acetylcholine in avian car-
diac muscle.

It is generally agreed that the inhibitory

effect of acetylcholine increased with de-
velopmental age in avian and mammalian

hearts. Whether the increased sensitivity
is dependent upon innervation has not

been resolved. The results obtained in the

chick embryo heart indicate that there is a
temporal relationship between the in-

creased sensitivity of the pacemaker to
cholinergic drugs and the appearance of
cholinergic neuroeffector transmission.
However, experiments that examine the

relationship between interruption of the
development of the postganglionic cholin-
ergic nerve and sensitivity to cholinergic
agonists are required to determine
whether the relationship is causal. Experi-
ments with chronic ganglionic blockade

may be helpful in resolving this problem
provided there is transsynaptic regulation

of synthetic enzyme activity and transmit-
ter concentrations in cholinergic neurons

as there is in adrenergic neurons (15).
2. Nicotinic drugs. Nicotine and di-

methylphenylpiperazinium, which release

transmitter from autonomic nerves
through mechanisms similar to those
caused by the nerve impulse (157), began
to inhibit the chick embryo heart pace-
maker at about the time that cardioinhibi-

tory nerve transmission began (118). It
was concluded that nicotinic drugs stimu-
lated hexamethonium-sensitive choliner-

gic postganglionic cells or axons and initi-
ated tetrodotoxinsensitive impulses that
released acetyicholine to inhibit pace-
maker activity. Tetrodotoxin prevented

the neurally-dependent inhibition of the
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sinoatrial pacemaker caused by nicotine

and dimethylphenylpiperazinium in the

perfused sinus node artery preparation of

adult dogs (30). High concentrations of nic-
otine (10� M) inhibited the pacemaker be-

fore functional cholinergic innervation;
this was attributed to a direct action on
heart cells because it was not prevented by
atropine. These results differ from those of
Lee et al. (91) who reported that nicotine
(1.2 x 10� M) had a biphasic effect on

heart rate (an increase followed by a de-
crease) in 4-day chick embryos. The de-

crease in heart rate became greater with
higher concentrations of nicotine; how-

ever, the mechanism of the negative
chronotropic effect was not described (91).
It was not reported that the force of cardiac
contractions changed with nicotine in un-
treated preparations; in the presence of

atropine, nicotine increased the force of
contraction.

Nicotine and dimethylphenylpiperazin-

ium did not diminish the force of contrac-
tion in ventricular muscle isolated from

chicks (at least 3 weeks after hatching).
Since acetylcholine depressed the force of

contraction in such preparations, it was
concluded that pharmacological evidence
for ganglion cells in the avian ventricle
was lacking (18). Anatomical evidence

�Hsieh (1951), cited in 18] indicated that
vagal ganglion cells are present in the an-

terior cardiac (bulbar) plexus and that the

postganglionic cholinergic fibers in the
ventricle originate in this plexus. This

conclusion was apparently supported by
the observation that tetramethylammo-

nium, 4-(m-chlorophenylcarbamoyloxy)2-
butynyl trimethylammonium (McN-A-
343), and 3-acetoxy-1-benzyl-1-methyl

pyrrolidinium (AHR-602) evoked atropine-
sensitive depression of ventricular con-
tractions. However, the origin of the mus-

carinic action of these compounds (via

cholinergic nerve stimulation or direct ac-
tion on muscle cells) is not known. [Paren-
thetically, it is noteworthy that acetyl-

choline, nicotine, dimethylphenylpipera-
zinium, and AHR-602 had positive mo-

tropic effects in the atropine-treated chick
ventricle. However, tetramethylammo-

nium did not increase the force of contrac-
tion in ventricular muscle (18) in contrast
to the results obtained by Lee et al. (91)
in 4-day to 12-day embryos. Although this

can be the result of an age-dependent
change in reactivity to tetramethylammo-
nium, it is not easily understood in view

of the persistence of sympathomimetic

effects of acetylcholine and nicotine.]

IV. Ontogenesis of Sympathetic Innerva-
tion of the Heart

A. Morphological and Chemical Studies

The appearance of sympathetic nerve

elements in the chick embryo heart is de-
layed with respect to the appearance of

parasympathetic nerve elements (133).
Sympathetic neuroblasts form the primary

sympathetic chain about the 4th incuba-
tion day; a secondary sympathetic neuro-
blast migration that develops into sequen-

tial ganglia appears on the 6th incubation
day and is well developed by the 8th incu-
bation day. A branch from the superior
cervical ganglion directed posteriorly to-
ward the heart appears and reaches the
heart at the 10th incubation day (reviewed

in 133). The development of bulbar (aorta

and ventricles) and atrioventricular
(atrial) plexuses, which give rise to nerve

fibers entering the heart, can be detected
on the 7th incubation day in the chick
embryo heart. As with the parasympathe-
tic division, there is some uncertainty

about the time of innervation of specific re-
gions of the heart and about the develop-
ment of definitive neuromuscular relation-
ships.

Earlier studies of the sympathetic nerv-

ous system were summarized by Wechsler
and Schmekel (159) who examined the ul-
trastructure of sympathetic and spinal

ganglion cells in the chick embryo. Sym-
pathoblasts could be distinguished from

cortical cells in sympathetic ganglia by the
presence of osmiophilic granules (60 to

170 nm) in the cytoplasm of the perikaryon
and primary cell processes as early as 4.5
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days after fertilization (159). The osmio-
philic granules, or dense core vesicles,
were also detected in the perikaryon of the

9-day-old embryo, but they are lacking in
the perikaryon of the sympathetic gan-
glion cells of 3-week-old chicks. Dense core
vesicles are found in synaptic regions of

sympathetic ganglia in the same neuron

(preganglionic) as are found agranular
vesicles. Transport of the large dense core
vesicles from the perikaryon to nerve end-
ings can explain this finding. Agranular
vesicles (40 nm) are characteristic organ-
elles of cholinergic nerves and are thought
to be storage sites for acetylcholine (see 8).
Wechsler and Schmekel (159) pointed out

that the large dense core vesicles had not

been conclusively identified as storage
sites for catecholamines. Large dense core
vesicles have been found in both choliner-

gic and adrenergic nerves (8). (Although
the large dense core vesicles can conceiva-

bly function as intracellular transport
mechanisms for catecholamines, they may

not be an inclusion characteristic of adre-
nergic neurons.)

Catecholamines were first detected by
the Falck-Hillarp fluorescent histochemi-
cal method in the primary sympathetic
chain at 3.5 days after fertilization (48).

The intensity of the green fluorescence,
characteristic of catecholamines, increases

with age and is quite prominent by the 6-
to 8-day stage when the �econdary sympa-
thetic trunk is formed. The appearance of

a fluorescent reaction product characteris-
tic of catecholamines occurs within 1 day of

the detection of large dense core vesicles in
the primary sympathetic trunk (159).
Green fluorescent nerve fibers were found
in the sinoatrial pacemaker region and in
the ventricular musculature on the 12th
(117, 120) and 16th (48) incubation days,
respectively. Fluorescent fibers in the si-

noatrial region first appeared in a large
nerve trunk of the atrial plexus; varicose

terminal fibers were not detected in the

pacemaker region until the 17th incuba-
tion day. This is 1 day after fluorescent

fibers were found in the ventricular mus-

culature (48). The appearance of varicose

nerve fibers has been associated morpho-
logically with the establishment of neuro-
muscular relationships in the autonomic
nervous system (8, 27). In chick hearts

from 1 day after hatching through 24
weeks later, the density of fluorescent fi-
bers was (in descending order): sinoatrial

node, atrioventricular node, atrial muscu-
lature, and ventricular musculature (9). It

was concluded that the dominant catechol-

amine in avian adrenergic nerves is norep-
inephrmne and that most of the large

amounts of epinephrine found in the heart
(see below) were located in extraneuronal
stores. However, the paucity of fluorescent
extraneuronal structures pointed to a dis-

crepancy between biochemical and histo-
chemical findings.

The ontogenetic appearance of catechol-
amines within the heart has been studied

in several laboratories (see 110). One of the
most complete studies has been done on
the chick embryo heart by Ignarro and
Shideman (76-79). It was concluded that

norepinephrine and epinephrine moved
from the yolk to the chick embryo and
heart on the 3rd to 4th incubation day (78)
and that the heart was not capable of syn-
thetizing these catecholamines at this

stage of development (77). The concentra-
tions of norepinephrine and epinephrine
remained low from the 3rd to the 7th incu-

bation days when a rise occurred that
reached a peak by the 10th incubation day
(77). Large variations in the cardiac con-
tent of these catecholamines occurred after

this time and up to 42 days after hatching.
Qualitatively similar variations in cate-
cholamine content of the chick heart were
reported by Manukhin et al. (104). The
ratio of norepinephrine to epinephrine was

greater than one from the day of hatching
until 6 days later, less than one from 6

days until 28 days after hatching, and
greater than one up to 6 months after
hatching (77). This was confirmed by

Manukhin et al. (104); however, they also

found that the ratio of norepinephrine to

epinephrine was greater than one
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throughout embryonic life in contrast to

the fmdings of Ignarro and Shideman (77).
The results of both of these studies showed
that the concentrations of norepinephrine
and epinephrine in the chick heart under-
went cyclic variations that were quite

marked during embryogenesis and after
hatching.

Endogenous norepinephrine content in

the neonatal rat heart was only 5% of

adult levels at birth and had reached 80%
of adult levels 3 weeks after birth (81).

Adult levels, measured at 42 days after
birth, averaged 0.95 ± 0.07 �g of norepi-
nephrine per g of heart. [In contrast, the

content of endogenous norepinephrine

and epinephrine in the chick heart de-
creased after hatching (77).] The ability of

the rat heart to accumulate 3H-norepi-
nephrine developed in parallel with the

endogenous norepinephrine content. The
retention of 3H-norepinephrine by the rat

heart was small in rats from 1 to 22 days
old; retention attained adult levels by 6
weeks after birth (65). It was assumed that

the norepinephrine content reflected the
density of sympathetic innervation of the

heart by virtue of the fact that biosyn-
thesis is needed to permit the appearance

of the sympathetic transmitter. The accu-
mulation of radioactively labeled norepi-

nephrine is a measure of the availability of
both axonal membrane transport sites and

of storage sites for the catecholamine and
these are to be found in sympathetic neu-
rons (80). As a result of these findings, it
was concluded that the density of sympa-

thetic innervation and/or the uptake ca-
pacity of sympathetic nerves is not well
developed in the newborn rat. The appear-

ance and development of fluorescent adre-
nergic neurons within the rat heart seems
to parallel the endogenous norepinephrmne

content described by others. An adult pat-
tern for the distribution of cardiac adre-
nergic nerves appeared in the rat heart by

the 22nd day after birth (137). However,
the intensity of the green fluorescence (a
measure of catecholamine concentration)
and the density and thickness of fluores-

Medical Library

MISERICORDIA 1�OSPITAL

cent fibers continued to increase until

about 35 days after birth. This corresponds

reasonably well with the measurments of
cardiac catecholamine content and 3H-nor-
epinephrine retention.

The development of sympathetic inner-
vation in the rabbit heart is similar to that

described for the rat. Norepinephrine and

epinephrine contents were low in hearts
isolated from fetal rabbits late in gestation

on the 29th day (term is 31 days). At this
time, norepinephrine averaged 0.11 ± 0.01

p�g/g of heart while epinephrine averaged
<0.10 p.g/g of heart (54). The norepineph-
rine content increased continuously after

birth to reach adult levels at about 3 weeks

of age; epinephrine content remained un-
changed. These results were confirmed

and extended by Roffi and Motelica-Heino
(132) who also found that cardiac norepi-

nephrine content increased significantly
within 4 hr after birth. Since norepineph-
rrne content did not change between 4 and
72 hr after birth, it was proposed that the

marked increase observed during the first

4 hr after birth may be related to stimula-
tion of the cardiovascular and respiratory

systems after delivery (132). The incre-
ments in cardiac norepinephrine content

corresponded well with the development of
fluorescent adrenergic nerves as demon-

strated by the Falck-Hillarp histochemical
method. Although fluorescent adrenergic

fibers were detected in the fetal heart (29-
day), the density was very low. Moderate
innervation by adrenergic fibers charac-
terized the hearts at 2 weeks after birth

and the density of adrenergic innervation
attained adult levels at 3 to 5 weeks after

birth (54). The fetal and neonatal rabbit
heart also contains small intensely flu-
orescent (SW) cells that have been exam-
ined with the electron microscope (115).

The small intensely fluorescent cells con-
tained dense core vesicles (900 to 1800 A
diameter) in the cytoplasm and were usu-
ally found adjacent to blood vessels, partic-

ularly in the connective tissue around the
aorta and pulmonary artery. These cells,
which displayed synaptic densities with
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neurons containing agranular vesicles
(presynaptic cholinergic nerve?), have

been considered secretory in nature and
may serve as a source of catecholamines

during a period of time (fetal and perina-
tal) when adrenergic neurons have not be-
gun to function (115).

The human fetal heart is capable of syn-
thesizing norepinephrine as early as the
13th week of gestation at a rate that does
not change through the 23rd week (60).
Measurements of tissue ability to synthe-

size norepinephrine may not indicate the
presence of adrenergic neurons within the

human fetal heart. For example, although

fluorescent nerves can be demonstrated at
greater density in atria than in ventricles
of the human fetal heart at this time (un-

published observations cited by Gennser
and V. Studnitz), the rate of norepineph-
rine synthesis was the same in atria and
ventricles. Moreover, a study of catechola-
mine-containing cells in the human fetal
heart with the Falck-Hillarp formalde-

hyde method revealed either no green flu-

orescent nerve trunks [8-18 weeks (39)] or
a few intracardiac nerve trunks with a
weak green fluorescence [10-16 weeks
(124)]. Small intensely fluorescent cells

were often detected in these preparations
and these fluorescent cells were similar in
appearance to those glomus-like cells
found in sympathetic ganglia. The lack of

terminal adrenergic nerve fibers coupled
with the presence of the small intensely
fluorescent cells prompted the conclusion
that humoral adrenergic mechanisms
rather than neural adrenergic processes
modulated cardiac activity in the human
fetus during the first half of pregnancy
(39, 124).

The descriptions indicate that many
mammals have a poorly developed adre-

nergic innervation of the heart at birth.
However, this may not always be the case.
In the guinea pig, sympathetic fibers en-
tered the atrial wall from the 25th to the
29th days of gestation (72). A perimysial
plexus of sympathetic fibers was present in

ventricular muscle by 30 days; some of the

fibers displayed the green fluorescence
characteristic of adrenergic nerves treated
according to the Falck-Hillarp method. It

was concluded that autonomic innervation
of the guinea pig heart is complete by the
30th day of gestation. However, fluores-
cent fibers were not abundant in the pen-
mysial plexus until the 40th day of gesta-

tion and it is not known when these fibers
are able to release transmitter. A compar-
ative study of adrenergic neuron develop-
ment with the Falck-Hillarp histochemical

technique revealed a more rapid develop-
ment in neonatal guinea pigs than in rats

(98). The sheep also displays a rapid devel-

opment of adrenergic fibers in the heart
before birth (90). Large fluorescent nerve

trunks grow into the heart along the coro-
nary arteries and pass into the myocar-

dium between 75 and 85 and 100 and 110
days gestational age. At term (150 days),

well developed terminal sympathetic fi-
bers are found around cardiac muscle cells.
By contrast, most of the norepinephrine

was reported in preterminal nerve trunks
in another histochemical fluorescence
study of the fetal sheep heart with the

Falck-Hillarp technique (53). Cardiac nor-

epinephrmne content increased signifi-
cantly between several weeks before term
(-‘- 0.4 pg of norepinephrine/g of heart) to 3

days after birth (- 1.2 pg/g); norepineph-
rine content did not differ between 3-day-

old and adult sheep. The increase of norep-
inephrmne content that occurred between
several weeks before term and 3 days after

birth was not accompanied by a change in
the activity of tyrosine hydroxylase. How-

ever, activity of this enzyme increased sig-
nificantly between 3 days after birth and
adulthood, when norepinephrmne content

was unchanged. The significance of these

reciprocal changes in activity of the rate-
limiting enzyme and the content of the

metabolic product in the sheep heart is
unknown. On the basis of these biochemi-
cal measurements, it was concluded that
sympathetic innervation of the sheep
heart increased significantly in the post-
natal period. In this connection, it will be
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remembered that cardiac adrenergic

transmission has been demonstrated in
the fetal sheep (see section IV B).

The catecholamine content of a develop-
ing tissue determined histochemically or

biochemically in tissue extracts, may not
be directly related to the ability of the

sympathoadrenal system to function (110).
In this regard the function of the adrenal
medulla in the calf and the lamb is illus-
trative. The calf displays adult levels of

catecholamines at birth whereas the lamb
has less than adult levels. The newborn
calf was able to release only small
amounts of adrenal catecholamines
whereas the lamb released large amounts

in response to nerve stimulation (35). The
reactivity of the adrenal medulla to nerve
stimulation seemed to parallel the matu-
rity of the neonatal mammal.

B. Adrenergic Neuroeffector

Transmission

Stimulation of intracardiac nerves

evoked propranolol-sensitive acceleration
of the chick sinoatnial pacemaker for the
first time on the 21st incubation day (121).

The period of pacemaker acceleration fol-
lowed a period of inhibition due to the

simultaneous excitation of intracardiac
cholinergic nerves. Atropine, which

blocked the inhibition caused by choliner-
gic nerve stimulation, allowed the detec-
tion of neurally-dependent acceleration of
the pacemaker on the 19th incubation day

(117). There is a delay of about 1 week
between the onset of inhibitory and accel-

eratory neuroeffector transmission in the
chick heart. Ontogeny seems to repeat
phylogeny since adrenergic transmission

to the heart does not appear in vertebrates

until the level of bony fish whereas cholin-
ergic transmission occurs in cartilaginous
fish (26).

The development of acceleratory adre-
nergic neuroeffector transmission in the

chick sinoatnial pacemaker is preceded by
the development of fluorescent adrenergic
nerves in this tissue (117, 120). [A delay
between the appearance of fluorescent ad-

renergic nerves and the onset of adrener-
gic neuroffector transmission has also

been observed in the neonatal mouse vas
deferens (55). Adrenergic fibers were visi-

ble on the day of birth and their density
and intensity increased with age; adrener-
gic transmission occurred for the first time

at 18 days after birth.] Since the pace-
maker reacts to catecholamines at this

stage (see section IV C 1), the onset of
adrenergic transmission was related in

part, to the concentration of sympathetic
transmitter at the postjunctional receptor.

This position is supported by the results

obtained in experiments done with the de-
velopment of the positive chronotropic ef-

fect of an indirectly acting sympathomi-
metic agent, tyramine (109, 118). A de-

tailed description of the actions of tyra-
mine is given later (section IV C 2). The

concentration of transmitter at the recep-
tor depends upon the development of
transmitter synthesis and of stimulus se-

cretion coupling, the availability of trans-
mitter in releasable stores, the diffusion of

the released transmitter to the receptors,
and the metabolism of released transmit-

ter.
Field stimulation evoked a biphasic

(negative followed by positive) inotropic

effect in chick ventricles (18) and atria (10,
19) as early as 2 weeks after hatching.

Although it is not known when adrenergic
neuroeffector transmission to chick ventri-

cles develops, these studies are of consider-
able help in establishing the pharmacolog-
ical properties of neuroeffector transmis-

sion. As mentioned previously (section III
B), the negative inotropic effect of field
stimulation, which is antagonized by atro-
pine, hyoscine, and triethylcholine, is due
to stimulation of postganglionic choliner-

gic fibers to cardiac muscle. The positive
inotropic effect of field stimulation is due
to stimulation of intracardiac branches of

postganglionic adrenergic nerves (10, 18,
19). For example, ganglion blocking
agents (pempidine, mecamylamine, and
hexamethonium) had no effect on the aug-
mentation of the force of contraction
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caused by field stimulation (18). The posi-

tive inotropic effect of field stimulation
was antagonized by beta-receptor blocking

agents (dichloroisoproterenol, prone-
thalol, propranolol) and by adrenergic
neuron blocking agents (guanethidine,

bretylium, choline-2,6-xylyl ether). Identi-
fication of the cardiac receptor as that of
the beta-adrenergic type was strengthened

by the fact that alpha-adrenergic receptor

blocking agents did not diminish the posi-
tive inotropic effect of field stimulation
(18, 19). The picture that emerges indi-

cates that the adrenergic nervous system
in the avian heart, early in its develop-

ment as a neurosecretory unit, has many
of the features of the adrenergic nervous
system in adult mammals. There are some
differences that bear consideration.
Firstly, the identity of the adrenergic
transmitter has been disputed. Sturkie

and Poorvin (147) found that the adult
avian heart contained considerable
amounts of epinephrine and norepineph-
rine, as noted previously (77). The cardiac

content of epinephnine decreased much
more rapidly than that of norepinephrine

in unstimulated perfused hearts. It was
concluded that norepinephrine was the
transmitter since it was the only catechol-
amine released during stimulation of car-

diac sympathetic nerves and that epineph-
nine was located in an extraneuronal com-

partment (perhaps chromaffin cells). In
experiments reported in 1975, De Santis et

al. (44) excluded the possibility that all of

the cardiac epinephrine was simply due to
the presence of adrenal venous blood in the

heart. Furthermore, sympathetic stimula-
tion (electrical impulses, tyramine, ele-

vated (K1�)) released norepinephrine and

epinephrine into the perfusate in propor-

tion (about 5:1) to their myocardial con-
tent. Treatment with 6-hydroxydopamine,
which destroys adrenergic nerves, reduced

the cardiac concentrations of norepineph-
rime and epinephnine; however, no experi-
ments were done to determine the effect of

this treatment on catecholamine release.
It was concluded that epinephnine and nor-

epinephrine are sympathetic neurotrans-
mitters in the avian heart (44). No expla-
nation has been given for the different

results obtained in the two laboratories.
The result obtained by De Santis et al. (44)
are of phylogenetic interest because it
places the bird between amphibia (epi-

nephnine) and mammals (norepinephnine)
with respect to cardiac sympathetic trans-

mitter.

Secondly, cocaine did not intensify the
inotropic effects of exogenously applied

norepinephrine or of adrenergic nerve
stimulation in the chick ventricle (18).
However, Bennett and Malmfors (10, 11)
reported that cocaine augmented the in-

tensity and duration of the positive mo-
tropic effect of adrenergic nerve stimula-

tion in the left atrium of chicks 2 weeks
after hatching. The discrepancy between

these findings was attributed to the less
dense innervation of the ventricle as com-

pared to the atrium (9, 11). However, ex-
periments done by Bolton and Bowman

(19) in chick atria 2 to 4 weeks after hatch-

ing showed that cocaine did not intensify

the positive inotropic effect of epinephnine.
In these experiments, cocaine reduced the
intensity of responses to tyramine. It is

possible that the interpretation based on
adrenergic neuron density is correct (see
11). This interpretation depends upon a

large neuromuscular distance rendering a
cocaine-sensitive neuronal uptake system
inefficient. However, such an interpreta-
tion is not readily accepted in view of the
observation that phenoxybenzamine,

which can interfere with neuronal uptake
in other structures, augmented the re-
sponse to adrenergic nerve stimulation in

the chick ventricle (18) as well as in the

atrium (11).
Adrenergic transmission in the chick

heart displays some other pharmacological
properties that are of interest. Reserpine,
in high doses, did not impair adrenergic

transmission in the ventricle of 6-week-old
chicks (18). Treatment with reserpine aug-
mented the basal force of contraction pre-
sumably by a direct action on ventricular
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muscle cells; this effect of reserpine was

not antagonized by adrenergic neuron or

adrenergic receptor blocking agents. The
limited effectiveness of reserpine as an
agent that interferes with adrenergic

transmission does not seem to persist into
adult life. Treatment of adult chickens

with small doses of reserpine (0.2 mg/kg!
day for 3 days) reduced the positive chro-
notropic response to sympathetic nerve

stimulation to 40% of that observed in un-
treated animals (154). It is possible that

higher doses are required in young chicks

because the drug is more readily metabo-
lized. An example of an adrenergic neuron

blocking agent whose duration of action
depends upon age is found in experiments
done with 6-hydroxydopamine. Treatment
of young (2 week) chicks with 6-hydroxy-

dopamine was associated with the nearly
complete disappearance of fluorescent ter-
minal adrenergic nerves in the heart
within 24 hr. Terminal adrenergic fibers

first reappeared around 10 days after

treatment; complete recovery of adrener-
gic nerves in atrial tissue was complete at

28 to 30 days after treatment (12). By con-

trast, complete reappearance of normal
cardiac adrenergic nerve density in the

pacemaker region required 40 to 50 days
when 6-week-old chicks were used. The
difference between the two groups of ani-
mals was attributed to a more efficient

uptake system for 6-hydroxydopamine in
adrenergic nerve terminal membranes of

older chicks (12). This phenomenon was

also observed in left atrial preparations
from 2- and 6-week-old chicks. Recovery of

the positive inotropic response of the left
atrium to adrenergic nerve stimulation
from the inhibitory effect of 6-hydroxydo-
pamine occurred in parallel with the reap-

pearance of fluorescent adrenergic nerves
and both features of adrenergic nerve ac-
tivity recovered more rapidly in 2-week-

old chicks (10). Measurements of 6-hydrox-
ydopamine uptake as a function of age are
needed to support this proposal. In addi-

tion, one would also have to determine
whether adrenergic nerves, injured by

something other than 6-hydroxydopamine,
regenerate at the same rate in 2- and 6-

week-old chicks before accepting this hy-
pothesis.

The onset of adrenergic transmission

has not been studied systematically in the

developing mammalian heart (135). Al-
though the effects of autonomic blocking
agents in vivo may indicate the occurrence

of neuroeffector transmission, caution re-
garding the interpretation of such experi-
ments has been given (135). Whereas there

are few data regarding the onset of adre-

nergic neuroeffector transmission in the
mammal, the experimental results illus-

trate the development of function in car-
diac adrenergic neurons. Experiments
done in mammals, like those done in birds,
indicate that development of adrenergic
neurons continues for some time after the
neurosecretory ability of the cell and its

role in neuroeffector transmission have

been demonstrated.
Sympathetic transmission to the heart

has been studied in the neonatal dog (57,

58). Stimulation of postganglionic sympa-
thetic fibers of the right stellate ganglion

in dogs within 1 day after birth accelerated
the sinoatrial pacemaker (57, 58). The
sympathetic innervation to the right
atrium seemed to attain adult characteris-
tics more rapidly than the sympathetic in-
nervation to the ventricles. Moreover, a

dichotomy between norepinephrmne con-

tent and functional sympathetic inner-
vation (transmission) was observed.

Whereas 3H-norepinephnine uptake per
gram of tissue in the right atrium reached

adult values at 10 days after birth, the
norepinephnine content did not attain

adult values until between 42 and 56 days
after birth (57). Interestingly, sympathetic
nerve stimulation increased heart rate to

the same extent at 10 days as at 56 days
and in adult animals. That is to say, sym-
pathetic nerve function in the sinoatnial
pacemaker seemed to develop in relation
to the ability of the right atrium to take up

3H-norepinephnine rather than with re-

gard to norepinephnine content. In the dog
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ventricle, 3H-norepinephnine uptake and
norepinephrine content developed in par-
allel and reached adult values at 56 days
after birth. If neuroeffector transmission is
related to the ability to take up 3H-norepi-
nephrine, sympathetic stimulation would
not be expected to evoke ventricular re-

sponses characteristic of the adult until 56
days after birth. This view assumes that

3H-norepinephrine uptake by a tissue is a
more accurate index of adrenergic inner-
vation than the norepinephrmne content.

However, it should be noted that the ef-
fects of nerve stimulation in the right

atrium of the dog on day 10 may equal
those on day 56, even though adrenergic
neuroeffector transmission is quantita-

tively different. The response in young an-
imals may reflect an immaturity of the
sympathetic system due to the release of
small quanta of transmitter, supersensi-

tivity of the heart, and little reuptake of

released transmitter by adrenergic nerves

(58). In adult dogs, adrenergic transmis-
sion would be associated with the release
of large quanta of transmitter, subsensi-
tivity of the heart, and optimal reuptake of
released transmitter. Whether disparities
in the development of these three compo-
nents can account for the following obser-
vation made by Boatman and Brody (17) is

unsettled. Stimulation of the left sympa-
thetic cardiac nerve accelerated the sinoa-
trial pacemaker in 1- and 2-week-old dogs
as well as in adults but did not change
heart rate in 4- and 8-week-old dogs (17).
Perhaps stimulation of the right sympa-

thetic cardiac nerve, as done in the studies

of Gauthier et al. (57) and Geis et al. (58)

would remove the discrepancy. The mam-
malian sinoatrial node is innervated pre-
dominantly by the right cardiac sympa-
thetic nerve and this pattern may be es-
tablished early in development. Results
obtained in the neonatal lamb heart are
illustrative in this connection (46). Stimu-
lation of the left cardiac sympathetic nerve
evoked a positive inotropic effect in the
ventricle in all experiments but this proce-
dure evoked a positive chnonotropic effect

in only 59% (10 out of 17) of the animals. It
was concluded that the distribution of
nerve fibers is typical, that is, that the

sinoatrial pacemaker is influenced primar-
ily by the right cardiac sympathetic nerve

in the neonatal lamb.
Although functioning efferent adrener-

gic neuronal pathways to the heart were
demonstrated in the neonatal dog, circu-
lating catecholamines from the adrenal

medulla seemed to have a greater role in

modifying cardiac performance than did

cardiac adrenergic nerves (58). A different
pattern was observed in the neonatal lamb
where sympathetic nerve stimulation
evoked marked inotropic effects in ventric-

ular muscle of the isolated, blood perfused
heart (46). Stellate ganglion stimulation
accelerated the fetal lamb heart at 70 days
gestation (40) whereas splanchnic nerve
stimulation did not release catecholamines

from the adrenal medulla until 120 days
gestation (35). These observations are con-

sistent with the possibility that sympa-
thetic modulation of cardiac activity in the
lamb depends upon cardiac adrenergic
nerves from early in fetal life. Comparison
of the results of sympathetic nerve stimu-
lation in the hearts of neonatal dogs and

sheep supports the conclusion that func-
tional adrenergic innervation of the heart
develops more rapidly in animals that are
relatively iiidependent at birth.

Experiments have been done to deter-
mine the onset of adrenergic neuroeffector

transmission in human fetal atnia. Posi-
tive inotropic responses to field stimula-

tion were evoked in hearts from fetuses 10

to 11.9 cm in length (10-cm length is equiv-
alent to 13-14 weeks after fertilization).
The positive inotropic effect, which fol-
lowed a negative inotropic effect, reached
a maximum within 15 sec after the end of

stimulation and had dissipated within the
next 30 to 90 sec (158). That excitatory

transmission in the human fetal heart was
adrenergic was also supported by pharma-
cological evidence that showed blockade of
the positive inotropy by propranolol and
augmentation of the positive inotropy by
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cocaine and phenoxybenzamine. The onto-

genetic appearance of adrenergic trans-
mission, as in the chick heart, followed
that of cholinergic transmission. The tem-

poral relationship to cholinergic inhibitory

transmission was also similar to that ob-
served in the chick heart. However, the
inconsistent occurrence of excitatory
transmission may have been due to the
effects of anesthesia and hypoxia (158)
which render the results of such studies
less subject to control (see below).

Cardiac adrenergic transmission in the
rabbit heart was carefully studied in new-

born (less than 24 hr after birth) and
young rabbits (139). Acceleration of the
sinoatrial pacemaker by sympathetic
nerve stimulation was clearly related to

activation of postganglionic adrenergic
nerves since it was blocked by administra-

tion of guanethidine or bretylium. Acceler-

atory transmission was more sensitive to
depression by anesthetic agent and by
stimulus frequency in hearts from young

(<1 week old) animals (139). Therefore,
the use of anesthetic agents could have

interfered with the ability to detect the
onset of autonomic neuroeffector transmis-

sion as noted previously with respect to
studies done on human fetal atnia. Inter-

estingly, the depression of adrenergic
transmission to the pacemaker by elevated

stimulus frequencies was attributed to
conduction block caused by intracellular
accumulation of Na� in the small diameter

fibers. These findings suggest that meta-
bolic factors, along with transmitter stor-

age, release, and diffusion, can be rate-
limiting in impulse transmission from
nerve to cardiac muscle cell.

C. Reactivity to Adrenergic Agonists and

Antagonists

1. Catecholamines. The chick embryo
heart reacts to catecholamines very early
in development. Markowitz (105) sug-

gested that the positive chronotropic effect
of epinephrine developed some time after
the 2nd incubation day when an interme-

diary substance (receptor) appeared that

allowed the reaction. Pacemaker accelera-

tion by epinephnine was independent of
the presence of nerves; epinephnine (10 �8

to 107g!ml) accelerated the chick embryo

heart as early as the 37th incubation hours
(74). These results were confirmed by
Barry (5) who reported that the accelera-

tion caused by epinephrine waned in the
continued presence of the drug. He also
noted, as did Fingl et al. (52), that the

magnitude of the acceleratory effect of epi-
nephrine was inversely related to the ini-

tial pacemaker rate; at control frequencies
greater than 180 impulses per mm, no pos-
itive chronotropic effect was observed. Ad-
ditional support for the early appearance

of the adrenergic receptor in pacemaker
cells came from the experiments in which

a positive chronotropic effect was induced
by norepinephrmne (109) and by isoprotere-
nol (82) on the 2nd incubation day. Experi-
ments done in Shideman’s laboratory were

the first to identify the pharmacological
properties of the receptor in the chick em-

bryo heart as those of the beta-adrenergic
type (106). This conclusion has been con-

firmed in several laboratories (18, 82, 101).
Thus, it is agreed that the chick embryo
heart displays adrenergic receptors that

mediate the positive chronotropic effect of
catecholamines very early in develop-
ment, that is, soon after spontaneous con-
tractions have been observed (for a differ-

ent view, cf. 112). Since spontaneous elec-
trical activity of the pacemaker appears

several hours before contractions (155), it
is possible that the acceleratory effect of

catecholamines is present before contrac-
tions develop. This has not been exam-
ined.

There is disagreement about the onset of
the effect of catecholamines on contractil-

ity in the chick embryo heart (see 96).
Experiments done by Shigenobu and

Sperelakis (140) and by Hollman and
Green (73) indicated that catecholamines
did not evoke a positive inotropic effect in
ventricular muscle from 4- to 7-day chick
embryos. This conclusion is disputed by

Shideman (106) who concluded that chro-
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notropic and inotropic effects of catechol-

amines can be demonstrated on the 4th

incubation day. Since heart rate was not
controlled in Shideman’s experiments,
changes in rate caused by the catechol-

amines can complicate the interpretation
of changes in contractility. Therefore, it
seemed reasonable to conclude from exper-
iments in which contraction rate was con-
trolled that catecholamine-induced in-

creases in ventricular contractility are not
evident in 4- to 7-day chicks (73, 140). The

sensitivity of electrically-driven 4-day ven-
tricular preparations to elevation of exter-

nal Ca-� (7.2mM) is very low (6, 73). It is
possible that the low sensitivity to Ca�
and/or the low myofilament density is re-
sponsible for the limited reactivity of the
ventricle to the positive inotropic effect of

the catecholamines (3). This argument

does not deal with the onset of the chrono-
tropic effects of the catecholamines which

is clearly evident at earlier stages.

The reactivity to catecholamines may
change during development and there
have been some attempts to study this is-

sue in both avian and mammalian prepa-
rations. There are many variations in the

experimental conditions that make it diffi-
cult to determine whether a change in
reactivity has occurred.

An early study of the 2- to 5-day chick
embryo heart concluded that variations in
responsiveness of the pacemaker to epi-
nephnine could not be related to age or to

initial heart rate (74). Although Barry (5)

suggested that the initial rate was an im-
portant factor in evaluating the occurrence

of a positive chronotropic effect, he con-
cluded that no marked change in pace-
maker sensitivity occurred up to the 7th
incubation day. This view was also held by

Fingl et al. (52) and by McCarty et al.

(106). These investigators concluded that

morphological innervation, which was

thought to occur at around the 5th incuba-
tion day, had no immediate effect on reac-
tivity to catecholamines. In animals de-

prived of the hindbrain at 40 to 45 hr, and
in which no efferent autonomic fibers were

detected at the 9th incubation day, a posi-
tive chronotropic response to epinephrine
was present (83). As mentioned previously
(see section NA), sympathetic neurons
may not reach the heart until 9 to 10 days

after fertilization and intra-axonal locali-
zation of transmitter can be detected at

around the 12th incubation day.
Pacemaker sensitivity to isoproterenol

and to epinephnine has also been studied
in the chick heart at the time of onset of
adrenergic neuroeffector transmission

(101). Pacemaker reactivity to epinephnine
and isoproterenol as indicated by the drug

concentration that evoked half the maxi-
mum response (ED5O) was the same on the
18th incubation day and the 21st incuba-
tion day (hatching). It is on the latter day
that adrenergic neuroeffector transmis-
sion to the pacemaker can first be detected
in untreated preparations. The pacemaker

displayed subsensitivity to both catechol-
amines on the 19th and 20th incubation

days. The cause of the subsensitivity is
unknown. It seemed unlikely to be the

result of an increased uptake of catechol-
amines by adrenergic nerves since isopro-
terenol was similarly affected (cf. 70). The

subsensitivity may be due to intense acti-
vation of adrenergic receptors (see 42) by
adrenal medullary hormones released dur-
ing the hypoxia associated with the termi-
nal stages of life in ovo. Girard (64) noted

that the correction of the hypoxic condi-
tions in ovo reversed the subsensitivity of

the chick embryo to the vasopressor effects
of catecholamines. Alternatively, in-

creased metabolism by catechol-O-methyl-
transferase, whose levels increased at this
time (76), may have caused the subsensi-
tivity. The possibility that neuronal up-
take of catecholamines may begin after
hatching was suggested by the observation

that the ED5O of isoproterenol decreased
by 1 week after hatching whereas that of
epinephrine did not change. It is of inter-
est to note that the ED5O for the positive
chronotropic effect of epinephrine was 0.26
p�M and 0.39 �M on the day of hatching

and 1 week later, respectively (101). These
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values are close to those obtained for the

positive inotropic effect of epinephrine in

atria from 2-week (0.41 �tM) and 6-week
(0.61 /LM) chicks (10).

Analysis of the role of neuronal uptake
in the ability of the chick heart to take up
catecholamines has given divergent re-

sults. The 5- to 9-day chick embryo heart
accumulated 3H-norepinephnine against a

concentration gradient; the catecholamine
appeared to be passively distributed in 3-
and 4-day preparations (79). In addition,
accumulation of 3H-norepinephnine was
impaired by cocaine, metabolic inhibitors,
low temperatures and reserpine in 5- to 9-

day, but not in 3- and 4-day, embryo
hearts. The accumulation of 3H-norepi-
nephrine was attributed to uptake by sym-

pathetic nerves that appeared on the 5th
incubation day. As mentioned previously,
innervation of the heart by postganglionic

sympathic fibers may not occur until the
9th or 10th incubation days and fluores-
cent nerve fibers in the atrial plexus are
not evident until the 12th incubation day
(see section IVA). Resolution of this mat-
ter clearly requires experiments designed
to identify the presence of nonfluorescent

intracardiac sympathetic nerves and the
relationship between catecholamine accu-

mulation and identified nerves. It would
be helpful to determine how much of the
3H-norepinephrine taken up by the heart
is retained as a function of time after
“loading.” Experiments such as this were

done in the neonatal rat heart (65) and it
was shown that the accumulated 3H-nor-
epinephnine was more readily washed out
of the young (1-21 day) heart.

The reactivity to catecholamines during

development has been studied in several
mammals. Cardiac reactivity to norepi-

nephrine and epineph.nine was found to

change during development of the fetal rat
(13). Norepinephrine (10� g!ml) acceler-
ated the sinoatrial pacemaker on the 13th
but not the 16th or 19th to 21st gestational
days. Epinephnine (10� g/ml) accelerated
the pacemaker on the 19th to 21st but not

on the 13th or 16th gestational days. The

mechanism involved in the transition of

reactivity to these catecholamines has not
been studied. Although the effects of the

catecholamines were attributed to activa-
tion of beta-adrenergic receptors, no tests
with adrenergic blocking drugs were done.
Pharmacological tests involving adrener-

gic receptor blocking agents would be es-
pecially helpful in determing the mecha-
nism involved in the transition of reactiv-
ity to these catecholamines. It is notewor-

thy that an earlier study of adrenergic
reactivity reported that the fetal rat heart

responded to epinephrmne as early as day
101/2 of gestation (69). Hall (69) conducted

his experiments at 37.5#{176}Cwhereas Ber-
nard and Gargoull (13) did their experi-
ments at 24#{176}C.The divergent results of

these two studies conceivably could be rec-

onciled in experiments designed to exam-
ine the effect of temperature on reactivity
to exogenously applied catecholamines.
This has been suggested by Robkin et al.

(131) who confirmed the experimental
findings of Hall (69) regarding the appear-
ance of adrenergic reactivity on day 10 in
preparations maintained at 37#{176}C.Results

obtained in the amphibian heart clearly
illustrate the importance of temperature
in determining the pharmalogical charac-

teristics of adrenergic reactivity (88). The

adrenergic receptor in the fetal rat heart is
activated by isoproterenol and blocked by
propranolol (131). These results, along
with those obtained by Hall (69), suggest

that catecholamines interact with a beta-

adrenergic receptor in the fetal rat heart.
It is noteworthy that acceleration by iso-
proterenol appeared at least one-half day
earlier than did the inhibition by carba-
mycholine. Whether the onset of carba-
mylcholine-induced inhibition is not read-

ily detected in preparations with a low

pacemaker frequency remains to be deter-
mined. It would be of interest to determine
whether carbamylcholine has an inhibi-
tory effect in preparation accelerated by
isoproterenol.

Norepinephrine and isoproterenol accel-

erated the sinoatnial pacemaker of the
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mouse heart as early as the 13th to 14th

gestational day (160). However, it is not
known whether the sensitivity to catechol-

amines changes with age since the maxi-
mum acceleration evoked by the drugs in-

creased with age. Furthermore, the con-
centrations required to evoke half-maxi-
mum effects were not reported. [Paren-
thetically, it is of interest that sensitivity
to drugs of organs other than the heart
may not change during ontogenesis as

shown in the work of Bor#{233}usand Mc-
Murphy (20). The pD2 value for the acetyl-

choline-induced contractions of guinea pig

ileum did not change from the last week of

gestation through adult life; however, the
maximum tension increment evoked by
the drug increased as muscle efficiency in-
creased (20).] It is helpful to consider the

results obtained in the rabbit heart in con-
nection with those described for the
mouse. The reactivity of the rabbit heart
to norepinephrmne, as indicated by the
ED5O for the positive chronotropic effect,
did not change from birth to 3 months (25).
There are no data regarding the time of
onset of adrenergically-mediated pace-
maker acceleration during development

and whether the reactivity to catechol-

amines changes up to the time of birth. In
addition, it would be helpful to use isopro-

terenol as the test substance since the like-
lihood of its being taken up by the neu-
ronal transport system is limited (70).

There are some examples among mam-

mals of sensensitivity to catecholamines

that develops with increasing age. Reac-
tivity of the sinoatnial pacemaker of the
newborn dog heart to isoproterenol and to
norepinephrine was nearly the same (iso-
proterenol was slightly more potent). The
concentration-effect relationships for both
amines shifted to the right in adult dogs

(58). The subsensitivity of the adult heart
can be viewed as the result of at least two
processes operating at pre- and postsyn-

aptic sites, respectively, the subsensitivity
due to the appearance of a neuronal trans-

port system that can accumulate norepi-
nephrine from the extracellular fluid and

the subsensitivity of the receptor mecha-

nism due to continual bombardment by
transmitter (cf. 42). In order to test these

suggestions, experiments should be done
with isolated hearts from neonatal and

adult dogs in the presence and absence of

cocaine. Alternatively, the reactivity of
the chronically denervated (sympathec-

tomy) adult heart could be compared with
that of the neonatal animal to determine
whether the aforementioned mechanisms

are adequate explanations for the “super-
sensitivity” of the neonatal heart to cate-

cholamines.
There are no differences in cardiac mo-

tropic effects of norepinephrine and isopro-

terenol in lambs from birth to 5 days of age
(see 46). However, as the authors mention,
the problem had not been studied system-

atically. In 1972, Friedman (53) concluded
that the sensitivity of the beta-receptor
mechanism activated by isoproterenol was

the same in fetal (last 15 days of gestation)
and adult sheep ventricular muscle. How-

ever, the relationship between developed
tension and norepinephrmne concentration
shifted to the right over this time period.
Accordingly, the apparent subsensitivity

of the adult heart to norepinephrmne was
attributed to neuronal uptake of norepi-
nephrmne (53). However, subsensitivity of

the receptor mechanism itself was not
readily demonstrable in the sheep heart.
The operation of this mechanism cannot be
evaluated until evidence is available con-
cerning the onset of adrenergic neuroeffec-

tor transmission in sheep ventricular mus-
cle. Adrenergic transmission begins before
birth of the lamb since postganglionic

sympathetic nerve stimulation accelerated
the sinoatrial pacemaker in the fetal lamb

at 70 days gestation (40).
Reactivity to catecholamines has been

demonstrated in the human fetal heart as

early as the 9th week of gestation (59)
Epinephrine was reported to be a more

potent stimulant of cardiac contractions
than norepinephrmne in perfused human
fetal hearts at 16 to 24 weeks gestational
age (4). In 1972, it was noted that the
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human fetal heart (12-22 weeks) was more
sensitive to iseproterenol than to norepi-

nephrine (31). These findings suggest the

presence of beta-adrenergic receptors in
the human fetal heart. Although Coltart

and Spilker (31) concluded that the re-
ponse of human fetal atria to isoproterenol
increased with age from 12 to 22 weeks, it
is not possible to draw any conclusions
about the sensitivity of the beta-adrener-
gic receptor during this time. Information
regarding sensitivity requires experi-
ments in which the normalized concentra-

tion-effect relationship is studied in tis-
sues that display different tension or rate
maxima.

2. Tyramine. The pharmacology of car-
dioactive drugs that are capable of inter-

acting with autonomic nerves is of particu-
lar interest in a study of the development

of autonomic cardiac innervation. Tyra-
mine has been used to evaluate the partici-
pation of endogenous catecholamines in
the reactivity of the heart to drugs. Con-

flicting results have been obtained in ex-
periments done in the chick embryo heart.
Lelorier et al. (95) found that 106 M tyra-
mine increased the rate and force of spon-
taneous contractions in chick hearts iso-

lated on the 7th incubation day but not on

the 4th incubation day. These results were
attributed to the presence, in the older

embryos, of the sympathetic nervous sy-
tem which released norepinephnine in re-
sponse to the addition of tyramine (95). In

a more systematic study, Michal et al.

(109) found that tyramine (11.5 x 10� M)
had no stimulating effect on the chick em-

bryo heart until the 16th incubation day.
In contrast to the results obtained by Lelo-
nier et al. (95), the drug had no effect on
the heart from the 2nd through the 8th
incubation day. The augmentation of the

rate and displacement of spontaneously

contracting preparations caused by tyra-
mine increased continually up to 3 days

after hatching and these effects of tyra-
mine were diminished in animals treated
with reserpine. Results obtained in our
laboratory indicate that tyramine has a
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positive chronotropic effect in isolated

chick embryo atria as early as the 11th

incubation day (118). The pacemaker ac-

celeration was less than 20 impulses per
mm until the 20th incubation day when

tyramine increased average pacemaker

frequency by more than 60 impulses per
mm. When the decline in initial rate ob-

served late in ontogenesis (102) was con-
sidered in the evaluation of the positive
chronotropic effect of tyramine, the results
from our laboratory agree with those ob-
tained by Michal et al. (109) with respect to

percentage increases.
The marked increase in the pacemaker

acceleratory effect of tyramine, which was
blocked by cocaine or by propranolol, was

attributed to the appearance of transmit-
ter stores in adrenergic neurons that de-
veloped in the sinoatrial pacemaker region

(117, 118). The slight acceleration evoked
by tyramine from the 11th through the
19th days could be due to a direct action of

the drug on pacemaker cells or to the
release of catecholamines from non-neu-
ronal stores. This conclusion conflicts with
that given by Lelorier et al. (95) but agrees

with that given by Michal et al. (109). In
this regard, the effects of nicotinic drugs

can also be considered. Nicotine and di-
methylphenylpiperazinium accelerated
the sinoatnial pacemaker after the onset of

adrenergic transmission (21st and 28th
days) but not beforehand [15th incubation
day (118)1. The positive chronotropic effect
of nicotine drugs required elevation of

Ca� to 3.6 mM (twice normal). These re-
sults were attributed to an improvement,
by Ca�4�, of the coupling between nicotine
stimulus and secretion of transmitter by
cardiac adrenergic nerves in the chick
heart. The stimulatory effect of nicotinic

drugs on avian sympathetic nerves seems
to diminish between the time of hatching
and adult stages and it has been proposed
that nicotinic excitatory receptors are not
an integral component of the terminal por-
tion of the sympathetic neuron (49). In

the adult chicken, mcotimc drugs (nico-
tine, acetylcholine), in the presence of
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atropine, neither stimulated the heart nor
released catecholamines into the coronary
perfusate. Dimethylphenylpiperazimum

had sympathomimetic effects that were
attributed to a tyramine-like action be-
cause the release of norepinephrine by the
drug was not impaired by reduction of ex-
ternal Ca�� and the drug did not evoke

antidromic discharges over cardiac sympa-
thetic nerves (49). Since mcotinic drugs
had sympathomimetic effects in atria (118)

and ventricles (18) of atropine-treated
chicks (day of hatching and 3 weeks later),

the lack of sympathomimetic effect of nic-
otinic drugs in the adult chicken heart
may be due to a paucity of mcotimc ex-

citatory receptors (49) and/or to a labile

coupling between nicotinic stimulus and
transmitter secretion.

Tyramine augmented the force of con-
traction in atnial (10) and in ventricular
(18) muscle strips isolated from hatched

chicks. The positive inotropic effect was
reduced by treatment with cocaine (19), 6-

hydroxydopamine (10), and neserpine (19).
These observations support the conclusion
that the sympathomimetic effect of tyra-
mine in the chick heart depends upon
release of adrenergic transmitter. The fact
that the positive inotropic effect of tyra-
mine and the fluorescence of terminal ad-

renergic neurons are reduced by 6-hydrox-
ydopamine and reappear concomitant with

each other and with the restoration of ad-
renengic transmission is strong support for

the neural origin of the adrenergic trans-
mitter released by tyramine (10, 12).

�amine increased the rate and force of
cardiac contractions in newborn (1-5 day)
lambs; the increments in these parameters
were the same in 2-month-old (46). The
adrenal medulla was eliminated experi-
mentally as a source of catecholamines
during the administration of tyramine and
the sympathomimetic effect of the drug
was attributed to release of nonepineph-
nine from cardiac adrenergic nerves. Tyra-

mine accelerated the heart of the adult dog

twice as much as that of the neonate (58).
The positive chronotropic effect of tyra-
mine (60 pg/kg, intravenously) was equal

to that caused by 0.07 pg of nonpeine-
phrine per kg in the neonatal dog and

about 1 pg of norepinephrine per kg in the

adult dog. It was speculated that tyramine
evoked greater acceleration of the adult
heart by releasing more transmitter from

cardiac adrenergic nerves (58). (Alterna-
tively, the greater effect of tyramine
in adult dogs could be due to release of

more catecholamines from extracardiac
sources.) A contrasting hypothesis has
been given to explain the effect of tyra-
mine on the rabbit heart. Tyramine in-

creased sinoatrial pacemaker frequency in
the perfused hearts of newborn rabbits
(25). The ED5O for the positive chrono-

tropic effect of tyramine was shifted to the

right in adult rabbits. Brus and Jacobow-
itz (25) attributed this finding to release of
more norepinephrmne from adrenergic
nerves in the newborn rabbit heart as com-

pared to the adult rabbit heart. Measure-
ments of the amount of norepinephrine re-
leased by tyramine would help determine

the validity of the hypotheses for the
changes in the actions of tyramine (25, 58).
It is also possible that the adrenergic re-
ceptor may be subsensitive in the hearts of
older rabbits. It should be noted that the

sympathomimetic effect of tyramine on
the hearts of newborn sheep and rabbits
was attributed to release of norepineph-
nine from intracardiac adrenergic nerves.

There is little or no pharmacoligical evi-
dence to support this assumption. It would

be of interest to determine when the sym-
pathomimetic effect of tyramine appeared
during development of these mammals. It
would be expected that the onset of adre-

nergic transmission evoked by electrical

and chemical stimulation of the nerves
would coincide. Results obtained in fetal
mouse hearts exposed to tyramine are of
interest in this connection. Wildenthal
(160) noted that tyramine, in concentra-

tions ranging from 10_6 M to 10� M, had
no effect on sinoatrial pacemaker fre-

quency in hearts isolated from animals on

the 13th to 20th gestational days. Tyra-

mine (10� M) evoked a significant acceler-
ation of the pacemaker for the first time on
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the 21st to 22nd gestational days. Because

the fetal mouse heart displayed a positive
chronotropic effect to isoproterenol and to

nonepinephrine at least 1 week before ty-
ramine accelerated the pacemaker, it was

tentatively concluded that the effect of ty-
namine was indirect, if the marked in-

crease in the action of tyramine were the
result of an indirect effect mediated by
release of neuronally located adrenergic

transmitter, it is possible that the onset of

the chronotropic effect of tyramine signals
the appearance of adrenergic neuroeffector
transmission. This possibility could be
tested with application of electrical stimuli
to excite intracardiac nerves.

D. Mechanism of Transmitter Action

The ionic mechanism for the pacemaker
acceleration caused by catecholamines in
the embryonic heart is not known. Atnial

pacemaker activity in the adult vertebrate
heart has been attributed to a time-de-
pendent decrease in an outward current
carried largely, but not exclusively, by K�
(24). Epinephrmne increased the intensity
of an inwardly directed Ca� current and
of the outwardly directed current in the
atrial pacemaker. Pacemaker acceleration

caused by epinephrmne was due to an in-

crease in the magnitude of the inward cur-
rent; the increased outward current would

limit the amount of acceleration. Although
it is difficult to conduct voltage clamp ex-
periments on embryonic heart muscle, it

should be possible to determine whether
the pacemaking mechanism found in adult

atrial cells also operates in the embryo
heart with the aid of constant current
techniques and ionic substitution experi-
ments.

The positive inotropic effect of catechol-

amines in the chick embryo heart has been
attributed to an increase in membrane
conductance to Ca� (140). The catechol-

amines restored action potentials to ven-
tricular muscle cells whose early transient
conductance (Nal was blocked by tetrodo-

toxin on inactivated by elevated Kt These
action potentials, which are termed “slow
action potentials,” are releated to the gen-

eration of the plateau phase of the cardiac

action potential and to the initiation of
contraction (reviewed in 130 and 153).

Cyclic 3’ ,5’-adenosine monophosphate
(cyclic AMP), its dibutyryl derivative and
methylxanthines restored “slow action po-

tentials” to chick embryo ventricular cells
whose early transient (Na) conductance
had been blocked by tetrodotoxin (133).
That is, the effects of these cyclic nucleo-
tides and phosphodiesterase inhibitors

were similar to those of exogenously ap-
plied catecholamines. These results are of

interest because of the relationship of the
“slow action potentials” to an inward Ca�

current and the development of tension
(see above). Polson ‘et al. (129) reported
that norepinephrine and isoproterenol in-

creased cyclic AMP and the force of con-
traction in hearts isolated from chicks on
the 4th and 7th incubation days (129).

These results have not been obtained by

others. Hollman and Green (73) showed
that addition of catecholamines, which in-
creased cyclic AMP levels in 7- to 9-day but
not in 4-day embryonic hearts, evoked a

positive inotropic effect only in the 7- to 9-
day hearts (73). This fmding has been con-
firmed recently by McLean et al. (107) who

also confirmed the observation (73) that

basal levels of cyclic AMP decreased dur-
ing ontogenesis. A causal relationship be-

tween the inotropic effect of the catechol-
amines and cyclic AMP has not been es-
tablished. For example, iseproterenol
increased the force of contraction in ven-

tricular muscle from hatched chicks (1-7
days) but it did not increase cyclic AMP
(73). McLean et al. (107) reported isopno-
terenol-induced increments in cyclic AMP
were lower in 18- to 19-day than in 7- to 8-
day embryo hearts. Whereas isoprotere-
nol increased the force of contraction in the

7- to 8-day embryo hearts, no data are
given for this parameter in 18- to 19-day

hearts. McLean et al. (107) also reported
that the cyclic AMP levels of heart cells

cultured from 16-day hearts were about
twice as high as those in intact prepara-
tions from this day. This increase in cyclic
AMP has been related to the phenomenon
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in which heart cells in culture acquire the
electrophysiological properties of younger

embryonic heart cells, including tetrodo-
toxin resistant “slow action potentials.”
However, this proposal is not readily sup-
ported in view of the quantitative dispari-
ties in cyclic AMP levels reported. For ex-
ample, heart cells from the 11th to 12th

days have higher cyclic AMP levels than
those cultured from the 16th day and yet
the former retain tetrodotoxin-sensitive
action potentials. This objection might be
answered if information were available
concerning the cellular disposition of cyclic
AMP rather than content.

Epinephrmne and norepinephrine stimu-
lated adenylate cyclase in particulate

preparations obtained from the hearts of
fetal sheep (2), mice, and rats (160, 161).
Although an increased force of contraction
by catecholamines was measured in fetal
rodent hearts (161), it has not been deter-

mined whether there is a causal relation-
ship between catecholamine-induced acti-
vation of adenylate cyclase and of contrac-
tion. It is of interest that 10� M dibu-
tyryl cyclic AMP, which can enter cells,
had only a slight deceleratory effect on the
sinoatrial pacemaker in 19- to 22-day fetal
mouse hearts (160). Studies of the relation-

ship between the effect of catecholamines
on force and cyclic AMP in human fetal
hearts have yielded divergent results.

Norepinephnine, epinephrmne, and isopro-
tenenol activated adenylate cyclase in hu-
man fetal hearts as early as 6 to 7 weeks of
gestation when the whole homogenate
(114) rather than a high speed particulate

fraction was used as source of the enzyme
(39). The procedures used to make the high
speed particulate fraction for measure-
ment of adenylate cyclase activity in hu-
man embryonic hearts may have inacti-

vated or destroyed the adrenengic receptor
(114). Adenylate cyclase activity of the

partiuclate fraction was increased by fluo-
ride. The results obtained in the study of

the human fetal heart by Dail and Palmer
(39) disagree with those obtained by Col-

tart et al. (33). The latter group (33) re-

ported that adenyl cyclase activity in-
creased from the 12th to 22nd gestational
week whereas the former (39) found that

enzyme activity declined. These conflict-
ing results suggest that use of human
hearts for experimental purposes may be

particularly dissatisfying, not only be-
cause of the moral and ethical questions
raised but also because of the problems

associated with recovery from the effects of
pre-anesthetic drugs, anesthetic agents,
and the isolation of the fetus.

Summary

The development of neuroeffector trans-

mission in the embryo and fetal heart re-
quires the appearance and function of pre-

synaptic and postsynaptic components.
During ontogenesis, function of the post-

synaptic component (transmitter receptor
and membrane conductance mechanism)
can be demonstrated before the presynap-
tic component (efferent autonomic nerve)
can be detected in the heart. The proper-

ties of the postsynaptic receptor have been
identified with classical pharmacological
methods. Receptor-specific ligands have
been used to determine the chemical prop-

erties of muscarmnic (75) and beta-adrener-
gic (67) receptors in tissues from adult ani-
mals. It is hoped that receptor-specific li-

gands, particularly those derived from an-
tagonists, can be employed successfully to

measure the chemical properties of these
receptors in the developing heart. In addi-

tion, more information is required to ena-
ble us to understand the role that onto-

genetic changes in membrane ion conduct-
ance and intracellular cyclic nucleotides
have in determining the actions of neuro-

transmitter on pacemaker and contracting
cardiac cells.

The results of morphological studies of

the development of the cardiac autonomic
nervous system do not always agree with

the results obtained in biochemical and
histochemical analyses of nerve function.

A lack of quantitative information and the
observation of divergent results from dif-
ferent laboratories are the difficulties en-
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countered in achieving the synthesis of

structural and functional properties of de-
veloping nerves. Although neuroeffector

transmission has been a useful index of
the onset and development of neunosecre-
tory function, chemical determination of

the amount of transmitter released by
stimuli is required to determine the devel-
opment of neurosecretory activity and its
relationship to the ontogenetic appearance

of neuroeffecton transmission. Direct mea-
surement of transmitter release would be
essential in order to study the develop-
ment of neuronal interactions, for exam-
ple, muscarmnic inhibition of adrenergic

transmitter release (see 100).

There is no conclusive evidence to sup-
port the possibility that changes in trans-
mitter sensitivity are due to the onset of
neuroeffector transmission. Experiments
in which developmemt of the autonomic

nervous system is accelerated or deceler-
ated by various procedures (changing egg
incubation temperature, administration of

ganglion blocking drugs, nerve growth

factor and its antiserum) are essential to
determine whether the changes in trans-

mitter sensitivity that occur are causally
related to the onset of neurosecretory (or

neuronal transport) function.
The morphological and functional devel-

opment of postganglionic adrenergic

nerves seems to be regulated by intracellu-
lar and extracellular events (see 61, 151).

However, it is not known to what extent
presynaptic and effector cell development
are able to regulate the growth and differ-

entiation of the postganglionic neuron. It
has been proposed that trans-synaptic fac-
tons regulate the development of the adre-
nergic nerve terminal and of the effector

cells innervated by the adrenergic nerves
(16). Furthermore, it has been speculated

that a trophic influence of the effector cell
on neuronal input can regulate the bio-
chemical development of postganglionic

cholinergic nerves (29) and the retrograde
transport of nerve growth factor in adre-

nergic nerves (123). The exploration of
these problems in the development of cho-

linergic and adrenergic nerves of the heart

is a stimulating challenge.

Acknowledgments. Thanks are due to Dr. Konrad
L#{246}ffelholz, Pharmakologisches Institut, Mainz, for
reading and criticizing the manuscript and to
Frances DiBattista, Yvonne Grulkowski, and Carol

Skowronek for their help in its preparation. The
author is grateful to Professors E. Carmeliet and R.
Casteels and their colleagues for their hospitality

during his stay in the Laboratorium voor Fysiologie,

Leuven, where this manuscript was completed.

REFERENCES

1. ABEL, W.: Further observations on the development of
the sympathetic nervous system in the chick. J.
Anat. Physiol. (London) 47: 35-72, 1912.

2. AHUMADA, G., SOBEL, B. E. AND FRIEDMAN, W. F.:
Age-dependent mechanical and biochemical re-

sponses to glucagon. Amer. J. Physiol. 230: 1590-
1593, 1976.

3. ADAMS, M. H., B�iuty, W. H. AND H�isoN, D. C.:
Changes in inotropic responsiveness with increasing

age of chick embryo ventricle. Circulation 46: suppl.
II, 36, 1976.

4. BAKER, J. B. E.: Some observations upon isolated per-
fused human foetal hearts. J. Physiol. (London) 120:
122-128, 1953.

5. BARRY, A.: The effect of epinephrine on the myocar-

dium of the embryonic chick. Circulation 1:1362-
1368, 1950.

6. BARRY, W. H., PITZEN, R., FRoThs, K. AND HARRISON,

D. C.: Inotropic effects of different calcium ion con-
centrations on the embryonic chick ventricle: Com-
parison of single cultured cells and intact muscle

strips. Circ. Res. 36: 727-734, 1975.
7. BELL, C.: Autonomic nervous control of reproduction:

Circulatory and other factors. Pharmacol. Rev. 24:
657-736, 1972.

8. BENNETT, M. R.: Autonomic Neuromuscular Trans-
mission, Monogr. Physiol. Soc. No. 30, Cambridge
University Press, Cambridge, 1972.

9. BENNETF, T. AND MALMFORS, T.: The adrenergic nerv-
ous system of the domestic fowl (GoJlu.s domesticus
(L.)). Z. Zellforsch. Mikroskop. Anat. 106: 22-50,
1970.

10. BENNETT, T. AND MALMFoRS, T.: Regeneration of the
noradrenergic innervation of the cardiovascular sys-

tem of the chick following treatment with 6-hydrox-
ydopamine. J. Physiol. (London) 242: 517-532, 1974.

11. BENNETT, T. AND MALMFORS, T.: Characteristics of the
noradrenergic innervation of the left atrium in the
chick (Gallus gallus domesticus, L.). Comp. Bio-
chem. Physiol. 52C: 47-49, 1975.

12. BENNETT, T., MALMFORS, T. AND COBB, J. L. S.: A
fluorescence histochemical study of the degenera-
tion and regeneration of noradrenergic nerves in the
chick following treatment with 6-hydroxydopamine.
Z. Zellforsch. Mikroskop. Anat. 142: 103-130, 1973.

13. BE1�sJw, C. AND GARGOUIL, Y.-M.: Etude electrophy-
siologique de la sensibilit#{233}aux cat#{233}cholamines du
coeur de Rat lors de la croissance embryonnaire.
C.R. Seances Soc. Biol. 161: 2600-2605, 1967.

14. BERNARD, C. 4’.len GARGOU1L, Y.-M.: Acquisitions suc-
cessives, chez l’embryon de Rat, des permeabilit#{233}s
sp#{233}cifiquesde la membrane myocardique. C. R.
Hebd. Seances Acad. Sci. Paris 270: 1495-1498, 1970.

15. BLACK, I. B.: Development of adrenergic neurons in
vivo: Inhibition by ganglionic blockade. J. Neuro-

chem. 20: 1265-1267, 1973.
16. BLACK, I. B. AND MYTILINEOU, C.: Trans-synaptic reg-

ulation of the development of end organ innervation



30 PAPPANO

by sympathetic neurons. Brain Res. 101: 503-521,
1976.

17. BOATMAN, D. L. �D BRODY, M. J.: Cardiac responses
to adrenergic stimulation in the newborn dog. Arch.
mt. Pharmacodyn. Th#{233}r.170: 1-11, 1967.

18. BOLTON, T. B.: Intramural nerves in the ventricular
myocardium of the domestic fowl and other animals.
Brit. J. Pharmacol. 31: 253-268, 1967.

19. BOLTON, T. B. AND BOWMAN, W. C.: Adrenoceptors in
the cardiovascular system of the domestic fowl. Eur.
J. Pharmacol. 5: 121-132, 1969.

20. BOREUS, L. 0. AND MCMURPHY, D. M.: Ontogenetic
development of cholinergic receptor function in
guinea pig ileum. Acta Physiol. Scand. 81: 143-144,
1971.

21. Boiu’�, G. V. R., DAWES, G. S. AND Mo’rr, J. C.: Oxygen
lack and autonomic nervous control of the foetal

circulation in the lamb. J. Physiol. (London) 134:
149-166, 1956.

22. BowM�.N, W. C. AND HEMSWORTH, B. A.: Effects of
triethylcholine on the output of acetylcholine from
the isolated diaphragm of the rat. Brit. J. Pharma-

col. 24: 110-118, 1965.
23. Boyn, J. D.: Development of the heart. In Handbook of

Physiology, Section 2: Circulation, ed. by W. F. Ham-
ilton, vol. ifi chap. 71, pp. 2511-2543, American

Physiology Society, Washington, D.C., 1965.

24. BROWN, H. F., MCNAUGHTON, P. A., Noble, D. AND

NOBLE, S. J.: Adrenergic control of cardiac pace-
maker currents. Phil. Trans. Roy. Soc. London Ser.
B. Biol. Sci. 270: 527-537, 1975.

25. BRUS, R. AND JAcoBOwITz, D.: The influence of norepi-
nephrine, tyramine and acetylcholine upon isolated
perfused hearts of immature and adult rabbits. Arch.
mt. Pharmacodyn. Th#{233}r.200: 266-272, 1972.

26. BURNSTOCK, G.: Evolution of the autonomic innerva-
tion of visceral and cardiovascular systems in verte-
brates. Pharmacol. Rev. 21: 247-324, 1969.

27. BURNSTOCK, G. AND COSTA, M.: Adrenergic Neurons,
John Wiley & Sons, New York, 1975.

28. CARMELIET, E. E., Honaxs, C. R., LIEBERMAN, M. AND

VEREECKE, J. S.: Developmental aspects of pot.as-
sium flux and permeability of the embryonic chick
heart. J. Physiol. (London) 254: 673-692, 1976.

29. CHIAPINELLI, V., GIACOBINI, E., P1LAR, G. AND Uci-
MURA, H.: Induction of cholinergic enzymes in chick
ciliary ganglion and iris muscle cells during synapse
formation. J. Physiol. (London) 257: 749-766, 1976.

30. CRIBA, S., TAMURA, K., KUBOTA, K. AND HA8HIMOT0,

K.: Pharmacologic analysis of nicotine and dimeth-
ylphenylpiperazinium on pacemaker activity of the
SA node in the dog. Jap. J. Pharmacol. 22: 645-651,
1972.

31. COLTART, D. J. AND SPILKER, B. A.: Development of
human foetal inotropic responses to catecholamines.
Experientia (Basel) 28: 525-526, 1972.

32. COLTART, D. J., SPILKER, B. A. AND MELDRUM, S. J.:
An electrophysiological study of human foetal car-
diac muscle. Experientia (Basel) 27: 797-799, 1971.

33. COLTART, D. J., DAVIES, G. M., Gurnwm, I. M.
AND HAMER, J.: Adenyl cyclase activity in the de-
veloping human foetal heart. J. Physiol. (London)
225: 38P-40P, 1972.

34. COMLINE, K. S., CROSS, K. W., DAWES, G. S. AND

NATHANIELSZ, P. W. (ed): Foetal and Neonatal

Physiology, Proc. Sir Joseph Barcroft Centenary

Symp., Cambridge University Press, Cambridge,
1973.

35. COMLINE, R. S. AND SILVER, M.: Development of activ-
ity in the adrenal medulla of the foetus and new-
born animal. Brit. Med. Bull. 22: 16-20, 1966.

36. C0R.aBoEuF, E., LEDOUARIN, G. AND OBRECHT-COU-

TPIS, G.: Release of acetylcholine by chick embryo
heart before innervation. J. Physiol. (London) 206:
383-395, 1970.

37. CORABOEUP, E., OBRECHT-COUTRIS, G. AND LE-

D0UA1UN, G.: Acetylcholine and the embryonic
heart. Amer. J. Cardiol. 25: 285-291, 1970.

38. CuLLIa, W. C. AND Luc�.s, C. L. T.: Action of acetyl-
choline on the aneural chick heart. J. Physiol. (Lon-
don) 86: 53P-55P, 1936.

39. DAIL, W. G., JR., AND PALMER, G. C.: Localization and
correlation of catecholamine-contaimng cells with
adenyl cyclase and phosphodiesterase activities in
the human fetal heart. Anat. Rec. 177: 265-288,
1973.

40. DAWES, G. S.: Foetal and Neonatal Physiology, Year
Book Medical Publishers Inc., Chicago. 1968,

41. DAwE8, G. S., HANm�R, J. J. s�m Mo!rr, J. C.: Some
cardiovascular responses in foetal, newborn and
adult rabbits. J. Physiol. (London) 139: 123-136,
1957.

42. DRoucHi, T. AND AXELROD, J.: Superinduction of sero-
tonin N-acetyltransferase and supersensitivity of
adenyl cyclase to catecholamines in denervated pin-
cal gland. Mol. Pharmacol. 9: 612-618, 1973.

43. DEHAAN, R. L.: The potassium-sensitivity of isolated
embryonic heart cells increases with development.

Develop. Biol. 23: 226-240, 1970.
44. DESANTIS, V. P., LANGSPBui, W., LINDMui, R. AND

Lomuioi.z, K.: Evidence for noradrenaline and
adrenaline as sympathetic transmitters in the
chicken. Brit. J. Pharmacol. 55: 343-350, 1975.

45. DIETERICH, H. A., KArnI, H. KILBINGER, H. AND LO�.
FELHOLZ, K.: The effect of physostigmine on cholin-
esterase activity, storage and release of acetylcho-
line in the isolated chicken heart. J. Pharmacol.
Exp. Ther. 199: 236-246, 1976.

46. DOwNING, S. E., TALNER, N. 5., CAMPBELL, A. G. M.,
HAu.ow�i, K. H. � WAX, H. B.: Influence of
sympathetic nerve stimulation on ventricular func-
tion in the newborn lamb. Circ. Rca. 25: 417-428,
1969.

47. DUFOUR, J. J. sim Po,rw�AR, J. M.: Effets chrono-
tropes de l’ac#{233}tylcholinesur le coeur de l’embryon du
poulet. Helv. Physiol. Pharmacol. Acta 18: 563-580,
1960.

48. ENEMAR, A., FLICK, B. ANI) HAKANSON, R.: Observa-
tions on the appearance of norepinephrine in the
sympathetic nervous system of the chick embryo.
Develop. Biol. ii: 268-283, 1965.

49. ENGEL, U. AND LOmusoi.z, K.: Presence of muaca-
rinic inhibitory and absence of nicotinic excitatory
receptors at the terminal sympathetic nerves of
chicken hearts. Naunyn-&hmiedeberg’s Arch.
Pharmakol. Exp. Pathol. 295: 225-230, 1976.

50. FABER, J. J.: Mechanical function of the septating
embryonic heart. Amer. J. Physiol. 214: 475-481,
1968.

51. FAMBROUGH, D. M.: Development of cholinergic inner-
vation of skeletal, cardiac and smooth muscle. In
Biology of Cholinergic Function, ed. by A. M. Gold-
berg and I. Hanin, Raven Press, New York, 1976.

52. FINGL, E., WOODBURY, L. A. AND HECHT, H. H.: Effects
of innervation and drugs upon direct membrane po-
tentials of embryonic chick myocardium. J. Phar-
macel. Exp. Ther. 104: 103-114, 1952.

53. FRIEDMAN, W. F.: The intrinsic physiologic properties

of the developing heart. Progr. Cardiovasc. Dia. 15:
87-111, 1972.

54. FRIEDMAN, W. F., PooL, P. E., JACOBOWrTz, D., SEA-

OREN, S. C. AND BRAuNwA.w, E.: Sympathetic in-
nervation of the developing rabbit heart: Biochemi-
cal and histochemical comparisons of fetal, neo-
natal, and adult myocardium. Circ. Res. 23: 25-32,
1968.

55. Fim�zss, J. B., McLEAN, J. R. AND BuRNSrocK, G. B.:
Distribution of adrenergic nerves and changes in

neuromuscular transmission in the mouse vas defer-

ens during postnatal development. Develop. Biol.
21: 491-505, 1970.

56. GARDNER, E. aim O’RAISSLY, R.: The nerve supply and



ONTOGENESIS AND INNERVATION OF THE HEART 31

conducting system of the human heart at the end of
the embryonic period proper. J. Anat. 121: 571-587,
1976.

57. GAUTHIER, P., NADEAU, R. A. AND DE CHAMPLAIN, J.:
The development of sympathetic innervation and
the functional state of the cardiovascular system in
newborn dogs. Can. J. Physiol. Pharmacol. 53: 763-
776, 1975.

58. GEls, W. P., TAToOLES, C. J., PIUOLA, D. V. AND FRIED-

MAN, W. F.: Factors influencing neurohumoral con-
trol of the heart in the newborn dog. Amer. J. Phys-
iol. 228: 1685-1689, 1975.

59. GENNSER, G. AND NuasoN, E.: Response to adrenaline,
acetylcholine and change of contraction frequency in
early human foetal hearts. Experientia (Basel) 26:
1105-1107, 1970.

60. GENNSER, G. AND V. STUDNITZ, W.: Noradrenaline
synthesis in human fetal heart. Experientia (Basel)
31: 1422-1424, 1975.

61. GIACOBINI, E.: Neuronal control of neurotransmitters
biosynthesis during development. J. Neuroscience
Rca. 1: 315-331, 1975.

62. Girroan, P., OUYANG, G., FRANKE, F. R., CLAluca, D.
E. AND ERTEL, R. J.: Choline acetyltransferase
(CAT) in hearts of developing embryos. Pharmacol-
ogist 15: 198, 1973.

63. GILES, W. AND NOBLE, S. J.: Changes in membrane
currents in bullfrog atrium produced by acetylcho-
line. J. Physiol. (London) 261: 103-123, 1976.

64. GIasan, H.: Adrenergic sensitivity of circulation in the
chick embryo. Amer. J. Physiol. 224: 461-469, 1973.

65. GLOWINSKI, J., AXELROD, J., KOPIN, I. J. AND WURT-

MAN, R. J.: Physiological disposition of H3-norepi-
nephrine in the developing rat. J. Pharmacol. Exp.
Ther. 146: 48-53, 1964.

66. GYEVAI, A.: Comparative histochemical investigations
concerning prenatal and postnatal cholinesterase
activity in the heart of chickens and rats. Acta Biol.
Aced. Sci. Hung. 20: 253-262, 1969.

67. HABER, E. AND WRENN, S.: Problems in identification
of the beta-adrenergic receptor. Physiol. Rev. 56:
317-338, 1976.

68. HAGOPIAN, M., TENNYSON, V. M. AND SPIRo, D.: Cyto-
chemical localization of cholinesterase in embryonic
rabbit cardiac muscle. J. Histochem. Cytochem. 18:
38-43, 1970.

69. Ha.u�, E. K.: Acetylcholine and epinephrine effects on
the embryonic rat heart. J. Cell. Comp. Physiol. 49:
187-200, 1957.

70. HERTTING, G.: The fate of 3H-iso-proterenol in the rat.
Biochem. Pharmacol. 13: 1119-1128, 1964.

71. HIGGINS, C. B., VATNER, S. F. AND BKAuNwAU, E.:
Parasympathetic control of the heart. Pharmacol.
Rev. 25: 119-155, 1973.

72. HoaR, R. M. aim HALL, J. L.: The early pattern of
cardiac innervation in the fetal guinea pig. Amer. J.
Anat. 128: 499-508, 1970.

73. HOLLMAN, M. AND GREEN, R. D.: The development of
sensitivity of the embryonic chick heart to the mo-
tropic and cAMP-elevating effect of isoproterenol
(Abstract). Fed. Proc. 32: 711, 1973.

74. Hsu, F.-Y.: The effect of adrenaline and acetylcholine
on the heart rate of the chick embryo. Chin. J.
Physiol. 7: 243-252, 1933.

75. HULME, E. C., BURGEN, A. S. V. AND Bnwsa.u�, N. J.
M.: Interactions of agonists and antagonists with
the muscarinic receptor. In Smooth Muscle Pharma-
cology and Physiology, ed. by M. Worcel and G.
Vassort, vol. 50, Les Editions de l’Institut National
de Ia Sante et de la Recherche M#{233}dicale, Paris, 1976.

76. IGNARRO, L. J. aim SHIDEMAN, F. E.: Catechol-0-
methyl transferase and monoamine oxidase activi-
ties in the heart and liver of the embryonic and
developing chick. J. Pharmacol. Exp. Ther. 159: 29-

37, 1968.
77. IGNARao, L. J. AND SHIDEMAN, F. E.: Appearance and

concentrations of catecholamines and their biosyn-
thesis in the embryonic and developing chick. J.
Pharmacol. Exp. Ther. 159: 38-48, 1968.

78. IGNa.aao, L. J. AND SHIDEMAN, F. E.: Norepinephrine
and epinephrine in the embryo and embryonic heart
ofthe chick: Uptake and subcellular distribution. J.
Pharmacol. Exp. Ther. 159: 49-58, 1968.

79. I�aiuto, L. J. AND SHIDEMAN, F. E.: The requirement
of sympathetic innervation for the active transport
of norepinephrine by the heart. J. Pharmacol. Exp.
Ther. 159: 59-65, 1968.

80. IvEitsEN, L. L.: The Uptake and Storage of Noradrena-
line in Sympathetic Nerves, Cambridge University

Press, Cambridge, 1967.
81. IVERSEN, L. L., DECHAMPLAIN, J., GLOWINSKI, J. AND

AXELROD, J.: Uptake, storage and metabolism of
norepinephrine in tissues of the developing rat. J.
Pharmacol. Exp. Ther. 157: 509-516, 1967.

82. JAYFEE, 0. C.: Effects of propranolol on the chick em-
bryo heart. Teratology 5: 153-157, 1972.

83. JONES, D. S.: Effects of acetylcholine and adrenaline
on the experimentally uninnervated heart of the
chick embryo. Anat. Rec. 130: 253-259, 1958.

84. KARCZMAR, A. G., SRINIVA8IN, R. AND BERNSOHN, J.:
Cholinergic function in the developing fetus. In Fe-
tal Pharmacology, ed. by L. Bor#{233}uspp. 127-176,
Raven Press, New York, 1973.

85. KATz, B.: Nerve, Muscle, and Synapse, McGraw-Hill,
New York, 1966.

86. KILBINGER, H. AND LOFFELHOLZ, K.: The isolated per-
fused chicken heart as a tool for studying acetylcho-
line output in the absence of cholinesterase inhibi-
tion. J. Neural Transm. 38: 9-14, 1976.

87. KISSLING, G., REUTTER, K., SIEBER, G., NGUYEN-

DUONG, H. UND JACoB, R.: Negative Inotropie von
endogenem Acetylcholin beim Katzen- und H#{252}hner-
ventrikelmyokard. Pflugers Arch. 333: 35-50, 1972.

88. KUNO8, G. AND NICKERSON, M.: Temperature-induced
interconversion of a- and /3-adrenoceptors in the
frog heart. J. Physiol. (London) 256: 23-40, 1976.

89. KUNTZ, A.: The development of the sympathetic nerv-
ous system in birds. J. Comp. Neurol. 20: 283-308,
1910.

90. LEBOWITZ, E. A., NovIcK, J. S. AND RUDOLPH, A. M.:
Development of myocardial sympathetic innerva-
tion in the fetal lamb. Pediat. Res. 6: 887-893, 1972.

91. LEE, W. C., MCCARTHY, L. P., ZODROW, W. W. AND

SHIDEMAN, F. E.: The cardiostimulant action of cer-
tain ganglionic stimulants on the embryonic chick
heart. J. Pharmacol. Exp. Ther. 130:30-36, 1960.

92. LEDOUARIN, G., OBRECHT, G. ET CORABOEUF, E.: D#{233}-
terminations r#{233}gionales dans l’aire cardiaque pr#{233}-
somptive mises en evidence chez l’embryon de poulet
par Ia m#{233}thode microelectrophysiologique. J. Em-
bryol. Exp. Morphol. 15: 153-167, 1966.

93. L� GRANDE, M. C., PAFF, G. H. AND BOUCEK, R. J.:
Initiation of vagal control of heart rate in the em-
bryonic chick. Anat. Rec. 155: 163-166, 1966.

94. LELORIER, J. AND SHIDEMAN, F. E.: Acetylcholinester-
ase and responses to acetylcholine in the embryonic
chicken heart. J. Pharm. Pharmacol. 28: 196-199,
1976.

95. LELORIER, J., MINLYIMA, N. AND SHIDEMAN, F. E.:
Effect of ouabain on the innervated and noninner-
vated embryonic chick heart. Can. J. Physiol. Phar-
macol. 53: 1005-1006, 1975.

96. LETTERS TO THE EDITOR: Responsiveness of the 4-day-
old embryonic chick heart to catecholamines. Circ.
Res. 34: 268-271, 1974.

97. LIEBERMAN, M. AND SANO, T.: Developmental and
Physiological Correlates of Cardiac Muscle. In Per-
spectives in Cardiovascular Research, vol. 1, Raven
Press, New York, 1976.

98. LIPe, J. A. AND RUDoLPH, A. M.: Sympathetic nerve
development in the rat and guinea-pig heart. Biol.
Neonate 21: 76-82, 1972.



32 PAPPANO

99. LIs8AK, K., TORO, I. AND PASZTOR, J.: Untersuchungen
Uber den Zusammenhang des Acetylcholingehaltes
und der Innervation des Herzmuskels in Geweb-
skulturen. Pflugers Arch. Gesamte Physiol.
Menschen Tiere 245: 794-801, 1942.

100. L#{212}FFELHOLZ, K. AND MUSCHOLL, E.: Inhibition by
parasympathetic nerve stimulation of the release of
the adrenergic transmitter. Naunyn-Schmiedebergs
Arch. Pharmakol. Exp. Pathol. 267: 181-184, 1970.

101. LOFFELHOLZ, K. AND PAPPANO, A. J.: Increased sensi-
tivity of sinoatrial pacemaker to acetylcholine and
to catecholamines at the onset of autonomic neuroef-
fector transmission in chick embryo heart. J. Phar-
macol. Exp. Ther. 191: 479-486, 1974.

102. LOFFELHOLZ, K. AND PAPPANO, A. J.: Ontogenetic
changes in pacemaker activity in chick heart. Life
Sci. 14: 1755-1763, 1974.

103. MANASEK, F. J.: Embryonic development of the heart.
I. A light and electron microscopic study of myocar-
dial development in the early chick embryo. J. Mor-
phol. 125: 329-366, 1968.

104. MANUKHIN, B. N., Puarovorrova, Z. E. AND VY-

A�MINA, N. M.: The content of catecholamines and
DOPA in tissues of chick embryo and chicken. Zh.
Evol. Biokhim. Fiziol. �: 42-48, 1969.

105. MARKOWITz, C.: Response of explanted embryonic car-
diac tissue to epinephrine and acetylcholine. Amer.
J. Physiol. 97: 271-275, 1931.

106. MCCARTY, L. P., LEE, W. C. AND SHIDEMAN, F. E.:
Measurement of the inotropic effects of drugs on the
innervated and noninnervated embryonic chick
heart. J. Pharmacol. Exp. Ther. 129: 315-321, 1960.

107. MCLEAN, M. J., LAPSLEY, R. A., SHIGENOBU, K., MU-
RAD, F. AND SPERELAKI5, N.: High cyclic AMP levels
in young chick embryonic hearts. Develop. Biol. 42:
196-201, 1975.

108. McNurr, N. S. AND FAWCETT, D. W.: Myocardial ul-
trastructure. ln The Mammalian Myocardium, ed.
by G. A. Langer, and A. J. Brady, pp. 1-49. John

Wiley & Sons, New York, 1974.
109. MICHAL, F., EMMETT, F. AND THORP, R. H.: A study of

drug on the developing avian cardiac muscle. Comp.
Biochem. Physiol. 22: 563-570, 1967.

110. MIRKIN, B. L.: Ontogenesis of the adrenergic nervous
system: functional and pharmacological implica-
tions. Fed. Proc. 31: 65-73, 1972.

111. OBRECHT-C0UTRI5, G. ET CounaaoEur, E.: Sensibilit#{233}
a la noradr#{233}naline et a l’acetylcholine du myocarde
embryonnaire de Poulet. J. Physiol. (Paris) 59: 275,
1967.

112. PAFF, G. H. AND GLANDER, T. P.: The time of appear-
ance of sympathomimetic receptors in the embry-
onic chick heart. Anat. Rec. 160: 405, 1968.

113. PAGER, J., BERNARD, C. ET CARGOU1L, Y.-M.: Evolu-
tion, au cours de la croissance foetale, des effets de
l’acetylcholine au niveau de l’oreillette du Rat. C. R.
Soc. Biol. (Poitiers) 159: 2470-2475, 1965.

114. PALMER, G. C. aim DAIL, W. G., JR.: Appearance of
hormone-sensitive adenylate cyclase in the develop-
ing human heart. Pediat. Res. 9: 98-103, 1975.

115. Pa.pica, R. E.: A study of catecholamine-containing
cells in the hearts of fetal and postnatal rabbits by
fluorescence and electron microscopy. Cell Tissue
Res. 154: 471-484, 1974.

116. PAPPANO, A. J.: Sodium-dependent depolarization of
non-innervated embryonic chick heart by acetylcho-
line. J. Pharmacol. Exp. Ther. l80 340-350, 1972.

117. PAPPANO, A. J. Morphological and functional proper-
ties of developing adrenergic neuroeffector junctions
in chick embryo heart (Abstract). Fed. Proc. 35: 451,
1976.

118. PAPPANO. A. J.: Onset of chronotropic effects of nico-
tine drugs and tyramine on the sinoatrial pace-
maker in chick embryo heart: Relationship to the
development of autonomic neuroeffector transmis-
sion. J. Pharmacol. Exp. Ther. 196:676-684, 1976.

119. PAPPANO, A. J.: Pharmacology of heart cells during
ontogenesis. In Advances in General and Cellular
Pharmacology, (ed. by C. P. Bianchi and T. Nara-
hashi). Plenum Publishing Co., New York, 1976.

120. PAPPANO, A. J. AND JACOBOWITZ, D. J.: Unpublished
observations.

121. PAPPANO, A. J. AND LOFFELHOLz, K.: Ontogenesis of
adrenergic and cholinergic neuroeffector transmis-
sion in chick embryo heart. J. Pharmacol. Exp.
Ther. 191: 468-478, 1974.

122. PAPPANO, A. J. AND SKOWRONEK, C. A.: Reactivity of
chick embryo heart to cholinergic agonists during
ontogenesis: Decline in desensitization at the onset
of cholinergic transmission. J. Pharmacol. Exp.

Ther. 191: 109-118, 1974.
123. PARAVICINI, U., STOECKEL, K. AND THOENEN, H.: Bio-

logical importance of retrograde axonal transport of
nerve growth factor in adrenergic neurons. Brain
Res. 84: 279-291, 1975.

124. PARTANEN, S. AND KORKALA, 0.: Catecholamines in
human fetal heart. Experientia (Basel) 30: 798-799,
1974.

125. PICKERING, J. W.: Observations on the physiology of
the embryonic heart. J. Physiol. (London) 14: 383-
466, 1893.

126. PICKERING, J. W.: Further experiments on the embry-
onic heart. J. Physiol. (London) 18: 470-483, 1895.

127. PICKERING, J. W.: Experiments on the hearts of mam-
malian and chick-embryos, with special reference to
action of electric currents. J. Physiol. (London) 20:
165-222, 1896.

128. PLATTNER, F. UND Hou, Ch.L.: Zur Frage des Angriff-
spunktes vegetativer Gifte. Versuche am Embryo-

nalherzen und am Flimmerepithel. Pflugers Arch.
Gesamte Physiol. Menschen 228: 281-294, 1931.

129. POLSON, J. B., GOLDBERG, N. D. AND SHIDEMAN, F. E.:
Norepinephrine (NE) and isoproterenol (I) induced
changes in cardiac contractility and cyclic AMP
(cAMP) levels during embryonic development of the
chick. Fifth International Congress of Pharmacol-
ogy, Volunteer Papers, p. 184, 1972.

130. REUTER, H.: Divalent cations as charge carriers in
excitable membranes. Progr. Biophys. Mol. Biol. 26:
1-43, 1973.

131. ROBKIN, M. A., SHEPARD, T. H. AND Drn, D. C.:
Autonomic receptors of the early rat embryo heart:
Growth and development. Proc. Soc. Exp. Biol. Med.
151: 799-803, 1976.

132. Rom, J. AND MOTELICA-HEINO, I.: Catecholamines in
fetal and neonatal rabbit heart. Experientia (Basel)
31: 194-195, 1975.

133. ROMANOFF, A. L.: The Avian Embryo: Structural and
Functional Development. The Macmillan Company,
New York, 1960.

134. ROSKOSKI, R., JR., MCDONALD, R. I., ROSKOSKI, L. M.,
MARVIN, W. J. AND HERMSMEYER, K.: Choline ace-
tyltransferase activity in heart: Evidence for neu-
ronal and not myocardial origin. Amer. J. Physiol.,
in press, 1977.

135. RuDoLPH, A. M. AND HETHai�, M. A.: Fetal and
neonatal circulation and respiration. Annu. Rev.
Physiol. 36: 187-207, 1974.

136. SA8TEE, A., GRAY, D. B. AND LANE, M. A.: Muscarinic
cholinergic binding sites in the developing avian
heart. Develop. Biol. 55: 201-205, 1977.

137. SCHIEBLER, T. H. UND HEENE, R.: Nachweis von Ka-
techolaminen in Rattenherzen w#{228}hrend der En-
twicklung. Histochemie 14: 328-334, 1968.

138. SCHIEBLER, T. H. aim WINCKLER, J.: On the vegetative
cardiac innervation. Progr. Brain Rca. 34: 405-413,
1971.

139. SCHWIELER, G. H., DOUGLAS, J. S. AND BOUHUYS, A.:
Postnatal development of autonomic efferent inner-
vation in the rabbit. Amer. J. Physiol. 219: 391-397,
1970.

140. SHIGENOBU, K. aim SPERELAKIS, N.: Calcium current



ONTOGENESIS AND INNERVATION OF THE HEART 33

channels induced by catecholamines in chick embry-
onic hearts whose fast sodium channels are blocked
by tetrodotoxin or elevated potassium. Circ. Res. 31:
932-952, 1972.

141. SISSMAN, N. J.: Developmental landmarks in cardiac
morphogenesis: Comparative chronology. Amer. J.
Cardiol. 25: 141-148, 1970.

142. SMITH, R. B.: The development of the intrinsic inner-
vation of the human heart between the 10 and 70
mm stages. J. Anat. 107: 271-279, 1970.

143. SMITh, R. B.: Observations on nerve cells in human,
mammalian and avian cardiac ventricles. Anat.
Anz. 129: 436-444, 1971.

144. SORIMACHI, M. AND KATAOKA, K.: High affinity cho-
line uptake: An early index of cholinergic innerva-
tion in rat brain. Brain Res. 94: 325-336, 1975.

145. SPERELAKIS, N. AND SHIGENOBU, K.: Changes in mem-
brane properties of chick embryonic hearts during
development. J. Gen. Physiol. 60: 430-453, 1972.

146. STURKIE, P. D. (Ed.): Avian Physiology, Springer Ver-
lag, New York, 1976.

147. STURKIE, P. D. AND POORvIN, D. W.: The avian neuro-
transmitter. Proc. Soc. Exp. Biol. Med. 143: 644-696,
1973.

148. SZANTROCH, Z.: L’histogenese des ganglions nerveux
du coeur. Bull. mt. Acad. polon. Sci. Lett. Ser. B II:
417-431, 1929.

149. SZEPSENWOL, J. AND EBON, A.: L’origine et Ia nature

de l’innervation primitive du coeur chez les em-
bryons d’Oiseaux (Canard et Poulet). Rev. Suisse
Zool. 43: 1-23, 1936.

150. TEN EICK, R., NAWRATH, H. MCDONALD, T. F. AND

TRAUTWEIN, W.: On the mechanism of the negative
inotropic effect of acetylcholine. Pflugers Arch. 361:
207-213, 1976.

151. THOENEN, H.: Comparison between the effect of neu-
ronal activity and nerve growth factor on the en-
zymes involved in the synthesis of norepinephrine.
Pharmacol. Rev. 24: 255-267, 1972.

152. TRAUTWEIN, W.: Generation and conduction of im-
pulses in the heart as affected by drugs. Pharmacol.
Rev. 15: 277-332, 1963.

153. TRAUTWEIN, W.: Membrane currents in cardiac muscle
fibers. Physiol. Rev. 53: 793-835, 1973.

154. TUMMONS, J. L. AND STURKIE, P. D.: Beta adrenergic

and cholinergic stimulants from the cardioaccelera-
tor nerve of the domestic fowl. Z. Vergl. Physiol. 68:
268-271, 1970.

155. VAN MIEROP, L. H. S.: Location of pacemaker in chick
embryo heart at the time of initiation of heartbeat.
Amer. J. Physiol. 212: 407-415, 1967.

156. VAssA.u�, M.: Electrogenic suppression of automatic-
ity in sheep and dog Purkinje fibers. Circ. Res. 27:
361-377, 1970.

157. VOLLE, R. L.: Muscarinic and nicotinic stimulant ac-
tions at autonomic ganglia. In International Ency-
clopedia of Pharmacology and Therapeutics, Section
12: Ganglionic Blocking and Stimulating Agents,
ed. by A. G. Karczmar. vol. 1, Pergamon Press, New
York, 1966.

158. WALKER, D.: Functional development of the autonomic
innervation of the human fetal heart. Biol. Neonate
25: 31-43, 1975.

159. WECHSLER, W. AND SCHMEKEL, L.: Elektronenmikro-
skopische Untersuchung der Entwicklung der vega-
tativen (Grenzstrang-) und spinalen Ganglien bei
Gallus domesticus. Acta Neuroreg. 30: 427-444,
1967.

160. WILDENTHAL, K.: Maturation of responsiveness to car-
dioactive drugs: Differential effects of acetylcholine,
norepinephrine, theophylline, tyramine, glucagon,
and dibutyryl cyclic AMP on atrial rate in hearts of
fetal mice. J. Clin. Invest. 52: 2250-2258, 1973.

161. WILDENTHAL, K., Allen, D. 0., KARLSSON, J., WAKE-

LAND, J. R. AND CLARK, C. M., JR.: Responsiveness
to glucagon in fetal hearts: Species variability and
apparent disparities between changes in beating,
adenylate cyclase activation, and cyclic AMP con-
centration. J. Clin. Invest. 57: 551-558, 1976.

162. YAMAUCHI, A.: Innervation of the vertebrate heart as
studied with the electron microscope. Arch. Histol.
Jap. 31: 83-117, 1969.

163. YAMAUCHI, A.: Ultrastructure of the innervation of
the mammalian heart. in Ultrastructure of the
Mammalian Heart, ad. by C. E. Challice and S.
Viragh, pp. 127-178, Academic Press, New York,
1973.

164. ZACHS, S. I.: Esterases in the early chick embryo.
Anat. Rec. 118: 509-537, 1954.




