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Stages 
Development in 

of Neurotransmitter 
Autonomic Neurons 

The evolution of multicellular forms 
from unicellular progenitors represented 
a new strategy for selective advantage, 
and foreshadowed cellular diversifica- 
tion and specialization within a single 
organism. Cellular specialization, in 
turn, required the evolution of mecha- 
nisms to govern intracellular differentia- 
tion, and necessitated intercellular syn- 
chronization during development and 
maturity. The processes of differentia- 
tion and cellular synchronization reach a 
remarkable level of complexity in the 

Ira B. Black 

nervous system: different neurons devel- 
op the capacity to synthesize and use 
different specific chemical signals, the 
neurotransmitters. Moreover, billions of 
individual neurons form thousands s f  
highly specific interconnections, allow- 
ing the different transmitter signals to  
function in physiologically appropriate 
circuits. A central problem in neurobiol- 
ogy concerns the mechanisms generating 
such specificity. 

One approach to this problem has in- 
volved study of the relatively simple, 
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peripheral autonomic nervous system. 
Autonomic neurons use a number of 
well-characterized transmitters, includ- 
ing norepinephrine and acetylcholine. 
The availability of sensitive techniques 
to measure noradrenergic and choliner- 
gic gene products, such as their biosyn- 
thetic enzymes, has allowed examination 
of individual transmitter phenotypic 
characters. Analysis of individual pheno- 
typic characters is critical for elucidation 
of mechanisms governing transmitter on- 
togeny, since expression of any given 
transmitter depends on development of 
multiple individual characters (such as 
the foregoing enzymes). 

Emerging evidence suggests that auto- 
nomic neurons pass through a sequence 
of distinct stages during neurotrans- 
mitter differentiation. The stages may be 
distinguished by the specific transmitter 
gene products expressed, and by the 
mechanisms influencing phenotypic 
expression of these transmitter charac- 
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ters (Fig. 1). This article represents an 
effort to delineate these developmental 
stages in the form of testable hypothe- 
ses. It is proposed that embryonic auto- 
nomic neuroblasts initially express trans- 
mitter characters in a highly mutable 
f a h i o n  and that this expression becomes 
progressively more restricted with age. 
It  is further proposed, however, that 
mutability persists into adulthood, and 
perhaps for the life of the neuron. The 
apparent restriction of mutability during 
maturity is largely due to  ongoing stabi- 
lizing influences of extraneuronal fac- 
tors, including afferent and efferent con- 
nections, association with nonneuronal 
cells, and exposure to humoral agents, 
which obscure intrinsic mutability of the 
mature neuron. Discrete developmental 
events, and stages, are superimposed on 
the gradual process of restriction of mu- 
tability. Transmitter development, there- 
fore, may consist of the successive 
stages of (i) early expression, (ii) defini- 
tive expression, (iii) modulation, and (iv) 
regulation, extending from embryonic 
life through maturity, and paralleling the 
progressive restriction of phenotypic 
mutability (Fig. 1). During the embryon- 
ic period of maximal mutability, the 
primitive neuron may qualitatively 
change the transmitter phenotypic char- 
acters that are expressed, depending on 
the sequence of extracellular signals. 
During this embryonic stage of early 
expression, the transmitter characters 
may be entirely different from those ex- 
pressed by the mature neuron. Subse- 
quently, the stage (process) of definitive 
expression consists of appropriate 
"choice" of the adult transmitter pheno- 
type. The process of modulation results 
in expression of transmitter characters in 
"correct" quantities. The processes of 
definitive expression and modulation 
culminate in stabilization of the adult 
phenotypic characters, which are then 
subject to  ongoing biochemical regula- 
tion during maturity. Although the dis- 
cussion in this article focuses on trans- 
mitter development exclusively, the mo- 
lecular mechanisms involved may be 
relevant to neuronal and cellular ontoge- 
netic processes in general. 

Definition of these developmental 
stages has been made possible by bio- 
chemical and immunocytochemical 
methodologic advances that permit dem- 
onstration of transmitter enzyme gene 
products. Tyrosine hydroxylase, the 
rate-limiting enzyme in catecholamine 
biosynthesis (I), dopamine P-hydroxy- 
lase, which converts dopamine to nor- 
epinephrine (2), and phenylethanolamine 
N-methyltransferase (PNMT), which 
converts norepinephrine to epinephrine 
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(3), have been used to monitor norad- 
renergic and adrenergic expression. 
Choline acetyltransferase, which cata- 
lyzes the synthesis of acetylcholine (4), 
has been used as  an index of cholinergic 
expression. In addition to  these transmit- 
ter enzyme characters, it has been possi- 
ble to define expression of more complex 
traits, such as the specific, high-affinity 
neuronal uptake mechanism for norepi- 
nephrine. Finally, the presence of cate- 
cholamine transmitters themselves has 
been demonstrated by histofluorescence 
techniques. 

Autonomic Embryogenesis 

The neural crest is a transient embry- 
onic structure which is the progenitor of 
the autonomic system. In addition, the 
crest gives rise to  chromaffin cells, sen- 
sory neurons, nonneuronal cells of the 
peripheral nervous system, calcitonin- 
producing cells, and mesenchymal deriv- 
atives of the cephalic region (5). 

Early Expression 

Various neuronal derivatives of the 
crest express noradrenergic phenotypic 
characters early in embryonic develop- 
ment, regardless of the transmitter phe- 
notype that is expressed during maturity. 
Noradrenergic traits are expressed (i) in 
sympathetic ganglion primordia that re- 
main noradrenergic in vivo (10); (ii) in 
caudal thoracic populations that are des- 
tined to become adrenergic adrenomed- 
ullary elements (9, 11); (iii) in primitive 
gut populations that lose most noradren- 
ergic characters after several days (10, 
12) (Fig. 1); and (iv) in rat eccrine sweat 
gland fibers that appear to become cho- 
linergic (13). 

Although recent work has suggested 
that the embryonic microenvironment 
influences initial expression, precise in- 
teractions between environment and 
neuron remain undefined. In avian em- 
bryos, the initial appearance of catechol- 
amine histofluorescence in neurons is 
influenced by interactions with somitic 

Summary. The ontogeny of neurotransmitters in autonomic neurons proceeds 
through the successive stages of early expression, defmitwe expression, modulation, 
and regulation, extending from embryonic hfe to maturity. Although different extracel- 
Mar signals influence development at different stages, a number of signals that 
influence development continue to govern transmitter function durmg maturity. The 
sequential ontogenetic stages parallel the progressive restriction of mutability of 
phenotypic expression, however, some degree of neuronal mutability appears to 
persist through maturity 

The crest, lying on either side of the 
neural plate, assumes a dorsal midline 
position as  the plate closes to  form the 
neural tube (6). From this location, crest 
cells migrate dorsolaterally within the 
ectoderm and ventrolaterally within the 
mesoderm (5). The ventrolaterally mi- 
grating cells assume positions lateral to 
the aorta to form sympathetic ganglion 
primordia, and these cells also populate 
the gut to form precursors of a t  least 
some of the enteric ganglia (7). At the 
caudal thoracic level, cells subsequently 
migrate to form adrenomedullary chro- 
maffin cells (8, 9). Analysis of these three 
populations-the ganglion primordia, 
adrenomedullary chromaffin cells, and 
cells of the gut-makes it possible to 
identify the foregoing stages, and ad- 
dress a number of critical questions. 
When are transmitter phenotypic charac- 
ters initially expressed? What factors 
govern early expression? What is the 
relationship of an early expression to 
subsequent stages? Is  definitive expres- 
sion irreversible? How is regulation in 
the adult related to developmental mech- 
anisms? 

mesenchyme, and therefore may require 
ventral crest migration (14). Moreover, 
ablation of ventral neural tube reduces 
the quantity of nervous tissue formed, 
suggesting that neural tube, somitic mes- 
enchyme, and neurons undergo critical 
interactions (14). These observations are 
supported by in vitro studies showing 
that crest must be  contiguous with so- 
mite for catecholaminergic expression, 
and that ventral neural tube may act 
across a Millipore filter to  induce appro- 
priate changes in somite (15). In con- 
trast, more recent studies (16) indicate 
that crest neuroblasts in culture can ex- 
press noradrenergic traits in the absence 
of the normal embryonic microenviron- 
ment. Different cells derived from a sin- 
gle clone in the same cell culture initially 
express catecholamine fluorescence or  
melanin. Consequently, a t  least certain 
noradrenergic traits can be expressed in 
artificial environments of undefined 
composition. Thus, while the crest neu- 
roblast is neither wholly predetermined 
regarding initial transmitter expression, 
nor a true tabula rasa, simply reflecting 
environmental signals, mechanisms reg- 



ulating early expression remain to be 
defined. 

In the foregoing in vivo studies, it is 
unclear whether environmental signals 
directly influence neutonal phenotypk 
fate, or select for predetermined neuro- 
nal populations. The question of mutabil- 
ity at the cellular level versus selection 
of populations is difficult to approach 
through in vivo studies alone, and consti- 
tutes one outstanding issue in develop- 
mental neurobiology . 

Despite these ambiguities, the phe- 
nomenon of early expression of some 
neuronal traits can be defined in greater 
detail. It appears that early expression (i) 
is reversible and does not assure persist- 
ence (definitive expression) of the phe- 
notype expressed initially; (ii) does not 
require arrival at the definitive site in the 
body; (iii) antedates completion of affer- 
ent and efferent innervation and there- 
fore is largely independent of these influ- 
ences; (iv) involves the simultaneous 
expression of a number of transmitter 
phenotypic characters; (v) does not pre- 
clude subsequent DNA synthesis; and 
(vi) does not preclude subsequent migra- 
tion. 

The fact that cells of diverse transmit- 
ter fates--in ganglia, adrenal, and gut- 

express noradrenergic characters early 
in development suggests that early 
expression may be different from the 
subsequent process of definitive expres- 
sion. For example, a population of cells 
in the embryonic gut transiently ex- 
presses a number of noradrenergic phe- 
notypic characters. At 11.5 days of ges- 
tation in the rat (27 to 30 somites) these 
cells exhibit tyrosine hydroxylase, dopa- 
mine $-hydroxylase, and catecholamines 
(10). Over the ensuing 24 hours the num- 
ber of cells increases, but by 13.5 days, 
virtually no endogenous noradrenergic 
characters are present in the gut. How- 
ever, these cells apparently do not die, 
since the population can take up exoge- 
nous norepinephrine, thereby permitting 
identification (12). Consequently, the 
cells appear to persist, selectively retain- 
ing the high-affinity uptake system for 
norepinephrine (12). The ultimate trans- 
mitter fate of this population is not de- 
fined, since it is not yet clear whether 
these cells acquire new transmitter char- 
acters. In work with another developing 
population,the sympathetic innervation 
of rat eccrine sweat glands, accumulat- 
ing evidence suggests that fibers do con- 
vert from the noradrenergic to choliner- 
gic phenotypes (13). These observations 

Fig. 1. Schematic representation of transmitter development. Developmental age proceeds from 
left to right in each panel, and vertical alignment among the entries in different panels 
approximates simultaneous processes or events. Lower segment of schema represents appear- 
ance and development of individual transmitter characters for sympathetic ganglia, adrenal 
chromaffin cells, and the transiently noradrenergic cells of the gut. Phenylethanolamine N- 
methyltransferase (PNMT) appears during definitive expression in the adrenal and tyrosine 
hydroxylase (T-OH) and dopamine P-hydroxylase (DBH) disappear in the gut cells, while high- 
affinity uptake system for norepinephrine (U,) persists. NGF denotes nerve growth factor. 

suggest that early expression does not 
result in irrevocable commitment to that 
phenotype. The foregoing in vivo studies 
are complemented by extensive in vitro 
experiments indicating that noradren- 
ergic sympathetic neurons may acquire 
cholinergic characteristics under appro- 
priate conditions (1 7-19). Additional 
work in vivo and in culture is now re- 
quired to determine whether early 
expression represents a stage common to 
transmitter differentiation of other neu- 
ronal populations, and whether analo- 
gous stages characterize differentiation 
of nonneuronal cells. 

It is unlikely that early expression is 
evoked solely by unique properties of 
the immediate embryonic environment 
in which it occurs, since the noradrener- 
gic phenotype is expressed in paraaortic 
ganglia where it will persist, as well as in 
cells of the gut, where it rapidly disap- 
pears (10, 12). It is possible, however, 
that noradrenergic expression is trig- 
gered by prior passage through the mi- 
croenvironment of the dorsal embryo 
during early crest cell migration. Never- 
theless, environmental cues may not be 
required for initial expression, but may 
simply amplify or influence prepro- 
grammed, intracellular events. In addi- 
tion, of course, it is probable that envi- 
ronmental cues change throughout de- 
velopment. Finally, it is quite clear that 
early expiession does not require arrival 
at the definitive site, since noradrenergic 
characters are expressed in primordial 
ganglia by neuroblasts that later migrate 
to the adrenal medulla or secondary gan- 
glia (9, 14). 

Although this discussion has focused 
on early expression of noradrenergic 
characters, recent studies suggest that 
some crest populations may actually ex- 
hibit cholinergic properties even earlier 
in development [for review, see (20)l. 
While a great deal of additional work is 
required to delineate the sequence of 
appearance of different transmitter char- 
acters, the appearance of cholinergic or 
noradrenergic traits in populations of di- 
verse transmitter fates supports the con- 
tention that early expression represents 
a discrete developmental stage. 

What is the manner in which cells 
initially express noradrenergic pheno- 
typic characters? Each phenotypic char- 
acter could be expressed individually at 
a characteristic time, or, alternatively, 
groups of characters could be expressed 
simultaneously. Different patterns may 
imply different underlying mechanisms 
(21). In fact, available evidence suggests 
that a constellation of phenotypic char- 
acters is expressed simultaneously in the 
populations under discussion. In these 
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cells, the tyrosine hydroxylase and dopa- 
mine p-hydroxylase gene products ap- 
pear simultaneously (10) (within the lim- 
its of detection), suggesting that either (i) 
a single stimulus affects the synthesis (or 
degradation) of both molecules, (ii) 
expression of the two enzymes is regu- 
lated by two or more signals which ap- 
pear simultaneously, or (iii) the two en- 
zymes are expressed by a single intracel- 
lular mechanism, analogous to coordi- 
nate regulation. While no conclusion is 
warranted at present, it is of interest that 
processes which biochemically induce 
syrnpathoadrenal tyrosine hydroxylase 
in the adult, such as pharmacologic 
stress and transsynaptic stimulation, 
also induce dopamine p-hydroxylase 
(2%), and no known procedure induces 
only one of these enzymes. While both 
enzymes are expressed simultaneously 
and develop in concert in ganglia, adre- 
nal, and gut, this is not necessarily uni- 
versal; in contrast to noradrenergic and 
adrenergic cells, dopaminergic neurons 
never express dopamine p-hydroxylase. 
Consequently, regulatory mechanisms 
appear to be population-specific. 

In addition to appearing simultaneous- 
ly, some traits also disappear simulta- 
neously. Thus, the gut cells lose both 
tyrosine hydroxylase and dopamine p- 
hydroxylase at 13.5 days of gestation. 
However, the high-affinity uptake sys- 
tem for norepinephrine persists (10, 12). 
Furthermore, previous investigations 
have indicated that transmitter uptake 
mechanisms are expressed before endog- 
enous catecholamine histofluorescence 
in chick ganglia (23), terminals of the 
chick spinal cord (24), and rat central 
noradrenergic neurons (25). In summary, 
available data indicate that early expres- 
sion involves a number of noradrenergic 
characters, and not single traits, suggest- 
ing that the units of phenotypic organiza- 
tion in this system are groups of nor- 
adrenergic characters. 

Conversely, it is apparent that some 
noradrenergic and adrenergic characters 
are expressed differently from others, 
since expression of the high-affinity up- 
take system is regulated differently from 
expression of tyrosine hydroxylase and 
dopamine p-hydroxylase. Consequently, 
it is clearly inadequate, at the molecular 
level, to refer to development of the 
"noradrenergic" or "adrenergic" phe- 
notypes as if their component traits are 
all similarly expressed and regulated. In 
fact, the autonomic system, with well- 
defined transmitter characters, may be 
ideal for detailed analysis of mechanisms 
synchronizing expression of different 
groups of traits for each transmitter. 

Finally, it is apparent that early 

expression does not depend on forma- 
tion of the great bulk of neuronal connec- 
tions (26-28). Noradrenergic characters 
are expressed long before afferent or 
efferent synaptogenesis is completed. 
Although synaptic interactions play a 
role during later stages, they appear to 
be less important in early expression. 

Early expression does not appear to 
bear an obligatory relationship to the 
processes of migration or mitosis. In the 
case of the sympathetic ganglia, early 
expression of noradrenergic characters 
occurs after initial migration from crest 
to ganglion primordium, but before and 
during secondary migration to the defini- 
tive ganglia (14). Similarly, adrenomed- 
ullary precursors express noradrenergic 
characters before and during migration 
from the primitive ganglia to the adrenal 
anlage (9). While exposure to the appro- 
priate microenvironment during initial 
migration may elicit noradrenergic ex- 
pression (see above), migratory mech- 
anisms per se are not necessary for, and 
do not produce, initial expression. Simi- 
larly, DNA synthesis occurs after neuro- 
blasts already exhibit catecholamine flu- 
orescence (14,23), suggesting that trans- 
mitter differentiation in autonomic neu- 
rons is not simply a postmitotic event. In 
more general terms, transmitter develop- 
ment and such cellular processes as 
neurite elongation and target innervation 
appear to proceed independently. 

At present it is not clear whether early 
expression itself plays a functional role 
during development. Do catecholamines 
or acetylcholine subserve an intracellu- 
lar or extracellular ontogenetic function? 
While the role of putative transmitters 
during early neuronal development has 
been the focus of recent interest (29), 
relevance to neural crest derivatives re- 
mains to be defined. Future studies, pre- 
sumably, will indicate whether the early 
appearance of catecholamines serves a 
developmental function, or represents a 
vestige of mechanisms restricted to pro- 
tochordate ancestors (30). 

Definitive Expression and Modulation 

While the role of early expression in 
the economy of development remains 
obscure, the subsequent stages of defini- 
tive expression and modulation consti- 
tute the critical qualitative and quantita- 
tive processes underlying normal matu- 
ration (Fig. 1). During definitive expres- 
sion, the neuron "chooses" the ap- 
propriate transmitter characters quali- 
tatively. Modulation consists of the pro- 
cesses through which these gene prod- 
ucts are expressed in a quantitatively 

appropriate fashion, assuring normal 
mature function. 

The discrete nature of the stage of 
definitive expression can be appreciated 
by examining adrenomedullary precur- 
sors, innervation of eccrine sweat 
glands, cells of the gut, and, finally, 
sympathetic ganglia. Adrenomedullary 
precursors add new characters during 
definitive expression, resulting in con- 
version from the noradrenergic to adren- 
ergic phenotype (Fig. 1). In addition, 
recent studies have suggested that sym- 
pathetic fibers innervating rat eccrine 
sweat glands may convert from the nor- 
adrenergic to cholinergic phenotype dur- 
ing definitive expression (13). In the 
transiently noradrenergic gut cells, some 
of the original characters may disappear 
entirely during definitive expression, but 
cellular fate is undetermined. In con- 
trast, in ganglion primordia the charac- 
ters initially expressed simply increase in 
concentration to normal adult levels in 
vivo. Nevertheless, in vitro studies have 
indicated that sympathetic ganglion neu- 
rons are capable of expressing choliner- 
gic as well as noradrenergic characters 
(1 7). The precise factors governing trans- 
mitter fate in sympathetic neurons in 
vivo have yet to be defined. Another 
population in sympathetic ganglia, the 
small intensely fluorescent cells, have 
recently become the focus of studies 
in vivo (31) and in vitro (32). It is 
already apparent that this population 
may elaborate neurites in culture in re- 
sponse to nerve growth factor (NGF) 
(32), and responds to glucocorticoids by 
increasing PNMT activity in vivo and in 
culture (31, 32). A great deal of addition- 
al work is required to identify discrete 
stages of development in this population. 
Regardless of outcome, definitive ex- 
pression involves commitment of the 
cell to a subset of transmitter gene prod- 
ucts. In the case of the noradrenergic 
sympathetic neuron, the products in- 
clude tyrosine hydroxylase, dopamine p- 
hydroxylase, proteins associated with 
the uptake system, vesicular storage 
mechanisms, and so forth. 

The relation of mechanisms underly- 
ing qualitative transmitter "choice" to 
those underlying elaboration of appropri- 
ate numbers of the chosen molecules is 
not yet defined. However, recent work 
suggests that the control of transmitter 
choice, a qualitative decision, differs 
from regulation of the subsequent quan- 
titative increase in transmitter charac- 
ters. In adrenomedullary cells, for exam- 
ple, initial expression of the adrenergic 
enzyme, PNMT, at 17 days of gestation 
appears to occur independent of gluco- 
corticoid influences, while the subse- 
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quent developmental increase in PNMT 
is dependent on steroid hormones and 
the pituitary-adrenal axis (9). In another 
example, the trophic molecule NGF, in- 
creases whatever transmitter traits have 
been expressed, whether cholinergic 
(33), noradrenergic (34), or peptidergic 
(39, but does not appear to affect the 
qualitative choice itself (33, 34). These 
observations suggest that qualitative and 
quantitative mechanisms may differ in 
the cell. Consequently, in experimental 
animals, and perhaps in disease states as 
well, quantitative aspects of expression 
may be abnormal though appropriate 
qualitative mechanisms are present. 

Definitive expression and modulation 
occur during the "critical period" of 
developmental plasticity when transmit- 
ter fate is determined. But how do devel- 
opmental mechanisms produce mature 
neurons which express "correct" trans- 
mitter characters in a quantitatively ap- 
propriate manner? Posed slightly differ- 
ently, what specific information, incor- 
porated in the process of modulation, 
yields neurons capable of normal adult 
function? A parsimonious mechanism is 
responsible. The close relationship be- 
tween quantitative modulatory and adult 
regulatory mechanisms is certainly not 
fortuitous, and is of obvious functional 
and survival value. It appears that the 
very same factors to which the neuron 
must respond to function normally dur- 
ing adulthood also influence the quanti- 
tative expression of transmitter pheno- 
typic characters during development. 
Consequently, a neuron which "success- 
fully" negotiates modulation is ipso fac- 
to prepared for normal mature function. 
Orthograde transsynaptic stimulation, 
NGF, and glucocorticoids, for example, 
regulate tyrosine hydroxylase in adult 
sympathetic ganglia (22, 36, 37) and also 
govern the developmental increase of its 
activity (26, 38, 39) (Fig. 2). 

To epitomize, the commonality of 
quantitative developmental and adult 
regulatory mechanisms efficiently as- 
sures that normal development yields 
normal adult function. Moreover, this 
implies that a number of developmental 
"growth factors" may also serve as neu- 
ronal "maintenance" factors during 
adulthood. The factors that govern trans- 
mitter choice in vivo remain to be de- 
fined. It is not yet clear, then, whether 
such factors also play a role during adult 
regulation. 

Detailed examination of a single com- 
mon developmental regulatory mecha- 
nism, transsynaptic stimulation, illus- 
trates that developmental and adult regu- 
latory processes may involve similar 
mechanisms. In the adult, transsynaptic 

Sympathetic nervous system 

Adrenal gland 

Fig. 2. Common factors regulate the quantity 
of catecholaminergic characters during devel- 
opment and maturity. (a) In the sympathetic 
nervous system transsynaptic acetylcholine 
(ACh) interacts with postsynaptic receptors, 
leading to developmental increases in tyrosine 
hvdroxvlase (T-OH) and dopamine B-hydrox- 
y ia~e  (DBH) 'in neonates and enzyme induc- 
tion in adults. Nerve growth factor (NGF), 
presumably of target origin, is transported in a 
retrograde fashion, and also increases tyro- 
sine hydroxylase and dopamine $-hydroxy- 
lase during development and maturity. (b) In 
another example, glucocorticoids (G) elabo- 
rated by the adrenal cortex, are necessary for 
the developmental increase in medullary 
PNMT, and maintenance of normal adult lev- 
els of the enzyme. 

stimulation of sympathetic noradrener- 
gic neurons results in the biochemical 
induction of tyrosine hydroxylase and 
dopamine $-hydrolase through the medi- 
ation of acetylcholine and stimulation of 
postsynaptic nicotinic receptors (22). 
Transsynaptic modulation of tyrosine 
hydroxylase during development, which 
results in a six- to tenfold rise in enzyme 
molecule numbers to adult plateau val- 
ues, utilizes similar cellular mechanisms; 
cholinergic stimulation of nicotinic re- 
ceptors results in elevated numbers of 
enzyme molecules (26,39). Recent work 
with neonatal rat sympathetic neurons in 
vitro indicates that depolarizing stimuli 
foster noradrenergic development (40). 
It may be inferred that transsynaptic 
influences during definitive expression in 
vivo play a role in stabilization of trans- 
mitter choice (40) as well as acquisition 
of the normal complement of noradren- 
ergic characters (39). 

While depolarization is a noradrenerg- 
ic stimulus, diffusible factor or factors 
produced by nonneuronal cells induce 
cholinergicity (17). Moreover, choliner- 
gic-noradrenergic "dual function" cells 
have been identified in culture (18), indi- 
cating that these choices are not mutual- 
ly exclusive. Consequently, there is ap- 
parently no cellular mechanism that a 
priori prevents simultaneous expres- 
sion of more than one transmitter pheno- 
type. 

The flexibility of phenotypic expres- 
sion during development, and the dis- 

tinction between early expression and 
definitive expression, are further illus- 
trated by recent work performed in avian 
embryos. Normally, the trunk neural 
crest region gives rise to catecholaminer- 
gic sympathetic ganglion and adrenome- 
dullary cells, whereas the "vagal" re- 
gion gives rise to cholinergic enteric gan- 
glion cells. However, if trunk crest is 
grafted to the vagal region, cells colonize 
the gut to form cholinergic enteric gangli- 
on populations. On the other hand, ce- 
phalic crest transplanted to the trunk 
region gives rise to catecholaminergic 
adrenomedullary chromaffin tissue (41). 
Moreover, this flexibility persists even 
after definitive ganglia have formed. 
Cells of the cholinergic ganglion of Re- 
mak and ciliary ganglion resume migra- 
tion when transplanted to the trunk re- 
gion, and some of the cells exhibit cate- 
cholamine histofluorescence in sympa- 
thetic ganglia (42). Finally, recent work 
has suggested that cellular elements of 
sensory ganglia may express autonomic 
characters (as judged by catecholamine 
fluorescence) after appropriate trans- 
plantation (43). These studies, viewed in 
aggregate, suggest that the environment 
encountered during migration, and at the 
definitive site may play a role in defini- 
tive expression. Moreover, at the time of 
definitive expression neurons may con- 
vert from one phenotype to another, 
indicating that early expression and de- 
finitive expression are distinct stages. 
Nevertheless, the possibility remains 
that the environment of the definitive 
site simply selects for other populations 
of cells in these in vivo studies. 

It is not clear at present to what extent 
phenotypic flexibility persists beyond 
the normal developmental period into 
adulthood. Recent studies suggest, how- 
ever, that autonomic neurons in adults 
may retain the ability to alter phenotypic 
expression. 

Phenotypic Expression and 

Plasticity During Maturity 

Adult phenotypic characters are ex- 
pressed within precise, quantitative lim- 
its, resulting in stable baseline values for 
any single trait. After the definitive phe- 
notype is first expressed, mechanisms 
presumably increase the rate of synthe- 
sis of each trait (26, 39) so that molecule 
numbers rise to a new (adult) steady- 
state level. Although it is apparent that 
adult plateau levels of transmitter char- 
acters reflect stable rates of synthesis 
and degradation, the mechanisms under- 
lying such stability are largely unknown. 
It may be relevant, however, that mature 
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expression, quantitatively as well as 
qualitatively, occurs in close temporal 
proximity to completion of afferent and 
efferent synaptogenesis (26'39). There is 
evidence, in fact, that orthograde trans- 
synaptic factors and peripheral target 
structures contribute to the maintenance 
of stable adult levels of transmitter traits 
in sympathetic neurons (36, 44) (Fig. 2). 

Denervation (decentralization) of 
adult sympathetic ganglia, for example, 
results in reduction of tyrosine hydroxy- 
lase activity (44). Conversely, postgan- 
glionic axotomy or placement of a post- 
ganglionic colchicine cuff, which inhibits 
axonal transport, also reduces tyrosine 
hydroxylase activity (36, 45). Conse- 
quently, functional separation of sympa- 
thetic neurons from afferent input or 
targets reduces transmitter traits below 
normal adult levels. In the case of trans- 
synaptic stimulation, the active process 
involves acetylcholine and postsynaptic 
depolarization. The target maintenance 
role may be mediated, at least in part, by 
NGF, since treatment with the protein 
reverses the effects of axotomy or col- 
chicine (36, 4 3 ,  and since antiserum to 
NGF mimics some of the effects of the 
axotomy (46). It may be concluded that 
maintenance of normal transmitter char- 
acter levels during maturity is an active 
process, dependent on continued expo- 
sure to extracellular factors. Mature 
expression, then, is not simply the pas- 
sive end product of earlier, modulatory 
mechanisms. 

Since dissociated adult noradrenergic 
sympathetic neurons in culture may ac- 
quire cholinergic characters (43 ,  these 
neurons may remain intrinsically muta- 
ble throughout life, while afferent, effer- 
ent, support cell and humoral factors 
impose apparent phenotypic stability 
during adulthood. This contention is 
consistent with the observation that 
adult sympathetic populations may ex- 
hibit cholinergic characteristics in vivo 
and in vitro, if their axons are directed 
toward cholinergic targets (48). More- 
over, recent studies indicate that cholin- 
ergic sympathetic fibers which innervate 
eccrine sweat glands are capable of tak- 
ing up a-methylnorepinephrine (13), a 
process characteristic of noradrenergic 
neurons. In another example, chromaffin 
cells from postnatal rats or adult bovine 
adrenal may extend neurites in culture 
under appropriate conditions (49). 
Therefore, sympathoadrenal cells may 
retain the potential for phenotypic plas- 
ticity through adulthood. This conten- 
tion is supported by the recent observa- 
tion that decentralization of neonatal or 
adult sympathetic ganglia markedly in- 
creased levels of the putative peptide 

transmitter substance P, in principal gan- 
glion neurons (50). Consequently, phe- 
notypic changes may emerge when neu- 
rons are separated from input or targets, 
or exposed to new environmental stimu- 
li. Indeed, the chromatolytic process it- 
self may represent one instance of re- 
emergence of plasticity in the adult neu- 
ron. Clearly, additional studies are re- 
quired to characterize phenotypic 
mutability in organisms of different ages. 

Regulation 

As mature expression is established, 
regulation of the adult phenotypic char- 
acters commences (Fig. 1). In the broad- 
est sense, regulation refers to mecha- 
nisms governing the activity and amount 
of phenotypic characters in the mature 
neuron. Although the factors governing 
phenotypic expression during develop- 
ment and maturity are frequently identi- 
cal, temporal profiles of neuronal re- 
sponses may differ. During the develop- 
mental period, the presence of appropri- 
ate factors, such as transsynaptic 
stimulation or NGF, assures normal 
sympathetic maturation and results in 
long-term increases in phenotypic trait 
concentrations. In contrast, increased 
transsynaptic stimulation during maturi- 
ty results in a well-circumscribed, tran- 
sient increase in the concentration of 
characters such as tyrosine hydroxylase 
and dopamine P-hydroxylase (22). 

Recent methodologic advances may 
allow approaches to various related 
problems: Are the same molecular mech- 
anisms involved in elevated synthesis 
during development and maturity? Are 
the same processes involved in modula- 
tion and regulation of transmitter charac- 
ters, or do fundamentally different ge- 
nomic mechanisms operate during devel- 
opment and maturity? Do modulatory 
factors directly or indirectly remove in- 
hibitors of character synthesis (at the 
transcriptional or translational level) or 
activate synthesis through positive 
mechanisms? Are there fundamental dif- 
ferences in translational and posttransla- 
tional mechanisms between modulation 
and regulation? 

Transmitter Development and 

Morphogenesis 

Available evidence suggests that there 
is no obligatory relationship between de- 
velopment of transmitter characters and 
such morphogenetic processes as cellu- 
lar migration, mitosis, and neurite elon- 
gation. Catecholamine phenotypic char- 

acters appear in sympathetic neuroblasts 
prior to and during DNA synthesis (see 
above). Moreover, the catecholaminer- 
gic phenotypic characters, tyrosine hy- 
droxylase and dopamine p-hydroxylase, 
are present in these cells before and 
during migration (9, 10). Finally, in vivo 
and in vitro studies have indicated that 
normal transmitter mechanisms are not 
required for neurite elongation. Sympa- 
thetic ganglia transplanted to the anterior 
chamber of the eye form neurites and 
innervate the host iris after treatments 
which markedly alter levels of norepi- 
nephrine (51). In culture, embryonic 
sympathetic ganglia elaborate neurites 
with morphologically normal growth 
cones, while tyrosine hydroxylase fails 
to develop, when RNA and protein syn- 
thesis are inhibited (52). Consequently, 
the normal development of transmitter 
phenotypic characters is not a necessary 
condition for maturation of all other neu- 
ronal traits. In a more general sense, 
then, different aspects of neuronal matu- 
ration appear to proceed independently, 
suggesting that separate and distinct un- 
derlying mechanisms are involved. Con- 
sequently, mitosis, migration, transmit- 
ter expression, and target innervation do 
not appear to be interdependent, locked 
to a rigid developmental algorithm. Rath- 
er, the neuron is endowed with the flexi- 
bility to develop certain traits normally, 
although development of others may be 
abnormal. This constitutes an efficient, 
developmental mechanism in which tem- 
poral aberration of a single external sig- 
nal does not derange all aspects of devel- 
opment of a neuron. 

Conversely, highly circumscribed def- 
icits of neuronal development may occur 
in response to abnormalities of distinct 
ontogenetic mechanisms. One might an- 
ticipate that diseases of neuronal devel- 
opment may result from primary deficits 
in migratory, mitotic, neuritic, or trans- 
mitter expression mechanisms, for ex- 
ample, without necessarily affecting oth- 
er aspects of ontogeny. 
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tion, not because we were smarter, bet- 
ter organized, o r  worked harder. What 
tends to be forgotten is that we were not 
superior to other nations in many fields 
before World War 11. Then, for example, 
German chemical engineering was pre- 
eminent and European science excelled. 

Technology, Enterprise, and 
American Economic Growth 

In fact, many of the scientists who built 
America's postwar technology base 
were refugees. We are not likely to  bene- Jordan D. Lewis 
fit from a European brain drain again. 
Since the end of World War 11, the 
former combatants have rebuilt their in- 
dustries, and the United States is watch- 
ing other nations pass it by. The strength 
of the European and Japanese econo- 

The success of the space shuttle and 
American-led advances in biotechnolo- 
gy, artificial intelligence, exotic materi- 
als, and other dramatic developments, 
have given hope to many that the United 
States is returning to a path of vigorous 
economic growth (I). This view reflects 
a misunderstanding of technology and 
how it contributes to a nation's econom- 
ic vitality; the significant decline of 
American technological prowess since 
the 1960's, when our technological might 
was extolled (2 ) ,  is beyond dispute. 
American industry was once the world 
leader in the production of consumer 
electronics and photographic equipment, 

ships, machine tools, office copiers, tex- 
tile machinery, industrial chemicals, 
computers and semiconductor electron- 
ics, farm equipment, jet aircraft, auto- 
mobiles, and steel. But today U.S. firms 
in these and other technology-based in- 
dustries have been outpaced by or face 
serious challenges from foreign rivals for 
domestic and world markets (3-5). 

The American descent from techno- 
logical preeminence has been partially 
unavoidable. Our nation was technologi- 
cally and economically superior to  oth- 
ers in the decades following World War 
I1 because our allies and adversaries 
were recovering from massive destruc- 

mies can no longer be attributed to lower 
wage rates or to these countries skim- 
ming the cream off our technology base. 
Much of it is due to  greater technological 
vitality. 

Recent explanations of this new Amer- 
ican dilemma tend to focus on a variety 
of factors-too much regulation, too 
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