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Abstract

The morphogenesis of individual neurons was investigated
in the cardiac ganglion of the frog. Intracellular injection of
horseradish peroxidase shows that mature neurons lack den-
drites and have a single axon. Early in development, more
than half of the neurons are multipolar and have as many as
four processes emanating from their cell body. The most
likely mechanism for the developmental transformation of
larval neurons is that the supernumerary processes are
pruned from the cell body.

Supernumerary processes in larval neurons have features
characteristic of axons. The processes of larval neurons can
be highly branched and extend throughout the target with
distinctive varicosities along the length of each process.
Electron microscopy shows that all processes of individually
injected cells contain clusters of vesicles apposed to active
zones. Thus, the larval cardiac ganglion neuron is capable
of extending more than one axon from its cell body.

During development, neurons differentiate into distinctive cell
shapes. This is achieved by the extension of processes from the
cell body and by their branching. The elaboration of processes does
not necessarily complete the morphogenesis of the cell. Many
neurons sprout collateral processes which are subsequently elimi-
nated to attain the mature cell shape (e.g., Cajal, 1960). The
concerted action of these morphogenetic events during develop-
ment is important in establishing the structural organization of neural
assemblies (Stanfield, 1984) and can have functional consequences,
as in the retraction of axons from cells receiving excessive polyneu-
ronal innervation (Purves and Lichtman, 1980).

One approach toward understanding the cellular events that
underlie the morphogenesis of individual neurons is to ask how a
simple neuron attains its definitive shape. Mature neurons in the
cardiac ganglion of the frog Xenopus laevis have a single axon,
which typically remains unbranched for some distance from the cell
body. On the other hand, early in development, cardiac neurons
can have up to four highly branched processes emanating from
their cell body. Thus, the morphology of neurons appears to change
dramatically as supernumerary processes disappear. Electron mi-
croscopy of individual larval celis shows that the multipolar processes
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cannot be distinguished from one another and appear to be axons,
since they contain clusters of synaptic vesicles adjacent to active
zones. Therefore, immature cardiac neurons are capable of sustain-
ing more than one axon during a particular stage of their differentia-
tion. (A portion of this work has been published in abstract form;
Heathcote and Sargent, 1983.)

Materials and Methods

Animals from our Xenopus breeding colony were staged (Nieuwkoop and
Faber, 1967) and anesthetized, and their hearts were removed. The atrium
(or interatrial septum) was pinned to a thin layer of Sylgard resin on a glass-
bottomed chamber (McMahan and Kuffler, 1971). The preparation was kept
in 70% L-15 medium with 10 mm Ca*2 to facilitate microelectrode penetration
and with 2.5 ug/ml Verapamil (Knoll Pharmaceutical Co., Whippany, NJ) to
prevent movement. The ganglion was examined with Nomarski optics, and
individual neurons were penetrated with micropipettes filled with 4% horse-
radish peroxidase (HRP) in 0.2 M potassium acetate. HRP was iontophoresed
into the cell by applying 1-nA pulses at 50% duty cycle for approximately 5
min. HRP was allowed to diffuse overnight at 4°C and was then visualized
with standard histochemical techniques.

For electron microscopy, the hearts were embedded in a thin layer of
plastic. The neurons were traced with a camera lucida and photographed.
Serial thick sections (2 um) of the heart were taken, and the reaction product
in appropriate sections was traced, photographed, and reembedded for thin
sectioning and examination by electron microscopy (see Robson and Mason,
1979).

Results

Cardiac ganglion neurons are located in the atrium of the heart
along branches of the vagus nerve. These neurons are formed over
a prolonged period of time and accumulate in the heart at a constant
rate (Heathcote and Sargent, 1984). Thus, at any particular time
during the early phases of development, neurons at all stages of
their differentiation are present in the heart.

Neuronal shape. Injection of HRP shows that adult cardiac gan-
glion neurons have a simple morphology. The neuronal cell body is
ellipsoidal and has no dendrites (Fig. 1A). A single axon originates
from the cell body, joins a branch of the vagal nerve trunk, and
ordinarily courses along the nerve for many hundreds of microns
without branching (Fig. 1C). Each of 116 adult neurons examined
was monopolar, and only 10% branched within 400 um of the cell
body (Table I).

Neurons in larval ganglia vary greatly in shape and can have
extremely complex morphologies. The cell body of HRP-injected
larval neurons can have up to four primary processes (Fig. 1B).
These processes may extend for quite some distance from the cell
body and branch profusely throughout the entire atrium (Fig. 1D).
Fifty-three percent of the 140 neurons examined in animals between
1 and 3 weeks of development (stages 48 to 52) were muitipolar,
compared to 0% in the adult (Table [). In addition, 73% of the larval
neurons had secondary branches compared with 10% in the adult
(Table I). Thus, the constituents of the ganglion change dramatically
during development.

A spectrum of neuronal types, ranging from monopolar to multi-
polar cells, coexist in larval ganglia. The multiaxonal cells can branch
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Figure 1.
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Morphology of adult and larval cardiac ganglion neurons. Photomicrographs (A and B) of the primary branching and camera lucida tracings

(C and D) of the secondary branching in mature and larval neurons stained by iontophoretic injection of HRP. A shows the monopolar morphology that is
characteristic of adult neurons. B shows a tripolar neuron within a larval heart. More than half of the larval neurons examined were multipolar. In C, the axon
of another adult neuron is seen to course for a long distance without branching. D, A larval neuron that branches extensively and courses throughout an
appreciable fraction of the atrium. Calibration: A and B, 10 um; C and D, 100 pm.

TABLE |
Morphology of larval and mature neurons

Mature Meurons

Larval Neurcns

Primary processes per cell* 1.7 +£0.7° 10+0
Fraction of cells multipolar 53% 0%
Fraction of cells having sec- 73% 10%

ondary processes®
Number of cells examined 140 116

? Primary processes are those emanating from the cell body.
“Mean + SD.
¢ Branching of primary processes within approximately 400 um of the cell

body.

extensively throughout the entire atrium, whereas monopolar neurons
have single axons that remain unbranched for some distance from
the cell body (Fig. 2). During the larval stages examined, neurons
continue to be born and differentiate (Heathcote and Sargent, 1984).
The different morphological types observed may represent interme-
diate stages in the acquisition of the mature cell shape.

Larval neurons with complex shapes presumably arise from sim-
ple, rounded postmitotic cells. Thus, a period of extensive axonal
outgrowth and branching is expected of larval neurons. Examination
of injected larval neurons (Fig. 2) reveals the structural correlates of
growth. Fine, unbranched filopodia are present on neuronal cell
bodies, as well as on their axons (Fig. 3A). In addition, secondary
and tertiary branches often terminate in typical growth cones (Fig.
3B). These specializations are characteristics of actively growing
neurons and are present in the complex larval cells.

Itis possible that multipolar neurons persist but escape detection
because they represent only a small fraction of the adult neuronal
population. To determine the likelihood of such an event, the num-
bers of multipolar neurons at the larval stages studied were counted,
and the probability that they would be missed in an adult ganglion
was calculated. Between 1 and 3 weeks of development, there is
an average of about 90 neurons (R. D. Heathcote and P. B. Sargent,
manuscript in preparation), of which 53% are multipolar (Table ).
Thus, 48 multipolar cells are present which are postulated to persist
in the adult. The average number of cells present in mature, adult
frogs is approximately 1,300 (R. D. Heathcote and P. B. Sargent,
manuscript in preparation). From this population, 116 neurons were
filled, and none were found to be multipolar. If it is equally likely that
multipolar and monopolar cells are filled, the probability of “missing”
a multipolar cell having sampled the population 116 times is given
by a binomial distribution:

_ n! e G
PO = g =i P oY
where k = the number of successes (0}, n = the sample size drawn
with replacement (116), and p = the probability of success in one
trial (48/1300 = 0.037; Parzen, 1960). Since P(0) is 0.01, it is highly
unlikely that multipolar cells persist into adult life yet remain unde-
tected. Thus, there must be fewer multipolar cells in adults than in
larvae.

Larval neurons are multiaxonal. Inasmuch as mature neurons
have a single axon, it may be that only one process of multipolar
neurons in larvae is axonal. Mature axons have varicosities along
their length which contain clusters of vesicles situated next to active
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Figure 2. Range of larval neuronal morphologies. Camera lucida tracings of a set of HRP-filled larval neurons arranged in order of their complexity. The
complete range of morphologies is apparent, from muitipolar cells with widespread secondary branching to monopolar cells with relatively little branching.
All of these neurons are seen at a time during which there is extensive neuronal proliferation and differentiation. Thus, the different types may represent
stages in the morphogenesis of these neurons. Calibration: 100 um.
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Figure 3. Photomicrographs of larval structures that are characteristic of
actively growing neurons. In A, prominent filopodia are seen emerging from
an axon. Filopodia are also commonly seen extending from larval cell bodies.
In B, a growth cone of a larval cell can be seen. The axonal branches of
larval neurons often terminate in growth cones. Calibration: A and B, 10 um.

zones (McMahan and Kuffler, 1971).2 Varicosities are often seen in
larval neurons, and in fact can be present in each process of
individual multipolar cells (Fig. 4A). Are varicosities the site of vesicle
accumulation in larval neurons, and do both processes of bipolar
cells have this axonal characteristic? A single neuron was injected
with HRP in each of several ganglia, and three bipolar neurons with
spatially distinct processes were chosen for analysis. Both proc-
esses of the cell shown in Figure 44 have extensive arborizations
and bear many varicosities. Varicosities of each process were
examined with electron microscopy and were found to contain
clusters of vesicles apposed to electron dense patches of membrane
presumed to be active zones (Fig. 4, B and C). Consistent results
were obtained from the other two bipolar cells examined. Conse-
quently, the multipolar processes of these cells are similar and have
the ultrastructural characteristics of axons.
Discussion

Early in development, cardiac ganglion neurons are multiaxonal,
with secondary, tertiary, and higher-order branches extending
throughout the heart. In the adult, however, the neurons have but a
single axon, which remains unbranched for a considerable distance
from the cell body. Figure 5 illustrates three possible mechanisms
that may account for the loss of neuronal processes. The first
possibility is that multipolar neurons undergo selective cell death.
Alternatively, individual neurons might change, either by the differ-
ential growth of parts of the neuron or by the withdrawal of super-
numerary processes. All of these mechanisms are important in the
morphogenesis of different neurons, and each possibility is dis-
cussed below.

Cell death is an important mechanism in the morphogenesis of

2 The varicosities rarely come into close contact with cardiac muscle and
induce postsynaptic specializations (Hartzell, 1980). The transmitter, acetyl-
choline, has a humoral effect on the target muscle (Loewi, 1921).
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the nervous system (Cowan et al., 1984). In the cardiac ganglion,
cell death could act selectively upon multipolar neurons to effect the
morphogenetic change observed (Fig. 5). The extent of selective
cell death would have to be substantial, since more than half of the
larval neurons are multipolar, and an even higher percentage have
branching patterns rarely seen in mature animals. Dying neurons
have not been observed in living cardiac ganglia viewed with
Nomarski optics, despite the fact that Nomarski optics readily permits
identification of dying neurons in invertebrates (Sulston and Horvitz,
1977), as well as cardiac neurons damaged by microelectrodes (R.
D. Heathcote and P. B. Sargent, unpublished data). Likewise, ne-
crotic neuronal nuclei have not been seen in fixed and sectioned
tissue. On the contrary, cardiac ganglion neurons continue to be
born and differentiate throughout larval life (R. D. Heathcote and P.
B. Sargent, manuscript in preparation). Thus, the range of neuronal
types observed in larvae (Fig. 2) may represent different stages in
the differentiation of these neurons. If all neurons pass through a
multipolar stage in their differentiation, then selective cell death
cannot play a role in the loss of multipolar neurons.

In the absence of cell death, the morphogenesis of multipolar
neurons must involve remodelling of neuronal shape, perhaps
through differential cell growth (Fig. 5). A multipolar neuron might
become monopolar by preferentially adding membrane between the
cell body and axons, thus becoming connected by a single stalk to
the axonal processes. This intercalary growth is the mechanism by
which dorsal root ganglion neurons (Tennyson, 1965) and cerebellar
granule cells (Rakic, 1971} achieve their mature shape. Although
differential growth could explain the transformation of multipolar
neurons to monopolar ones, it cannot explain the loss of the
complicated secondary and tertiary branching patterns generated
by larval neurons.

A parsimonious explanation of the transformation of neuronal
shape is that it occurs by a process of retraction or pruning (Fig. 5).
In this instance, supernumerary branches are eliminated from the
surface of the cell body and axon. A similar phenomenon has been
directly observed during the development of sensory colaterals in
living frogs (Speidel, 1942). It also occurs in developing motor
neurons in which axon collaterals are either withdrawn or phagocy-
tized (Riley, 1977; Rosenthal and Taraskevich, 1977). Whatever the
mechanics, there must be signals that trigger the implementation of
pruning. Pruning may be an intrinsic property of the cells, such that
they are preprogrammed to decrease the size of their axonal arbor-
izations (Brown et al., 1976). Alternatively, pruning could be caused
by extrinsic factors, like hormones or cell-cell interactions. Hormones
can trigger dramatic changes in neuronal shape in widely varying
species (Gurney, 1981; Levine and Truman, 1982}, including Xeno-
pus (Hoskins and Grobstein, 1984). Likewise, trophic interactions
with either presynaptic neurons or target cells often effect changes
in developing neurons (see Harris, 1974). Interestingly, at this time
of development, the cardiac ganglion neurons are being wrapped
by Schwann cells. Interactions with Schwann cells induce the mor-
phological transformation of sensory neurons (Mudge, 1984) and
accompany the removal of axons from polyneuronally innervated
muscle (Korneliussen and Jansen, 1976; Rosenthal and Taraskevich,
1977). Thus neuron-Schwann cell interactions might represent a
possible extrinsic stimulus for pruning. Finally, axonal pruning might
result from competitive interactions between ganglion cells, all of
which innervate a common target.

Several strategies are utilized by neurons in acquiring their mature
shape. At one extreme are neurons that assume a directed growth,
with little exploratory or collateral sprouting (Shankland, 1981; Ku-
wada and Kramer, 1983; Rubin, 1985). This “ballistic” growth differs
from that seen, e.g., in the developing peripheral nervous system of
vertebrates, where axons innervating muscles and autonomic neu-
rons sprout many collaterals during early growth and subsequently
withdraw them (Redfern, 1970; Lichtman, 1977; Lichtman and
Purves, 1980; Johnson and Purves, 1981). Likewise, neurons from
various regions of the vertebrate brain (Jhaveri and Morest, 1982;



Figure 4. Ultrastructure of different axonal domains. A, Camera lucida drawing of a single, HRP-filled neuron in a larval atrium. The cell body is located
cenfrally and gives rise to two processes, which extend to opposite poles of the atrium and arborize extensively. Both arbors support numerous varicosities,
and electron microscopy of individual varicosities in the upper arbor (B) and the lower arbar (C) (arrows; identified in 2-um sections) demonstrate that they
contain synaptic vesicles and active zones. Both this neuron and two others examined were multiaxonal. Calibration: A, 200 gm; B, 1 um; C, 0.5 pm.
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Figure 5. Possible morphogenetic mechanisms by which the transfor-
mation of larval neurons might occur. Selective cell death of multipolar
neurons is a possibility, as is differential growth of the cell body away from
its axons. The most parsimonious explanation is that excess branches are
withdrawn or pruned from the cell body (see the text).

Jackson and Parks, 1982; Land and Lund, 1979), as well as identified
neurons in invertebrates (Bentley and Toroian-Raymond, 1981; Wal-
lace, 1984) go through a distinctive sequence of overgrowth followed
by retraction of supernumerary processes. The purpose of this cycle
is not clear; however, it also occurs in the mammalian visual system
(lnnocenti, 1981; Sretevan and Shatz, 1984) and is assumed to be
the structural basis for the functional development of this system
(Hubel and Wiesel, 1963; Shatz and Kirkwood, 1984). Cardiac
ganglion neurons are cells that sprout dramatically during early
development and subsequently eliminate supernumerary branches
to form the mature cell shape.

These experiments reveal that the supernumerary processes of
larval neurons are axons, which can extend to different areas of the
target. If the stimulus for axonal outgrowth resides in the target, an
entering axon would form collaterals, whereas the cell body of a
neuron located within its target would form several axons. The
subsequent reduction in the number of primary axons necessarily
involves a major rearrangement of the neuronal cytoskeleton. Al-
though such a rearrangement is often seen in the nervous system,
the supernumerary processes are usually dendrites (Cajal, 1960;
Hume and Purves, 1981). It is unclear why neurons generally support
only a single axon while simultaneously supporting many dendrites.
The occurrence of multiple axons in larval cardiac ganglion cells
shows that there is no inherent restriction upon the number of axons
a cell can have. However, the fact that supernumerary axons are
eliminated suggests that although multiaxonal neurons can exist,
they may represent an unstable state that is only transiently ex-
pressed by developing cells.
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