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Abstract

During metamorphosis in the hawkmoth Manduca sexia,
muscles of the abdominal body wall undergo a reorganiza-
tion. Many die at the end of larval life and are replaced in the
adult by newly generated muscles. We have identified sev-
eral of the motoneurons innervating these muscles and fol-
lowed them through metamorphosis. The morphology of lar-
val motoneurons is correlated with their target location.
Those with medial targets have bilateral dendritic fields,
whereas those with lateral targets have dendrites restricted
to one side of the segmental ganglion. Some motoneurons
innervate the same muscle in all stages of life, but the
majority lose their larval targets following entry into the pupal
stage. Although some of the latter group also die at this time,
most survive to innervate a new adult target. These “respe-
cified” motoneurons undergo a period of dramatic dendritic
growth during metamorphosis. The results demonstrate that
these identified neurons are capable, under the appropriate
conditions of existing in more than one stable morphology.

Typically the development of the nervous system does not end
with the completion of embryogenesis. A postembryonic phase of
development is often required to allow fine tuning of sensory (Hubel
et al., 1977) and motor (Brown et al., 1976) systems. Even function-
ing systems may be modified as animals acquire new behavior as
they mature (Nottebohm, 1981). The discrete larval, pupal, and adult
stages of the holometabolous insects each have their own charac-
teristic morphology and behavior. Their nervous systems must un-
dergo an extensive reorganization in order to direct the behavior of
these radically different stages as the animal progresses through its
life history.

In some instances this reorganization during metamorphosis in-
volves the generation of new neurons by retained embryonic neu-
roblasts (Edwards, 1969). This is particularly true with regard to the
major sensory processing areas of the insect brain (Nordlander and
Edwards, 1969a, b, 1970; Meinertzhagen, 1973; White and Kankel,
1978; Matsumoto and Hildebrand, 1981), which receive inputs from
a large number of imaginal disc-derived sensory neurons. However,
the generation of new neurons is not the only strategy employed by
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the nervous system during metamorphosis. Within the abdominal
(Taylor and Truman, 1974; Truman and Reiss, 1976; Levine and
Truman, 1982) and thoracic (Casaday and Camhi, 1976) motor
centers of the hawkmoth Manduca sexta, motoneurons that were
committed to a particular larval function survive metamorphosis to
serve as adult motorneurons. The morphology of these neurons as
well as their synaptic interactions with other neurons undergo alter-
ations consistent with their new behavioral roles (Levine and Truman,
1982). A similar reuse of neurons appears to occur within the
mushroom bodies in the brain of Drosophila (Technau and Heisen-
berg, 1982).

Many aspects of metamorphic reorganization, such as the growth
of new neuronal processes and the formation of new synaptic
connections, are reminiscent of events seen during the original
embryonic development of the nervous system. During metamor-
phosis, however, new circuitry must be integrated into an already
functioning nervous system, making metamorphosis a particularty
relevant model for postembryonic changes in more complex sys-
tems. This paper describes the changes that occur within a popu-
lation of abdominal motoneurons in Manduca. Within this population
individual neurons may be identified and their fates during metamor-
phosis described in detail. Through these studies we hope to relate
changes in the structure and synaptic interactions of individual cells
to the behavioral changes that the animal shows as it progresses
from one stage to another.

Materials and Methods

Experimental animals. Tobacco hornworms, Manduca sexta (L.), were
reared individually on an artificial diet (Bell and Joachim, 1978) under long-
day conditions (17-hr light/7-hr dark) at 26°C. The animals pass through five
larval instars before entering the pupal stage. Al data from larvae were
obtained from animais in the second or third day of the fifth instar. Depending
upon the rearing conditions, pupae either enter a state of developmental
arrest, termed diapause, or initiate adult development which lasts about 18
days under our conditions. Diapausing pupae were used for pupal experi-
ments and adult neurons were stained in insects immediately prior to adult
emergence unless otherwise indicated.

Physiology. For intracellular recording from motoneurons the larvae were
first anesthetized on ice. An incision was made along the dorsal midline, and
the gut was removed. The head and thorax were detached and the abdomen
was placed in a Plexiglas recording chamber. The bottom of the chamber
contained a square hole which was accessed by air vents. The edges of the
square were smeared with stopcock grease (Dow Corning), and the abdo-
men was pinned open such that the external surfaces of the spiracles were
exposed to air while the internal surfaces, including the muscles and nervous
system, were exposed to an isotonic saline sotution (modified from Weevers,
1966a; KCI, 34 mm; NaCli, 7 mm; MgCl,, 8 mm; CaCl,, 14 mm; dextrose, 173
mu; Na HCOj3, 1.25 mm; Na HPQ,, 1.25 mM). The muscles and nervous
system were exposed by removing the overlying fat body with care being
taken to avoid disruption of the tracheal supply. Good ventilation was
essential for continued function of both neurons and muscles.

Abdominal ganglia were elevated on an Insulex-coated metal platform
which, being held in a micromanipulator, could be positioned so that the
ganglia were stable. Motoneuron somata were impaled with glass microelec-
trodes which had DC resistances of 25 to 40 megohms when filled with 2 M
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potassium acetate or 80 to 100 megohms when filled with 10% cobalt nitrate.
Electrodes were driven directly through the sheath which surrounds each
segmental ganglion. Extracellular records of the motoneurons were obtained
by placing suction electrodes on peripheral nerves or upon the surface of
muscle fibers. These electrodes were also employed for extracellular stimu-
lation. Recordings from aduit nervous systems were obtained with essentially
the same technigues, except that the “dorsal pad” of connective tissue which
forms during adult development was dissected away from the abdominal
ganglia and interganglionic connectives prior to recording.

During the pupal stage the cuticle is rigid and the techniques described
above cannot be employed. For recordings from nerve cells in the early
pupal stage, a longitudinal strip of cuticle was removed from the dorsal
surface of the animal. Then, following removal of the gut and fat body, the
remaining body wall was used as a container for saline, and individual ganglia
were stabilized as above. With slight modification either dorsal or ventrat
muscles could be monitored (Bate, 1973a). Near the end of the pupal stage,
when adult development was complete, recordings were obtained from
“pharate” adults by peeling off the outer covering of dry pupal cuticle and
employing the techniques described above for adults.

Motoneurons were identified by correlating intracellular activity with visual
inspection of muscle contraction, extra- or intracellular recordings of muscle
activity, and extracellular recording of motoneuron axons in the peripheral
nerves.

Histology. Neurons were stained by injecting cobalt ions into their somata
with microelectrodes using positive current puises (500 msec duration, 1/
sec, for 15 to 60 min). Following reaction with ammonium sulfide (Pitman et
al.,, 1972), the stain was intensified in whole mount (Bacon and Altman,
1977). In addition, motoneuron somata were “backfilled” by dissecting the
nervous system free from the animal and draping cut peripheral nerves in a
solution of CoCl, (Truman and Reiss, 1976). Stained cells were photographed
or drawn using a drawing tube attachment to a Lietz Ortholux compound
microscope. After drawing stained neurons in whole mount, ganglia were
reimbedded in paraffin and sectioned at 15 um. The sections were then
drawn with the aid of a drawing tube attachment.

Motoneuron nomenciature. The naming of motoneurons is complicated
by the fact that some innervate different targets at different stages. Those
that innervate the same muscle throughout larval, pupal, and early aduit
stages were named according to the identity of their target. Those neurons
which innervate different targets in larval and adult stages were designated
by a number (Taylor and Truman, 1974).

Resiults

Background. The fate of the abdominal motoneurons is correlated
with the fate of the musculature. In the larva, an abdominal segment
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such as A, contains about 50 pairs of muscles that can be divided
into internal and external groups (see Figs. 2 and 3). At the start of
metamorphosis (i.e., the end of the larval stage), all of the external
muscles and some of the internal muscles degenerate, so that only
five pairs of internal longitudinal (intersegmental) muscles are present
and functional by 2 days into the pupal stage. These internal muscles
remain functional through adult development but break down soon
after the aduft moth emerges from the pupal cuticle (Schwartz and
Truman, 1983). In addition, a number of new external muscle groups
differentiate during adult development so that at emergence each
segment is supplied with about 13 pairs of muscle groups.

Quantitative changes in the motoneuron population of a segmental
abdominal gangiion were first described by backfilling the major
peripheral nerves with cobalt at various developmental stages (Taylor
and Truman, 1974), and we have used this technique to determine
the number of neurons with axons that course in the three sub-
branches of the “"dorsal’ segmental nerve (Fig. 1). Whereas the most
anterior and posterior of the abdominal ganglia are subject to fusion
during metamorphosis, ganglia from segments 3, 4, and 5 remain
distinct and the gross morphology of the peripheral nerves remains
constant (Taylor and Truman, 1974). Most of the motoneurons
revealed by this technique were located in the segment anterior to
the filled dorsal nerve branch, although a few were in the same
segment.

Waves of cell death follow the larval-to-pupal and pupal-to-adult
transitions (Truman, 1983). Thus, the number of motoneurons stain-
ing with the backfill procedure declines at these times (Fig. 1). The
morphological correlates (Stocker et al., 1978) and the physiological
control of this cell death (Truman, 1983; Truman and Schwartz,
1984; Weeks and Truman, 1985) have been described elsewhere.
The motoneurons which died after pupal or adult ecdysis innervated
muscles that also died at these respective times. As shown below,
however, not all motoneurons die following the death of their target.

The majority of the motoneurons having axons which exit the
dorsal nerve were individually characterized by intracellular recording
and dye injection. Seventeen are excitatory motoneurons that inner-
vate muscles of the body wall. Three others (two in branch DN,, one
in branch DNI) innervate thin muscles associated with the three
stretch receptor organs located in each abdominal segment (Weev-
ers, 1966b). Two additional neurons are unpaired and have bifur-

Figure 1. Somata of dorsal nerve moto-
neurons at different developmental stages.
In each case the motoneuron somata which
backfill following exposure of one of the
three sub-branches of the dorsal segmental
nerve to a cobalt solution are represented.
A, Motoneurons with axons in the posterior
branch of the right dorsal nerve (see arrow)
of the fourth abdominal segment. B, Anterior
branch; C, lateral branch. The figure con-
tains information from staining performed in
fitth instar larvae, diapausing pupae, and
adults. Solid black circles are used to des-
ignate motoneurons which die following pu-
pal ecdysis; stippled circles indicate moto-
neurons which die after adult emergence;
open circles indicate those which are pres-
ent throughout life. Motoneurons given fetter
names aiways innervate the same muscle,
whereas those given numbers innervate dif-
ferent targets at different stages (see Figs.
2 and 3 for the locations of target muscles).
SRM denotes a motoneuron innervating a
muscle associated with one of the stretch
receptors. Motoneurons 4 and 5 are ventral
unpaired cells with bifurcating axons (see
the text). Note that many of the motoneu-
rons have their somata and dendrites lo-
cated in the segment anterior to their target
muscle.
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Figure 2. Motoneurons innervating the large intersegmental muscles. The top drawing shows the intersegmental muscles of half of the fourth abdominal
segment of a larva. The ventral nerve cord is at the right and the dorsal midline is to the left. The bottom drawing represents the same features in an adult,
just prior to emergence (pharate). The upper row of motoneurons innervates the larval muscles as indicated; the lower row represents those present in the
pharate adult. Motoneurons were identified and stained by intraceliular cobalt injection. The names of the motoneurons indicate target location: V, ventral;
D, dorsal; L, lateral; M, medial; /, internal; £, external; O, obligue. A subscript indicates that two motoneurons innervate the same muscle bundle. Note that
the dendritic morphology of the larval motoneurons is correlated with their target location, with motoneurons with medial targets having a bilateral dendritic
field. Seven motoneurons innervate the same targets through the pharate stage (five are drawn), after which both neuron and target die. Other motoneurons
die following pupal ecdysis (D), and some are respecified (R) to innervate a new target following the death of their larval target. Members of the latter group

are shown again in Figure 3. Calibration bar, 50 pm.

cating axons that enter several sub-branches of the dorsal nerves
on each side of the segment. Intracellular recordings from their
ventral somata revealed broad, overshooting action potentials unlike
the attenuated spikes typically recorded from motoneuron cell bod-
ies (Levine and Truman, 1982). Although they will not be described
in detail, both neurons survive metamorphosis and may be analo-
gous to the octopaminergic dorsal unpaired median cells described
in locusts (Evans and O’'Shea, 1978).

Larval stage motoneurons. The major muscles in the abdomen
are the internal muscle groups which span the segment and are
primarily longitudinal or oblique in their orientation. These segment-
spanning mucles are innervated by motoneurons having sgmata
and dendrites located in the next anterior ganglion (Figs. 2 and 4A).
The axons of these motoneurons descend in the interganglionic
connective to the next posterior ganglion and, without entering the
neuropil, exit through the dorsal nerve. Several features of the
dendritic structure of these neurons are noteworthy. Each has a
dense dendritic network in the posterior-dorsal portion of the gan-
giion, ipsilateral to its axon and target muscle. In addition, some
send dendrites into anterior regions of the ganglion (e.g., ventral

internal lateral motoneuron (VIL)), and some possess a bilateral
dendritic field with branches in the contralateral hemineuropil (e.g.,
ventral internal medial motoneuron (VIM), Figs. 2 and 4A). The
dendritic structure of these cells is correlated with the location of
their target muscle. As seen in Figure 2, motoneurons which inner-
vate muscles along the dorsal or ventral midlines possess bilateral
dendritic fields (e.g., VIM and the dorsal external medial motoneuron
(DEM)), whereas those that innervate lateral targets have dendrites
that are restricted to the hemiganglion ipsilateral to the target (e.g.,
VIL).

The remaining larval muscles are small external groups which
cause relatively minor movements of the body surface. The orienta-
tion of these muscles varies from longitudinal to transverse. Those
lying in the ventral half of the abdomen are innervated by motoneu-
rons that reside in the ganglion of the same segment and the axons
of which course in the ventral nerve (these will be described briefly
below). The dorsal external muscles are innervated by motoneurons
of the same segmental ganglion with axons in the dorsal nerve (Figs.
2, 3, and 4B). The external muscle motoneurons differ from the
group discussed above not only in terms of target orientation and
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Figure 3. Respecified motoneurons. The top drawing indicates external larval muscles of the fourth abdominal segment that will die following pupal
ecdysis. Their adult replacements are shown at the bottom. The motoneurons are shown first in their larval form and, below, in the pharate adult. Note that
most of these motoneurons survive the death of their larval target to innervate a newly generated adult muscle. During the pupal stage the motoneurons
grow new dendritic processes as the drawings show. Letter names of the muscles refer to their location in the body wall, as described in Figure 2. P, pleural

muscles; TP, tergopleural; TS, tergosternal. Calibration bar, 50 um.

axon trajectory, but also with regard to dendritic morphology. Their
dendritic processes are typically concentrated in more anterior-dorsal
regions of the neuropil (e.g., motoneurons (MN) 2 and 3) and do not
strictly follow the topographic relationship described above for the
internal muscle motoneurons.

Motoneuron fates during metamorphosis. A combination of iden-
tification techniques allowed the history of indivudal motoneurons to
be traced during metamorphosis. Individual motoneurons were iden-
tified by intracellular recording and staining in each stage. In most
cases the unique combination of soma, peripheral axon, and target
positions, combined with a careful comparison of dendritic struc-
tures, allowed a relationship between larval, pupal, and adult neurons
to be assigned. Furthermore, the somata of some of these moto-
neurons can be recognized unambiguously in sectioned material
and were clearly present through each day of adult development
(Truman and Reiss, 1976). We have no evidence that new motoneu-
rons are generated in the abdominal ganglia during metamorphosis.

All of the dorsal nerve motoneurons that stain with the backfil
procedure in the adult have counterparts in larval ganglia. The larval
and adult stages of these cells share identical soma positions, major
axon trajectories, and basic dendritic skeleton.

With the exception of very specialized muscles such as the stretch
receptor muscles and the spiracular closer muscles, the only mus-
cles to survive after pupal ecdysis were from the internal muscle
groups. The motoneurons to these muscles also survived and
remained functional throughout adult development and adult emer-
gence, after which both neuron and target died. These neurons
showed a slight increase in the extent of dendritic branching during
adult development, but their overall morphology remained stable
throughout life (Figs. 2 and 4A). In particular, motoneurons with
unitateral dendritic fields did not become bilateral, nor did any of
these neurons enter new areas of the neuropil.

All other motoneurons lost their targets either before or slightly
after pupal ecdysis. Some then died following the death of their
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Figure 4. Abdominal motoneurons of the larva (left), diapausing pupa (middle), and pharate adult (right). Motoneurons stained by intracellular cobalt
injection were photographed in whole mount, then cross-sectioned. Cross-sections taken at the approximate level indicated by the arrows are shown below
each photograph. Calibration bar (bottom), 100 um. A, VIM. This motoneuron innervates the ventral internal medial muscle group at each stage. Note its
bilateral dendritic field and the axon which descends in the posterior interganglionic connective. Although the basic dendritic shape remains constant, it
becomes more dense and projects into more ventral regions during metamorphosis. 8, MN-1. This motoneuron innervates a dorsal external oblique muscle
in the larva and a newly generated dorsal external muscle in the adult. Note that in the diapausing pupa new dendritic branches have started to grow

ipsilateral to the soma. In the adult the neuron has a bilateral dendritic field.

target muscles, but the majority survived to innervate new muscles
in the adult (Figs. 2 and 3). In each case the adult target was located
in the same general area of the body wall as was the larval target,
although the orientation was often different. Of the cells that acquired
a new peripheral target during metamorphosis, two (MN-2 and MN-
12) died soon after adult emergence (Truman, 1983). The remainder
persisted for the duration of adult life and were responsible for
controlling all abdominal movements of the adult. Although these
motoneurons were without functional targets early in the pupal stage,
they were not quiescent. They retained numerous functional synaptic

inputs from the larval stage and their synaptically driven action
potentials actively propagated to the periphery (Levine and Truman,
1982).

Each motoneuron which acquired a new target underwent a period
of dramatic dendritic growth during adult development (Truman and
Reiss, 1976; Levine and Truman, 1982). As described elsewhere
(Levine and Truman, 1982), new processes began to appear by
about day 2 of the pupal stage (Fig. 4B), at which point the animals
either continued development to the adult or entered an extended
period of developmental arrest termed diapause (see “Materials and
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Methods"). In the latter case the cell remained in its pupal form for
weeks or months. With the initiation of adult development by the
appearance of the steroid hormone 20-hydroxyecdysone (Riddiford
and Truman, 1978), the dendritic growth resumed.

The new dendritic growth of these respecified neurons was unique
for each cell. In most cases, the adult form of the motoneuron
covered a greater expanse of neuropil than did its larval form (Figs.
3 and 4B). Regardless of the larval morphology of the cell, the
dendrites of all surviving adult motoneurons extended throughout
the anterior and posterior regions of the neuropil ipsilateral to their
axons. In some cases the dendritic growth merely increased the
extent of already existing processes (MN-3, MN-28), but in other
cases, cells with formerly unilateral dendritic fields extended into
contralateral neuropil to form bilateral projections. For example, in
the case of MN-1, an existing process contralateral to the axon
which was previously devoid of fine branching gave rise to a dense
new dendritic network (Figs. 3 and 4B; see also Truman and Reiss,
1976; Levine and Truman, 1982). Likewise, MN-30 extended new
processes through a posterior commissure into the neuropil contra-
lateral to its axon (Fig. 3).

Ventral nerve motoneurons. The target muscles of all motoneurons
with their axons in the ventral nerve die at the end of the larval stage.
As was the case with the dorsal nerve motoneurons, many of these
ventral nerve cells die following pupal ecdysis (Weeks and Truman,
1984, 1985), whereas others are retained to innervate newly gener-
ated muscles. Like their dorsal nerve counterparts, the surviving
neurons gain new dendritic processes during adult development
(Fig. 5). The acquisition of processes in the hemineuropil contralateral
to the axon is particularly striking.

Discussion

Metamorphosis in the moth, Manduca sexta, brings about a
dramatic reorganization of the motor systems that control the be-
havior of the abdomen. From the larval stage through the end of
adult development, major abdominal movements are brought about
by the internal muscles and their motoneurons. During this period,
the external muscles play a minor role consisting primarily of making
postural adjustments of the abdomen and maintaining body tone.
At metamorphosis the larval external muscles are completely re-
placed by sets of longitudinally oriented, adult external muscies.
With the subsequent death of the itnernal muscles and their moto-
neurons after the emergence of the adult, these new external
muscles become the sole groups involved in moving the abdomen.
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Figure 5. Cobalt backfills of typical larval
(left) and adult (right) ventral nerve moto-
neurons. Although not identified as individ-
uals, backfills of this branch always stain a
small poputation of motoneurons with similar
dendritic morphologies. None of the larval
neurons have processes crossing the mid-
line of the ganglion, whereas bilateral pro-
cesses are the rule in the adult. Since all of
the larvae muscles innervated by ventral
nerve motoneurons die at the end of the
larval stage, these neurons must be respe-
cified to innervate a new adult target.

The internal muscles are innervated by the same motoneurons
through larval life and up to the time that they die. These motoneu-
rons conserve their dendritic form through metamorphosis, with the
shape of the neuron at the time that it dies in the newly emerged
adult being essentially identical to its form in the larva. In contrast to
the internal muscle motoneurons, those that innervate the external
muscles show a very plastic dendritic morphology. Indeed, in many
cases the shape of the cell in the adult is markedly different from
that seen in the larval stage.

These changes in cell shape in the respecified motoneurons
appear to be related to the differences in behavior shown by the
adult abdomen as compared to its larval or pupal counterpart. Not
only is it involved in certain adult-specific behaviors such as flight
and copulation, but unlike the earlier stages, the adult abdomen is
relatively incapable of lateral flexion and shows movements confined
to the dorsoventral plane. Consequently, the behavioral requirements
for the conserved motoneurons are quite different for the larval and
adult stages. The dendritic reorganization of the surviving adult
motoneurons is consistent with the change in the behavioral role of
the abdomen. Neurons that would have functioned antagonistically
in the larva during lateral bending movements show synergistic
activity in the adult to accomodate the dorsoventral movements.
The best studied example of this is cell MN-1 which changes from
having a highly lateralized dendritic tree in the larva to showing
bilaterally symmetrical projections in the adult. The bilateral nature
of the dendritic fields is correlated with the right and left homologues
of the cell sharing numerous common synaptic inputs and firing in
synchrony, thereby producing the synchronous contraction of their
target muscles during a dorsal flexion (Levine and Truman, 1982).
The data reported here for MN-30 and many of the lateral nerve
motoneurons indicates that the change from unilateral dendritic
arbors to bilateral ones -in the adult is-a common feature of the
reorganization of the abdominal motor system.

It is clear that not all behavioral changes can be related simply to
alterations in motoneuron structure. The intersegmental muscle (ISM)
motoneurons maintain a refatively constant dendritic structure de-
spite the fact that they do participate in some stage-specific behav-
iors during the life of the insect (Bate, 1973b; Levine and Truman,
1983). Therefore, important alterations may also occur at the inter-
neuronal level which modify the pattern in which these motoneurons
are driven.

Recent work on the central projections of sensory hairs in insects
has shown that the projections are somatotopic, with areas on the
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surface of the insect being mapped in a consistent manner in the
central neuropil (Murphey, 1981; Levine et al., 1985). In what may
be a similar type of arrangement for the motor system, the dendritic
morphology of the motoneurons that supply the internal muscles is
correlated with the location of their target muscles. Internal muscle
motoneurons supplying muscles in the lateral areas of the segment
have lateralized dendritic trees ipsilateral to their target, whereas
those innervating muscles near the midline have bilateral dendritic
projections. Since most of the relevant target muscles span the
entire segment, there is no anterior-posterior set of coordinates in
this relationship. However, although all internal motoneurons have
posterior dendrites, only some send processes into the anterior
neuropil. The significance of this fact will remain unclear until we
have a better understanding of the neuropil organization. The so-
matotopic arrangement was evident for the larval internal muscle
motoneurons but not for the cells supplying the larval external
muscles. This difference probably reflects the fact that the external
muscles are much more diverse, with their orientations ranging from
longitudinal to transverse. It is of interest that, after metamorphosis,
most of the dorsal nerve motoneurons now innervate muscles that
are longitudinal in their orientation, and their dendritic trees in the
adult are in a somatotopic array.

The respecification of motoneurons during metamorphosis con-
trasts with the usually permanent commitment of cells to particular
fates during development, but it is not unique to insect metamor-
phosis. In frogs, trigeminal motoneurons in the tadpole are respeci-
fied to innervate new adult jaw muscles (Alley and Barnes, 1983;
Barnes and Alley, 1983). Comparable transformations of motoneuron
morphology and physiology occur during the postembryonic devel-
opment of the nematode, Caenorhabditis elegans (White et al.,
1978). Similarly, identified cells in the locust embryo function first as
pioneering guides for axonal growth paths and, later, in a different
form, as conventional neurons (Goodman et al., 1981). In each of
the invertebrate examples the transformations are confirmed to
particular members of the neuronal population and are stereotyped
for the individual neuron. In the nervous system of Manduca, as
well, only specific motoneurons undergo dendritic growth, and the
area of new growth is repeatable for each cell. Structural transfor-
mation is therefore a normal component in the life history of certain
neurons, and neither the signal for growth nor the response to it is
random.

The nature of the signal for dendritic growth is of major interest.
One possible influence may be derived from the target muscle. All
motoneurons which undergo extensive dendritic growth lose their
larval targets, whereas the ISM motoneurons that maintain the same
target through metamorphosis have a stable anatomy. The presence
of differentiating myoblasts may serve as a signal for the onset of
dendritic growth. Alternatively, new synaptic inputs may play an
inductive role. Both types of cellular interactions have been impli-
cated in embryonic and postembryonic development of inverte-
brates (Macagno, 1979; Murphey and Levine, 1980; Schneiderman
et al., 1982; Fischbach, 1983; Ho et al., 1983; Nassel and Geiger,
1983; Roederer and Cohen, 1983), but the importance of such
interactions for inducing dendritic growth in this system is still
unclear.

In their role of directing insect metamorphosis, the insect hor-
mones, ecdysteroid and juvenile hormone, undoubtedly play a major
role in directing the shape changes of these motoneurons. However,
it is not known whether these hormonal effects occur through a
direct action on the neurons or indirectly by altering cues in the
extracellular environment. In either case these hormones presumably
have a profound effect on neuron form in insects just as steroid
hormones influence the dendritic growth of neurons within the
vertebrate CNS (Nottebohm, 1980; DeVoogd and Nottebohm, 1981;
Gurney, 1981). It is already quite clear that endocrine cues are
important for inducing the dendritic reduction and subsequent mo-
toneuron death that occurs at the end of farval life (Weeks and
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Truman, 1985}, as well as the cell death that foliows aduft emergence
(Truman and Schwartz, 1984).

This study provides an indication of the degree to which individual
neurons are capable, under the appropriate conditions, of altering
their structure and their synaptic interactions with other neurons as
their behavioral roles are changing. Although insect metamorphosis
may be considered to be a highly specialized process, it is likely
that the changes which individual motoneurons display are similar
to those which occur in more complex systems during postembry-
onic maturation.
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