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Postsynaptic Changes at a Sensory-to-Motoneuron Synapse 
Contribute to the Developmental Loss of a Reflex 
Behavior During Insect Nietamorphosis 

Gwen A. Jacobs” and Janis C. Weeksb 

Department of Entomological Sciences, University of California, Berkeley, California 94720 

The larval-pupal transformation of the tobacco hornworm, 
Manduca sex&, involves the loss of many larval-specific 
behaviors, including a simple withdrawal reflex of the ab- 
dominal prolegs. This reflex is mediated by monosynaptic 
excitatory connections befween afferents that innervate me- 
chanosensory hairs on the proleg [the planta hairs (PHs)] 
and motoneurons that innervate profeg retractor muscles. In 
response to hormonal cues during the final days of larval 
life, the dendritic arbors of proleg refractor motoneurons 
regress extensively. Intracellular recordings indicate that the 
synaptic depolarization evoked in proleg mofoneurons by 
electrical stimulation of PH afferents decreases by 78% dur- 
ing the larval-pupal transformation, over the same time course 
that the motoneuron dendrites regress. During the same pe- 
riod the number of PH afferents and the extent of their central 
projections may decrease slightly. To test the relative con- 
tributions of developmental changes in the presynaptic af- 
ferents and postsynaptic mofoneurons to the weakening of 
the reflex pathway, we generated heterochronic mosaic pu- 
pae that retained one larval proleg. The PH afferents on the 
retained proleg retained their larval characteristics while their 
postsynaptic targets, the proleg mofoneurons, appeared to 
regress normally. In the mosaic hemisegments, electrical 
stimulation of PH afferents evoked only a small synaptic 
depolarization of the proleg motoneurons, similar in ampli- 
tude to that recorded in normally developing pupae; thus, 
the developmental status of the afferents was irrelevant to 
the loss of the reflex. These findings suggest that postsyn- 
aptic changes, e.g., structural regression of motoneuron 
dendrites, may cause the weakening of the reflex pathway. 
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This is the first demonsfrated correlation between the hor- 
monally mediated regression of motoneuron dendrites and 
the loss of a specific behavior during metamorphosis. 

One of the striking aspects of insect metamorphosis is the be- 
havioral differences between larvae, pupae, and adults. For in- 
stance, in the tobacco homworm, Manduca sexta, the most 
common behaviors of the caterpillar are crawling and feeding, 
the pupa is relatively quiescent, and the adult moth exhibits 
flight and reproductive behaviors. As the insect enters each new 
life stage, most of the behaviors of the previous stage disappear 
and a new behavioral repertoire appears. To accommodate this 
behavioral plasticity, many embryonic capabilities, such as neu- 
rogenesis, programmed neuron death, the growth or regression 
of neuronal arbors, and the reorganization of synaptic connec- 
tions, continue throughout life (e.g., Truman, 1983; Levine and 
Truman, 1985; Booker and Truman, 1987a; Weeks and Emst- 
Utzschneider, 1989; Weeks and Levine, 1990). In Manduca, 
these events have been shown to be controlled by the same 
hormones that control molting, the ecdysteroids (ecdysone and 
20-hydroxyecdysone) and juvenile hormone (JH) (Truman and 
Schwartz, 1984; Weeks and Truman, 1985, 1986a, b; Levine et 
al., 1986; Booker and Truman, 1987b; Weeks, 1987; Truman 
and Reiss, 1988; Levine, 1989; Truman, 1989; Weeks and Emst- 
Utzschneider, 1989). 

A number of studies have investigated the neural and en- 
docrine mechanisms that underlie the appearance of new be- 
haviors at metamorphic molts, i.e., the molts from larva to pupa, 
or pupa to adult (Truman, 1976; Levine and Truman, 1982, 
1983; Levine et al., 1986, 1989; Levine, 1989). The general 
finding has been that the circuitry underlying new behaviors is 
assembled during the previous stage but is not “enabled” until 
entry into the new stage, typically in response to a hormonal 
cue. The formation of new behavioral circuits is often correlated 
with the growth of new neuronal processes. Less attention has 
been directed toward the mechanisms by which outmoded be- 
haviors are eliminated at the end of a life stage. Each meta- 
morphic molt is associated with a wave of programmed neu- 
ronal death (Taylor and Truman, 1974; Truman, 1983; 
Giebultowicz and Truman, 1984; Weeks and Truman, 1985) 
that could eliminate the neurons responsible for outmoded be- 
haviors. In addition, many neurons that do not die undergo 
structural changes. For instance, at the larval-pupal transfor- 
mation the dendritic arbors of many neurons regress substan- 
tially, which might eliminate synaptic connections (Weeks and 
Truman, 1985; Kent and Levine, 1988~; Truman and Reiss, 
1988). Neural circuits might also be dismantled by more subtle 
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changes in the electrophysiological properties of neurons that 
are independent of structural changes. 

In this study we have examined how factors such as these 
contribute to the developmental loss of a simple proleg with- 
drawal reflex during the larval-pupal transformation of Mun- 

branches of the ventral nerve (VN): the lateral branch (VNL), containing 
the axons of proleg retractor motoneurons and no sensory axons, and 
the third branch of the anterior, anterior branch of the VN (VNAAbr3), 
containing the axons of the PH afferents and no motor axons (Weeks 
and Truman, 1984b, Weeks and Ernst-Utzschneider, 1989; see Results). 
Intracellular recordings were made from motoneuron PPR, which in- 

innervated by a peripheral sensory neuron that projects into the 
central nervous system (CNS). Tactile stimulation of the PHs 
causes the proleg to be withdrawn, due to contraction of proleg 
retractor muscles. The behavior is mediated by a simple reflex 
arc with one central synapse: PH afferents monosynaptically 
excite the proleg retradtor motoneurons, which in &.& evoke 
contraction of the proleg retractor muscles and retraction of the 
proleg. Parallel polysynaptic pathways that link the afferents 
and motoneui-ons also contribute to the reflex (Weeks and Ja- 
cobs. 1987: see Results). 

Proleg withdrawal behavior is exhibited throughout the larval 

duca. The abdominal prolegs, which are the principal loco- 

stage but is lost after the onset of metamorphosis midway through 
the final larval instar. Changes in the musculature and cuticle 

motory appendages of the larva, bear a dense array of 

of the prolegs during the larval-pupal transformation (Weeks 
and Truman, 1985; Wolfgang and Riddiford, 1987) might ac- 

mechanosensory bristles termed the planta hairs (PHs; Weeks 

count for this disappearance of proleg movements, even if the 
withdrawal reflex circuit within the CNS remained functional. 

and Jacobs, 1987; Peterson and Weeks, 1988). Each hair is 

However, in the present experiments we found that the strength 
of the afferent-to-motoneuron synaptic pathway measured in 
the CNS decreases markedly during the final days of larval life. 
This alteration could be due to changes in the presynaptic af- 
ferents, the postsynaptic motoneurons, or both. A potentially 

saline that mimics the blood (Weeks and Truman, 1985). For intracel- 
lular recordings, ganglia were briefly enzyme-treated and desheathed 
(Weeks and Jacobs, 1987), and bathed in a saline that mimicked the 
extracellular fluid (modified from Miyazaki, 1980; in mM: NaCl 140; 
KC1 5; CaCl, 4; glucose 28; HEPES 5; pH 7.4). For “high divalent” 
saline, M&l, and CaCl, concentrations were both increased to 20 mM, 
with the fiati1 concentration reduced to maintain normal osmolarity: 
During recordings, ganglia were pinned in a Sylgard-coated dish (Dow 
Coming, Midland, MI) and transilluminated from below through a dark- 
field condenser. 

nervates the principal planta retractor muscle (PPRM; Weeks and Tru- 
man, 1984b). To identify PPR during recordings, PPRM and its cuticu- 
lar attachments were dissected out of the body and left attached to the 
ganglion via VNL (see below). For experiments involving only extra- 
cellular recordings, ganglia were not desheathed and were bathed in a 

Differential extracellular recordings of VN and VNL activitv were 
made using glass-tipped suction electrodes, and amplified using high- 
gain, AC-coupled preamplifiers (Grass Instrument Co., Quincy, MA). 
To stimulate VNAAbr3 electrically, the nerve was draped over a pair 
of bipolar silver hook electrodes, the electrodes were raised above the 
bath, and the nerve and wires were coated with petroleum jelly. Voltage 
pulses of 0. l-l .O msec duration were delivered to the nerve from a 
Grass S88 stimulator. The voltage level was adjusted to maximally 
stimulate all of the sensory axons, as monitored by the size of the 
compound spike recorded en passant in the proximal VN. 

Intracellular recordings were made using glass micropipette electrodes 
filled with 2 M potassium acetate (resistance 15-20 Mfi). If PPR was to 
be stained, it was reimpaled later with a cobalt electrode (see below). 
Motoneuron somata were impaled under visual guidance. To identify 
PPR unequivocally during intracellular recordings, a portion ofa PPRM 
muscle fiber was drawn into a suction electrode and muscle potentials 
were recorded as described above for nerve recordings. PPR was iden- 

diated regression of proleg retractor motoneuron dkndrites dur- 
important postsynaptic change is the extensive ecdysteroid-me- 

ing the larval-pupal transformation (Weeks and Truman, 1985), 
which might interrupt synaptic connections with the PH affer- 
ents. By using hormonal manipulations to create heterochronic 
mosaic animals in which the PH afferents remained larval while 
proleg motoneurons became pupal, we were able to test the 
relative contributions of pre- and postsynaptic changes to the 
developmental loss of the reflex. Our findings that postsynaptic 
changes appear to be sufficient to eliminate the reflex suggest 
that the hormonally induced regression of neuronal dendrites, 
and resultant weakening of synaptic connections, is one mech- 
anism by which outmoded behaviors may be eliminated during 
metamorphosis. Some of these results have been reported pre- 
viously in abstract form (Jacobs and Weeks, 1986; Weeks and 
Jacobs, 1988). 

locked to the motoneuron spikes. As described previously (Weeks and 
Truman, 1985), muscle potentials can be recorded even during the late 

tified by the occurrence of muscle potentials in PPRM that were time- 

stages of muscle of degeneration, so PPR was identifiable by this tech- 
nique even on day PO. Intracellular recordings were amplified using a 
Daaan 8800 Total Clams electrometer (Daaan Instruments. Minne- 
a&is, MN). Synaptic responses were r&or;ed in bridge &ode. To 
ensure the &c&aci of membrane potential measurements made while 
passing current through the recording electrode, the recording was 
switched periodically from bridge mode to switched current clamp mode 
for a short period of time, and the electrode capacitance and bridge 
balance were adjusted. PPR’s input resistance was measured by injecting 
hyperpolarizing current pulses (0 to -3 nA, 500 msec duration) into 
the soma, and measuring the steady-state voltage in switched current 
clamp mode. Input resistance was calculated as the slope of the regressed 
line through the I/V relationship. 

Data from experiments that employed only extracellular electrodes 
were recorded on magnetic tape at 3-‘/4 in./sec (Vetter Instruments, Re- 
bersberg, PA). Data were played back at ‘x6 or 1% in./sec onto a pen 
recorder (Gould Inc., Cleveland, OH) for analysis. Data from experi- 

Materials and Methods ments involving intracellular recordings were recorded and analyzed 
with a computer-based data system (RC Electronics, Santa Barbara. 

Experimental animals. Larvae of the tobacco homworm, M. sexta, were 
reared in individual containers on artificial diet (Bell and Joachim, 1976) 
at 27°C on a 17L:7D photoperiod, to promote synchronous develop- 
ment. After wandering they were placed in individual stoppered cham- 
bers bored into wooden blocks. Larvae were staged by the following 
developmental events (see Fig. 1): ecdysis to the 5th larval instar (day 
LO), wandering (day WO; indicated by pigmentation changes and gut 
purge), and ecdysis to the pupal stage (day PO). Between days LO, WO, 
and PO the insects were staged by days of development; for example, 
larvae on the second day after wandering were staged as day W2. An- 
imals of both sexes were used for experiments. 

Electrophysiological techniques. For isolated ganglion preparations a 
CO,-anesthetized insect was cut open along the dorsal midline, the gut 
was removed, and the abdomen was pinned flat. An abdominal ganglion 
was dissected from the body and all nerves were cut short except for 2 

CA). Individual records were displayed on an X-Y plotter. 
Histological techniques. Sensory neurons and motoneurons were vi- 

sualized using conventional cobalt staining techniques. Motoneurons 
were impaled with electrodes containing 100 mM hexamine cobaltic 
chloride (Brogan and Pitman, 1981) and 500 msec current pulses of 
1wO nA were injected at 1 Hz for 5-10 min. To visualize the central 
arbors of multiple proleg motoneurons including PPR (see below), VNL 
was backfilled with 2% CoCl,. The central arbors of individual PH 
afferents were stained by introducing 2% CoCl, via the cut hair shaft 
(Peterson and Weeks, 1988). The combined central termination of the 
PH afferents was stained by filling VNAAbr3 with 2% CoCl, toward 
the ganglion. PH afferent neurons located in the proleg were stained by 
dissecting out the distal proleg and introducing 2% CoCl, via the VN. 
After cobalt filling, all material was precipitated in saline saturated with 
H,S gas, fixed, silver-intensified using a modification of the technique 
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Figure 1. Changes in the proleg neuromuscular system during the larval-pupal transformation. A, The larval proleg withdrawal reflex. A ventral 
view of a seamental oair of oroleas is shown. with a dashed fine indicating the ventral midline of the bodv. The planta hair (PH) arrav and PPRM’s 
ventral inse&on pomt in the planta are indicated in the first panel. PPRM’s dorsal insertion point occurs near the spiracle on the laieral body wall 
(not shown; Weeks and Truman, 1984b). The crochets, sclerotized hooks used for attachment to the substrate, nearly meet at the ventral midline. 
Tactile stimulation of the PHs evokes proleg retraction as indicated in the successive panels connected by open arrows. The first event is retraction 
of the crochets mediated by PPRM’s contraction (middle panel), followed by retraction of the entire proleg (bottom panel). B, Time line of events 
between ecdysis to the final larval instar (day LO) to pupal ecdysis (day PO). Wandering behavior occurs on day WO. Events relevant to the loss of 
the proleg withdrawal reflex are listed below the time line. The insets above the time line show a larva and pupa. Abdominal segments AI-A& 
and the terminal segment (r), are indicated on the larva. The abdominal prolegs included in this study are indicated by arrows. C, Dendritic 
regression in PPR. PPR was stained by intracellular iontophoresis of cobalt on days L3 and PO. The outlines of the abdominal ganglia are shown; 
camera lucida drawings were made in dorsal view; anterior is up. On day PO, PPR’s dendritic arbor is much less extensive than in the premetamorphic 
larval stage. 

of Bacon and Altman (1977), and mounted in Canada balsam. Ganglia 
or proleg tissue were examined in whole mount. 

Morphometric measurements. Two morphometric techniques were 
used. The first technique used VNL backfills, which stain the central 
processes of 7 motoneurons (Weeks and Truman, 1984b, 1985; Weeks 
and Ernst-Utzschneider, 1989). All of the motoneurons have dorsal, 
ipsilateral processes but PPR has, in addition, a dorsal, contralateral 
arbor which can be viewed in isolation in the contralateral hemineuropil. 
Camera lucida drawings were made of those VNL backfills which showed 
excellent resolution of neuronal detail, using a drawing tube on a com- 
pound microscope at a final magnification of 520 x . A “dendritic den- 
sity” score was measured for each drawing, which reflected the pro- 
portion of the hemineuropil contralateral to the hlled nerve that contained 
PPR’s dendritic processes (Weeks and Truman, 1985). A different tech- 
nique was used to examine the structure of PPR’s ventral, ipsilateral 
arbor. This portion of the arbor was viewed in a compound microscope 
at a magnification of 100 x , and reconstructed with a PC-based com- 
puter reconstruction system (Nevin et al., 1988). The number of branch 
points in the arbor was calculated by the program. 

Heterochronic mosaics. Metamorphosis is controlled by the blood 
titers of the ecdysteroids and JH. The endocrine cues for the larval- 
pupal transformation are, first, a decrease in the blood JH titer; second, 
a small elevation of ecdysteroids in the absence of JH (the commitment 
pulse, which triggers wandering behavior); and third, a larger rise in 
ecdysteroids with a low level ofJH (the prepupal peak; Riddiford, 1985). 
The commitment pulse commits larval tissues to subsequent pupal 
differentiation, with the pupal phenotype being expressed during the 
molt-inducing prepupal peak (e.g., Weeks and Truman, 1986b). Ex- 
posure of a tissue to JH during the commitment pulse blocks pupal 
commitment, resulting in the production of larval rather than pupal 
structures during the prepupal peak. 

To produce pupae that retained a larval proleg, the proleg epidermis 
was treated with a juvenile hormone analog (methoprene, a gift from 
Zoecon Corp., Palo Alto, CA) during the commitment pulse. Metho- 
prene was dissolved in soft dental wax at 1 &ml and frozen in small 

aliquots until use, at which time it was heated gently and applied to the 
proleg (see Levine et al., 1986). A thin layer of rubber cement was applied 
over the treated proleg to help hold the wax in place. Typically, a volume 
of about 5 ~1 of wax was used to coat the proleg. Fifth instar larvae that 
weighed between 6.5 and 7.0 gm were treated late in the afternoon on 
day L2 and the wax was removed on day WO. The area of larval epi- 
dermis that was retained into the pupal stage varied; some pupae had 
only a small nub of larval tissue where the proleg had been, while others 
bore a full-sized proleg. The criteria used to select mosaic pupae for 
experiments are described in Results. Mosaic animals were used for 
electrophysiological or anatomical studies on the day of pupal ecdysis 
(day PO); the same number of days elapsed between wandering and 
pupal ecdysis in the wax-treated and control animals. 

Results 
Loss of the proleg withdrawal behavior during the larval-pupal 
transformation 
Prolegs are present on the third through sixth abdominal seg- 
ments (A3-A6) of the Manduca caterpillar (Fig. 1B); the anal 
prolegs were not included in this study. The tip of each proleg, 
the planta, bears a dense array of mechanosensory hairs des- 
ignated the planta hairs (Fig. 1A; Peterson and Weeks, 1988). 
When touched, the PHs evoke a withdrawal reflex in which the 
stimulated proleg is retracted toward the body (Weeks and Ja- 
cobs, 1987). Gentle stimulation of the PHs evokes a strictly 
ipsilateral withdrawal whereas stronger stimuli cause both pro- 
legs in the segment to retract (Fig. 1A). Proleg withdrawal is 
caused by the contraction of proleg retractor muscles, including 
the PPRM (Weeks and Truman, 1984b; Weeks and Emst-Utz- 
Schneider, 1989). PPRM inserts in the distal tip of the planta 
(Fig. 1A) and its contraction disengages the crochets (sclerotized 
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Figure 2. Developmental weakening of the afferent-to-motoneuron 
pathway. A, Recording configuration. In an isolated ganglion prepara- 
tion, proleg motoneuron spikes were recorded from nerve VNL, while 
PH afferents in nerve VNAAbr3 were stimulated with current pulses 
delivered at 30 Hz for 500 msec. The proximal VN was monitored en 
passant to ensure that each stimulus delivered to VNAAbr3 maximally 
stimulated all of the PH afferents, as indicated by the size of their 
compound action potential in the VN. B, Afferent-evoked motor activ- 
ity. Recordings were made on each of the days ofdevelopment indicated 
on the left, in the configuration shown in A. The filled arrow at the 
bottom of the panel indicates the occurrence of the VNAAbr3 stimulus. 
The ability of electrical stimulation of the PH afferent axons to evoke 
proleg motoneuron firing declines during the larval-pupal transforma- 
tion. 

hooks on the planta) from the substrate, and withdraws the 
planta tip. Other muscles retract the more proximal parts of the 
proleg. PPRM’s contractions can be monitored by observing 
movements of its insertion point in the planta tip. PPRM con- 
tracts in response to PH stimulation with a lower threshold than 
any of the other retractor muscles, presumably to ensure that 
the crochets are disengaged before the proleg is withdrawn (Weeks 
and Jacobs, 1987). 

PPRM is singly innervated by motoneuron PPR (Weeks and 

Truman, 1984b). PH afferents produce monosynaptic excitatory 
postsynaptic potentials (EPSPs) in PPR and a subset of other 
retractor motoneurons (Weeks and Jacobs, 1987; Trimmer and 
Weeks, 1989). The size of the EPSP produced in a motoneuron 
by an afferent is correlated with the position of the PH on the 
proleg (Weeks and Jacobs, 1987; Levine and Weeks, 1989) an 
arrangement that may relate to the somatotopic arrangement of 
afferent arbors within the CNS (Peterson and Weeks, 1988). 
Monosynaptic EPSPs from PH afferents have been recorded 
only in ipsilateral motoneurons (i.e., the motoneurons inner- 
vating muscles in the stimulated proleg). A major neural com- 
ponent of the ipsilateral withdrawal reflex is thus the monosyn- 
aptic excitation of proleg retractor motoneurons by the PH 
afferents. In addition, polysynaptic pathways also link PH af- 
ferents with the ipsi- and contralateral motoneurons (Weeks and 
Jacobs, 1987; see below). 

The proleg withdrawal reflex is present throughout all larval 
instars but is lost during the larval-pupal transformation. Figure 
1B shows a timeline of the 5th (final) larval instar indicating 
events relevant to the proleg system. On day WO the larva 
exhibits wandering behavior, culminating in the construction 
of an underground pupation chamber. By day W 1 the insect 
becomes relatively quiescent, exhibiting minimal spontaneous 
movements but responding if disturbed. The proleg withdrawal 
reflex can be elicited by stroking the PHs on day W 1, but be- 
ginning on day W2 the behavior can no longer be evoked. 

Several factors might explain the disappearance of the proleg 
withdrawal behavior. First, the larval cuticle stiffens markedly 
after wandering (Wolfgang and Riddiford, 1987). The prolegs 
flatten toward the body as they stiffen, which might prevent the 
retractor muscles from causing visible movements. Second, the 
planta retractor muscles, including PPRM, begin to degenerate 
after wandering (Fig. 1 B; Weeks and Truman, 1985). Thus, even 
if the proleg retractor motoneurons fired, the degenerating mus- 
cles might be unable to retract the proleg. Third, the reflex might 
fail because the PH afferents become nonfunctional or die. Fi- 
nally, even if the PH afferents continued to operate normally, 
the reflex could be lost if the synapses between PH afferents and 
motoneurons weakened. One possible cause of such weakening 
is the severe dendritic regression shown by PPR during the 
prepupal period (Fig. 1 C’). The extent of PPR’s arbor decreases 
by approximately 40% between days L3 and PO (Weeks and 
Truman, 1985) which might be expected to weaken preexisting 
synaptic connections. The experiments described below were 
designed to determine the relative contributions of these factors 
to the developmental loss of the withdrawal reflex. 

Weakening of the aferent-to-motoneuron pathway in isolated 
ganglia 

To eliminate the possible contributions of changes in the pe- 
riphery to the loss of the reflex, we turned to an isolated ganglion 
preparation in which the afferent-to-motoneuron pathway could 
be tested directly. The axons of proleg motoneurons and PH 
afferents run in different subbranches of the VN: the motoneu- 
ron axons run in the VNL, Weeks and Truman, 1984b), while 
the PH afferent axons run in a subbranch designated VNAAbr3 
(Fig. 2A). To test the efficacy of the afferent-to-motoneuron 
pathway, we electrically stimulated the PH sensory nerve while 
recording the evoked proleg motoneuron activity in VNL on 
days of development spanning the larval-pupal transformation. 
An en passant electrode placed on the proximal VN was mon- 
itored continuously in all experiments to ensure that the 
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VNAAbr3 stimulus maximally activated the PH afferent axons. 
As shown in Figure 2B, a brief train of stimuli applied to the 

PH sensory nerve in larvae (day L3) evoked a burst of motor 
activity in the proleg motor nerve that outlasted the stimulus. 
The motor activity consisted of PPR’s spikes, which are among 
the largest in the VNL (Trimmer and Weeks, 1989; data not 
shown), and those of other motoneurons with smaller spikes. 
This motor response is similar to that seen when the PHs are 
stroked in semi-intact preparations (Weeks and Jacobs, 1987) 
and constitutes the neural correlate of the proleg withdrawal 
reflex. After wandering the response weakened. The reflex was 
present in all ganglia tested on day WO (n = 3) and day Wl (n 
= 3), but on day W2 only 1 of 3 ganglia tested produced an 
afferent-evoked motor burst (this example is shown in Fig. 2B). 
In the other 2 ganglia, an occasional spike was evoked during 
the stimulus train but none occurred after the stimulus ended. 
On day W3 (n = 3) and day PO (n = 3) sensory stimulation did 
not evoke motor spikes, even during the stimulus train. These 
experiments indicate that the afferent-to-motoneuron pathway 
weakens during the final days of larval life and that by pupation 
PH afferent stimulation is no longer able to bring proleg mo- 
toneurons to spike threshold. 

To further examine this decrease in afferent-evoked excita- 
tion, we delivered single shocks to VNAAbr3 while recording 
intracellularly from PPR, on days L3 and PO (Fig. 34. PPR’s 
resting potential hyperpolarizes somewhat over this period of 
development (Table 1, A, B), so the motoneuron was held at a 
series of membrane potentials in each experiment to allow syn- 
aptic responses to be compared at the 2 stages. Figure 3B shows 
typical recordings made on days L3 and PO. When PPR was 
held at -50 mV on day L3, the afferent stimulus evoked an 
abrupt depolarization which triggered action potentials, fol- 
lowed by a hyperpolarization. As PPR’s membrane potential 
was increased to - 60 and - 70 mV, the depolarizing component 
increased in height, the number of evoked spikes decreased 
(because the neuron was held farther from spike threshold), and 
the hyperpolarizing component reversed. The depolarization 
presumably resulted from mono- and polysynaptic excitatory 
inputs, and the hyperpolarization from polysynaptic inhibition 
(Weeks and Jacobs, 1987). 

On day PO (Fig. 3B), the evoked response was markedly small- 
er and was always subthreshold for action potential production; 
this was not due to an inability of PPR to produce action po- 
tentials, because the motoneuron fired normally when depolar- 
ized by injected current, or when depolarizing current was com- 
bined with afferent stimulation (data not shown). The synaptic 
response on day PO was monophasic at membrane potentials 
between - 50 and - 70 mV, consisting of a depolarization that 

Figure 3. Developmental decrease in the size of the afferent-evoked 
depolarization in PPR. A, Recording configuration. Intracellular re- 
cordings were made from PPR in an isolated, desheathed ganglion. PPR 
was identified by the occurrence of potentials recorded in PPRM that 
were time-locked to the motoneuron spikes. The stimulation and mon- 
itoring of PH afferent activity was the same as in Figure 2. B, Synaptic 
potentials recorded in normal saline. On days L3 (left) and PO (right), 
PPR was held at a series of holding potentials (-50, -60, and -70 
mv) while delivering a single supramaximal shock to VNAAbr3 (ar- 
rows). Two superimposed sweeps are shown in each case. C, Effects of 
high divalent saline. On days L3 (left) and PO (right), the afferent-evoked 
synaptic depolarization was recorded in normal saline (top truces), after 
equilibration of the response in high divalent (20 mM Ca*+, 20 mM2+) 
saline (middle truce), and after recovery in normal saline (bottom truce). 

A. 

record 
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PPR was held at -60 mV during all trials; arrows mark stimulus ar- 
tifacts. Two superimposed sweeps are shown in each case. High divalent 
saline, which reduces or eliminates polysynaptic components, produced 
a reversible decrease in the amplitude of the afferent-evoked depolar- 
ization (in the examples shown, high divalent saline caused a reversible 
decrease of approximately 50% on day L3 and 20% on day PO). Even 
in high divalent saline, the amplitude of the response decreased between 
days L3 and PO, just as in normal saline (compare the middle truces; 
see Table 1). The scale bar in B refers to both panels. 
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Table 1. Comparison of electrophysiological properties of PPR on day L3, day PO, and in heterochronic mosaic hemisegments on day PO 

A B C 
Dav L3 Dav PO Mosaic 

Normal saline 
Resting potential (mV + SEM, n) 
Afferent-evoked depolarization at -60 mV (mV f SEM, n) 
Input resistance (MQ f SEM, n) 

High divalent saline 
Resting potential (mV f SEM, n) 
Afferent-evoked depolarization at -60 mV (mV ? SEM, n) 

y Significantly different from corresponding value on day L3 @ < 0.01). 
h Not significantly different from corresponding value on day PO Cp > 0.5). 
All comparisons are 2-tailed f-tests. nt, not tested. 

50.5 k 1.4 (4) 56.5 k 2.1 (10) 53.7 + 2.3 (6) 
16.6 + 1.6 (4) 3.7 k 1.0(6) 3.0 f 1.1 (6)b 
13.1 -t 1.3(9) 21.7 k 2.7 (9p 24.1 + 3.6 (6)b 

57.7 * 3.9 (3) 57.4 + 2.0 (5) nt 
8.7 k 1.3 (3) 2.8 k 0.9 (4) nt 

increased in amplitude with increasing membrane potential hy- 
perpolarization (Fig. 3B). These data indicate that between days 
L3 and PO the synaptic depolarization evoked in PPR by stim- 
ulating the PH afferent axons decreased markedly, and a hy- 
perpolarizing component of the response disappeared. To quan- 
tify these differences we measured the peak amplitude of the 
evoked synaptic depolarization (ignoring superimposed action 
potentials) while holding PPR at -60 mV. As shown in Table 
1, A, B, the mean amplitude of the depolarization decreased by 
78% between days L3 and PO. 

Because we were most interested in changes in the monosyn- 
aptic component of the response, we repeated these experiments 
in saline containing elevated levels of Ca2+ and Mg2+ ions (“high 
divalent” saline) to minimize polysynaptic effects (Cohen et al., 
1978; Weeks and Jacobs, 1987; Trimmer and Weeks, 1989). 
Typical records are shown in Figure 3C. High divalent saline 
caused the amplitude of the afferent-evoked depolarization to 
decrease from its level in normal saline (Fig. 3C, Table 1, A, 
B), presumably by reducing or eliminating polysynaptic path- 
ways. Nevertheless, the mean amplitude of the remaining com- 
ponent measured with PPR held at - 60 mV decreased by 68% 
between days L3 and PO, similar to the decrease measured in 
normal saline (78%). These findings suggest that the observed 
decrease in the magnitude of the afferent-evoked depolarization 
of PPR between days L3 and PO includes a decrease in the 
monosynaptic component of the reflex. 

A factor that influences the interpretation of these data is 
PPR’s input resistance (R,,). For instance, PPR regresses sub- 
stantially between days L3 and PO (Fig. lc), and the level of 
background synaptic activity in motoneurons decreases during 
the prepupal period (Weeks and Truman, 1984a, b), both of 
which might influence R,,. We measured Ri, on days L3 and 
PO in normal saline by determining the slope of the I/V rela- 
tionship for hyperpolarizing current steps. As indicated in Table 
1, A, B, the PPR’s mean Ri, exhibited a statistically significant 
increase of about 40% between days L3 and PO. This increase 
in R,, would tend to increase the magnitude of the synaptic 
response recorded on day PO, as opposed to the decrease that 
we observed experimentally. Therefore, the measurements pre- 
sented here may, in fact, underestimate the magnitude of the 
differences measured between days L3 and PO (see Discussion). 

We conclude that the larval-pupal transformation is accom- 
panied by a major decrease in the strength of the afferent-to- 
motoneuron pathways that mediate the proleg withdrawal reflex, 
including a decrease specifically in the monosynaptic compo- 
nent. The time course of the weakening and loss of the proleg 

withdrawal reflex parallels exactly the time course of PPR’s 
regression; both begin after wandering and are complete by pu- 
pation (Fig. 2B; Weeks and Truman, 1985). 

Possible presynaptic factors involved in the loss of the proleg 
withdrawal reflex 

The weakening of the monosynaptic component of the reflex 
could be due to developmental changes in the presynaptic PH 
afferents, in the postsynaptic motoneurons, or in both. Possible 
changes on the presynaptic side include programmed death of 
the PH afferents, regression of their axonal arbors, or alterations 
in synaptic release properties. For instance, independent of 
changes in PPR, the decrease in the evoked depolarization could 
result from (1) the death of some of the PH afferents, with the 
remainder producing the same size EPSP as in the larva, or (2) 
no change in the number of afferents synapsing on PPR, but 
with each producing a smaller EPSP. The following experiments 
were designed to address such issues. 

To determine whether the number of afferents was reduced 
by cell death between days L3 and PO, we visualized and counted 
PH afferent cell bodies within the proleg epidermis by retrograde 
cobalt staining via VNAAbr3. Within larval prolegs (Fig. 4A) 
the bipolar PH afferent neurons occurred in an orderly array, 
with the dendrite of each neuron associated with an external 
cuticular hair. We counted the number of PH afferents stained 
via VNAAbr3 in segments A4 and A5 and found 43 f 2 (SEM; 
n = 9) neurons per proleg in 5th instar larvae. Staining in day 
PO animals was carried out a few hours before ecdysis, prior to 
tanning of the new pupal cuticle. During the larval-pupal trans- 
formation the proleg epidermis detaches from the old larval 
cuticle and flattens toward the body to eliminate the bulge formed 
previously by the proleg. As shown in Figure 4B, this epidermal 
remodeling moved the PH afferent neurons much closer to- 
gether. Their elongated dendrites, which were no longer asso- 
ciated with hairs, terminated in the region of epidermis previ- 
ously occupied by the hair array. Figure 4C shows an enlarged 
view of a single PH afferent on day PO. We counted 37 f 2 
(SEM; n = 7) stained neurons in these preparations, representing 
a statistically significant decrease of 9% from the larval count 
(p < 0.05, 2-tailed t-test). However, the close apposition of the 
PH afferent neurons in day PO animals made accurate counting 
difficult, so we were not confident that the decrease was not 
artifactual. Tanning of the new pupal cuticle after ecdysis made 
visualization of the neurons impossible, so we were not able to 
count them at later times. 

We also examined the central termination field of the PH 
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Figure 4. Morphology of PH afferents in larvae and pupae. PH afferents in the periphery were visualized by retrograde cobalt staining via VNAAbr3 
and photographed in whole mounts of proleg epidermis. The distal (ventral) tip of the proleg is oriented down in A and B. A, Larval PH afferents. 
A portion of the PH array is shown. The dendrite of each afferent is associated with the socket of a planta hair (arrow). The cell bodies lie a small 
distance from the base of the hair, and the axons of different afferents join together, eventually forming VNAAbr3. The oblong, dark structure 
surroundipg the afferent neuron at the base of each hair consists of the support cells, which darkened during cobalt staining. B, C, PH afferents on 
day PO. The photographs in B and C were taken in the same region as A, but a few hours before pupal ecdysis. In B, the cell body of a PH afferent 
is marked by a Iurge arrow, and the middle and end of its dendrite by smaN arrows. Several cell bodies and their dendrites are apparent. During 
the larval-pupal transformation the PH afferents become crowded together and they lose their association with hairs. Their dendrites terminate 
blindly in the epidermis. In C, a PH afferent stained on day PO is shown at higher magnification. The support cells are visible as a lighter area 
around the cell body and proximal dendrite. Scale bar in all panels, 50 pm. 

afferents by anterograde cobalt filling from VNAAbr3. Individ- 
ual PH afferents arborize somatotopically in specific neuropil 
regions based on their location in the PH array (Peterson and 
Weeks, 1988) with the VNAAbr3 termination field revealing 
the morphological extent of their combined arbors. Typical fills 
are shown in Figure 5. The density of the termination field 
clearly decreased between day L3 (n = 5) and day P2 (n = 6) 
(Fig. 5, A, C); in most fills made on day PO (n = 5) the termi- 
nation field appeared to be slightly reduced from that on day 
L3 (Fig. 5B). The decreased size of the PH afferent projection 
could have been due to the death of a portion of the afferent 
population, the regression of some or all of the neurons, or a 
combination of both. A preferable approach would have been 
to stain individual PH afferents on day PO to look directly for 
structural changes. However, it has not been possible to stain 
them by the usual technique of introducing cobalt into the hair 
shaft, presumably because the dendrites are disconnected from 
the hairs at this time (Fig. 4, B, c). 

These anatomical observations suggest that the number of 
PH afferent neurons and/or the extent of their central arbori- 
zations may decrease somewhat between days L3 and PO, during 

A. Day L3 B. Day PO 

the time that the proleg withdrawal reflex is lost. It is impossible 
to estimate what effect this might have on afferent-to-motoneu- 
ron transmission, and on the proleg withdrawal reflex. Accord- 
ingly, to determine the relative contribution of changes in the 
pre- and postsynaptic neurons, it was necessary to use a different 
technique. 

Heterochronic mosaics 

During the larval-pupal transformation, a small elevation of 
blood ecdysteroids (the commitment pulse) that occurs in the 
absence of JH commits tissues to pupal development (see Ma- 
terials and Methods). Levine et al. (1986) developed a technique 
to block the pupal commitment of a small patch of epidermal 
cells by coating the cuticle with wax impregnated with a JH 
analog (JHA) during the commitment pulse. This treatment 
produces a heterochronic mosaic pupa bearing a small patch of 
larval cuticle and sensory hairs. We used this technique to pro- 
duce pupae that bore a single larval proleg on segment A5 (Fig. 
6A). During the prepupal period, the JHA-treated proleg epi- 
dermis secreted larval cuticle and planta hairs, whereas the rest 
of the epidermis formed pupal structures and cuticle. Treated 

C. Day P2 

Figure 5. Central projections of PH 
afferents. On day L3 (A), day PO (B), 
and day P2 (C) the central termination 
field of the PH afferents was visualized 
by anterograde cobalt staining via 
VNAAbr3. Ganglia are oriented as in 
Figure 1 C. Afferents enter the eanalion 
via the VN, arborize within the:psi- 
lateral neuropil, and to a lesser extent 
in the contralateral neuropil. Interseg- 
mental projections are more extensive 
anteriorly than posteriorly. Between 
days L3 and P2, the central projection 
becomes less dense, indicating the 
regression and/or death of PH afferents. 
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Figure 6. Heterochronic mosaic pupae. A, This pupa photographed on day Pl hears a retained larval proleg on the left side of abdominal segment 
A5 (arrow). Otherwise, the external morphology appears completely normal. The extent of the retained larval tissue is typical of the animals used 
for experiments. Anterior is to the left. B, Comparison of PH arrays on the prolegs of larvae and of mosaic pupae. i, Day L3. The drawing shows 
a lateral view of a larval abdominal proleg, with the PH array outlined by dashed lines. Anterior is to the left. The location and relative diameter 
of PHs on the proleg of a day L3 larva are shown enlarged in the lower box. A dot represents the position of each PH, with the diameter of each 
dot reflecting the relative diameter of the hair at its base. As described previously, the largest diameter hairs are located distally on the proleg, and 
the density and diameter of hairs decrease in the proximal direction (Peterson and Weeks, 1988). The hairs were drawn using a camera lucida 
attachment on a stereomicroscope. ii, PH array on a mosaic pupa. The orientation is the same as in i. These hairs were drawn from the retained 
larval proleg on a heterochronic mosaic pupa, on day PO. The overall arrangement of the hairs is similar to that of a normal larva, including the 
position dependence of hair diameter and hair density. C, Morphology of a larval PH afferent on a mosaic pupa. The photomicrograph shows a 
PH afferent and its associated hair, located on a retained proleg of a heterochronic pupa on day PO. The afferent was stained retrogradely with 
cobalt, and the tissue is oriented as in Figure 4A. As in larvae (Fig. 4A), the dendrite is associated with the base of the hair, the neuron is surrounded 
by slightly darker staining support cells, and the axon projects to the CNS (the axon leaves the plane of focus at the arrow). Scale bar, 25 pm. 

animals were examined for mosaic characteristics on day PO, a 
few hours before pupal ecdysis. Retained prolegs had the blue- 
pigmented epidermis and flexible cuticle characteristic of larvae, 
while the remainder of the body had pupal cuticle. The proleg 
retractor muscles degenerated normally in the treated hemiseg- 
ments, preventing any movements in response to PH stimula- 
tion. Most prolegs bore few or no crochets, as was expected 
given the different hormonal sensitivity of the crochet epidermis 
(Fain and Riddiford, 1977). 

The number and arrangement of PHs on retained prolegs 
varied. Some prolegs had only a few PHs, whereas others had 
PH arrays with a similar number and arrangement of hairs as 
in normal larvae. The mean number of PHs per proleg in seg- 
ment A5 of normal fifth instar larvae was 49 f 4 (SEM; n = 
6). Among mosaic animals, only those with a PH array con- 
taining at least 36 hairs (75% of the control number) were used 

for experiments. As illustrated in Figure 6B, the arrangement 
of PHs on retained prolegs resembled that of normal larvae. 
The photomicrograph in Figure 6C shows the morphology of a 
PH afferent within the epidermis of a retained proleg, stained 
on day PO. The structure of the PH afferent neurons in mosaic 
animals, and the anatomical relationship of their dendrites with 
PH hairs, were indistinguishable from those of normal larvae 
(Fig. 4A). 

The objective of the JHA treatments was to produce animals 
in which the PH afferents on the retained proleg remained in 
the larval state while the CNS, including PPR, became pupal. 
Tests of whether the proleg withdrawal reflex was retained or 
lost in the mosaic hemisegment would then indicate whether 
developmental changes in the PH afferents were necessary for 
the normal loss of the reflex. Previous studies by Levine and 
collaborators (Levine et al., 1986; Levine, 1989) showed that 



The Journal of Neuroscience, April 1990, W(4) 1349 

Anterior 

Day L3 

Q 

Mosaic, 
Day PO 

Middle Posterior 

Figure 7. Comparison of central projections of PH afferents in larvae and heterochronic mosaics. A, Anterograde cobalt staining of VNAAbr3 
from a retained larval proleg of a heterochronic mosaic pupa on day PO. The extent of the central termination field appears similar to that of 
normal larvae (Fig. 5A). B, For cobalt staining of individual afferents, the PH array was divided into anterior (A), middle (M), and posterior (P) 
regions (Peterson and Weeks, 1988). C, Central arborizations of individual PH afferents located in the anterior, middle, and posterior regions of 
the proleg, stained on day L3 in normal larvae (top row), and on day PO in heterochronic mosaic pupae (bottom row). The anatomy of the afferents 
on retained larval prolegs is similar to that of normal larvae. Ganglia are oriented as in previous figures. The scale bar refers to panels A and C. 

neurons in heterochronic mosaics do express the phenotype 
appropriate for the hormonal environment of the neuron’s cell 
body. However, it was necessary to confirm this result in our 
mosaics. 

Central projections of PH aferents in heterochronic mosaics 

We stained the central termination field of the PH afferents of 
retained prolegs by filling VNAAbr3 (Fig. 7A; n = 9). In retained 
prolegs with full PH arrays, the field resembled that of normal 

A. Day L3 B. Day PO 

larvae (compare Figs. 7A and 54). In retained prolegs that bore 
fewer PHs, the termination field was sparser (not shown). In 
addition, individual PH afferents on retained larval prolegs were 
stained with cobalt (n = 22) to compare their central arbori- 
zations with those of larval controls. In previous studies of 
normal larvae the PH array was divided into anterior, middle, 
and posterior regions (Fig. 7B; Peterson and Weeks, 1988). The 
axonal terminations of afferents from the 3 regions map so- 
matotopically within the ganglionic neuropil. Figure 7C shows 

C. Mosaic Figure 8. Dendritic regression of PPR. 
Cobalt backfills of nerve VNL, which 
carries the axons of 7 proleg motoneu- 
rons, were made on day L3 (A), day PO 
(B), and in mosaic hemisegments of 
heterochronic mosaic pupae on day PO 
(C). The 7 motoneuron cell bodies 
stained via VNL are shown in outline 
in A. PPR is the only motoneuron that 
projects contralaterally, and its contra- 
lateral arbor (arrows) is therefore visi- 
ble in isolation in the VNL backfills. 
PPR’s contralateral arbor regresses sub- 
stantially between day L3 and day PO 
(compare A and B). In heterochronic 
mosaics stained on day PO (C), regres- 
sion of the contralateral arbor of the 
PPR associated with the retained larval 
proleg is similar to that of normal day 
PO pupae (compare B and C, see also 
Table 2). The individual dendritic den- 
sity scores for the 3 backfills are: A, 0.40; 
B, 0.26; C, 0.21. 
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Table 2. PPR’s dendritic density in normally developing insects (A) 
and in heterochronic mosaic hemisegments (B) 

Dendritic density 
(k SEM) 

A. Controlsa (n) 
Day L3 (7) 0.39 + 0.02h 

B. Day PO (6) 0.27 2 0.02b 

Day L3 Day PO Mosaic B. Heterochronic mosaics (n) 
Day PO (5) 0.28 + 0.03c 

L? Some data taken from Weeks (1987). 
h Values are significantly different @ < 0.001). 
c Value is significantly different from day L3 controls (p < 0.005) and is not 
significantly different from day PO controls @ > 0.5). 
All comparisons are 2-tailed t-tests. 

. 

0 
4 

; 

day 
L3 

and PO in normal animals. PPR’s contralateral arbor occupied 
less of the neuropil on day PO, and the number of higher order 
branches was reduced (see also Weeks and Truman, 1985,1986b; 

I 
Weeks, 1987). PPR’s dendritic density on days L3 and PO was 
significantly different (Table 2A). 

al Even when applied locally, JHA in excessive amounts can 

i . 
interfere with pupal development throughout the body. Al- 

1 though our mosaics looked like normal pupae except for the 
day mosaic retained proleg, it was important to establish that the JHA treat- 
PO ment did not have systemic effects, especially in the CNS. Be- 

Figure 9. Regression of PPR’s ventral arbor. A, The drawing shows 
PPR’s structure in transverse view (dorsal is up), with the arrow indi- 
cating the ventral, ipsilateral arbor. The dorsal, contralateral arbor is 
also apparent. B, Drawings of PPR’s ventral arbor on day L3, day PO, 
and in a heterochronic mosaic hemisegment on day PO. The drawings 
were made in ventral view; arrows indicate where the main process of 
the ventral arbor joins the rest of the arbor. The ventral arbor is less 
complex on day PO and in mosaics, as compared to normal larvae. C, 
Comparison of the number of branch points in PPR’s ventral arbor on 
day L3, day PO, and in heterochronic mosaic hemisegments on day PO. 
The number of branch points was counted in computer reconstructions 
of cobalt-filled material in ventral view, such as is shown in B. The 
mean number of branch points (+SEM, n; indicated by arrowheads) 
was: day L3, 40.1 + 8.0 (7); day PO, 22.6 * 5.1 (8); mosaic, 25.5 + 
3.6 (5). The mean number of branch points is significantly different on 
days L3 and PO @ < 0.05, 1 -tailed t-test) and is not significantly different 
on day PO and in mosaics @ > 0.5, 2-tailed t-test). 

representative drawings of afferents from the 3 regions of the 
PH array in a normal larva, and in a mosaic animal. The arbors 
of PH afferents from retained prolegs mapped appropriately 
within the neuropil and their structures resembled those of the 
larval controls. We conclude from these studies that the PH 
afferents on retained larval prolegs of heterochronic mosaic pu- 
pae retained their normal projections within the CNS. 

Morphology of PPR in heterochronic mosaics 

The morphometric technique used previously to quantify changes 
in PPR’s structure analyzes the “dendritic density” of the neu- 
ron’s contralateral arbor, revealed by cobalt backfilling the VNL 
(Weeks and Truman, 1985). Of the 7 motoneurons stained via 
the VNL, all remain ipsilateral except PPR, whose contralateral 
arbor can be viewed in isolation in the contralateral hemineu- 
ropil. The dendritic density score reflects the proportion of the 
contralateral hemineuropil containing PPR’s dendrites. Figure 
8, A, B, shows representative VNL backfills made on days L3 

cause exposure of the CNS to JHA during the commitment pulse 
can reduce or prevent PPR’s subsequent regression (Weeks and 
Truman, 1986b), analysis of PPR’s regression in the treated 
hemisegments provided a sensitive test for possible nonspecific 
effects of the JHA treatment. Accordingly, VNLs ipsilateral to 
retained prolegs were backfilled on day PO (n = 5). The PPRs 
stained in this way appeared as regressed as untreated day PO 
controls (Fig. 8, B, C’), and their mean dendritic density did not 
differ significantly from that of day PO animals (Table 2B). Thus, 
there was no indication that the JHA applied to the epidermis 
interfered with normal pupal developmental of the CNS. 

Synapses between the PH afferents and PPR do not occur in 
the dorsal, contralateral portion of PPR’s arbor analyzed by the 
standard morphometric technique, but rather in the ventral ip- 
silateral neuropil to which PPR sends a small projection (Fig. 
94 Weeks and Jacobs, 1987; Peterson and Weeks, 1988). Thus, 
if JHA treatment or retention of the proleg interfered with the 
regression of PPR’s ventral arbor, this result would have been 
missed in our standard analysis. It is not possible to visualize 
PPR’s ventral arbor in VNL backfills because other motoneu- 
rons also project into this region (Weeks and Jacobs, 1987). 
Accordingly, PPRs associated with retained prolegs were stained 
by intracellular iontophoresis of cobalt on day PO (n = 5). The 
dorsal, contralateral arbors of the stained PPRs appeared fully 
regressed (data not shown), consistent with the data obtained 
by backfilling (Fig. 8, Table 2B). The ventral portion of PPR’s 
arbor in the mosaic hemisegments was reconstructed by com- 
puter, and compared to that in normal day L3 (n = 7) and day 
PO (n = 7) animals. Figure 9B compares drawings of PPR’s 
ventral arbor on day L3, day PO, and in a mosaic hemisegment 
on day PO; the arbors in the latter 2 cases were simpler than in 
larvae. A convenient morphometric parameter that reflects the 
complexity of a dendritic arbor is the number of branch points. 
Figure 9C shows that the number of branch points in PPR’s 
ventral arbor decreased significantly between days L3 and PO. 
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Figure 10. Electrophysiological re- 
cordings in heterochronic mosaic hem- 
isegments. A, The inset shows the re- 
cording configuration (the same as in 
Fig. 2). VNAAbr3 was stimulated at 30 
Hz for 500 msec (the arrow marks the 
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series of large stimulus artifacts) while 
monitoring VN en passant. Two motor 
suikes in VNL followed the stimulus 
train. B, The inset indicates the record- 
ing configuration (the same as in Fig. 
3). Delivery of a single electrical shock 
to VNAAbr3 (arrow) while holding PPR 
at -60 mV evoked only a small syn- 
aptic depolarization. Two superim- 
posed sweeps are shown. 

Furthermore, the number of branch points in PPRs ipsilateral 
to a retained proleg did not differ significantly from the value 
in day PO animals. We conclude that PPR regresses normally 
in mosaic hemisegments, even in the region of the arbor on 
which PH afferent synapses are made. 

Loss of the proleg withdrawal reflex in heterochronic mosaics 
Within the limitations of the anatomical techniques we used, 
these experiments provided evidence that the treated animals 
were mosaic at the neural level; i.e., the PH afferents were larval 
while PPR was pupal (regressed). To test the efficacy ofthe proleg 
withdrawal reflex in these animals we removed ganglia from 
mosaic segments on day PO and made electrophysiological re- 
cordings. 

Figure 1OA shows that a train of electrical stimuli applied to 
the PH sensory nerve evoked a minimal motor response in VNL 
of a mosaic hemisegment. The typical response consisted of a 
few or no spikes produced following the stimulus (n = 5). The 
finding that a few motoneuron spikes were sometimes produced 

(e.g., Fig. 1OA) differs from the situation in normal day PO 
animals (Fig. 2), but the motor response in mosaics was clearly 
reduced from that in the larval stage. More precise information 
was provided by intracellular recordings made on day PO from 
PPRs ipsilateral to a retained proleg (n = 6). The mean R, of 
these motoneurons did not differ significantly from that mea- 
sured in normal day PO animals (Table 1, B, C). When single 
shocks were applied to VNAAbr3 while recording intracellularly 
from PPR in mosaic hemisegments, the evoked depolarization 
was small and invariably subthreshold (Fig. 10B). Table 1C 
shows that the mean afferent-evoked depolarization recorded 
with PPR held at -60 mV (3.0 mV) did not differ significantly 
from that recorded in normal day PO animals (3.7 mV). 

These results show that the proleg withdrawal reflex was lost 
even in heterochronic mosaic animals in which the presynaptic 
PH afferents were maintained in the larval state. This finding 
suggests that the locus of change in the afferent-to-motoneuron 
pathway is postsynaptic, a likely factor being the regression of 
PPR’s dendrites. 
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Discussion 
resistance increased by 68% between days L3 and PO (Table 1, 
A, B); 2 factors that may contribute to this change are, first, a 

During metamorphosis, the Munduca nervous system controls 
sequentially a caterpillar, a pupa, and then an adult moth. Ac- 
cordingly, at metamorphic molts, the neural circuits underlying 
outmoded behaviors must be dismantled and circuits for new 
behaviors assembled. In the present experiments we examined 
the factors that contribute to the elimination of a simple larval 
behavior, the proleg withdrawal reflex, that is rendered obsolete 
by the developmental loss of the prolegs at pupation. Our find- 
ings provide insight into the neural and endocrine mechanisms 
by which outmoded behaviors can be eliminated and provide 
a comparison for other studies that have identified factors im- 
portant for the acquisition of new behaviors during metamor- 
phosis. 

Neural factors underlying the developmental loss of the proleg 
withdrawal reflex 

decrease in synaptic conductances due to a decrease in spon- 
taneous synaptic inputs to PPR (Weeks and Truman, 1984a, b), 
and, second, changes in the electroanatomy of the motoneuron 
due to shrinkage of both the cell body and the dendritic tree 
(e.g., Rail, 198 1). Both of these factors would be more likely to 
increase, rather than decrease, the size of the afferent-evoked 
depolarization recorded in PPR’s cell body on day PO. However, 
even though R, increased, the decreased size of the afferent- 
evoked potentials recorded in the cell body on day PO could be 
caused by the appearance of a large resting conductance, or loss 
of active properties, in the dendritic region, which were not 
measurable from the cell body. Regardless of the exact mech- 
anism(s) by which the monosynaptic pathway is weakened, the 
change is most likely attributable to postsynaptic factors because 
the synaptic potentials were reduced similarly in mosaic and in 
normal pupae (Table 1, B, C, see below). 

Tactile stimulation of planta hairs, which is an effective stimulus 
for proleg withdrawal throughout larval life, no longer evokes 
withdrawal after day W2. Although alterations in peripheral 
structures (e.g., muscle degeneration) could contribute to this 
behavioral change, we found that the weakening of the synaptic 
pathways between PH afferents and proleg motoneurons in the 
CNS was sufficient to account for the loss of the behavior. The 
decreased effectiveness of the reflex pathway following the wan- 
dering stage was reflected in: (1) the gradual loss of the ability 
of electrical stimulation of PH afferent axons in VNAAbr3 to 
evoke proleg motoneuron firing (Fig. 2) and (2) the 78% de- 
crease in the maximum synaptic depolarization evoked in PPR 
by stimulating VNAAbr3 (Fig. 3B; Table 1, A, B). In normal 
saline, VNAAbr3 stimulation evokes mono- and polysynaptic 
excitation of PPR as well as a polysynaptic inhibition that out- 
lasts the excitation (Fig. 3B; Weeks and Jacobs, 1987). A de- 
velopmental decrease in the size of the afferent-evoked depo- 
larization could result from a change in the polysynaptic 
components, such as an increase in afferent-evoked inhibition. 
However, when recordings were made in high divalent saline 
to minimize or eliminate polysynaptic pathways, the size of the 
afferent-evoked depolarization still decreased significantly (by 
68%) between days L3 and PO (Fig. 3C, Table 1, A, B). These 
results indicate that the monosynaptic component of the reflex 
weakens substantially, independent of any changes in the poly- 
synaptic pathways. Although we did not investigate the afferent- 
evoked polysynaptic effects in any detail, our data suggest that 
the polysynaptic depolarizing component may likewise weaken, 
and the hyperpolarizing component may be lost completely, 
between days L3 and PO (Fig. 3). 

of the great deal of background information available on its 
behavioral role, morphology, synaptic inputs, hormonal re- 

We chose to study changes in synaptic inputs to PPR because 

sponses, and pharmacology. However, because PPR is fated to 
die on day P2, it is possible that the decreased strength of its 
afferent input at pupation might be related to the motoneuron’s 
impending death. This possibility is lessened by the finding that 
the strength of PH inputs to other motoneurons that are not 
fated to die also decreases at pupation. For instance, all of the 
proleg motoneurons in VNL that are excited by VNAAbr3 stim- 
ulation in larvae fail to respond by day PO (Fig. 2) yet only a 
minority of them will subsequently die (Weeks and Ernst-Utz- 
Schneider, 1989). A specific example is provided by the proleg 
retractor motoneuron, accessory planta retractor (APR, Weeks 
and Truman, 1984b). All of the APRs regress by day PO but 
only those in segments A5 and A6 die after pupation (Weeks 
and Ernst-Utzschneider, 1989). Intracellular recordings from 
the APRs in segments A3 and A4 show that the size of the 
depolarization evoked by VNAAbr3 stimulation decreases be- 
tween days L3 and PO to an extent similar to that reported here 
for PPR (G. A. Jacobs, D. J. Sandstrom, and J. C. Weeks, 
unpublished observations). Thus, both motoneurons show a 
weakening of synaptic input from PH afferents as they regress, 
although only one motoneuron is programmed to subsequently 
die. 

A striking finding was that the time course of the weakening 
of the afferent-to-motoneuron pathway parallels exactly the time 
course of PPR’s dendritic regression. By our standard morpho- 
metric measurement, PPR remains in its larval form through 
day WO, is first significantly regressed on day W 1, and reaches 
maximum regression by day W3 (Weeks and Truman, 1985; 
Weeks, 1987). It remains in the fully regressed state until its 
death on day P2. Significantly, the ventral portion of PPR’s 
arbor where sensory synapses are made also regresses between 
days L3 and PO (Fig. 9). The excitation of proleg motoneurons 
including PPR by electrical stimulation of VNAAbr3 was robust 
through day WO, weaker on days W 1 and W2, and starting on 
day W3 was ineffective (Fig. 2). Thus, the extent of PPR’s den- 
dritic arbor and the strength of PPR’s synaptic inputs from PH 
afferents declined coordinately over the final several days of 
larval life. 

Two mechanisms that could cause the size of the monosynap- 
tic afferent-evoked depolarization recorded in PPR’s cell body 
to decrease during development are: (1) the afferents could pro- 
duce a smaller synaptic depolarization of PPR’s dendrites on 
day PO than on day L3, with the size of the depolarization 
recorded in the cell body at the 2 stages accurately reflecting the 
dendritic depolarization, or (2) the afferents could depolarize 
PPR’s dendrites by the same amount on both days, but with 
the synaptic potentials on day PO being attenuated significantly 
before arriving at the recording site in the cell body. We favor 
mechanism (1) because it seems to be a reasonable electro- 
physiological correlate of the physical regression of PPR’s den- 
drites, which could interrupt synaptic contacts with the afferents. 
Mechanism (2) is not supported by our finding that PPR’s input 

This temporal relationship suggested that the weakening of 
the monosynaptic afferent-to-motoneuron connections might be 
due to the regression of PPR’s dendrites (e.g., due to physical 
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interruption of the synaptic contacts). By this scenario, changes 
in the presynaptic afferents would not be necessary. A compar- 
ison of PH afferents on days L3 and PO suggested that their 
number and the density of their branching within the CNS (Fig. 
5) may decrease slightly. Certainly their central projections were 
significantly reduced by day P2 (Fig. 5). Another possibility, 
which we did not examine, was whether the synaptic release 
properties of the afferents might also change; for instance, a 
decrease in the level of homosynaptic facilitation exhibited by 
the larval synapse (Weeks and Jacobs, 1987; B. A. Trimmer 
and J. C. Weeks, unpublished observations) could affect the 
ability of the afferents to excite motoneurons during stimulus 
trains such as in Figure 2. Due to these uncertainties about 
possible changes in anatomical or electrophysiological features 
of the PH afferents, it was difficult to assess how presynaptic 
changes might contribute to the weakening of the reflex during 
normal development. 

To avoid this complication, we tested the role of presynaptic 
changes by generating heterochronic mosaic animals that had 
larval afferents and pupal motoneurons (Fig. 6.4). The mosaic 
animals that were used for experiments bore normal-appearing 
PH arrays (Fig. 6B), each hair was associated with a PH afferent 
(Fig. 6C), and these afferents exhibited normal larval arbors 
within the CNS when examined individually (Fig. 7C) or as a 
population (Fig. 7A). The PH afferents in mosaic animals thus 
appeared morphologically larval. In other studies of hetero- 
chronic mosaic pupae, Levine and collaborators (Levine et al., 
1986; Levine, 1989) treated the peripheral cell bodies of body 
wall hair afferents with JHA during the commitment pulse of 
ecdysteroids in order to prevent the normal expansion of their 
arbors at pupation; this expansion is necessary for the afferents’ 
ability to mediate a new, pupal-specific gin trap reflex (discussed 
below). These investigators found that the motor effects of af- 
ferents corresponded exactly with their morphology; JHA-treat- 
ed afferents that remained in their larval form evoked larval 
like behaviors even though the CNS had become pupal, whereas 
control afferents with pupal arbors evoked pupal behaviors. 
Thus, the synaptic actions of the afferents were consistent with 
their morphology and developmental stage. In our experiments, 
therefore, we have assumed that the PH afferents on mosaic 
pupae retained the synaptic properties consistent with their lar- 
val morphology. The interpretation of our electrophysiological 
findings with mosaic animals rests on this critical, but untested, 
assumption. 

When applied too liberally, JHA can exert systemic effects 
and interfere with pupal development throughout the body. 
Therefore, it was important to verify that the JHA treatment 
used to preserve a proleg did not interfere with PPR’s regression. 
Two types of morphometric analysis verified that the PPRs in 
mosaic hemisegments regressed normally (Figs. 8, 9, Table 2). 
Most important, the ventral portion of PPR’s arbor where the 
PH afferents make synaptic contact underwent normal regres- 
sion. Thus, we assume that the afferent-to-motoneuron synapses 
were truly mosaic, with the pre- and postsynaptic neurons being 
larval and pupal, respectively. The finding that the larval affer- 
ents did not interfere with the regression of PPR’s ventral arbor 
(at least at the level of anatomical detail that we examined) is 
consistent with other studies suggesting that cellular interactions 
may not play a major role in the dendritic remodeling of mo- 
toneurons during metamorphosis in Manduca. For instance, the 
regression (Weeks and Truman, 1985) or expansion (Kent and 
Levine, 1988~) of motoneuron arbors can take place in the 

absence of contact with target muscles. These morphological 
changes are controlled by ecdysteroids and JH (see beginning 
of article), and all of the existing data are consistent with mo- 
toneurons being direct hormone targets (e.g., Weeks and Tru- 
man, 1986a; Weeks, 1987; Fahrbach and Truman, 1989; Griffin 
and Levine, 1989). If so, then the intrinsic programs activated 
in the motoneurons by developmental hormones may be rela- 
tively insensitive to cellular interactions. In contrast, cellular 
interactions have been shown to play an important role in the 
metamorphosis of sensory regions in the Manduca brain (e.g., 
Hildebrand et al., 1979; Maxwell and Hildebrand, 198 1; Oland 
and Tolbert, 1987). In other insects, the presence or absence of 
afferent inputs during development can alter the shape of post- 
synaptic interneurons (e.g., Murphey et al., 1975; Hoy et al., 
1985) but the possible involvement of hormones in these changes 
has not been explored. 

The finding that the strength of the afferent-to-motoneuron 
pathway decreased in heterochronic mosaic hemisegments to 
the same extent as in normal pupae (Fig. 10, Table 1, B, C) 
suggests that postsynaptic changes are sufficient for the devel- 
opmental loss of the proleg withdrawal reflex. An alternative 
finding, that the strength of the pathway remained strong in 
mosaics, would have implicated changes in the presynaptic af- 
ferents for the normal loss of the reflex. In larvae, the probability 
that a PH afferent produces a detectable EPSP in PPR, and the 
size of the EPSP when present, vary systematically across the 
PH array (Weeks and Jacobs, 1987; Levine and Weeks, 1989), 
a pattern that may be related to the somatotopic arrangement 
of PH afferent arbors within the CNS (Peterson and Weeks, 
1988; Fig. 7C). The decreased magnitude of the afferent-evoked 
depolarization of PPR on day PO could result from a decrease 
in the probability and/or size of the EPSP produced by each 
afferent; alternatively, some afferents could maintain their pre- 
vious synaptic strengths while others disconnected completely. 
By our hypothesis that PPR’s regression physically interrupts 
synaptic contacts, the balance between these 2 mechanisms could 
depend on the exact anatomical relationship between afferent 
boutons and motoneuron spines. For instance, preferential loss 
of distal branches in PPR’s ventral arbor might cause the loss 
of connections made in that region, while inputs on the more 
proximal processes were maintained. In other systems, differ- 
ences in the number of anatomical contacts made between pre- 
and postsynaptic neurons have been shown to correlate with the 
electrophysiological strength of the connection (Kom et al., 1982; 
Grantyn et al., 1984; Shepherd and Murphey, 1986). Because 
of our inability to record from or stain PH afferents on day PO 
we could not examine these possibilities directly, but compa- 
rable studies are feasible in mosaics, in which the retained larval 
afferents are experimentally accessible. These studies would pro- 
vide more precise information about the relationship between 
anatomical contacts and synaptic strength. 

An interesting comparison of the role of developmental changes 
in afferents is provided by the gin trap circuit in Manduca. The 
segmental gin trap reflex of pupae (which mediates defensive 
closing of sensory pits) is mediated by a small population of 
body wall afferents that in the larva evoke mulitsegmental bend- 
ing movements. The central arbors of these afferents expand 
during the larval-pupal transformation. To test the necessity of 
this growth for the appearance of the gin trap reflex, Levine and 
collaborators (Levine et al., 1986, 1989; Levine, 1989) produced 
heterochronic mosaic pupae in which presumptive gin trap af- 
ferents were kept larval. The central arbors of these afferents 
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did not expand within the CNS and they were unable to evoke 
the pupal reflex, unlike adjacent untreated hairs. Thus, growth 
of the afferent arbors is necessary for the appearance of the gin 
trap reflex. Experiments with the opposite type of mosaic, in 
which the presumptive gin trap afferents were made pupal in 
an otherwise larval abdomen, showed that their growth was not 
sujicient to cause the switch to pupal behavior. By comparison, 
in the proleg system, the developmental status of the PH affer- 
ents appeared unrelated to whether the larval reflex was lost, 
suggesting that their pupal transformation was not necessary for 
the loss of the withdrawal reflex. In this case, changes in the 
postsynaptic cells (i.e., motoneurons) appear to be suficient. 
These 2 examples illustrate that neurons at multiple hierarchical 
levels within the nervous system may participate in the devel- 
opmental reorganization of a behavioral circuit. The difference 
in the roles played by sensory neurons in the gin trap and proleg 
circuits could relate to the fact that one behavior is being gained 
while the other is being lost; a determination of whether this 
correlation is a general one awaits studies of additional circuits. 

Relationship between changes in motoneuron structure and 
synaptic connections 
Other synaptic inputs to proleg motoneurons also decrease in 
strength during the larval-pupal transformation. For instance, 
the magnitude of the periodic waves of synaptic input that drive 
APR and PPR to fire rhythmic bursts of spikes during ecdysis 
(cuticle-shedding) motor patterns decreases substantially be- 
tween the larval and pupal stages (Weeks and Truman, 1984b). 
In contrast, the synaptic inputs to other motoneurons that do 
not regress at pupation (Levine and Truman, 1985) are similar 
during larval and pupal ecdysis (Weeks and Truman, 1984a). 
This difference suggests that structural stability of a motoneuron 
during metamorphosis is associated with the conservation of 
synaptic inputs, whereas dendritic regression is associated with 
the weakening of inputs. Dendritic regression does not neces- 
sarily cause all inputs to be weakened, however, as is illustrated 
by motoneuron APR. In the larval stage, APR receives mono- 
synaptic inputs from a number of identified interneurons (Sand- 
Strom and Weeks, 1988, and unpublished observation; Levine 
and Weeks, 1989). On day PO, some of these interneurons pro- 
duce synaptic potentials in APR that are the same size, or larger, 
than they were on day L3; over the same time period, the inputs 
from PH afferents get weaker. Such patterns of shifting synaptic 
strengths may reflect the functional respecification process, as 
a motoneuron is removed from old behavioral circuits and be- 
gins to participate in new ones. At the anatomical level, the key 
to how the strength of the connections changes during devel- 
opment may depend critically on where the synapses are made 
on the motoneuron arbor; for instance, those made on distal 
processes may be more likely to be lost during regression than 
those on more proximal processes. 

Of course, not all changes in synaptic connections involve 
obvious changes in motoneuron morphology. In Manduca, fac- 
tors that may influence synaptic signalling without requiring 
morphological changes include alterations in the current/voltage 
properties of motoneurons, activity-dependent synaptic prop- 
erties (e.g., facilitation), synaptically induced alterations in mo- 
toneuron spike threshold, and peptide modulation of synaptic 
connections (Levine and Truman, 1983; Weeks and Jacobs, 
1987; Trimmer and Weeks, 1989; Waldrop and Levine, 1989). 
Our relatively crude morphological measurements of motoneu- 
ron structure would miss any subtle alterations, which can have 

strong effects on synaptic transmission (e.g., Rall, 1970, 1974; 
Miller et al., 1985). Even when morphological changes are ap- 
parent, they do not necessarily correspond to changes in synaptic 
connectivity; for instance, between the larval and pupal stages, 
the strength of synaptic drive to certain motoneurons during 
preecdysis (cuticle loosening) motor patterns decreases in an 
anterior-to-posterior segmental gradient, yet these motoneurons 
regress most extensively in the anterior ganglia (Miles and Weeks, 
1988, and unpublished observations; Weeks et al., 1989). 

Although many factors undoubtedly contribute to the reor- 
ganization of neural circuits during metamorphosis, our studies 
of proleg motoneurons suggest that one mechanism that may 
contribute to the elimination of outmoded behaviors is the ec- 
dysteroid-triggered regression of motoneuron dendrites. Other 
classes of motoneurons in addition to proleg motoneurons also 
regress structurally at the end of larval life or early in the pupal 
stage, which could disconnect them from their respective be- 
havioral circuits. These include motoneurons that innervate a 
variety of types of abdominal body wall muscles, and muscles 
in the larval thoracic legs (Truman and Reiss, 1976, 1988; Le- 
vine and Truman, 1985; Kent and Levine, 1988~; Weeks and 
Ernst-Utzschneider, 1989; Miles and Weeks, unpublished ob- 
servations). This report, however, is the first to correlate the 
regression of motoneuron dendrites with the developmental loss 
of a specific behavior. 

Regardless of whether or not a motoneuron regresses at pu- 
pation, most show dendritic growth during adult development. 
The new growth is correlated with the acquisition of new syn- 
aptic inputs and participation in new behavioral circuits. For 
instance, the sign of postural reflexes evoked by abdominal stretch 
receptor neurons reverses after the pupa emerges as a moth; this 
change is associated with the ecdysteroid-triggered growth of 
motoneuron arbors across the ganglionic midline, which allows 
them to receive new, monosynaptic excitatory inputs from con- 
tralateral stretch receptor neurons (Levine and Truman, 1982). 
The motoneurons that innervate the larval thoracic legs in Man- 
duca regress massively at pupation, followed by dendritic growth 
into neuropil regions containing afferent terminations from the 
new adult legs (Kent and Levine, 1988a, b, c); this arrangement 
presumably promotes the development of circuits mediating 
new segmental leg reflexes. The relationship between dendritic 
growth and the formation of new synaptic connections during 
metamorphosis is also illustrated by sensory neurons in the gin 
trap circuit (Levine et al., 1986, 1989; Levine, 1989). 

Thus, a general mechanism that contributes to the appearance 
or loss of behaviors during metamorphosis is the expansion or 
regression of motoneuron arbors. This relationship is particu- 
larly apparent in larval motoneurons that are respecified to in- 
nervate new adult muscles. A common pattern is the regression 
of neuronal processes in the late larval or early pupal stage, 
which contributes to the elimination of outmoded larval inputs. 
At the same time, or as new adult-specific processes begin to 
grow, synaptic inputs appropriate for pupal or adult behavior 
increase in strength, or form de novo. The developmental hor- 
mones, juvenile hormone and the ecdysteroids, play a pivotal 
role in these events by stimulating the morphological changes 
in neurons (e.g., Weeks and Truman, 1985, 1986a, b; Levine et 
al., 1986; Weeks, 1987; Truman and Reiss, 1988; Levine, 1989; 
Weeks and Ernst-Utzschneider, 1989). This relationship be- 
tween hormones and neural circuits has parallels in the verte- 
brate nervous system. For instance, in birds (Nottebohm, 198 1) 
and rodents (Forger and Breedlove, 1987) that breed seasonally, 
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the dendritic arbors of neurons involved in male sexual behavior 
expand or regress in response to the periodic changes in blood 
levels of gonadal steroid hormones. Hormonally mediated den- 
dritic regression in these neurons dismantles the circuits un- 
derlying sexual behavior, which remain nonfunctional until neu- 
ronal reexpansion is initiated in response to hormonal cues at 
the next breeding season. In these examples and during meta- 
morphosis, steroid-mediated structural changes in neurons play 
a key role in the periodic construction and dismantling of be- 
havioral circuits throughout postembryonic life. 
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