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Summary. The hawkmoth, Manduca sexta,  under- 
goes periodic molts during its growth and meta- 
morphosis. At the end of each molt, the old cuticle 
is shed by means of a hormonally-activated ecdysis 
behavior. The pharate adult, however, must not 
only shed its old cuticle but also dig itself out from 
its underground pupation chamber. To accomplish 
this, the adult performs a series of abdominal re- 
tractions and extensions; the extensions are cou- 
pled with movements of the wing bases. This ecdy- 
sis motor pattern is distinct from the slowly pro- 
gressing, anteriorly-directed, abdominal peristalses 
expressed by ecdysing larvae and pupae. 

We have found that the ability to produce the 
larval-like ecdysis pattern is retained in the adult. 
Although this behavior is not normally expressed 
by the adult, larval-like ecdysis could be unmasked 
when descending neuronal inputs, originating in 
the pterothoracic ganglion, were removed from the 
unfused abdominal ganglia. Transformation of the 
adult-specific ecdysis pattern to the larval-like pat- 
tern was accomplished by transecting the connec- 
tives between the pterothorax and the abdomen, 
or by reversibly blocking neuronal activity with 
a cold-block. A comparative analysis of the ecdysis 
motor patterns expressed by larvae and by isolated 
adult abdomens indicates that the two motor pat- 
terns are indistinguishable, suggesting that the lar- 
val ecdysis motor pattern is retained through meta- 
morphosis. We speculate that its underlying neural 
circuitry is conserved through development and 
later modulated to produce the novel ecdysis pat- 
tern expressed in the adult stage. 

Abbreviations: A (n) nth abdominal segment; D L  dorsal longi- 
tudinal; E H  eclosion hormone; ISMs  intersesxnental muscles; 
M N  motoneuron; SEG subesophageal ganglion; T1, T2, T3 pro- 
thoracic, mesothoracic, and metathoracic ganglion; TSMs  ter- 
gosternal muscles; T X  thorax 

* Present address: Department of Entomology, University of 
Minnesota, 1980 Folwell Ave., St. Paul, MN 55108, USA 

Introduction 

Sequential stages in the lives of insects that un- 
dergo a complete metamorphosis often show radi- 
cally different behaviors. An important question 
to address is whether these new behaviors are re- 
lated to the ones previously shown by the insect. 
In particular, what is the developmental fate of 
pattern-generating circuitry for a stage-specific be- 
havior when that behavior has changed in form 
or is no longer expressed? Are old neural circuits 
lost and replaced with new ones or, alternatively, 
might they be retained and modulated to produce 
new and possibly more complex motor patterns ? 

A neural 'network'  can be viewed as having 
the capacity to produce various patterned outputs 
depending on the synaptic inputs or chemical mod- 
ulators it receives (Ayers et al. 1983; Getting 1983; 
Getting and Dekin 1985; Harris-Warrick and Co- 
hen 1985; Selverston 1985, for review; Flamm and 
Harris-Warrick 1986). Such a strategy enables a 
nervous system to generate new and different be- 
haviors economically and might also be used to 
construct adult behaviors during development 
(Bekoff 1981 ; Bekoff and Kauer 1982, 1984). We 
examined whether such a strategy is used in the 
construction of stage-specific behaviors in the de- 
veloping hawkmoth, Manduca  sexta. We chose to 
study this insect's periodic expression of ecdysis 
behavior (the shedding of the old cuticle), which 
occurs as it molts from one stage to the next. 

Larval, pupal, and adult ecdyses are all 'trig- 
gered' by the same neuropeptide, eclosion hor- 
mone. However, adult ecdysis (also termed eclo- 
sion) differs strikingly from that of larvae and pu- 
pae. The pharate adult must dig itself out from 
its underground pupation chamber in addition to 
shedding its pupal cuticle. To accomplish this, the 
adult performs a series of rapid abdominal retrac- 
tions and extensions; the extensions are coupled 
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with wing muscle  act ivi ty or  wing ' s h r u g g i n g '  
( T r u m a n  and  Endo  1974; K a m m e r  and  K i n n a m o n  
1977). This  eclosion m o t o r  pa t t e rn  is distinct f r o m  
the slowly progressing,  anter ior ly-directed,  a b d o m -  
inal peristalses expressed by  ecdysing larvae  and  
p u p a e  (Weeks and  T r u m a n  1984a, b). 

I t  was  initially a s sumed  tha t  the pa t t e rn -gener -  
a t ing circuitry under ly ing  larval  and  pupa l  ecdyses 
was d i smant led  dur ing  m e t a m o r p h o s i s  and  re- 
p laced  with adult-specif ic  circuitry for  the genera-  
t ion o f  the eclosion/digging behav io r  ( T r u m a n  and  
Weeks  1983, 1985). W e  have  found,  however ,  tha t  
the l a rva l /pupa l  ecdysis m o t o r  pa t t e rn  is re ta ined 
in the adult ,  a l t hough  no t  no rma l ly  expressed.  Our  
da ta  are consis tent  with the idea tha t  the pa t t e rn  
genera to r  for  larval  ecdysis persists t h rough  devel- 
o p m e n t  to par t ic ipa te  in the genera t ion  o f  the nov-  
el adul t  ecdysis behavior .  

Materials and methods 

Experimental animals. Larvae of the tobacco hornworm, Man- 
duca sexta, were reared on an artificial diet (Bell and Joachim 
1978) and both larvae and pupae were maintained at 26 ~ 
in a 17 h light (L): 7 h dark (D) cycle. At the beginning of 
adult development, individuals were transferred to a 12 L:I 2 D 
cycle with a superimposed thermoperiod (day 27 ~ night 
25 ~ which resulted in a greater synchrony of eclosion (Lock- 
shin et al. 1975). Under these rearing conditions, adult develop- 
ment lasted about 18 days and eclosion occurred 1-4 h before 
lights off on day 18. Individuals were staged as being 1 day 
away from eclosion (Day -1 )  by their dark coloration and 
the advanced digestion of the overlying pupal cuticle (Schwartz 
and Truman 1983), and set aside for examination on the follow- 
ing day. 

Electrophysiology. Extracellular muscle recordings were ob- 
tained from abdominal and thoracic muscles using teflon coated 
0.003" silver wire (A-M Systems, Inc.). The teflon was removed 
from the wire tips leaving a small area of bare wire. The elec- 
trodes were then inserted through the cuticle into the appro- 
priate muscles involved in ecdysis movements. The major mus- 
cles that were recorded from were the intersegmental muscles 
(ISMs) and the tergosternal muscles (TSMs) in the 4th through 
7th abdominal segments (A4-A7), and the dorsal longitudinal 
(DL) muscles in the thorax (TX). Recording leads were attached 
to the cuticle with cyanoaerylate glue (Duro Quick Gel, Loctite, 
Inc.). In all preparations recorded from, the movements of ab- 
dominal segments (both lateral constrictions and the partial 
inward telescoping of a given segment) were noted by an event 
marker. This ensured the correct identification of the TSM and 
ISM units. Electrical signals were amplified and displayed using 
conventional electrophysiological equipment. Electromyo- 
graphic activity was taped by a Hewlett Packard 3960 Instru- 
mentation Recorder and played out on a 6 channel Gould 
Brush 260 Chart Recorder. 

Descending neuronal activity was blocked by either the 
surgical transection of the anterior connective or the use of 
a 'cold-block' apparatus. The original design of the cold-block 
device was provided by Dr. Hans-Georg Heinzel (University 
of California, San Diego). The thermoelectric cooling unit was 
manufactured by Melcor Inc. The surface area of the cooling 
platform measured 2 mm 2. A temperature drop from 26 ~ to 

3 ~ measured by a thermocouple, was accomplished at the 
connective site within approximately 15 s. At this time, neuronal 
activity was deemed blocked by the disappearance of electrical 
activity recorded by a suction electrode placed en passant on 
the connectives. 

Sustained eclosion/digging behavior was achieved by plac- 
ing the insect on its back with a wax harness around the thorax 
and portions of the abdomen. This prevented the moth from 
fully escaping from its old cuticle while also permitting easier 
access to nerves and muscles for experimental manipulation 
and electrical recording. 

Results 

The adult ecdysis motor pattern 

A p h o t o g r a p h i c  sequence showing the a b d o m i n a l  
m o v e m e n t s  o f  an  in tac t  adul t  dur ing ecdysis is seen 
in Fig. 1. The  basic m o t o r  pa t t e rn  consists o f  a 
two-s tep  process :  (1) the a b d o m i n a l  segments  are 
re t rac ted  anter ior ly  in a rap id  m e t a c h r o n a l  m a n n e r  
( re t ract ion c o m p o n e n t )  and  then, (2) pushed  and  
extended out  pas t  the rest ing length o f  the abdo -  
men  (extension componen t ) .  The  extension o f  the 
a b d o m e n  is coincident  wi th  cont rac t ions  of  the 
dorsa l  longi tudinal  (DL)  muscles  in the thorax  
(TX),  which cause m o v e m e n t s  o f  the wing bases. 
This  basic m o t o r  pa t t e rn  is expressed as the m o t h  
escapes f r o m  its pupa l  cuticle (eclosion), and  also 
as it digs up  t h rough  the g round  towards  the soil 
surface (digging). These repeti t ive a b d o m i n a l  
m o v e m e n t s  can  cont inue  for  hours  while the insect 
is digging. A l though  the ecdysis m o v e m e n t s  shown  
by  the adul t  dur ing eclosion/digging consist  pri-  
mar i ly  o f  a series o f  re t rac t ion-extens ion  bouts ,  
there are progress ive  changes  in the f o r m  o f  the 
behav io r  (and pa t t e rn  o f  muscle  activity) f r o m  its 
initial expression to when  robus t  digging is ex- 
pressed. These will be described in sequence below. 

The  D L  muscles in the thorax ,  the a b d o m i n a l  
in tersegmenta l  muscles  (ISMs),  and  the tergoster-  
nal muscles  (TSMs)  (Fig. 2), are the m a j o r  muscles  
responsible  for  the m o v e m e n t s  expressed dur ing  
adul t  ecdysis. I S M  cont rac t ions  in a given ab d o mi -  
nal segment  pull  the adjacent  pos te r io r  segment  
anter ior ly,  par t ia l ly  telescoping it into the next  an-  
ter ior  segment .  W h e n  I S M  cont rac t ions  in adjacent  
a b d o m i n a l  segments  overlap,  the a b d o m e n  is re- 
t rac ted  (shortened).  Con t rac t ions  o f  the T S M s  
(dorso-vent ra l ly  or iented muscles)  in a given seg- 
men t  cause tha t  segment  to constr ic t ;  co-ac t iva t ion  
o f  T S M s  in all segments  cause the entire a b d o m e n  
to na r row  great ly  and  to extend. 

Figure  3 shows the e l ec t romyograph ic  act ivi ty 
of  the T S M s  dur ing the ini t ia t ion o f  the adul t  ecdy- 
sis pa t te rn .  Typical ly,  the initial cycles consist  only  
of  a b d o m i n a l  extensions b rough t  a b o u t  by  co-con-  
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Fig. 1. A photographic sequence of the ecdysis movements expressed by the intact adult abdomen. Individual frames were taken 
at approximately one second intervals. A lateral view of the abdomen shows a retraction component where the entire abdomen 
is shortened anteriorly (upward arrows), this is then followed by an extension of the abdomen (downward arrows) past its 
resting length 

ISMs T S M s  

Fig. 2. Side view of a pharate adult, Manduca sexta, enclosed 
in its pupal cuticle. Parts of the pupal cuticle and the adult 
body wall have been cut away to expose the arrangement of 
the I S M  and T S M  muscle sets in  A4 and A5, respectively. 
For illustration purposes only one muscle set is shown in each 
segment. The longitudinally oriented ISMs span the length of 
a given segment and insert along the anterior margin of the 
next posterior segment. The TSMs consist of a lateral and 
dorso-ventrally oriented mat of muscle fibers which lie just un- 
derneath the ISMs and flush with the body wall 

tractions of the TSMs. The ISMs also contract 
along with the TSMs (data not shown). After 4 
to 6 cycles the retraction component appears 
(Fig. 3). During these early retraction-extension 
cycles, both ISMs and TSMs are active during each 
retraction and extension phase (Fig. 4). The exten- 
sion phase is always coincident with thoracic DL 
muscle activity. 

The extension is produced by the co-contrac- 
tions of the TSMs along the length of the abdo- 
men, thereby constricting the segments and tele- 
scoping out the abdomen. During the early stages 
of the behavior, the TSM contractions are accom- 
panied by contractions of the ISMs. These latter 
contractions prevent the abdomen from reaching 
its full extension. Although the extension of the 
abdomen appears as a peristaltic wave (Kammer 
and Kinnamon 1977), the elongation of the abdo- 
men is actually accomplished by the synchronous 
firing of the TSMs. The flow of hemolymph forc- 
ing posterior segments out first is apparently re- 

sponsible for the peristaltic appearance of the ex- 
tension. 

The patterned output of the ISMs and TSMs 
during the first few retraction cycles is often similar 
to the anteriorly-directed abdominal peristalses 
displayed during larval and pupal ecdyses (see next 
sect.). These initial retraction waves show a rather 
slow anterior progression with the firing of the 
TSMs in a given segment commencing as the activ- 
ity of the TSMs in the next posterior segment is 
at or near completion (Fig. 4). Also, the TSMs of 
a given segment typically fire in synchrony with 
the ISMs in the next anterior segment (Fig. 4). 
Consequently, during these first few retraction cy- 
cles, each abdominal segment is constricted and 
pulled forwards as the peristaltic wave progresses 
up the abdomen. 

With successive cycles there is a gradual but 
dramatic increase in the velocity with which the 
TSM (and ISM) contractions progress anteriorly 
along the abdomen (Figs. 5, 6A). Because the ante- 
rior-going wave moves along the abdomen so rap- 
idly, without the relaxation of posterior segmental 
muscles, the entire abdomen becomes retracted to- 
wards the thorax. With the increase in velocity of 
the retraction wave, the delay between the onset 
of the retraction and the subsequent extension is 
shortened over time (Figs. 5, 6 B). The cycle period 
between intrasegmental extension bursts, however, 
remains largely unaffected or increases slightly 
(Fig. 6 B). 

Figure 7 depicts the pattern of TSM and ISM 
activity mid-way through adult eclosion behavior 
and during the later expression of digging behav- 
ior. As the motor pattern continues, the ISM activ- 
ity during the extension component gradually di- 
minishes until it is no longer present. During these 
later cycles, robust extensions are observed that 
characterize the digging behavior. 



290 K.A. Mesce and J.W. Truman: Metamorphosis of the ecdysis motor pattern 

T S M . . . . . . . . . . . . . . . . . . . . . . . . . .  J-,-" 

T S M ....... ,, - . . . . . .  ~.~L:;, .,.~:, 

T S M  =,~- L . . . . . . . . . .  " -  

T S M  I l l  . . . . . .  , , L I  II~t i l l  . . . . . . . . . . .  l i t  - . . . . . . . . .  I t  
r B " l i "w l~=  I f I I I I I  r ~ , ' 1 ,  11 ! ' - ' ] r ' , r ~  , " 

R E R E 
I I I i 

L ~ , , ,  . . . .  ~ r  - r  �9 ~ r  " ~ '  , ~ r  - ~ , , r , '  

, , , " '  A 6  ~"J" "  ~" ,, " " " ~  ,i, ,,~1 ._J~l.,.. ,JL = JImL ,,~...,.. 

�9 ,~7~ . . . .  - , r '  T" ,~--: ~ . i t  II '~," -i1~ 1 
. . . . .  . . . . . .  . . . . . . . .  . . . . . . . .  , ,  , - - , - ,  - -  . . . . . . .  - - -  A 7  
,,~l r -",~,'q . . . .  r , - -  . . . . .  ~" " ~ ' l r  1 I " ' 1  m" 

' ' ' 2 S  

Fig. 3. Continuous electromyographic recordings from the TSMs, in A4-A7, at the onset of adult eclosion behavior. The first 
5 cycles show only co-activity of all the TSMs, which results in an extension (E) of the abdomen. After cycle 5, the retraction 
(R) component becomes evident and alternates with the extension. During the retraction phase, the TSMs are activated in a 
metachronous wave starting from the most posterior segment. Dashed lines are fitted by eye through the midpoint of the bursts 
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Fig. 4. Electromyographic recordings obtained from dorsal lon- 
gitudinal (DL) muscles in the thorax (TX) and the ISMs and 
TSMs (in A5 and A6) during the early part of the adult-specific 
ecdysis motor pattern. The early retraction waves (R) consist 
of a slowly progressing, anterior-going, metachronal wave that 
is similar to the peristaltic wave expressed during larval/pupal 
ecdysis behavior. During retractions, TSM activity (solid bars) 
in adjacent segments is out of phase, whereas, the ISMs (dotted 
lines) are coactive with the TSMs in the next posterior segment. 
The small amplitude activity shown in the TSM trace (A5) 
represents electrical pick-up from the firing of  the ISMs in that 
same segment. The phase lag between the ISMs in posterior 
segments, as compared to those in anterior segments (not 
shown), is much less. DL activity coincides with the coactiva- 
tion of  the TSMs and ISMs during the extension (E) phase 
of the cycle. Note that during these early extension bouts, the 
ISMs are active along with the TSMs 

The initial presence and later loss of ISM activi- 
ty during the extension phase is probably related 
to the changing role of  the ecdysis motor program. 
During the early phases, the behavior is used for 
shedding the pupal cuticle. Too vigorous an exten- 
sion of  the abdomen would rupture the cuticle at 
the abdomen-thorax juncture, thereby preventing 
the insect from fully escaping from the cuticle over 
its head and thorax. The coactivation of the ISMs 
during the extension phase may therefore serve to 
moderate the force exerted on the cuticle during 
extension. Later in the ecdysis program, after the 
insect has had time to remove its old cuticle, the 
segmental ISM activity is lost (Fig. 7). The loss 

of the opposing forces generated by the ISMs en- 
hances the power stroke during extension and, 
hence, the ability of the insect to dig itself out 
from its underground pupation site. 

Eclosion motor pattern expressed by the isolated 
adult abdomen 

At the start of  adult ecdysis, an abdomen separated 
from the head and thorax continues to show 
rhythmic ecdysis movements. The behavior of such 
abdomens, however, is very different from that of  
the intact adult. The movements consist of  a slow 
anteriorly-directed peristalsis (Fig. 8). During the 
progression of  the wave, a given segment is con- 
stricted, due to TSM contractions in that segment, 
while it is pulled anteriorly by Contractions of  the 
ISMs in the next anterior segment, thereby par- 
tially telescoping the segment into the next anterior 
segment. As one muscle type in a given segment 
relaxes, the homologous muscle in the next anteri- 
or segment contracts. This anteriorly-directed peri- 
staltic wave of activity is indistinguishable (see 
Discussion) from that expressed during larval and 
pupal ecdysis behavior (Weeks and Truman 
1984a). 

Figures 9 and 10 show the activity of the ISMs 
and TSMs during the ecdysis movements of the 
isolated adult abdomen. The larval-like pattern 
was produced when the connectives between the 
fused pterothoracic ganglion (T2-A2) and the ab- 
domen were transected. Transections typically 
were made within seconds after the onset of adult 
eclosion. During the resulting pattern, ISM activity 
precedes TSM activity within a given segment, and 
the TSM activity in a given segment is in phase 
with the ISM activity in the next anterior segment. 
The period between successive peristaltic waves 
gradually increases (Figs. 9 C, 11 b) as the behavior 
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Fig. 6A, B. Progressive changes in the adult-specific ecdysis 
pattern are plotted over time. Data were obtained from the 
same preparation as in Fig. 5. A The inverse of the inersegmen- 
tal delay, a measure of the velocity of the metachronal wave, 
is plotted versus cycle number. The intersegmental delay was 
measured as the time between the termination of a retraction 
burst in one segment and the termination of the retraction burst 
in the next anterior segment. Each point represents the inverse 
of the delay between one segmental pair. B The changes in 
the duration of  the period between successive extension bursts 
(diamonds) and between retraction and extension bursts (cir- 
cles) in one segment. Period duration was measured as the time 
between the ends of the bursts under consideration. While there 
is no significant change in the duration of the period between 
extension bursts over time, there is a decrease in the period 
duration between retraction and extension bursts 

progresses. Figure 10 shows the transition from the 
adult-specific ecdysis pattern to the larval-like pat- 
tern when descending neuronal inputs to the abdo- 
men were abolished by transection anterior to A3. 
Within the next retraction cycle after the transec- 
tion, the pattern had switched. The extension com- 
ponent was immediately lost, and there was an 
abrupt decrease in period length between retrac- 
tion (peristaltic) waves. The ISM activity in a given 
segment became coincident with the TSM activity 
in the next posterior segment. Removal of the de- 
scending inputs caused abrupt, stable shifts in the 
velocity of the peristaltic wave and shifts in cycle 
period (Fig. 11). 

Within the ecdysis pattern shown by isolated 
abdomens, a new wave front can be initiated before 
the previous one is completed. Consequently, two 
wave fronts may occur simultaneously along the 
abdomen. Under these conditions, waves of  anter- 
iorly directed ISM or TSM activity were typically 
separated by an average of  four segments. A mea- 
sure of this intersegmental coordination is the in- 
tersegmental phase, a ratio of the intersegmental 
delay to cycle period. Intersegmental delay was 
measured as the time between the termination of 
the burst in a given segment and the end of the 
burst (same muscle set) in the next anterior seg- 
ment. For example, the intersegmental phase value 
obtained from the recordings in Fig. 10 was 0.24 
(S.D. • 0.01 ; N =  5; mean period length, 
4.5+0.1 s), such that muscles in A7 and A3 (a 
separation of four segments) are coactive. The peri- 
od between successive peristaltic waves increases 
over time, whereas the velocity of the wave remains 
relatively constant or decreases slightly (Fig. 11). 
Thus, the intersegmental phase values show a pro- 
gressive decrease. For example, for later bursts 
from the preparation in Fig. 10, the phase value 
dropped to 0.18___0.04 (N=  5) as the mean period 
increased from 4.5_+0.1 s to 7.4_+0.4 s. 
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A5 
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Fig. 7. Electromyographic activity of ISM and TSM muscle sets during the major movements of the adult eclosion/digging motor 
pattern, Recordings of  ISM and TSM muscles show the progressive changes in the form of the eclosion motor pattern which 

L produce a more robust digging behavior over time. Recordings were made from the TSMs and ISMs in the 4th (A4) and 5th 
(A5) abdominal segments, The record starts well into the ecdysis behavior when the adult was nearly out of its pupal cuticle. 
The upper and lower traces are continuous except for a gap of seven retraction-extension cycles (slashed lines), Note that during 
the earlier part of the motor pattern ISMs and TSMs are co-active during the extension phase. Later in the pattern, when 
robust digging behavior is observed, the ISMs no longer burst during the extensions; compare the ISM activity indicated in 
the upper and lower traces (arrows) 

Fig. 8. A photographic sequence of the abdominal movements (dorsal view) expressed by the isolated adult abdomen. Individual 
frames were taken at approximately one-second intervals. Each abdominal segment, which is numbered sequentially, is constricted 
(horizontal arrows) as it is pulled up into the next anterior segment (vertical arrow) 



K.A. Mesce and J.W. Truman: Metamorphosis of the ecdysis motor pattern 293 

A B 
iSd~ M TSM 

A5 ........ , , l  . . . . . .  d d ,  J'S  J .ai ,d 
TSM TSM 

A 6 ~ ~ H ~ ~  A6 

5s 5 s  

C / ! 

A.+444444 / .s. 
I / 

I I 
ID,~ Ira,,- I Ira,,- ]D,~ ~, ,-  I 

A0t,t.t.t.tHI.t. j H H  -,SM 
I ~ 5s 
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and TSMs within a given segment. The motor pattern expressed shows that the firing of the TSMs coincides with the firing 
of the ISMs in the next anterior segment. C Muscle recordings from the ISMs in segments A4-A6, showing that the period 
between the bursts (arrows) in each segment increases over time but the velocity of the peristaltic wave (slope of dashed line) 
does not decrease. Only large amplitude units were visually correlated with ISM contractions; smaller units were due to electrical 
pick-up from adjacent muscles. The slash marks represent 6 cycles which were deleted 

Use of a cold-block for temporary disruption 
of descending neuronal inputs 

A cold-block device was employed to block de- 
scending neuronal activity to the abdomens of min- 
imally dissected adults. The cooling platform was 
inserted through a small window in the cuticle and 
placed under the connectives between the fused 
pterothoracic ganglion and the first unfused ab- 
dominal ganglion (A3). Unlike the surgical tran- 
section of the connectives, the cold-block was re- 
versible. Figure 12A, B demonstIates that the 
adult-specific eclosion pattern is transformed into 
the larval-like pattern during the cold-block and 
then back into the adult-specific pattern once the 
block is removed. During the block, the pattern 
of  thoracic Dr= muscle activity becomes uncoupled 
from the abdominal activity (see Fig. 12B) and the 
cycle period of thoracic DL activity becomes more 
variable. As will be discussed below, it was not 
possible to go from the adult-specific pattern back 
into the larval pattern a second time. 

Temporal constraints in expression 
of the larval-like ecdysis pattern 

There is a narrow temporal window during which 
the removal of descending inputs to the abdomen 
results in the expression of the larval-like ecdysis 
pattern. When these inputs are interrupted before 
the first signs of rhythmic ecdysis activity, the iso- 
lated abdomen does not express any patterned mo- 
tor output (Table 1), Only within the first 50 s after 
the insect has initiated ecdysis does abdominal iso- 
lation or application of a cold-block result in the 
abdomen sustaining rhythmic movements in the 
form of the larval-like ecdysis motor pattern. After 
about 60 s, these manipulations no longer result 
in the expression of  rhythmic abdominal ecdysis 
movements despite the fact that, in the intact adult, 
ecdysis movements can last for hours if the insect 
is physically restrained (Kammer and Kinnamon 
1977). At these later times, connective transection 
results in no abdominal activity even though thor- 
acic activity continues (Fig. 13). 
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Fig. 10. Continuous record showing the transformation of the 
adult-specific ecdysis pattern into the larval-like pattern. De- 
scending neuronal input was removed by transecting the con- 
nectives anterior to A3. Note the immediate and smooth transi- 
tion from the adult-specific motor pattern to the larval-like 
pattern within the first cycle after transection. The slanted 
dashed lines, drawn through the ends of TSM bursts in adjacent 
segments, identify the retraction waves before and after transec- 
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Fig. l l A ,  B. Changes in cycle period and wave velocity before 
transection of the connectives and throughout the larval-like 
pattern which was subsequently produced. Data were collected 
from the same preparation as shown in Fig. 10. A A plot of 
the inverse of the intersegmental delay (a measure of the veloci- 
ty of the anterior-going wave). Intersegmental delay was mea- 
sured between the end of the TSM burst in A6 and the end 
of the TSM burst in A5. Transection caused an abrupt decrease 
in wave velocity which then stayed stable for the remainder 
of the behavior. B Changes in the period of intrasegmental 
retraction cycles measured between the ends of successive 
bursts. After transection, the period abruptly shortens but then 
gradually lengthens as the behavior progresses 

Ganglionic localization of the descending input 

To determine the source of descending inputs, the 
connectives were transected at different levels ante- 
rior to the abdomen (Fig. 14). In all cases, these 
manipulations were made during the time when 
eclosion hormone is present in the blood (Reynolds 
et al. 1979; Truman 1985), and within the first 
minute after eclosion behavior had been initiated. 
Transection of the ventral nerve cord below the 
brain, subesophageal ganglion (SEG) and protho- 
racic ganglion (T1), had no effect on the expression 
of the adult-specific eclosion motor program in all 
animals tested (N=30). Transection posterior to 
the fused pterothoracic ganglion (T2-A2) resulted 

in the expression of  the larval-like pattern by the 
remaining unfused abdominal ganglia in all ani- 
mals tested ( N =  50). In adults ( N =  8) where T2 
was surgically separated from T3, the adult-specific 
motor pattern remained intact although it was ex- 
pressed more slowly. Thus, the locus of  the de- 
scending input appears to reside somewhere in the 
T3-A2 region of the CNS. 

Discussion 

The larval ecdysis motor pattern: retention 
in the adult and its possible significance 

Despite the dramatic changes in the ecdysis behav- 
ior, body morphology and neuronal organization 
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Fig. 12A, B. Use of a reversible cold-block, on the connectives between the thorax and abdomen, to alter the form of the ecdysis 
behavior. A The cold-block was app?ied at the onset of  ecIosion resnlting in tlle production of the Iarvaldike patter~, consisting 
of the slow anteriorly directed peristaltic waves. After removal of the cold-block, the pattern lapsed back into the adult pattern 
of cyclical retracdoa (R) and extension (E) bouts. The smaller amplitude units represent electrical pick-up from muscles other 
than the TSMs. B Example of recordings from the TSMs in A4-A6 atxd the thoracic DL muscles during application and removal 
of the cold-block. All records are continuous. The block was applied after the adult-specific pattern was expressed for several 
cycles. After a delay the larval-like pattern appears and the DL activity is no longer coordinated with activity in the abdomen. 
When the cold-block was removed, the adult-specific pattern was produced in full, with the thoracic DL muscle activity coincident 
with the extension component. Dashed lines indicate the series of larval-like peristalses 



296 K.A. Mesce and J.W. Truman:  Metamorphosis  of the ecdysis motor  pat tern 

Table 1. Ability of isolated adult abdomens to express sponta- 
neously the larval-like ecdysis motor  program as a function 
of the time of abdomen isolation 

Time of  nerve cord 
transection (s)" 

=~ of  % showing Durat ion of 
animals larval program larval program 

(min x _+ SD) 

pre-ecdysis 25 0 - 
] 30 9 100 8.4+_1.2 

40-49 11 72 6.5+_2.9 
50-65 6 0 - 

>65  8 0 - 

" Relative to the start of eclosion behavior 

of Manduca during development (Truman et al. 
1986), the ability to express the larval ecdysis mo- 
tor pattern is retained through metamorphosis. 
The ecdysis motor  pattern that is unmasked in the 
adult when descending influences from the ptero- 
thoracic ganglion are removed (Figs. 8-10, 12) 
strongly resembles the ecdysis motor pattern ex- 
pressed at larval and pupal ecdysis (Weeks and 
Truman 1984a). The duration of larval and pupal 
ecdysis behavior typically lasts 10-20 min and in- 
volves between 50-100 cycles (Truman et al. 1980; 
Weeks and Truman 1984a). The adult, larval-like 
ecdysis pattern typically lasted 8-10 min with 60- 
80 cycles expressed. Other comparisons between 
the larval and adult, larval-like ecdysis pattern re- 
veal that parameters such as the duration of indi- 
vidual bursts of motor activity (ISM and TSM 
bursts lasted between 1-3 s), and the intra- and 
intersegmental coordination of burst activity are 
indistinguishable. 

A distinctive feature of the larval/pupal ecdysis 
pattern is the anterior progression of two simulta- 
neous peristaltic waves (Weeks and Truman 
1984a). The presence of two waves is due to the 
first wave of peristalsis not being completed before 

the next one begins. The isolated adult abdomen 
showed a similar pattern of peristaltic wave activity 
where pairs of anterior and posterior segments (e.g. 
A7 and A3) contract together. However, because 
removal of the fused thoracic ganglion (which con- 
tains the first and second abdominal ganglia) was 
necessary for the expression of the larval-like ecdy- 
sis pattern in the adult, this loss precluded the pro- 
gression of the waves up to segments A1 and A2. 

The adult larval-like pattern showed no pro- 
portional decrease in the velocity of the peristaltic 
wave along the abdomen as the period between 
waves increased (Figs. 9c, 11). In two different 
adult preparations (not shown) where the period 
between waves had doubled, the intersegmental de- 
lays between A4, A5 and A6 showed only slight 
increases of 8% and 9%, respectively. As a result, 
the number of segments which separates the suc- 
cessive anterior-going waves varies over time. In 
these examples, the intersegmental phase values 
(ratio of intersegmental burst delay to cycle period) 
systematically changed from about 0.25 to less 
than 0.18; two peristaltic waves initially separated 
by 4 abdominal segments were later separated by 
5 segments. Towards the termination of the behav- 
ior even longer separations were apparent. Thus, 
segmental coordination is not due to rigid neural 
coupling between successive segments. A similar 
conclusion was also reached for larval and pupal 
ecdyses (Weeks and Truman 1984a). 

The ecdysis behavior shown by intact adults 
is a two phase behavior consisting of a retraction 
and extension of the abdomen during each cycle. 
During the retraction phase, the velocity of the 
metachronal wave dramatically increases over time 
(Fig. 6). During the initial expression of the retrac- 
tion wave, however, the form and progression of 
the wave is similar to that seen in larvae and iso- 
lated adult abdomens (Figs. 4, 10). With successive 

A B 
TX _)lll~.. _jl ..I.L, ......... L]i~l :~! 2~ ~, /dlJl l l  ,~. 

r I ' lqVw 1 

A5 

Fig. 13. TSM and thoracic DL muscle recordings during the adult-specific ecdysis pat tern before (A) and after transection (B) 
of the connectives. The transection was made after the adult-specific pat tern had been expressed for over 60 s. Note in B the 
absence of patterned muscle activity in the abdomen and the decrease in rythmic thoracic DL muscle activity after the transection 
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Fig. 14. Schematic diagram of the two types of 
ecdysis motor patterns expressed by the intact 
adult (adult-specific motor pattern) and the 
isolated adult abdomen (larval-like motor 
pattern). The intersegmental phase relationships 
of one muscle set (ISM or TSM) are illustrated 
from data averaged from several different 
preparations_ The same time scale is used for 
both pattern types. Open blocks indicate 
segmental activity progressing anteriorly along 
the abdomen. In the intact adult, after wing 
muscle activity Es initiated, the closed blocks 
represent the co-activity of the muscle sets 
resulting in the extension of the abdomen. This 
extension component is never expressed by the 
abdomen when descending inputs have been 
removed. The diagram on the right illustrates 
the various sites of transection where the adult- 
specific ecdysis pattern is preserved and where 
it is transformed into the larval-like pattern 

cycles, the retraction wave gradually loses its re- 
semblance to the larval peristalsis as the velocity 
of  the retraction wave increases. Descending neu- 
ronal activity from the pterothoracic ganglion may 
provide modulatory inputs that alter the velocity 
of  the anterior-going wave, as well as coordinating 
the co-contraction of  the TSMs (and initially the 
ISMs) during extension. 

Based on these observations, we suggest that 
the underlying neural elements for the larval/pupal 
ecdysis pattern are conserved through metamor- 
phosis to the adult. Most  likely, these conserved 
elements are incorporated with others, most nota- 
bly the descending inputs from the thorax, to pro- 
duce a new, adult-specific motor  pattern. With 
time, the descending inputs may modify the output  
from this conserved pattern generator, bringing 
about  the rapid retraction waves characteristic of  
the adult. When these inputs are blocked, however, 
the larval form of  the pattern is immediately re- 
expressed. 

An alternative possibility is that the pattern 
generator responsible for the larval ecdysis pattern 
is normally inhibited in the adult and that separate 
circuitry (perhaps newly constructed) is responsible 
for the adult ecdysis motor pattern. Removal of  
descending inputs would then release the larval- 
like ecdysis program from inhibition. The observa- 
tion, however, that the adult-specific pattern ini- 
tially contains a larval-like peristalsis which is 
gradually transformed into a rapid retraction wave, 
argues against this hypothesis. More importantly, 
when descending inputs are blocked, the first cycle 
of  larval-like peristalsis that is initiated occurs at 

nearly the identical time that the adult-specific re- 
traction wave would ordinarily appear (Fig. 10). 
Such precise timing is not consistent with the idea 
that a separate pattern generator is activated after 
loss of  the putative inhibition. In such a situation, 
a more variable delay and temporary alteration 
in segmental coordination might be expected as 
the new pattern generator becomes activated. 

Stage-specific behaviors 

In the holometabolous insect, Manduca sexta, the 
formation of  the adu l t  ventral nervous system is 
achieved by the death of  some larval neurons (Tru- 
man 1983; Weeks and Truman 1985), the reorgani 
zation of  other larval cells for new functions in the 
adult (Levine and Truman 1982, 1985), and the ad- 
dition of  adult-specific arrays of  cells (Booker and 
Truman 1987). Associated with this remodeling of  
the CNS are dramatic changes in overt behavior. 
Such changes, however, may not necessarily reflect 
alterations in the underlying neural circuitry. For  
example, pupal ecdysis behavior in Manduca looks 
quite different from that shown by the larva be- 
cause the pupa lacks the larval prolegs which show 
rhythmic retractions during larval ecdysis (Weeks 
and Truman 1984a, b). However, the proleg moto- 
neurons, retained in the pupa, fire at their appro- 
priate phase even though their peripheral targets 
have degenerated (Weeks and Trmnan 1984b). 
Thus, in this case the behavioral alteration arises 
from a peripheral change rather than a central one. 

The transformation from the pupa to the adult 
results in even greater changes in neurons and mus- 
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cles, including those involved in ecdysis behavior. 
In the case of adult ecdysis, the novel aspects of 
the behavior appear to arise from central rather 
than peripheral changes. Our results are consistent 
with the idea that the adult ecdysis pattern genera- 
tor does not arise by building a completely new 
central pattern generator, but rather by the addi- 
tion of a new adult-specific component in the form 
of descending modulatory inputs to the pre-existing 
larval pattern generator. From a developmental 
standpoint, it will be of interest to determine 
whether the added descending neuronal activity, 
which is necessary for the generation of the adult- 
specific behavior, is produced by new neurons that 
appear during metamorphosis or by elements pre- 
sent at earlier developmental stages which are re- 
modeled during metamorphosis for their new func- 
tions in the adult. 

Curiously, sustained larval-like ecdysis move- 
ments can no longer be evoked by abdominal isola- 
tion after the adult ecdysis behavior has progressed 
for longer than 50 s (Fig. 13, Table 1). However, 
the abdomens isolated after this time are capable 
of showing a few bouts of larval-like ecdysis behav- 
ior in response to tactile stimulation. For example, 
tactile stimulation of the isolated abdomen, in a 
manner that mimics the shedding of the pupal cuti- 
cle along the abdomen, results in a reactivation 
of the larval-like ecdysis program for several cycles 
or longer. This was observed in insects whose ab- 
domens were isolated after 20 min of digging be- 
havior (data not shown). The nature of the short- 
term and perhaps longer-term control of expres- 
sion of the larval-like motor program remains to 
be explored. 

A simplified model for understanding the neu- 
ral organization of the adult-specific ecdysis pro- 
gram is one based on the coupling of two pattern 
generators: an adult-specific thoracic one, and the 
conserved larval pattern generator distributed 
throughout the unfused abdominal ganglia. Neural 
elements localized in, and descending from, the 
thoracic pattern generator may coordinate the ac- 
tivity of abdominal segments with each other (dur- 
ing extensions) and also with the thoracic activity 
expressed during wing shrugging. These same ele- 
ments might also serve to modulate the conserved 
larval peristalsis program to produce the rapid 
adult-specific metachronal wave. Since rhythmic 
expression of spontaneous wing shrugging is ap- 
parently dependent on ascending neuronal inputs 
(Figs. 12, 13), information regarding the comple- 
tion of the retraction wave may then be communi- 
cated back to the thorax (by sensory and/or inter- 
neurons) to set the timing of the next cycle of wing 

shrugging and extension behavior. The two pattern 
generators may become coupled late in adult devel- 
opment. For example, in the giant silkmoth, An- 
theraea pernyi, the insect goes through a period, 
late in adult development, when it will perform 
eclosion movements if stimulated by the manual 
removal of the pupal cuticle. However, these move- 
ments involve only thoracic muscle contractions 
with abdominal extensions and lack the peristaltic 
retraction component (Truman 1976). A few days 
later, at the time of ecdysis, the moth then shows 
the complete pattern with both retraction and ex- 
tension. 

Pattern generators and their developmental fates 

The appearance of stage-specific behaviors 
throughout development may depend on a variety 
of neural mechanisms. For example, in both inver- 
tebrate and vertebrate systems, the neural circuitry 
underlying a particular behavior may be con- 
structed well before it is expressed later in develop- 
ment (Bentley and Hoy 1970; Kammer and Rheu- 
ben 1976; Bekoff 1981; Bekoff and Lau 1980). 
Subsequent activation of such 'stored' neural cir- 
cuits may be dependent on the removal of inhibi- 
tion and/or the presence of a neuronal or chemical 
(hormonal) stimulus present at the appropriate 
time (Bentley and Hoy 1970; Truman 1976). In 
the case of behaviors that are expressed sequen- 
tially throughout the life of an animal, a new be- 
havioral program may come about through modi- 
fication of an earlier behavior as we speculate oc- 
curs for adult Manduca ecdysis behavior. 

Another example of the use of this strategy is 
the conservation and modification of the motor 
patterns underlying hatching in the chick, The leg 
motor pattern produced by a hatching chick is still 
present at 61 days post-hatching (Bekoff and 
Kauer 1984), even though this behavior is not nor- 
mally expressed once the chick escapes the egg. 
It is suspected that this behavior is conserved be- 
cause some elements of its underlying neural cir- 
cuitry are used to produce locomotory behaviors, 
including walking, in the post-hatching animal. A 
striking parallel to the present study is that the 
chick-hatching motor program, expressed earlier 
in development, can be fully activated in the adult 
stage when it is no longer appropriate. These ob- 
servations suggest that pattern-generating circuitry 
used earlier in development may persist in a rela- 
tively unmodified state into later stages. This cir- 
cuitry could then participate in new behaviors gen- 
erated by short-term influences, such as sensory 
cues in the case of the chick (Bekoff and Kauer 
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1982) or descending influences in the case of Man- 
duca. The ability to identify and manipulate such 
short-term influences, or behavioral switches, may 
prove extremely useful in characterizing how new 
behaviors are formed during development. In addi- 
tion, the organization of more complex behaviors 
may be better understood if they are analyzed in 
the context of the conservation and modification 
of simpler programs expressed earlier in develop- 
ment. 
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