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The marine mollusc Aplysia californica provides an excel- 
lent preparation with which to examine the development of 
the neuronal control of behavior for 2 reasons: first, adult 
Aplysia exhibit a variety of behaviors that are well under- 
stood in cellular terms; and second, the development of 
Aplysia from embryo to adult has been studied in consid- 
erable detail. Among the best understood behaviors in Aply- 
sia are the withdrawal responses of the mantle organs (the 
gill, siphon, and mantle shelf), which exhibit 2 different kinds 
of behaviors: (1) “spontaneous” contractions that are part 
of a fixed action pattern, a respiratory pumping sequence 
of the mantle organs, and (2) reflex contractions in response 
to tactile stimuli. We have examined the development of 
both of these withdrawal behaviors in juvenile stages 9-l 2 
and found that they are functionally assembled according 
to different ontogenetic timetables. 

Spontaneous contractions. As soon as the siphon and gill 
emerge, in stages 9 and 10, respectively, they each show 
a high rate of spontaneous contraction that gradually dimin- 
ishes throughout subsequent stages until it reaches the low 
rate typical of adults (stage 13). Since the siphon emerges 
first, it already exhibits a significant decline in its sponta- 
neous activity (e.g., in stage 11) when the gill’s sponta- 
neous activity is at its highest. In addition to a develop- 
mental trend in the rate of contractions, there was also a 
clear developmental progression in the degree of cocon- 
traction of the siphon and gill during spontaneous contrac- 
tions. In adults, the siphon and gill show a very high degree 
of cocontraction during spontaneous pumping. However, in 
juvenile animals, there was a very low degree. Thus, it ap- 
pears that the siphon and gill withdrawal components of the 
fixed action pattern become progressively more functionally 
coupled during juvenile development. 

Reflex contractions. As soon as the siphon and gill emerge 
in their respective developmental stages, they exhibit a brisk 
withdrawal reflex to tactile stimulation of the siphon. More- 
over, at each developmental stage, reflex siphon contrac- 
tions were graded as a function of stimulus intensity, as 
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they are in the adult. Finally, throughout development tactile 
stimulation of the siphon invariably evoked coincident con- 
tractions of both the siphon and the gill, which is charac- 
teristic of the adult reflex. Thus, unlike the fixed action pat- 
tern that takes several weeks to mature, the defensive 
withdrawal reflex closely resembles the adult form as soon 
as the effector organs emerge during juvenile development. 

Our results show that a reflex and a fixed action pattern, 
which utilize a common set of effector organs, emerge ac- 
cording to different developmental timetables. It is now pos- 
sible to begin to test specific hypotheses concerning the 
developmental assembly of these behaviors on a cellular 
level. 

It has long been appreciated that important insights into the 
neural organization of behavior can be obtained by examining 
behavior from a developmental perspective (Hamberger, 1963, 
1968; Weisel and Hubel, 1965; Immelmann, 1969; Konishi and 
Nottebohm, 1969; Marler and Mundinger, 197 1). Invertebrate 
animals have been particularly useful for such an approach, 
because it has often been possible in these preparations to extend 
a developmental analysis to a cellular or mechanistic level. Thus, 
in a number of invertebrate systems, it has been possible to 
specify critical changes in underlying neuronal circuitry during 
development that permit the expression of a variety of behav- 
iors, ranging from simple reflexes to complex, centrally pro- 
grammed fixed action patterns (Bentley and Hoy, 1970; Davis 
and Davis, 1973; Lang et al., 1977; Truman, 1980; Levine and 
Truman, 1983; Fricke, 1984). 

The marine mollusc Aplysia californica offers several advan- 
tages for this kind of developmental approach to the analysis 
of behavior. First, the development of Aplysiu from embryo to 
adult has been analyzed in considerable detail (Kriegstein et al., 
1974; Kriegstein, 1977a, b; Schacher et al., 1979a, b; McAllister 
et al., 1983; Jacob, 1984). Second, Aplysia exhibits a wide va- 
riety of discrete and quantifiable behaviors that can be traced 
across clearly defined developmental stages (Kriegstein, 1977a), 
and the neural circuitry underlying many of these behaviors has 
been extensively analyzed in the adult. These behaviors include 
defensive responses such as gill and siphon withdrawal (Kup- 
fermann and Kandel, 1969; Kupfermann et al., 1974), inking 
(Carew and Kandel, 1977; Byrne, 1980), tail withdrawal (Wal- 
ters et al., 1983; Cleary and Byrne, 1985), and escape locomotion 
(Jahan-Parwar and Fredman, 1978a, b; Hening et al., 1979), as 
well as appetitive responses such as feeding (Kupfermann, 1974a, 
b), and egg-laying (Kupfermann, 1967; Kupfermann and Kan- 
del, 1970; Mayeri et al., 1979a, b). Finally, a number of these 
behavioral responses have been shown to be modifiable by 
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learning, and in some cases, it has been possible to study the 
mechanisms underlying the learning in cellular, biophysical, and 
molecular detail (Klein and Kandel, 1978, 1980; Castellucci et 
al., 1980; Carew et al., 1983; Hawkins et al., 1983; Kandel et 
al., 1983; Walters and Byrne, 1983; Ocorr et al., 1985; for re- 
views see Carew, 1986; Hawkins et al., 1986). 

On a cellular level, the withdrawal responses of the mantle 
organs (the gill, siphon, and mantle shelf) are among the best 
understood behaviors in Aplysia. These mantle organs exhibit 
2 classes of behaviors: (1) an exogenously triggered reflex con- 
traction in response to tactile stimuli; and (2) an endogenously 
triggered (“spontaneous”) contraction, which is part of a fixed 
action pattern, a respiratory pumping sequence of the mantle 
organs (Kupfermann and Kandel, 1969; Peretz, 1969; see Kan- 
del, 1976). The neural circuitry underlying the withdrawal reflex 
consists of an identified cluster of primary mechanoafferent sen- 
sory neurons that connect directly to a number of identified 
interneurons, as well as to identified gill and siphon motor neu- 
rons (Castellucci et al., 1970; Byrne et al., 1978; for review see 
Kandel, 1976). The fixed action pattern circuit consists of 2 
identified clusters of interneurons that are the central command (WATER JET 1 
elements responsible for driving identified premotor and motor 
neurons involved in the pattern generation underlying respi- 
ratory pumping (Byrne and Koester, 1978; Byrne, 1983; Koes- 
ter, 1983). 

In the present paper we describe the development of reflex 
and spontaneous contractions of the gill and siphon. We find 
that reflex (exogenous) control of the mantle organs develop- 
mentally precedes spontaneous (endogenous) control, demon- 
strating that the functional assembly of a reflex and a fixed 
action pattern, which utilize a common set of effector organs, 
can occur independently according to different developmental 
timetables. In the second paper of this series (Rankin and Carew, 
1987) we describe another developmental sequence occurring 
in parallel with the functional assembly of the reflex. This se- 
quence involves the differential emergence of different forms of 
learning and memory in the siphon withdrawal component of 
this reflex system. In the final paper of this series (Nolen et al., 
1987) we describe experiments focusing on the emergence of 
learning in the gill withdrawal component of the reflex, as well 
as on the central neural correlates of learning in the developing 
CNS. 

Figure I. Experimental preparation for studying spontaneous and re- 
flexive withdrawal. A stage 10 juvenile Aplysiu is shown restrained with 
3 suction micronioettes. Reflex siohon withdrawal was evoked bv a 
brief tactile stimulus (water jet). To-provide a sense of scale, this animal 
was approximately 1 mm in axial length. 

Two different experimental procedures were used: (1) Spontaneous 
contractions were measured in animals that were first unrestrained and 
then restrained, and observed in the absence of any delivered stimuli. 
(2) Evoked contractions were measured using 10 tactile stimuli at a 30 
set interstimulus interval (1%). Evoked responses that coincided with 
spontaneous contractions (determined by slow-motion playback) were 
not scored (see Rankin and Carew, 1987). Reflex withdrawals were 
triggered by stimulating the siphon with a hand-held soft nylon bristle 
clamped in a hemostat (Carew et al., 198 1). The bristle flexed to its full 
extent with direct application to the skin so as to deliver a stimulus of 
relatively constant intensity from one application to the next. 

Juvenile animals 

Sixty-three juvenile A. culifornica ranging 0.8-8.0 mm in length were 
used. The animals were laboratory-cultured specimens obtained from 
the Howard Hughes Medical Institute, Woods Hole, MA. The animals 
were maintained at 15°C in groups of 4-8 on seaweed (Gracillaria) in 
50 ml plastic centrifuge tubes filled with seawater obtained from Marine 
Biological Laboratories, Woods Hole, MA. The animals studied were 
postmetamorphic juveniles. 

Some of the results presented in this paper have been pre- 
viously presented in preliminary form (Carew et al., 1985, 1986). 

Materials and Methods 
Adult animals 
Ten adult A. californica weighing 100-200 gm were used. The animals 
were obtained from Pacific Bio-Marine Laboratories, Venice, CA, and 
were housed separately in perforated pans within a 300 gal tank of 
constantly circulating aerated artificial seawater (Instant Ocean) at room 
temperature (20-22°C). 

Behavioral procedures. The procedure used to restrain animals and 
record gill and siphon withdrawal was similar to that used by Pinsker 
et al. (1970) and Carew et al. (1979). The animals were restrained in a 
small, wax-bottomed Lucite aquarium (12 x 11 x 23 cm) by pinning 
their tails to the bottom and looping and clamping soft tubing tightly 
about their necks. To reveal the gill, the parapodia and mantle were 
retracted with stainless steel hooks fashioned from syringe needles. A 
small, black Lucite platform was inserted beneath the gill in order to 
keep it on a level surface and to provide visual contrast for videotaping 
(see below). Animals were rested for an hour after being restrained before 
an experiment was begun. Throughout the experiment freshly aerated, 
room-temperature artificial seawater (ASW) was circulated through the 
aquarium. 

Kriegstein (1977b) described a set of external morphological criteria 
that divided developing Aplysia into 13 clearly defined stages: stages l- 
5 are larval stages; stages 6-7, metamorphic stages; stages 8-12, juvenile 
stages; and stage 13, adult. In the experiments reported here, we used 
animals in stages 9-13. Within a given stage the animals continue to 
change in appearance, so we developed additional within-stage mor- 
phological criteria that allowed us to work with animals as close in age 
as possible within a stage. Using Kriegstein’s (1977b) criteria in com- 
bination with our own, animals were staged as follows. Stage 9 animals 
were at least 36 d posthatching. They were pink, had no operculum, 
and measured 0.8-1.0 mm in length. Stage 10 animals were at least 40 
d posthatching. They had white spots over the eyes and 4-10 white 
spots on the rim of the siphon, and were 1.0-1.5 mm in length (for 
example, see Fig. 1). Stage 11 animals were at least 47 d posthatching 
and were 1.5-3.0 mm in length. The rhinophores were seen only as 
rudimentary buds above the eyes. Stage 12 animals were at least 60 d 
posthatching. They were 6.0-8.0 mm in length, had well-developed 
anterior tentacles and rhinophores, and had white spots distributed over 
their bodies, with large patches of white on the parapodia. The genital 
groove was visible on the right side of the animal stretching from the 
anterior insertion of the parapodia to the propodium. 
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Behavioral procedures. A Zeiss stereomicroscope (model SV8) fitted 
with a trinocular attachment permitted videotaping with a color video 
camera (JVC S-62U). The microscope stage (Diagnostics) provided both 
bright- and dark-field illumination. A timing signal from a video timer 
(Panasonic Time-Date Generator WJ-8 10) was superimposed onto the 
video image. Image and signal were recorded by a videotape recorder 
(Panasonic NV-8950), which also permitted slow-motion and stop-frame 
playback analysis when displayed upon a high-resolution color video 
monitor (Sony PMV-12704). 

Each animal was restrained with 3 suction micropipettes mounted on 
micromanipulators and was positioned so that the siphon and gill were 
clearly visible. Electrodes were pulled from polyethylene 10 plastic tub- 
ing with tip diameters from 45 to 100 pm. These were used to hold the 
animal underwater, but above the substrate, from both sides (on the 
parapodia) and the tail (see Fig. 1). To elicit a withdrawal reflex, a fourth 
manipulator was used to position a seawater-filled glass micropipette 
(tip size - 100 pm) that was attached to a Picospritzer II (General Valve 
Corporation) set to deliver a 50 msec controlled pressure water jet 
stimulus to the siphon. 

Because of the small size of stage 9 animals, an accessory lens (2 x , 
providing a total magnification of 128x) was used to visualize the 
siphon. The smallest-tipped suction micropipettes (tips 45-50 pm) were 
used to restrain stage 9 animals. For stage 10 and 11 animals a Zeiss 
DSfl 00 lens and suction micropipettes with tips 80-I 00 pm were used. 
Stage 12 animals were too large to be restrained by the suction micro- 
pipettes. These animals were restrained in a seawater-filled petri dish 
with a Sylgard floor by retracting their parapodia with minutin pins 
(100 pm) to provide a view of the siphon and the gill. Once the animals 
were pinned, the micropipette from the Picospritzer was directed toward 
the siphon. 

Surgical procedures. The relative contribution of the CNS to siphon 
withdrawal in stage 11 animals was studied by examining the effects of 
the removal of the abdominal ganglion on both spontaneous and evoked 
contractions. The animals were anesthetized by placing them in isotonic 
MgCl, for 15 min. They were then transferred to Sylgard-coated petri 
dishes containing ASW (Instant Ocean). To secure the animals during 
surgery, micropins were inserted through the oral cavity and the pos- 
terior tip of the foot, pinning the animal ventral side up. An incision 
was made along the midline of the foot extending from the propodium 
to the tail; 2 micropins were inserted on either side of the incision to 
expose the internal organs. The esophagus was removed by making a 
cut at each end, one posterior to the buccal mass and the second near 
the gut. In this configuration it was possible to see the entire CNS. 

The abdominal ganglion was identified on the basis of its position, 
shape, and connections to the periphery. It lies at the anterior edge of 
the gut and has a characteristic asymmetrical shape: the left hemigan- 
glion is elongated and attached to the pleural ganglion by a long con- 
nective, while the right hemiganglion is spherical and is joined to the 
pleurals by a shorter connective. In addition to the connectives, there 
are 3 peripheral nerves that run from the ganglion to the mantle organs. 
The siphon and genital-pericardial nerves exit the left hemiganglion, 
and the siphon nerve runs posteriorly to the site where it enters the 
siphon; the branchial nerve exits from the right hemiganglion and enters 
the gill directly underneath the abdominal ganglion (for a diagram, see 
Fig. 6 in Nolen et al., 1987). 

In experimental (deganglionated) animals, the siphon, branchial, and 
genital-pericardial nerves, as well as both connectives, were cut using 
glass micropipettes broken at the tip, and the abdominal ganglion was 
removed. In the sham-operated control group, the surgical procedure 
was identical, except that the nerves and connectives were left intact 
and the ganglion was not removed. Following surgery, the micropins 
were removed and the animals were allowed to recover for 1 hr in 
normal ASW before behavioral observations were made. No attempt 
was made to seal the incision after surgery. Both experimental and sham- 
operated control animals showed normal head and body movements 1 
hr after surgery; the general behavior of both groups appeared quali- 
tatively similar. A double-blind procedure was used in assessing the 
siphon reflex amplitude in deganglionated and sham-operated animals: 
first, the experimenter restraining the animals and delivering the stimuli 
did not know the experimental condition of the animals; second, another 
independent observer (also blind to the experimental conditions) traced 
the responses from the video monitor for subsequent quantitative anal- 
ysis (see below). 

Response measures 

In juvenile animals, siphon reflex amplitude was quantified by tracing 
the outline of the siphon both immediately before stimulation and at 
the peak of contraction (both of which could be reliably determined by 
repeated slow-motion playback and stop-frame analysis). The siphon 
area tracings were then digitized and quantified by a computerized Bio- 
quant II system (R&M Biometrics, Nashville, TN), and the response 
amplitude was assessed by computing the percentage reduction in siphon 
area. Response amplitude, rather than response duration, was used as 
an index of reflex magnitude for the siphon. These 2 measures (ampli- 
tude and duration) are highly correlated in adult Aplysia (Stopfer and 
Carew, 1986). However, in juvenile animals response duration appears 
to be a more variable measure than amplitude. Thus, all measures of 
reflex magnitude in juveniles are expressed in terms of amplitude. 

Spontaneous contractions. Spontaneous contractions of the siphon 
were studied in both freely moving and restrained animals. As the gill 
is not externally visible, spontaneous gill contractions could be only 
studied in restrained animals. For observations of unrestrained animals, 
Aplysiu of each stage (9-l 2) were individually given a 15 min rest and 
were then videotaped for 15 min. For the observation of spontaneous 
contractions in restrained animals, animals of these same juvenile stages 
(9-l 2) were restrained in such a way that the siphon and gill were clearly 
visible, were rested for 15 min, and then were videotaped for 15 min. 

Evoked contractions. Reflex contractions were measured with tactile 
stimuli of increasing and then decreasing intensity to obtain a stimulus- 
response curve relating stimulus intensity to contraction amplitude. 
Each animals (stages 9-l 1) was first restrained, then the micropipette 
from the Picospritzer was aimed at the siphon by bringing it up to touch 
the siphon. The pipette was then gradually moved away parallel to the 
long axis of the pipette, until the tip was 1.5 cm from the siphon, just 
below the water surface. Stimuli of various intensities were generated 
by triggering a constant-intensity microjet of seawater at the siphon at 
progressively closer distances (in 1 mm increments) until the micro- 
pipette touched the siphon. Two stimuli were delivered at each distance, 
with a 30 set interval between successive stimuli; juvenile animals do 
not habituate to stimuli at this IS1 (Rankin and Carew, 1987). The 
average response to these 2 stimuli constituted a single score for each 
distance. The animals were then rested for 15 min before a second series 
of stimuli was presented, beginning with the micropipette next to the 
siphon and moving it away in 1 mm increments until it was 1.5 cm 
away. Again, 2 stimuli were presented at each distance separated by a 
30 set ISI. 

The intensities of stimuli used to trigger siphon withdrawal ranged 
from 1 mg (the weakest) to approximately 8 mg (the strongest). These 
intensities were determined by aiming the micropipette at the tip of a 
suction electrode (- 100 pm diameter) pulled from polyethylene 10 
tubing (see above) and measuring with stop-frame video playback the 
excursion of the suction electrode tip in response to water jet stimuli 
delivered at different distances. The force generated to produce these 
movements was then estimated using fine hairs of varying lengths, which, 
when maximally bent in contact with the suction electrode, produced 
excursions comparable to those of the water jet stimuli. These hairs 
were then calibrated for their maximum force (to the nearest 0.1 mg) 
on an electronic balance. 

Concurrence ofgill and siphon contractions. During spontaneous con- 
tractions in stage 11 and adult animals, spontaneous contractions were 
quantified by analyzing videotapes of restrained animals twice: first, the 
relative amplitudes and times of the peak contraction of the gill were 
measured; second, relative amplitudes and times of the peak contraction 
of the siphon were measured. (“Relative amplitude” was scored on a 
l-3 scale, where 1 is a < 10% reduction of organ area; 2, lO-40%; and 
3, ~40%). Later, the 2 lists were combined: gill and siphon movements 
occurring within a period of 1 set of each other were defined as con- 
current. A percentage concurrence score was then obtained for siphon 
and gill contractions having relative amplitudes of 2 or 3, using the 
following equation: (2C/S + G) x 100, where C is the number of 
concurrent contractions, S is the number of siphon contractions, and 
G is the number of gill contractions. Thus, complete lack of concurrence 
would yield a score of 0.0% and complete concurrence, a score of 100%. 
To further analyze concurrence of siphon and gill contractions, the 
distribution of intervals between spontaneously occurring siphon and 
gill contractions was analyzed. Specifically, the interval between each 
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Figure 2. Development of the mantle organs. The progressive development of the siphon and gill is shown from stage 9 to adult. The siphon first 
appears in stage 9. The gill first appears in stage 10 but is not directly visible for study until about a week later, in stage 11. Note the change in 
scale for each stage. (See text for details.) 
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Figure 3. Spontaneous contractions of the siphon and gill. A, Mean 
number (?SEM) of spontaneous siphon contractions observed in 5 min 
for stages 9 to adult (n = 5 for each stage). There is an initial high rate 
of spontaneous contractions in stages 9 and 10 that progressively de- 
creases with later developmental stages. B, Mean number (+SEM) of 
spontaneous gill contractions observed in 5 min for juvenile stages 11 
to adult (n = 5 for each stage). There is an initial high rate of spontaneous 
gill contractions in stage 11 (higher in rate than the highest siphon- 
contraction rate) (note ordinate scale differences in A and B), which 
decreases with later developmental stages. Only full gill contractions 
(not twitches) were scored (see text). 

siphon contraction and the gill contraction closest to it in time was 
computed. These intervals were pooled into a composite interval his- 
togram. Concurrence for evoked contractions was scored by analyzing 
videotapes of evoked siphon contractions and determining the number 
of gill and siphon contractions that occurred within 1 set of stimulus 
delivery. 

Statistical analysis. Within-group and between-group differences were 
assessed by means oft tests for correlated or independent means, re- 
spectively. When more than 2 groups of animals were used in an ex- 
periment, initial overall significance was determined by a one-way AN- 
OVA, followed by Newman-Keuls plamed comparisons (Winer, 1962). 
All probability values are 2-tailed. All data are expressed in terms of 
means, and, where between-group comparisons are made, variance is 
expressed as the SEM. In cases where nonparametric statistics were 
appropriate for the analysis, x2 and Mann-Whitney Utests (Siegel, 1956) 
were employed. 

Results 
Developmental characteristics of gill and siphon 
To assess the development of both spontaneous and reflex con- 
trol over the mantle organs, the animals were restrained for 
videotaping as shown in Figure 1 (see Materials and Methods 
for details). 

Since the focus of the present studies was on the development 
of the gill and siphon withdrawal, particular attention was paid 
to characterizing the features of these organs at different devel- 
opmental stages. The morphological features of the siphon and 
the gill at different stages of development are illustrated in Figure 
2. For each stage the siphon and gill were traced from stop- 
frame videotape records (see Materials and Methods). 

Stage 9. The siphon primordium is first clearly visible at this 
stage in the form of a ciliated crescent of mantle tissue approx- 
imately 8-10 pm in width and 75 pm in total length. At this 
stage the gill has not yet developed. 

Stage IO. The siphon is larger, about 130 pm in diameter and 
approximately 250 pm in total length. There is a row of 5-10 
clearly separated white spots around the rim of the siphon. The 
gill primordium first appears at this stage but is obscured from 
view by the mantle and the shell. 

Stage II. The siphon has grown much larger, having a di- 
ameter of about 220 Km and a total length of approximately 
350 pm. An increased number of white spots are now fused and 
appear as a white edge on the rim of the siphon. The gill now 
protrudes from under the shell and is about 460 Mm in length. 

Stage 12. The siphon is now about 650 pm in diameter and 
projects approximately 800 pm out from the shell when relaxed. 
At this stage the siphon begins to take on the 3-dimensional 
funnellike shape characteristic of the adult. The gill pinnules are 
more developed than in stage 11, and the gill itself is much 
larger, close to 2000 Mm in length (measured along the anterior- 
posterior axis). 

Adult. The mantle organs of the adult are considerably larger 
than those of the juvenile: The relaxed siphon measures about 
30 mm in diameter, and the gill is about 75 mm in length. 

The mantle organs of Aplysiu display 2 basic classes of be- 
haviors: (1) a fixed action pattern characterized by spontaneous 
contractions and (2) reflex contractions in response to tactile 
stimuli. 

Spontaneous contractions 
Frequency of siphon and gill contractions 
Spontaneous contractions of the siphon were exhibited by every 
juvenile stage studied, from the first appearance of the siphon 
in stage 9 to the mature adult. A comparison between freely 
moving and restrained adult animals showed that restraint sig- 
nificantly increased the frequency of spontaneous contractions. 
Freely moving animals (n = 5) showed a mean of 0.17 spon- 
taneous contractions/min, while the same animals, once re- 
strained and rested for 60 min prior to observation, exhibited 
a mean of 0.49 contractions/min (t,,, = 6.0, p < 0.001). Thus, 
consistent with the previous observations of Kanz et al. (1979), 
restraint significantly increased the frequency of occurrence of 
this fixed action pattern. 

As in the adult, when spontaneous siphon contractions were 
observed in unrestrained juvenile animals fewer contractions 
were observed for each stage than were recorded in restrained 
animals. Since restraint was required for viewing gill contrac- 
tions, and 1 goal of this experiment was to compare gill and 
siphon responses directly, our analysis of spontaneous contrac- 
tions was carried out in restrained animals. In examining spon- 
taneous siphon contractions at different developmental stages, 
a clear developmental trend emerged in terms of the rate of 
spontaneous contractions: Young juvenile animals (stages 9 and 
10) exhibited the highest rate of contractions, and there was a 
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progressive and significant decrease in this rate with subsequent 
developmental stages (F(4,20) = 4.065, p < 0.01; Fig. 3A). Al- 
though we have not systematically examined it, we have ob- 
served a comparable developmental trend in unrestrained an- 
imals. 

The gill develops in stage 10 as a small bud usually hidden 
underneath the mantle and the shell (see Fig. 2). By stage 11 
the gill is more readily visualized. Therefore, the first stage in 
which we studied the gill was stage 11. In this stage the devel- 
oping gill exhibits 2 kinds of spontaneous contractions, high- 
frequency twitches and lower-frequency full contractions. 

High-frequency gill twitches. These gill contractions occurred 
at a very high rate (mean 131.1 f 10.3/min) and were char- 
acterized by twitchlike contractions of the gill (relative ampli- 
rude 1; see Materials and Methods). These twitches were highly 
correlated (often 1: 1) with the occurrence of each heartbeat in 
the animal (which could readily be measured since the heart is 
easily visualized through the animal’s body wall). Moreover, 
when the heart showed prolonged periods of inhibition (up to 
5 set), the high-frequency gill twitches would cease as well. 
Finally, surgical removal of the gill, leaving it attached to the 
abdominal ganglion, immediately abolished these twitchlike 
contractions but not the lower-frequency full contractions (de- 
scribed below). Thus, it is likely that the high-frequency twitches 
are not active contractions of the gill but rather are the passive 
reflections of hemolymph being pumped through the gill with 
each heartbeat. These twitches disappear by late stage 11, per- 
haps reflecting morphological changes in the gill (such as thick- 
ening or stiffening of the pinnules) that would reduce passive 
movements of the tissue. 

Full gill contractions. These spontaneous gill contractions (rel- 
ative amplitude scores of 2 or 3) occurred at a much lower rate 
(about 1 l/min) than the twitches (relative amplitude score of 
1) described above, but at a substantially higher rate than the 
spontaneous siphon contractions described earlier (Fig. 3A). Fol- 
lowing the same pattern as the siphon, the frequency of these 
spontaneous gill contractions diminished progressively and sig- 
nificantly across developmental stages (stages 11, 12, and adult: 
F(2,12) = 7.13, p < 0.0 1). By stage 12 (over a period of about 
4 weeks), there was a reduction from a mean of 1 l/min (stage 
11) to a mean of 2.8/min, and in the adult they were reduced 
even further, to a mean of 0.49/min (Fig. 3B). 

Concurrence of siphon and gill contractions 
In adult animals the siphon and gill contract together during 
spontaneous contractions. This can be quantified in terms of a 
concurrence score in which the percentage of cocontractions of 
the siphon and gill (defined as occurring within 1 set of each 
other) is expressed as a percentage of the total number of spon- 
taneous contractions occurring during a 15 min observation 
period. Thus, a concurrence score can range from 0.0% (no 
cocontraction) to 100% (complete concurrence). (For details, 
see Materials and Methods.) We found that there was a pro- 
gressive increase in the concurrence score of siphon and gill 
contractions with increased developmental stages (Fig. 4). In 
adults (n = 5), the average concurrence score for gill and siphon 
during spontaneous contractions was quite high, 85.7%. Given 
the known adult circuitry for spontaneous contractions (see Dis- 
cussion), one might expect the adult concurrence score to be 
100%. With our scoring procedures each component (siphon 
and gill) was scored independently and blind. With this pro- 

SPONTANEOUS CONTRACTIONS 

11 12 ADULT 

DEVELOPMENTAL STAGE 

Figure 4. Concurrence of siphon and gill spontaneous contractions. 
Percentage of concurrent contractions of siphon and gill during spon- 
taneous contractions is shown in juvenile stages 11 to adult. Concurrence 
was defined as the percentage of siphon and gill contractions occurring 
within 1 set of one another. (See Materials and Methods for details. 
II = 5 for each stage.) 

cedure any additional contraction of either organ not related to 
the fixed action pattern would contribute to a lower net con- 
currence score. Thus, our measure provides a conservative, low- 
er-limit estimate of adult concurrence. 

In contrast to adults, in stage 12 animals (n = 5) the average 
concurrence was only 28.6%, and, in stage 11 animals (n = 5), 
17.2%. An ANOVA revealed a highly significant trend towards 
greater concurrence of spontaneous contractions with older de- 
velopmental stages (F(2,12) = 36.9, p < 0.0002). Subsequent 
planned comparisons showed that both stage 11 and 12 animals 
had a significantly lower concurrence of contractions than did 
adult animals (p < 0.01 in each case). 

This increase in concurrence score between spontaneous si- 
phon and gill contractions (Fig. 4) suggests that the 2 events 
become progressively more likely to occur together; that is, they 
become more synchronized during development. However, since 
the spontaneous contractions of the siphon and gill occur at 
different rates early in development (Fig. 3), the possibility ex- 
isted that the increase in concurrence score we observed did not 
reflect a progressive increase in synchronization of the 2 kinds 
of contractions, but rather reflected the progressive decrease in 
the rate of gill contractions. For example, siphon contractions 
(which occur at a much lower rate than gill contractions) might 
be perfectly synchronous (i.e., occur 1: 1) with gill contractions, 
even in stage 11, but additional gill contractions occurring at 
this stage would cause the concurrence score to be low compared 
with later stages, when the rate of gill contractions is decreased. 
To examine this possibility for stages 11, 12, and adult, we 
generated a composite histogram expressing the distribution of 
intervals between each spontaneous siphon contraction and the 
gill contraction closest to it in time (see Materials and Methods). 
The number of observations for each animal within a stage was 
similar; thus, the total observations for all animals within a 
stage were pooled to form composite histograms for stages 11, 
12, and adult (Fig. 5). The total number of observations de- 
creased from stage 11 (n = 127) to stage 12 (n = 96) to adult 
(n = 32) due to the decrease in the rate of spontaneous con- 
tractions across development (Fig. 3). 
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Figure 5. Increased functional coupling of siphon and gill during de- 
velopment. Composite histograms for stage 11, 12, and adult animals 
show the distribution of intervals (in set) between each spontaneous 
siphon contraction and the gill contraction closest to it in time. The 
pronounced shift to the left in older animals indicates a significant 
developmental trend toward shorter intervals between siphon and gill 
contractions from stage 11 to adult, demonstrating increased functional 
coupling of the 2 effector organs (see text). 

If the siphon and gill contractions are equally well coupled at 
all 3 developmental stages, the histograms for each stage should 
have comparable distributions. On the other hand, if synchro- 
nization between siphon and gill contractions actually increases 
with development, the proportion of short intervals between 
these 2 events should increase in later developmental stages. 
The histograms in Figure 5 indicate a significant trend toward 

shorter intervals between siphon and gill contractions with sub- 
sequent developmental stages. In stage 11,4 1% of the observed 
siphon contractions fell within 1 set of a gill contraction and 
were therefore concurrent by our criterion. This percentage in- 
creased slightly to 43% in stage 12 and dramatically to 84% in 
the adult stage (Fig. 5). Thus, the proportion of observations 
falling in the concurrent (1 set) bin significantly increases across 
developmental stages (x2 with 2 df = 20.7, p < 0.001). These 
data reveal 2 important facts: First, there is measurable coupling 
of siphon and gill contractions even as early as in stage 11 
animals (complete lack of coupling would be reflected by a uni- 
form or flat distribution across all intervals, which was not the 
case; see Fig. 5). Second, the coupling between siphon and gill 
contractions significantly increases in later developmental stages, 
as shown by the pronounced shift toward very short intervals 
in the adult. 

In summary, early in juvenile development the gill and siphon 
both exhibit spontaneous contractions as soon as each organ 
develops. However, initially the contractions are only moder- 
ately synchronized. Over a period of several weeks the 2 organs 
take on the adult form of cocontraction. 

Evoked contractions 
The second major class of behavioral response exhibited by the 
mantle organs is a reflex contraction of the gill, siphon, and 
mantle shelf in response to tactile stimulation. One of the most 
sensitive receptive fields for this reflex is the siphon itself. We 
have examined the development of the gill and siphon with- 
drawal components of this reflex in stage 9-12 animals and 
compared the response characteristics at each stage with the 
adult form of the reflex. 

Input-output relationship 
In adult animals the withdrawal reflex shows a monotonic grad- 
ed increase in response as a function of increasing stimulus 
intensity (e.g., see Carew and Kandel, 1977). Thus, a relevant 
concern in characterizing the development of the withdrawal 
reflex was specifying the relationship between stimulus intensity 
and response amplitude at different developmental stages. Spec- 
ifying this relationship is important for 2 reasons. First, it pro- 
vides important normative descriptive data to assess similarities 
or differences in the reflex at different stages. Second, it provides 
a means of equating the functional intensity of stimuli in dif- 
ferent developmental stages, which is essential for the analysis 
of the development of learning in this reflex (see Rankin and 
Carew, 1987). To investigate this question, we focused on the 
siphon withdrawal component of the reflex because it can be 
measured at the earliest stages ofdevelopment. Stages 9-l 1 were 
studied. Three animals at each stage were restrained (Fig. 1) and 
run 1 at a time. The intensity of water jet stimuli delivered to 
the siphon was systematically varied by increasing or decreasing 
the distance of the pipette tip from the siphon (see Materials 
and Methods). For each stimulus intensity, 2 stimuli were de- 
livered at temporal intervals that would produce no behavioral 
decrement, and the response magnitudes to the 2 stimuli were 
averaged to provide an estimate of response amplitude at that 
intensity. Both an increasing and a decreasing series of stimulus 
intensities were run for each animal. The data from the as- 
cending series are shown in Figure 6. Although there was a 
tendency for the responses of stage 9 animals to be slightly lower 
at all stimulus intensities, the average slopes of the curves for 
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Figure 6. Intensity-response relationship for the siphon withdrawal 
reflex. Intensity-response curves for siphon reflex amplitude are shown 
as a function of increasing stimulus intensity for juvenile stages 9-l 1 
(n = 3 for each stage). The slopes of the curves for all 3 stages are 
qualitatively very similar and parallel, indicating that at all develop- 
mental stages the siphon withdrawal reflex appears to be graded as a 
monotonic function of stimulus intensity. Stimulus intensities ranged 
from 1 mg (weakest) to approximately 8 mg (strongest). (See Materials 
and Methods.) 

all 3 stages are qualitatively similar and roughly parallel, indi- 
cating that, as in the adult, at all developmental stages the reflex 
appears to be graded as a monotonic function of stimulus in- 
tensity. 

Concurrence of siphon and gill contractions 
In the adult the reflex consists of a short-latency coordinated 
contraction of the gill and siphon. A characteristic feature of 
this response is that the siphon and the gill invariably contract 
together. 

As soon as the siphon primordium appears in stage 9, it 
exhibits a brisk withdrawal reflex in response to a brief (50 msec) 
jet of seawater. When the gill primordium first appears in stage 
10, it also immediately exhibits a clear withdrawal reflex in 
response to siphon stimulation. Thus, the afferent input from 
the siphon to this reflex withdrawal system appears to be func- 
tionally intact as soon as the effector organs differentiate. A 
striking feature of the development of this reflex system is that 
as soon as the reflex is intact, gill and siphon withdrawal resem- 
bles the adult form, that is, they cocontract in response to tactile 
input. Specifically, we found that during the withdrawal reflex 
the gill and siphon invariably exhibited a concurrence of 1 OO%, 
both in stage 11 (n = 5) and in stage 12 (n = 5), as well as in 
the adult (n = 5) (Fig. 7). 

To elicit siphon withdrawal in these experiments, we used a 
relatively weak tactile stimulus evoking a reflex of less than 50% 
of a maximum contraction. Thus, it is not likely that the in- 
variant concurrence we observed was due to recruitment of 
siphon and gill contractions caused by strong stimulation. In 
fact, informal observations suggest that comparable invariant 
concurrence is obtained at all stimulus intensities, varying from 
just threshold to very strong stimuli. 

Another important consideration is stimulus spread, since a 
local reflex of the gill could be elicited by spread of the water 
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Figure 7. Concurrence of siphon and gill reflex contractions. Percent- 
age concurrence of siphon and gill reflex contractions is shown following 
tactile stimulation of the siphon for stages 11 to adult (n = 5 per stage). 
In all stages the siphon and the gill invariable contracted together. 

jet stimulus directly to the gill. If this were the case, the high 
concurrence we observed could reflect parallel activation of local 
siphon and gill reflexes. Two observations argue against this 
possibility: (1) the water jet stimulus was quite localized to the 
siphon and caused no passive deflection of the gill; and (2) when 
the abdominal ganglion was surgically removed (which would 
remove all central contribution to the reflex but leave the local 
reflexes of the gill intact), identical stimulus delivery produced 
a gill withdrawal response that was reduced by 95% (Nolen et 
al., 1987). Thus, stimulus spread does account for the 100% 
concurrence we observed. 

The invariant concurrence of siphon and gill contractions 
during reflex responses as soon as the reflexes are intact, early 
in juvenile development (Fig. 7) is in marked contrast to the 
development of spontaneous contractions, which achieve the 
adult form of high concurrence only over a period of several 
weeks (Fig. 4). Thus, our results show that exogenous (reflex) 
control over the mantle organs develops according to a different 
ontogenetic timetable than endogenous (“spontaneous”) con- 
trol, acquiring the adult form much more rapidly. 

Contribution of CNS to siphon withdrawal 
A final important consideration concerned the relative contri- 
bution of the CNS to the siphon contractions we observed. In 
adult Aplysia it is known that the CNS (the abdominal ganglia) 
contributes about 55% to the total reflex response of the siphon 
elicited by tactile stimulation (Perlman, 1979). It was important 
for us to determine whether the CNS contributes at least as 
much to the siphon reflex response in juveniles as it does in 
adults, or whether the peripheral nervous system (PNS) might 
play a more significant role in developing animals (a comparable 
examination of central and peripheral contributions to gill with- 
drawal is examined in the third paper in this series, Nolen et 
al., 1987). To investigate this question, we examined the effects 
on both spontaneous and evoked siphon contractions of re- 
moving the CNS (the abdominal ganglia), which innervates the 
gill, siphon, and mantle shelf. Eighteen stage 11 juvenile animals 
were used. Half the animals served as the experimental group, 
having their abdominal ganglia surgically removed (deganglion- 
ated, n = 9); the other half served as sham-operated controls 
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Figure 8. CNS contribution to spontaneous siphon contractions. A 
significant reduction in the number of spontaneous contractions after 
surgery was observed (in a 10 min period) for both sham-operated (n = 
10) and deganglionated (n = 10) animals. The decrease in response 
number was significantly greater in deganglionated animals than in sham- 
operated animals @ i 0.05). 

(sham-operated, n = 9). (For details of surgery, see Materials 
and Methods.) The animals were run in pairs using a double- 
blind procedure. First, an experimenter unaware of the exper- 
imental condition of the animals (deganglionated or sham-op- 
erated) restrained the animals, delivered the stimuli, and vid- 
eotaped the responses. Second, another independent observer, 
also unaware of the treatment conditions, traced the responses 
for subsequent quantification. 

All animals were restrained and rested 10 min, videotaped 
in the absence of stimulation for 10 min to record spontaneous 
contractions, and then given 10 water jet stimuli (IS1 of 1 min) 
to the siphon to elicit reflex contractions. Following this treat- 
ment animals underwent surgery (either deganglionation or a 
sham operation) and, after a 1 hr rest, they were again restrained 
and received an identical treatment regimen (10 min rest, 10 
min recording of spontaneous contraction, 10 water jet stimuli 
at an IS1 of 1 min). 

Spontaneous contractions 

Before surgery both groups of animals showed comparable num- 
bers of spontaneous contractions during the 10 min observation 
period (sham-operated: z = 13.7 + 2.4 contractions; degan- 
glionated: x = 12.8 f 1.6 contractions; Fig. 8, PRE). After 
surgery both groups showed a significant reduction in the num- 
ber of spontaneous contractions (sham-operated: x= 5.4 f 1.8, 
t, = 3.62, p < 0.01; deganglionated: x = 1.4 + 1.2, t8 = 7.77, 
p < 0.005; Fig. 8, POST). Therefore, some aspect of the surgery 
itself dramatically affected the occurrence of spontaneous con- 
tractions (see Discussion). An additional effect of deganglion- 
ation can be seen by comparing the postsurgery responsiveness 
of sham-operated and deganglionated animals. (As these scores 
were markedly non-normal in their distribution, a nonpara- 
metric between-group comparison, Mann-Whitney U test, was 
used.) Deganglionated animals showed a significantly greater 
reduction in the number of spontaneous responses exhibited 
after surgery than did the sham-operated controls (p < 0.05). 

Evoked contractions 

From the standpoint of future cellular studies of the develop- 
ment of learning (see, for example, Nolen et al., 1987) a more 
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Figure 9. CNS contribution to reflex siphon contractions. The mean 
response amplitude for siphon withdrawal pre- and postsurgery for sham- 
operated (n = 8) and deganglionated (n = 8) stage 11 animals is shown. 
There was no change in response amplitude for sham-operated animals 
following surgery, whereas deganglionated animals showed a significant 
(66%) decrease in response amplitude (p < 0.02) following removal of 
the abdominal ganglion. 

significant question than the contribution of the CNS to spon- 
taneous contractions was its contribution to reflex or evoked 
contractions. To examine this question, 10 reflex responses were 
evoked prior to surgery (IS1 = 1 min) and 10 more 1 hr after 
surgery. Constant-intensity, weak water jet stimuli (4 mg) were 
used to elicit the reflex. Since there was a small decrement in 
response amplitude over 10 trials, we will present results based 
on an analysis of the first reflex response before surgery and the 
first response after surgery. 

The presurgery reflex response amplitude for both groups was 
comparable (sham-operated: 2 = 35.6 * 6.29% reduction of 
siphon area; deganglionated: x = 37.42 f 7.24%; Fig. 9, PRE). 
After surgery, there was no change in response amplitude in the 
sham-operated group (8 = 35.6 f 7.15%) compared with their 
own preoperation scores. Thus, unlike spontaneous contractions 
(Fig. 8), reflex contractions appeared unaffected by the surgical 
procedures per se. In contrast, there was a significant reduction 
in the reflex response in the deganglionated group compared 
with their own preoperation scores (8 = 12.73 + 4.04%, t, = 
3.15, p < 0.02). Moreover, the deganglionated group showed a 
significantly reduced response amplitude compared with sham- 
operated controls (t,, = 2.78, p < 0.02; Fig. 9). Since surgery 
produced no reduction in sham-operated controls, all of the 
reduction in reflex response amplitude observed in deganglion- 
ated animals can be attributed to the removal of the CNS. De- 
ganglionation produced a decrease in the amplitude of siphon 
contractions from a mean 37.4% reduction in siphon area prior 
to surgery to a mean 12.7% reduction after surgery, or a net 
reduction in response amplitude of 66%. Thus, using a water 
jet stimulus to elicit the response, the CNS contributes 66% to 
siphon reflex response amplitude in stage 11 juvenile Aplysia. 

Discussion 
Endogenous control of siphon and gill withdrawal 
The siphon and gill of Aplysia emerge at different stages of 
juvenile development: The siphon appears approximately 4 d 
after metamorphosis (stage 9) and the gill approximately 7 d 
later (stage 10: Kriegstein et al., 1974; Kriegstein, 1977b). As 
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soon as each organ emerges it exhibits spontaneous contractions. 
However, these contractions are not yet organized into the ste- 
reotypic fixed action pattern characteristic of respiratory pump- 
ing in the adult, in which the gill and siphon, as well as the 
mantle shelf and parapodia, contract synchronously in all-or- 
none fashion (Byrne and Koester, 1978). Spontaneous siphon 
and gill contractions in the developing juvenile differ from those 
observed in the adult in 2 ways: the rate of spontaneous con- 
tractions is higher, and the siphon and gill exhibit much less 
concurrence of contraction. 

When the siphon first appears in stage 9 it exhibits a relatively 
high rate of spontaneous contraction (about 2.8/min), which 
diminishes significantly as development progresses. When the 
gill emerges in stage 10, it exhibits 2 kinds of spontaneous con- 
tractions: (1) high-frequency (13 1.1 /min) twitches that are most 
readily explained as passive reflections of hemolymph being 
pumped through the gill (since the twitches are almost 1: 1 with 
heartbeat and disappear when the heart and gill are surgically 
disconnected); and (2) lower-frequency, full contractions. These 
contractions occur at a substantially higher rate (about 1 l/min) 
than the spontaneous siphon contractions observed in stage 9. 
Both gill and siphon contractions exhibit a significant reduction 
in spontaneous rate across developmental stages. 

Thus, it appears that each organ (siphon and gill) goes through 
its own phase of high rate of spontaneous contractions that 
gradually diminishes with age. Furthermore, this sequence of 
diminishing frequency appears to occur independently for the 
2 organs, since the frequency of spontaneous siphon contractions 
is substantially diminished by stage 11, a stage when the fre- 
quency of spontaneous gill contractions is highest. The occur- 
rence of high spontaneous activity in the juvenile siphon and 
gill may reflect a number of possible factors in the developing 
effector systems, including hypersensitivity of the neuromus- 
cular junction and/or high firing rate of the motor neurons. 
Finally, high spontaneous activity may be a general feature of 
developing effector systems, as it is often observed in both ver- 
tebrates and invertebrates (Anggard et al., 1961; Hamberger, 
1963; Hamberger et al., 1966; Berrill, 1973; Kammer and Kin- 
namon, 1979; for a general review, see Bekoff, 198 1). 

The characteristic synchrony of contractions of the mantle 
organs during spontaneous contractions in the adult is in con- 
trast to the lower rate of concurrence of siphon and gill con- 
tractions in early stages of juvenile development. The concur- 
rence of contractions of the mantle organs develops over a period 
of several weeks, assuming the adult form late in stage 12 (ap- 
proximately 60-90 d after metamorphosis). 

The adult neural circuit underlying spontaneous respiratory 
pumping movements has been studied extensively. Originally, 
the interneurons responsible for the spontaneous contractions 
of the mantle organs were collectively called “Interneuron II” 
(Frazier et al., 1967). Byrne and Koester (1978) then charac- 
terized many of the circuit elements controlling respiratory 
pumping. Subsequently, Byrne (1983) and Koester (1983) have 
identified 2 clusters of interneurons, the L25 and R25 clusters, 
respectively, that are the central command elements responsible 
for the pattern generation underlying respiratory pumping. Neu- 
rons within these clusters are electrically coupled both to each 
other and to neurons in the other cluster (Koester, 1983). More- 
over, cells in these clusters make extensive, direct synaptic con- 
nections to numerous gill and siphon motor neurons. In addition 
to generating spontaneous bursts of action potentials that pro- 
duce respiratory pumping, tactile input to the siphon can trigger 
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Figure IO. Hypothetical model for fixed action pattern and reflex de- 
velopment. Hypothetical model for the development of neural circuits 
underlying the emergence of endogenously triggered spontaneous con- 
tractions (left side) and exogenously triggered reflex contractions (right 
side) of siphon and gill. Dashed lines indicate functional (as opposed to 
monosynaptic) connections. For stages 1 O-l 1, thin lines connecting 
spontaneous drivers of the siphon and gill motor neurons represent 
weak electrical coupling. For stages 12-13, heavy lines between spon- 
taneous drivers represent strong electrical coupling (see text). 

action potentials in L25-R25 cells that lead to reverberatory 
excitatory activity in the rest of the network, culminating in a 
regenerative burst (Byrne, 1983; Koester, 1983). Thus, as em- 
phasized by Pinsker and colleagues (Kanz et al., 1979) respi- 
ratory pumping can be triggered by tactile input and thus can 
play a significant role in the defensive gill and siphon withdrawal 
reflex. 

Given the known circuitry underlying respiratory pumping, 
how might this circuit be assembled during development? Our 
behavioral data provide the basis for a speculative model, as 
shown in Figure 10. In stage 9 animals, the siphon exhibits 
recurrent spontaneous contractions, which we hypothesize may 
be produced by one subcomponent of the mature L25-R25 
(Interneuron II) complex. In stages 10 and 11, the gill emerges 
and displays recurrent spontaneous contractions that are only 
weakly correlated with spontaneous siphon contractions. We 
hypothesize that these contractions may be produced by another 
subcomponent of the mature intemeuronal complex. Two in- 
terrelated lines of evidence support the notion that, in stages 10 
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and 11, the 2 subcomponents are relatively independent: (1) siphon withdrawal, the CNS contributes significantly more (about 
spontaneous siphon and gill contractions occur at very different 90%) to gill withdrawal under appropriate stimulus conditions 
rates during these stages; and (2) the concurrence of contractions in the adult (Carew et al., 1979). We found that the CNS in 
of the siphon and gill in these stages is lower than in the adult. juveniles made a comparable (actually slightly larger) contri- 
In stages 12 and 13 (adult), we hypothesize that the 2 subcom- bution to reflex siphon contractions (66%) as in adults. More- 
ponents become functionally more tightly coupled to form the over, as in the adult, the gill withdrawal component of the reflex 
mature L25-R25 complex. Since most of the known connectiv- also has a highly significant central contribution (approximately 
ity among the cells in the L25 and R25 clusters is electrical, we 95%) in juvenile development (Nolen et al., 1987). We should 
speculate that the high degree of synchrony of the siphon and emphasize that estimates of the central contribution for both 
gill during spontaneous contractions shown by adult animals is siphon and gill withdrawal have been obtained using controlled, 
achieved by electrotonic coupling between the 2 subcompo- quantifiable water jet stimuli to the siphon. This is important 
nents. because the contribution of the CNS to the withdrawal reflex 

Clearly this model is speculative and rests upon several as- may in part depend on the type of stimulus utilized to trigger 
sumptions. For example, it assumes that the spontaneous con- the reflex (Peretz et al., 1976; Carew et al., 1979). In summary, 
tractions exhibited by the juvenile siphon and gill are the anlage our observations suggest that the reflex withdrawal of the gill 
of adult respiratory pumping. This need not be the case. A less and siphon in juvenile animals has central contributions com- 
parsimonious possibility is that the concurrent spontaneous 
contractions in the juvenile could be mediated by other inter- 
neuronal networks than those responsible for respiratory pump- 
ing in the adult. Moreover, the model assumes that spontaneous 
contractions in the juvenile are centrally mediated, as they are 
in the adult (Kupfermann and Kandel, 1969; Peretz, 1969; Kup- 
fermann et al., 1974). Our experiments with removing the CNS 
did reveal a significant central contribution to spontaneous si- 
phon contractions. However, these same experiments showed 
that the surgical procedures per se significantly reduced the in- 
cidence of spontaneous contractions. We do not know what 
aspect of the surgery reduced the spontaneous rate in juveniles, 
but one possibility is that spontaneous contractions are triggered 
by some factor in the hemolymph (Kanz and Quast, 1985) and 
that surgery compromises the circulatory system, thus decreas- 
ing the number of spontaneous contractions. This would explain 
why reflex contractions of the mantle organs were unaffected by 
the identical surgical procedure (see below). 

In summary, the speculative model we have proposed has 2 
attractive aspects: (1) it can account for the principal features 
of development of endogenous control of the siphon and gilk 
and (2) the assumptions underlying the model can be directly 
tested by means of intra- and extracellular recording from the 
intact and isolated CNS at different juvenile stages (see, for 
example, Nolen et al., 1987). 

Exogenous control of siphon and gill withdrawal 
In contrast to endogenous (spontaneous) control of the siphon 
and gill, which takes several weeks to mature, we have found 
that exogenous (reflex) control over these organs is intact and 
resembles the adult form as soon as each organ emerges at its 
respective developmental stage. Like the reflex in adults, the 
amplitude of siphon contractions is graded as a function of 
stimulus intensity. Moreover, throughout development, gill and 
siphon show a high degree of concurrence during reflex con- 
tractions, which is a characteristic feature of the reflex in adult 
animals. In fact, the gill and siphon invariably cocontract in 
response to siphon stimulation, even at the earliest juvenile 
developmental stages. 

An important issue concerned the relative contribution of the 
CNS and PNS to reflex contractions in juvenile animals. In 
adults the CNS contributes about 55% to the total reflex response 
of the siphon elicited by tactile stimulation (Perlman, 1979). 
The remaining 45% is contributed at least in part by an identified 
cluster of motor neurons located peripherally along the siphon 
nerve (Bailey et al., 1979). Compared with its contribution to 

parable to those in the adult, lending further support to the idea 
that the reflex system is mature quite early in its ontogeny. 

Our results in examining the development of the reflex with- 
drawal system suggest further features of the model we propose 
in Figure 10. In stage 9 the siphon withdrawal reflex is already 
intact, suggesting the possibility that the identified LE sensory 
neurons known to mediate this reflex in the adult (Castellucci 
et al., 1970; Byrne et al., 1978) may already make functional 
connections to siphon motor neurons. In the adult these con- 
nections are known to be both monosynaptic and polysynaptic 
to siphon motor neurons. However, for these early develop- 
mental stages we simply posit a functional connection (without 
implying monosynapticity) between sensory neurons and motor 
neurons. In stages 10-l 1 the gill emerges and both gill and 
siphon components of the reflex are intact, suggesting the pos- 
sibility that the LE sensory neurons also make functional con- 
nections to gill motor neurons in these stages. This postulated 
dual connectivity of the siphon sensory neurons to both siphon 
and gill motor neurons (which is known to occur in the adult) 
could account for the invariant cocontraction of the siphon and 
gill that is characteristic of reflex contractions at these devel- 
opmental stages. Finally, it is postulated that in stages 12 and 
13, when the adult form is achieved, a significant portion of the 
reflex is mediated by monosynaptic input from LE sensory neu- 
rons (Castellucci et al., 1970). It is also known that, in the adult, 
sensory input from the siphon can trigger a burst from the L25- 
R25 (Interneuron II) complex, thus triggering gill and siphon 
withdrawal (Kanz et al., 1979). Thus, another important ques- 
tion that warrants further study concerns the stage, or stages, in 
development when LE sensory input functionally connects to 
the L25-R25 complex. 

Taken collectively, our results show that endogenous (spon- 
taneous) control of the mantle organs emerges according to a 
different developmental timetable than does exogenous (reflex) 
control. The fixed action pattern develops slowly over a period 
of several weeks, whereas the reflex is intact immediately, as 
soon as the organs emerge. Similar temporal dissociation in the 
development of fixed action patterns and reflexes that utilize 
common effector structures has been observed in other inver- 
tebrate animals. For example, in the hawkmoth Manduca sexta, 
the fixed action responsible for ecdysis is intact and functional 
prior to a reflex (the gin trap reflex) that is appropriate only at 
one particular developmental stage (Truman, 1980; Levine and 
Truman, 1983). Moreover, as in Aplysia, the reflex appears func- 
tional immediately, requiring only the presence of eclosion hor- 
mone for its expression (Levine and Truman, 1983). However, 
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the temporal order observed in Manduca has the opposite pat- 
tern of what we observe in Aplysia, where the mature reflex 
precedes the fixed action pattern. Thus, the order of temporal 
emergence of particular behaviors during development may de- 
pend less on their form (e.g., reflex or fixed action pattern) and 
more on their adaptive significance at a particular develop- 
mental stage. 

This raises the question of the functional significance of the 
developmental scheme we observe in the mantle organs ofAply- 
sia. It may be that the fixed action pattern (respiratory pumping) 
becomes functionally important for the animal only as other 
organs, such as the parapodia and mantle shelf, also develop. 
These organs are recruited into a stereotypic contraction during 
spontaneous pumping and serve to funnel seawater across the 
gill and out the siphon, presumably to facilitate respiratory ex- 
change. In early juvenile stages, considerable respiratory ex- 
change probably occurs across the skin, reducing the necessity 
of spontaneous pumping until the gill becomes the principal 
respiratory organ later in development. In contrast to this fixed 
action pattern involving the mantle organs, reflex contractions 
of the mantle organs may be of prime importance as soon as 
the organs emerge. Since the siphon and gill become progres- 
sively more exposed as they develop, an intact and develop- 
mentally mature withdrawal reflex may have a high adaptive 
value from the outset. 

In parallel to the developmental sequences involved in the 
functional assembly of siphon and gill withdrawal that we have 
described in this paper, there is a second developmental se- 
quence involving the temporal emergence of different forms of 
learning and memory in this same reflex system. This devel- 
opmental sequence is discussed in the second paper of this series 
(Rankin and Carew, 1987). 
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