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Abstract 

Egg laying in Aplysia involves a well-characterized series of behaviors that can last for several hours. The 
behaviors are controlled by two bilateral clusters of peptidergic neurons in the abdominal ganglion. Following 
brief stimulation, these neurons, which have been termed the bag cell neurons, undergo a sequence of changes 
in their excitability lasting many hours. The bag cell neurons have served as a model system for studying the 
molecular mechanisms involved in the synthesis, processing, and release of neuroactive peptides and in the 
regulation of prolonged changes in neuronal excitability. 

Index Entries: Apylsia; abdominal ganglion; bag cell neurons; molecular mechanisms. 
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Introduction 

The marine mollusk, Aplysia, provides an 
excellent model system for studying the molec- 
ular and neurophysiological mechanisms in- 
volved in the control of animal behavior. Unlike 
the complex network of cells that comprise the 
mammalian brain, many of the individual neu- 
rons that make up the Aplysia nervous system 
have been identified. Furthermore, the rela- 
tively large size of Aplysia neurons allows bio- 
chemical, electrophysiological, and molecular 
biological analysis of individual neurons that 
are responsible for modulating a given behav- 
ioral pattern. These advantages have allowed 
advances to be made in our understanding of 
the cellular basis of the modification of behav- 
ior in response to environmental stimuli, such 
as conditioning of the Aplysia gill withdrawal 
reflex (Castellucci et al., 1986; Kandel and 
Schwartz, 1982). In addition, Aplysia has been 
useful in elucidating the neurobiological basis 
of innate behavior patterns, such as reproduc- 
tion and feeding, that do not depend on the 
prior experience of the animal. Of particular 
note in this last category is the set of behaviors 
that comprise egg laying in Aplysia. Egg laying 
in this animal is controlled by a group of cells 
called the bag cell neurons. The bag cell neurons 
comprise two bilaterally-situated, bag-shaped 
clusters of about 400 identical neurons that are 
located on the rostral end of the abdominal 
ganglion (Fig. 1). In many ways, these cells are 
analagous to neurons in the vertebrate hypo- 
thalamus, in that they release peptides locally to 
act on other neurons and also directly into the 
circulation. Bag cell neurons provide an ideal 
model neuroendocrine system, in that they are 
anatomically separated from the other cells of 
the abdominal ganglion and lend themselves 
well to the traditional techniques of biochem- 
istry, electrophysiology, and molecular biol- 
ogy. Investigations of the peptidergic bag cell 
neurons are providing insights into the mecha- 
nisms of the long-term regulation of electrical 

excitability, as well as the regulation of syn- 
thesis, processing, transport, and secretion of 
neuropeptides, including the role of second 
messengers in these processes. Finally, an 
understanding of the mechanisms by which 
neuropeptides can initiate and maintain a fixed 
series of behaviors is beginning to emerge from 
the study of the effects of the bag cell peptides on 
various target cells. 

Reproductive Behavior in Aplysia 

Courtship and Mating 
Like other opisthobranch mollusks, Aplysia is 

hermaphroditic. Unlike some sexually dimor- 
phic molluskan species, Aplysia eggs are not 
fertilized externally, but are stored in the "fe- 
male" and deposited after fertilization. Al- 
though one case of autocopulation has been re- 
ported (Susswein et al., 1984), this appears to be 
extremely rare. However, a pair of animals can 
inseminate each other simultaneously. 

Reproductive behavior in ApIysia has been 
studied in the field and in the laboratory (Eales, 
1921; MacGinitie, 1934; Audesirk, 1979; Cobbs 
and Pinsker, 1982a,b; Blankenship et al., 1983; 
Susswein, 1984; Susswein et al., 1984; Switzer- 
Dunlap et al., 1984; Painter et al., 1988; Leonard 
and Lukowiak, 1989). It consists of a fairly com- 
plex, but highly stereotyped, series of behaviors 
that include courtship, mating, and egg laying. 
Courtship consists of the "male" approaching 
and crawling over and around an animal acting 
as a female. The "male" then places its head 
between the parapodia of the "female" and in- 
serts its penis into the vagina. The animal serv- 
ing as the female may reciprocate and act as a 
male with its partner, thereby forming a pair, 
or act as a male to a third animal. Mating chains 
of up to 20 animals have been seen. Further- 
more, a single animal can serve as a female to 
two "males," thereby allowing the formation of 
complex branched chain networks. Although 
the neuroendocrine mechanisms of control of 
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Fig. 1. Diagram of an abdominal ganglion showing the positions of the left and right bag cell clusters (LBC and RBC). 
Solid and dashed arrows indicate two directions of propagation of bag cell action potentials. 

foreplay and copulatory behavior are not well 
understood, this behavior in A. dactylomela is 
known to come under the influence of a circa- 
dian rhythm and is increased as a result of food 
deprivation in A. fasciata. The latter adaptive 
response may serve to ensure survival of the 
species in situations when food is scarce. 

Egg Laying Behavior 
At some point after fertilization, the eggs are 

extruded as a string that is covered with a sticky 
mucus. The mucus functions to attach the egg 
string to any surface with which it comes into 
contact. While laying the eggs, the animal 
moves its head back and forth in a very stereo- 
typed fashion, resulting in the formation of a 
sticky egg mass that adheres to substrates such 
as eel grass, seaweed, or rock. A single egg 
mass may contain well over 100 million eggs 
(MacGinitie, 1934; Susswein et al., 1984). The 
average rate of egg extrusion is on the order 
of 40,000/min, and a single animal in captivity 
has been reported to lay as many as 478 million 
eggs during a period of just over four months 
(MacGinitie, 1934). 

The sequence of behaviors that accompanies 
egg laying follows a very predictable pattern 
and has been well characterized in the labora- 
tory (Arch and Smock, 1977; Strumwasser et al., 
1980; Cobbs and Pinsker, 1982a,b; Blankenship 

et al., 1983). Prior to the beginning of egg laying, 
animals discontinue eating and often locomote 
to a vertical surface. Perhaps the first behavior 
that predicts that egg laying will soon occur is 
an unusual puckering of the labia surrounding 
the mouth. This constriction of oral muscula- 
ture could effectively prevent food intake and 
thereby ensure that the animal does not inad- 
vertently eat its own eggs. Shortly after the 
beginning of these puckering mouth move- 
ments, a swelling of the common genital groove 
occurs, locomotion ceases, and head weaving 
movements and frequent twitching of the 
rhinophores become apparent. Head weaving 
becomes the predominant behavior measured 
and is coupled with a tucking movement as the 
egg strand is extruded from the common genital 
groove. Together, these movements allow the 
strand to be deposited as a compact egg mass. 
Within 10 min after laying a string of eggs, the 
animal may resume feeding. 

Although Aplysia are one of the most prolific 
egg producers of the marine bottom-dwelling 
invertebrates (Kandel, 1979), egg laying con- 
sumes a relatively small proportion of their time 
(Susswein et al., 1984). Egg laying is a seasonal 
activity, and its frequency can be enhanced by 
increases in the seawater temperature (Pinkser 
and Parsons, 1985). As with copulation, egg 
laying behavior increases during periods of 
food deprivation (Susswein, 1984), which is 
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likely to serve as an adaptive response to ensure 
survival of the species. Egg laying is also influ- 
enced by the composition of diet and is dramati- 
cally increased when the animals eat certain 
types of seaweed (Carefoot, 1967). 

The natural stimulus that leads to the initia- 
tion of egg laying behavior is unknown. Al- 
though Aplysia are often observed laying eggs 
during copulation, evidence suggests that cop- 
ulation is not a necessary or sufficient stimulus 
for triggering egg laying (Blankenship et al., 
1983). Aplysia often lay eggs in synchrony (Suss- 
wein et al., 1984), and it has been suggested that 
egg laying animals release a pheromone that 
induces other animals to lay eggs (Audersirk, 
1977). 

The development of an understanding of the 
neural mechanisms involved in the control of 
egg laying in Aplysia was greatly facilitated by 
the discovery of Kupfermann (1967) that an 
extract taken from the abdominal ganglion of 
Aplysia is capable of stimulating egg laying 
when injected into the hemocele of recipient 
animals. Kupfermann localized the egg laying 
activity to a group of peptidergic cells called bag 
cell neurons. Since that time, it has been shown 
that this activity is contained in a 4400 dalton 
polypeptide called egg laying hormone (ELH) 
that is secreted from actively-firing bag cell 
neurons (Chiu et al., 1979; Stuart et al., 1980). 
These data and the data discussed below sug- 
gest that the bag cell neurons respond to an 
appropriate stimulus by secreting ELH, thereby 
triggering the series of behaviors that comprise 
egg laying. Whatever the natural stimulus is 
that causes the release of ELH, it seems that ELH 
secretion may be an "all or none" event that 
is tightly regulated. Once egg laying has com- 
menced, the associated behaviors prevent the 
animal from engaging in other activities for a 
period of at least 1-2 h. Therefore, it is likely that 
ELH is not secreted at times when the animal 
cannot devote full time to egg laying activities 
(such as during attack or copulation as a male). 
As discussed below, the electrical and morpho- 

logical properties of the bag cell neurons make 
them particularly suitable for the task of releas- 
ing ELH in such a tightly-controlled "all or 
none" fashion. 

Interestingly, egg laying in the freshwater 
pond snail, Lymnaea stagnalis, is controlled by a 
similar group of neurons called the caudodorsal 
cells. The electrical properties, neuromodula- 
tion, and secretory products of these cells are 
very similar to those of the bag cell neurons, and 
the caudodorsal cells have also served as a use- 
ful system for studying neuronal regulation of 
animal behavior (Buma et al., 1986; Geraerts and 
Hagenes, 1985; terMaat et al., 1988; Vlieger et al., 
1980). 

Developmental, Morphological, 
and Electrical Properties 
of Bag Cell Neurons 

Development 
The timing of the development of individual 

Aplysia depends on species, temperature, and 
environmental factors, such as the availability 
of suitable substrates for metamorphosis (Ger et 
al., 1984). In laboratory culture, after being re- 
leased from the egg case, immature Aplysia cali- 
fornica enter into a larval stage of development 
that lasts approximately 34 d (Kriegstein et al., 
1974,1977). The animal then undergoes a meta- 
morphosis before entering the juvenile phase, in 
which it appears similar to the adult but is not 
yet sexually mature. The animal gradually 
grows into the larger, sexually mature adult 
within 2-3 mo of metamorphosis (Kriegstein et 
al., 1974,1977). During the larvalstage of devel- 
opment, the cells that will eventually make up 
the bag cell cluster are located in the ectoderm of 
the body wall (McAUister et al., 1983). During 
and after metamorphosis, the cells migrate 
along fibrous connective tissue strands into the 
body cavity and toward the central nervous 
system. The bag cell neurons first appear on the 
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pleuroabdominal connective nerve (the afferent 
connective to the abdominal ganglion from the 
head ganglia), at 10-20 d after metamorphosis, 
as a primitive cluster of about 10 small neurons 
that are located somewhat distal to the abdomi- 
nal ganglion (McAllister et al., 1983). The num- 
ber of cells increases, and the cluster moves 
closer to the abdominal ganglion to form clus- 
ters of bag cell neurons that are connected pri- 
marily on the ventral side of the abdominal 
ganglion at the base of each pleuroabdominal 
nerve (Coggeshall, 1967; Frazier et al., 1967; 
Haskins et al., 1981). In younger animals, there 
are probably less than 100 small (about 10 ~tm) 
bag cell neurons in each cluster. These cells are 
not yet in contact with glial cells, and their 
processes extend only slightly from the soma. 
Furthermore, unlike bag cell neurons of larger 
animals, there is no morphological evidence 
that these cells contain neurosecretory granules. 
As the animals develop into sexually mature 
adults, the cells become more numerous (about 
400/cluster), larger in size (40-100 ~M), and ex- 
tend dense networks of processes (Coggeshall, 
1967; Frazier et al., 1967; Haskins et al., 1981). 

Morphology 
The bag cell neurons are typically multipolar 

and send their processes in every direction into 
the surrounding connective sheath. Typically, 
two or three processes extend from a single 
soma and branch extensively into smaller, 
minor processes. The processes contain numer- 
ous varicosities that are more common near 
axon endings (Haskins et al., 1981). A great 
number of the processes extend as bundles in 
the connective tissue sheath of the pleuroab- 
dominal connective nerve that connects to the 
head ganglia. These axons wrap around the 
proximal portion of the pleuroabdominal nerve 
after leaving the bag cell cluster to form a "cuff" 
around the connective nerve. The number of 
processes contained within the cuff decreases 
progressively with increasing distance from the 
cluster, and none of these processes appear to 

extend more than 10-16 m m  in A. californica and 
even less in other species. A small population of 
bag cell axons do not form a cuff, but extend up 
the pleuroabdominal connective among the 
axons of other cells that form the core of the 
nerve (Haskins et al., 1981). These axons extend 
well beyond those located in the connective 
sheath, but it is not known if they reach as far as 
the head ganglia. In addition, most bag cell 
neurons extend one or more branches that ex- 
tend caudally over the abdominal ganglion or 
toward the contralateral bag cell cluster. 

Based on early electron and light microscopic 
studies, it was suggested that bag cell neurons 
in mature animals are neurosecretory cells 
(Frazier et al., 1967; Coggeshall, 1967). They 
contain peptidergic granules that are round and 
have electron-dense cores. A subpopulation of 
very large dense core granules is not detected in 
the processes, suggesting that some peptide- 
containing organelles are soma specific (Kreiner 
et al., 1986). In addition, bag cell neurons may 
also contain a population of small clear vesicles 
that are not found in the soma or along the 
neurites of bag ceil neurons, but are generally 
clustered along with dense core vesicles near the 
terminal axolemma (Haskins et al., 1981). 

Many of the bag cell processes extend out of 
the bag cell clusters, where they end in a highly 
vascularized connective tissue sheath. This 
could allow release of the vesicular contents into 
the general circulation, where they could be 
transported to other central ganglia and periph- 
eral organs (Frazier et al., 1987). Morphological 
evidence for the exocytotic release of vesicular 
contents includes the finding of omega-shaped 
profiles in plasma membrane in stimulated tis- 
sues that were fixed immediately after dissec- 
tion (Haskins et al., 1981). 

Bag Cell Neurons Can Generate 
a Prolonged Afterdischarge 
The first description of the electrophysiologi- 

cal properties of the bag cell neurons was by 

Molecular Neurobiology Volume 3,1989 



Bag Cell Neurons of Aplysia 243 

Frazier et al. (1967) and was followed three 
years later by a more extensive study by Kupfer- 
mann and Kandel (1970). Bag cell neurons have 
resting potentials of-40 to -65 mV and are gen- 
erally silent. Action potentials can be evoked in 
response to intracellular depolarizing current 
injection, with the spike duration ranging from 
30 to 150 ms. Although long depolarizing 
pulses sometimes produce repetitive firing in 
bag cell neurons, the cells soon become inacti- 
vated and cannot sustain prolonged periods of 
firing in their normal resting state. 

A brief electrical stimulus to either of the 
two pleuroabdominal nerves causes the bag cell 
neurons to undergo a dramatic change in their 
electrical properties, which results in a period of 
repetitive firing that can last up to 60 rain, but 
more often lasts on the order of 30 min (Fig. 2). 
Under some conditions, afterdischarges also 
can be triggered by intracellular stimulation of 
bag cell neurons (Brown and Mayeri, 1986). 
This afterdischarge is accompanied by a sus- 
tained depolarization and preceded by a series 
of small prepotentials. Kupfermann and Kandel 
(1970) noted that the afterdischarge resembled 
an all-or-none event in that there was no corre- 
lation between the number of stimuli used to 
initiate the response and the duration of the af- 
terdischarge. This could provide a mechanism 
for triggering an all-or-none behavioral re- 
sponse. No hormone would be released under 
normal conditions, but when the afterdischarge 
is initiated, it could result in release of sufficient 
ELH to induce a full egg-laying response. 

Bag Cell Neurons 
Are Electrically Coupled 
By impaling multiple cells within a bag cell 

cluster, it was found that all cells within the 
cluster fire in tight synchrony during the after- 
discharge. Although such close synchroniza- 
tion could be achieved if each bag cell neuron 
receives innervation by a common interneuron, 
it now appears likely that synchronization re- 

sults from electrical coupling among the bag cell 
neurons. Since Kupfermann and Kandel (1970) 
were unable to detect the presence of electrical 
synapses among bag cell neurons of A. cali- 
fornica, using electrophysiological techniques 
within intact bag cell clusters, they suggested 
that such coupling may exist at a remote site that 
is distal to the somata of the bag cell neurons. 
Blankenship and Haskins (1979) later success- 
fully demonstrated electrotonic coupling be- 
tween the bag cell neurons in Aplysia dactylo- 
mela. The postjunctional responses that they 
measured across the electrical synapses of bag 
cell neurons were of small amplitude, long 
latency, and had a prolonged time course, sug- 
gesting that the coupling was remote to the cell 
bodies. Not only are the bag cell neurons within 
a cluster electrically coupled, but coupling also 
exists between cells in contralateral clusters of 
bag cell neurons. Thus, one cluster can serve 
as a pacemaker for the other so that initiation 
of an afterdischarge in one cluster results in 
recruitment an afterdischarge in the contralat- 
eral cluster. Kaczmarek et al. (1979) provided 
morphological evidence for electrotonic coup- 
ling of the bag cell neurons by showing that 
injection of lucifer yellow into a bag cell soma 
can result in labeling of adjacent cells. Further- 
more, they reported freeze-fracture studies that 
indicate that the processes of bag cell neurons 
are joined by numerous gap junctions. Cross 
dye labeling can also be observed in closely 
adjacent bag cell neurons grown in primary cul- 
ture, and, in this preparation, electrotonic con- 
nections between the cells are easily measured 
(Fig. 3) (Kaczmarek et al., 1979). The strong 
degree of electrical coupling in cell culture may 
result from the formation of soma to soma gap 
junctions that would not normally form in the 
intact ganglion. Tight coupling among the bag 
cell neurons, and the resultant synchrony of 
firing during the afterdischarge, could ensure 
that each cell within the cluster participates in 
the afterdischarge, thereby allowing for maxi- 
mum output of secretory product. 
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Fig. 2. (A) Onset of afterdischarge in a bag cell neuron following stimulation of a pleuroabdominal connective nerve 
(SLIM). (B and C) Enhancement of action potentials during a discharge: B shows intracellulafly recorded action potentials 
at the onset of stimulation, whereas C shows action potentials recorded 10 min after the onset of discharge (Strong et al., 
1987b). 

Multiple Excitability States 
Within the Aflerdischarge 

The afterdischarge begins with a high fre- 
quency firing of action potentials. The early 
phase of rapid firing (2-6 Hz) lasts less that 1 
min and is followed by a prolonged second 
phase of relatively low frequency firing (<0.5 
min) that lasts for the remainder of the dis- 
charge (Kupfermann and Kandel, 1970; Dudek 
and Blankenship, 1977a; Kaczmarek et al., 
1982). During the initial phase of the afterdis- 
charge, the spikes are primarily sodium depen- 
dent (Kaczmarek, 1982), have a high conduction 
velocity, and are of short duration (Dudek and 
Kossatz, 1982). During this period, there is a 
frequency-dependent spike heightening and 
broadening that apparently results from the in- 
activation of a voltage- and time-dependent po- 
tassium current (Acosta-Urquidi and Dudek, 

1981; Kaczmarek et al., 1982). This frequency- 
dependent spike potentiation may play a role 
in augmenting the release of egg laying hor- 
mone. During the second slower phase of fir- 
ing, the properties of the spikes undergo further 
changes. The second phase appears to be asso- 
ciated with an enhancement of the calcium com- 
ponent of the action potentials (Kaczmarek et 
al., 1982). During this phase, the action poten- 
tials have a relatively slow conduction velocity 
(Dudek and Kossatz, 1982). Furthermore, the 
action potentials become enhanced in both 
height and width early in the second phase of 
firing and remain enhanced for the duration of 
the afterdischarge (Fig. 2) (Kaczmarek et al., 
1982). Unlike the spike enhancement that is 
seen shortly after the onset of the afterdischarge, 
this spike enhancement is not frequency-depen- 
dent and appears to be owing to a more basic 
change in the electrical properties of the bag cell 
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Fig. 3. (a) Two closely-opposed bag cell neurons in cell culture. (b and c) Electrical couplingbetween the two cells. Traces 
show the voltage responses to injection of hyperpolarizing or depolarizing current into cell A or B (Kaczmamk et al., 1979). 

neurons rather than a time- and voltage-depen- 
dent inactivation of potassium currents. Also 
during the second phase, there are occasional 
bursts of action potentials. During these short 
bursts, the conduction velocity is highest for the 
first spike and decreases for successive spikes 
(Dudek and Kossatz, 1982). The occurrence of 
long-duration spikes that conduct slowly down 
the neurite during the second phase of the after- 
discharge would be expected to enhance the 
amount of hormone released with each action 
potential. 

In vivo, the mean duration of discharges in 
Aplysia brasiliana has been found to be about 21 
min (Dudek et al., 1979). It was reported that 
egg laying may follow afterdischarges that are 
only 2-3 min in duration, suggesting that suffi- 
cient ELH for induction of egg laying may be 
released during these first few minutes of a 
discharge. These studies, however, monitored 
only one of the two clusters of bag cell neurons. 
Because the duration of discharge in the two 
clusters may vary considerably, it is possible 
that a significant amount of ELH could have 
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been released by a more prolonged second 
phase in the contralateral cluster. 

Propagation of Action Potentials 
During the Aflerdischarge 
Because of the tight electrotonic coupling that 

exists among the bag cell neurons, the afterdis- 
charge can be recorded extracellularly as large 
compound action potentials that represent 
simultaneous firing of all of the neurons within 
a bag cell cluster. Furthermore, extracellular 
responses of bag cell neurons can be measured 
in the neurites and distinguished clearly from 
spikes of other cells on the basis of waveform, 
location, conduction velocity, and, especially, 
duration of the action potentials (Dudek and 
Blankenship, 1977a). Dudek and Blankenship 
(1976; 1977a,b) used simultaneous intracellular 
recording at the bag cell somata and extracellu- 
lar recording from bag cell neurites at various 
points along the pleuroabdominal nerve to 
study the ways in which spikes are initiated and 
propagated during an afterdischarge. 

During an afterdischarge, most bag cell 
spikes are initiated in the distal region of the bag 
cell processes in one of the pleuroabdominal 
connectives and propagate into the ipsilateral 
somata (Dudek and Blankenship, 1977a). Ac- 
tion potentials then propagate toward the con- 
tralateral bag cell cluster, where spikes are initi- 
ated at a site near the bag cell somata (Haskins 
and Blankenship, 1979). The spike activity then 
propagates both into the contralateral cluster 
and outward toward the head ganglia along the 
contralateral connective nerve. During such 
activity, in which one cluster serves as a pace- 
maker for the other, there is close synchrony in 
the activity of the two bilateral clusters. The 
sites of spike initiation often shift spontane- 
ously from the neurite terminals of one cluster 
to those of the other cluster, with spikes initiated 
distally and then propagated inward. Occa- 
sionally, spike initiation may occur indepen- 
dently at the neurite terminals on both sides, 

and asynchrony develops between the two 
clusters. 

Spike initiation and a full afterdischarge can 
occur in neurites that have been severed from 
the bag cell somata at the junction between the 
bag cell cluster and the pleuroabdominal con- 
nective (Kaczmarek et al., 1978), making it clear 
that the bag cell somata are not required for the 
afterdischarge. The somata do, however, allow 
the propagation of a unilateral afterdischarge to 
the opposite cluster and serve a pacemaker 
function, as discussed above. 

Finally, action potentials in the bag cell proc- 
esses frequently fail to invade the somata. Such 
conduction failure can happen any time during 
the period of repetitive firing, but occurs most 
often at the termination of the afterdischarge 
(Dudek and Blankenship, 1977a; Kaczmarek et 
al., 1978). 

Bag Cell Neurons Enter 
a Prolonged Inhibited State 
Following an afterdischarge, the bag cell 

neurons enter an inhibited state, during which 
further stimulation elicits normal action poten- 
tials, but either fails to stimulate a second after- 
discharge or stimulates an afterdischarge of 
very short duration (Kupfermann and Kandel, 
1970). Recovery from this inhibited state occurs 
gradually, and a period of 18-20 h is required 
before full-length afterdischarges can be elicited 
again. It is likely that the initial part of this inhib- 
ited period allows for the completion of the 
series of egg laying behaviors before initiation 
of another afterdischarge can occur. It may, 
perhaps, also permit a new round of oocyte 
maturation. 

The onset of the inhibited period can be as- 
sociated with the failure of action potentials, 
which are generated in the neurites, to fully 
invade the bag cell somata (Dudek and Blanken- 
ship, 1977a; Kaczmarek et al., 1978). Neverthe- 
less, it is frequently observed that discharges 
may persist in the neurites even when the so- 
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mata are not invaded by action potentials. 
Therefore, Kaczmarek et al. (1978) defined two 
independent types of "refractoriness" that 
contribute to the inhibited period and could be 
differentiated pharmacologically. Type I refrac- 
toriness represents the failure of action poten- 
tials generated in the tips of the neurites to 
invade the somata, whereas Type II refractori- 
ness controls the duration of the discharge itself. 

Relationship of Aflerdischarge 
to Behaviors 

A great deal of evidence suggests that the bag 
cell afterdischarge is indeed the trigger that 
initiates egg laying behavior. Shortly after his 
finding that bag cell extracts can initiate egg 
laying behavior, Kupfermann (1970) found that 
the substance that stimulates egg laying is re- 
leased during an afterdischarge. The released 
activity was subsequently shown to be ELH 
(Stuart et al., 1980). More direct evidence for the 
involvement of the bag cell discharge in initiat- 
ing egg laying behavior came from the finding 
that electrical stimulation of an afterdischarge 
induces egg laying behavior in freely-behaving 
animals (Pinsker and Dudek, 1977) and that 
spontaneous bag cell afterdischarges are always 
followed by egg laying with a latency of about 
30 rain (Dudek et al., 1979). Furthermore, surgi- 
cal removal of bag cell clusters severely dimin- 
ishes the frequency of egg-laying behaviors 
(Pinskerand Dudek, 1977). It should be pointed 
out, however, that although the electrical stim- 
ulation of an afterdischarge or the injection of 
ELH triggers all egg laying behaviors, including 
rhythmic head movements, in vivo recordings 
during spontaneous egg laying suggest that 
such head movements may actually begin be- 
fore the onset of an afterdischarge (Cobbs and 
Pinsker, 1982a). 

The initiating stimulus that leads to induction 
of a bag cell afterdischarge and the subsequent 
egg laying behavior is still unknown. In Aplysia 
californica, a specialized part of the reproductive 

tract, termed the atrial gland, contains two 
peptides (peptides A and B) that are capable of 
stimulating egg laying behavior and a bag cell 
afterdischarge (Arch et al., 1978; Heller et al., 
1980). The atrial gland is found in the wall of 
the large hermaphroditic duct, and its mor- 
phology suggests that it is an exocrine gland 
that secretes peptides directly into the oviduct 
rather than into the circulation (Arch et al., 
1980; Beard et al., 1982; Painter et al., 1985). 
There is evidence that some products of the 
atrial gland may act as pheromes to enhance 
copulatory behaviors (Susswein and Benny, 
1985; Painter et al., 1989) although whether the 
A and B peptides function in this manner, and 
the conditions under which they are released, 
are not yet known. Furthermore, neither the 
atrial gland nor A and B peptides are present 
in A. parvula (Scheller et al., 1986) although 
egg laying proceeds normally in this species. 
Thus, it is unlikely that the presence of atrial 
gland peptides is necessary for normal initia- 
tion of egg laying behavior. 

The neural input to the bag cell neurons is 
not well characterized. Afterdischarges can be 
evoked by extracellular electrical stimulation 
of a pathway that leads from the cerebral gan- 
glia, through the pleural ganglia, to the bag cell 
neurons, via the pleuroabdominal connective 
nerves, suggesting that the normal neural input 
arises in, or close to, the cerebral ganglion. This 
idea is reinforced by the finding that the pep- 
tides that trigger bag cell afterdischarges are 
effective when applied locally to the head gan- 
glia (Heller et al., 1980; Painter et al., 1988, 
1989a,b). Stimulation of peripheral nerves affer- 
ent to the cerebral ganglia does not, however, 
trigger afterdischarges. Brown and Mayeri 
(1987) reported that electrical stimulation of a 
population of ELH immunoreactive white cells 
in the right pleural ganglion can initiate a bag 
cell afterdischarge. In most respects, these cells 
resemble bag cell neurons that have come to be 
situated at the pleural, rather than the abdomi- 
nal, end of the connective nerve. It is possible 
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that the axons of these cells are the axons re- 
sponsible for induction of an afterdischarge 
after stimulation of the pleuroabdominal con- 
nective. However, as with the atrial gland, it is 
unknown whether these cells are involved in 
the normal initiation of an afterdischarge and 
egg laying behavior and, if so, what natural 
conditions result in their activation. 

Bag Cell Neurons Are 
a Multitransmitter System 
that Secrete ELH and Other 
Neuroactive Peptides 

Purification of ELH 

ELH is sensitive to proteases and has a mol 
wt of about 6000 dalton based on gel filtration 
(Toevs and Brackenbury, 1969). Subsequently, 
a polypeptide with a molecular weight con- 
sistent with ELH was found to be transported to 
the axon terminals in the sheath (Arch, 1972b; 
Loh et al., 1975) and released in a calcium- 
dependent manner (Arch, 1972a). Aftera report 
that ELH is a basic peptide with an isoelectric 
point of about 9.3 (Arch et al., 1976a), Chiu et al. 
(1979) used bioassay of induction of egg laying 
to purify the peptide using cation exchange 
chromatography, followed by gel filtration. 
Determination of the primary structure of ELH 
revealed it to be a 36 amino acid polypeptide 
with a pI of 9.2 and a calculated mol wt of 4385 
dalton. 

Processing of Pro-ELH 

Based on biochemical studies, it has been 
appreciated for some time that the bag cell 
neurons contain a number of peptides that are 
derived from a single precursor and that ELH 
and another peptide, termed acidic peptide 
(AP), are secreted in response to depolarization 
(Arch, 1972a, 1976a,b; Kupfermann, 1972; Loh 
et al., 1975; Stuart et al., 1980a; Berry, 1981). 

Over half of the protein synthesis that occurs in 
bag cell neurons during the egg laying season 
is devoted to synthesis of the ELH precursor 
(Arch et al., 1972b). Thus, it is likely that these 
polyploid cells contain a proportionately large 
amount of mRNA coding for this protein. 
ScheUer et al. (1982) isolated recombinant 
clones encoding a gene that was expressed spe- 
cifically in the bag cell neurons. These were 
found to encode a precursor protein that con- 
tained the sequence for ELH. Although the 
nucleotide sequence of independent clones 
varies, it appears that they all code for the 
same amino acid sequence (Mahon et al., 1986). 
Thus, as suggested by biochemical experiments 
(Berry, 1981), it appears that there may be only 
one species of ELH precursor protein. 

The predicted sequence of the pro-ELH pro- 
tein contains, at its N-terminal, a hydrophobic 
signal sequence that is characteristic of secre- 
tory proteins (Scheller et al., 1983). Also found 
in the pro-ELH sequence are a number of diba- 
sic residues that have been identified as sites for 
cleavage by endoproteases. Cleavage at these 
sites generates ELH, acidic peptide, and several 
smaller peptides. These include two structur- 
ally-related pentapeptides, B-bag cell peptide 
([3-BCP) and ~-bag cell peptide (y-BCP), and a 
nine amino acid peptide (a-bag cell peptide; oc- 
BCP). The relative positions of these peptides in 
the precursor are shown in Fig. 4. Interestingly, 
the regions of the pro-ELH gene coding for 
ELH, a-BCP, and ~-BCP are the most highly 
conserved across different species of Aplysia, 
suggesting that these peptides may have impor- 
tant physiological and behavioral roles in the 
various species. In biochemical studies, o~-, J3-, 
and "t-BCP have each been isolated from bag cell 
extracts (Rothman et al., 1983a; Sigvardt et al., 
1986; Newcomb and Sceller, 1987) and have 
been shown to be released with ELH and AP 
during afterdischarge (Rothman et al., 1985). 
Furthermore, immunocytochemistry confirms 
that ELH and a-BCP are localized in the same 
bag cell neurons (Pulst et al., 1986, 1987; New- 
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Fig. 4. Diagram showing the relative positions of ELH, AP, and ~-, ~-, and ~BCP on the ELH precursor protein. Also 
shown are the sequences of ~-, ~-, and ~BCP. 

comb and Scheller, 1987). Based on these data 
and the physiological data discussed below, it 
has become clear that the bag cell neurons com- 
prise a multitransmitter system that employs a 
combination of neuroactive peptides. 

Two other peptides derived from the ELH 
precursor, termed 8-BCP and e-BCP, have also 
been found in extracts of bag cell neurons 
(Nagel et al., 1988b, 1989b). e-BCP is a 19 amino 
acid peptide located just before ELH on the pre- 
cursor. &BCP, a 39 residue peptide, is located 
between ~BCP and o~-BCP. The latter peptide 
may play a role in stimulating calcium flux into 
mitochondria of secretory cells in the albumen 
gland of the reproductive tract. 

Packaging of Bag Cell Peptides 
into Secretory Vesicles 
The initial steps of proteolytic processing of 

the ELH precursor begin in the Golgi apparatus 
(Yates and Berry, 1984; Fisher et al., 1988). The 
question of whether a cell separates multiple 
products before release and, if so, the mecha- 
nisms by which the cell achieves such separa- 
tion is of critical importance for a complete 
understanding of regulatory mechanisms in 
peptidergic neurons. If granule products are 
packaged prior to completion of processing, this 

would result in simultaneous release of the 
distinct peptides. However, if the individual 
peptides derived from a larger precursor are 
separated before closure of secretory granules, 
this could allow the products to be routed to 
release sites and released separately. 

Evidence suggests that bag cell peptides may 
be differentially packaged, transported, and re- 
leased. For instance, Arch et al. (1986) showed 
that ELH, and an acidic peptide that may corre- 
spond to AP, do not appear to be transported 
with a fixed stoichiometry. After a pulse incu- 
bation with 3H-leucine, ELH and the acidic pep- 
tide are synthesized with similar time courses, 
but labeled AP appears in the neurites before 
labeled ELH. Furthermore, there is differential 
release of the two peptides in response to depo- 
larization. Consistent with this, Molloy et al. 
(1987) found that when vesicle fractions are 
separated using density-gradient centrifuga- 
tion, vesicle fractions containing ELH and the 
acidic peptide do not show strict covariance 
across the gradient. Taken together, these data 
suggest that ELH and acidic peptide are in sepa- 
rate secretory granules and are differentially 
transported and released. 

Fischer et al. (1988) showed that ELH and the 
BCPs located at the amino terminal of the pre- 
cursor (i.e., m, 8-, and ~-BCPs) are also differ- 
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entially packaged and transported. Using 
quantitative immunochemistry with antibodies 
against the various bag cell products, these 
workers found that ELH imrnunoreactivity is 
localized to the cell body and processes, where- 
as immunoreactivity to the amino terminal por- 
tion of pro-ELH, which contains the BCPs, is 
primarily localized in the cell body. Further- 
more, they found that ELH and amino terminal 
BCPs are localized in different vesicle classes 
that have distinct size distributions. 

Related Peptides in the Atrial Gland 
Genes homologous to the ELH gene are ex- 

pressed in the atrial gland (Scheller et al., 1982). 
As mentioned above, two peptides (A and B) 
that are localized in the atrial gland can initiate 
bag cell afterdischarges. In addition, the atrial 
gland contains peptides that are homologous to 
ELH, some of which are as potent as ELH itself 
in inducing egg laying when injected into ani- 
mals (Nagle et al., 1985, 1989b). 

The complete nucleotide sequence of two 
atrial gland peptide genes has been determined 
(Scheller et al., 1983). One of these encodes a 
large polyprotein precursor that is homologous 
to the ELH precursor but, on proteolytic proc- 
essing, appears to generate only one major 
active peptide, peptide B (Nagle et al., 1988). 
Processing of the precursor encoded by the 
other gene yields peptide A, as well as an ELH- 
related peptide that is bound by disulfide 
bridges to another peptide related to AP, which 
is located adjacent to the ELH-like peptide in the 
precursor protein (Mahon et al., 1985; Rothman 
et al., 1986; Nagle et al., 1986,1989b). These two 
genes are approximately 90% homologous to 
the pro-ELH gene (ScheUer et al., 1983), but ap- 
pear to have diverged by single base changes, 
deletions, and insertions in a way that results in 
each gene generating a distinct set of nonover- 
lapping peptides. Biochemical studies have 
found evidence for additional ELH-related pep- 
tides (Nagle et al., 1988), suggesting that other 

members of the ELH family of genes are also 
expressed in the atrial gland (Nagle et al., 1986, 
1988). 

Second Messengers Modulate 
the Activity of the Bag Cell 
Neurons 

Modulation of Ionic Conductances 
by Cyclic AMP 
The generation of an afterdischarge from the 

normally silent bag cell neurons represents a 
long-lasting transformation of the electrical 
properties of a neuron from one state to another. 
This form of modulation of neuronal excitabil- 
ity plays an important role in regulating a vari- 
ety of animal behaviors and is commonly 
brought about by neurotransmitter-induced 
generation of second messengers and the sub- 
sequent activation of various protein kinases 
(Kaczmarek and Levitan, 1987). The bag cell 
neurons provide an excellent model system for 
studying the molecular mechanisms involved 
in this type of neuromodulation. A great deal of 
evidence indicates that cyclic AMP plays a key 
role in the generation of the bag cell afterdis- 
charge. At the onset of an afterdischarge, there 
is an increase in cyclic AMP levels (Kaczmarek 
et al., 1978). Furthermore, bag cell neurons 
contain cyclic AMP-dependent protein kinase 
(cAMP-PK) activity (Kaczmarek et al., 1982), 
and the afterdischarge is accompanied by an 
increase in the phosphorylation state of at least 
two endogenous proteins in bag cell neurons, 
both of which serve as substrates for cAMP-PK 
in cell-free extracts (Kaczmarek et al., 1982). 
This suggests that synthesis of cyclic AMP, and 
subsequent activation of cAMP-PK, may be in- 
volved in modulating the excitability of these 
neurons to give rise to the afterdischarge. 

Kaczmarek et al. (1978) demonstrated that 
cell permeable, phosphodiesterase-resistant 

Molecular Neurobiology Volume 3,1989 



Bag Cell Neurons of Aplysia 251 

cyclic AMP analogs, such as 8-benzylthio-cyclic 
AMP and 8-methylthio-cyclic AMP, can initiate 
an afterdischarge in intact bag cell clusters or 
isolated bag cell neurites that is similar in all 
respects to afterdischarges induced by electrical 
stimulation. Furthermore, the addition of 
dopamine (which increases cyclic AMP levels in 
these cells) or methylxanthine phosphodiester- 
ase inhibitors reinitiates afterdischarges when 
added within 1 min of the termination of an 
afterdischarge. In contrast to the brief afterdis- 
charges that can sometimes be initiated with 
electrical stimulation at the end of an afterdis- 
charge, the dopamine and methylxanthine- 
induced afterdischarges can be longer than the 
initial afterdischarge. 

The role of cyclic AMP and cAMP-PK in mod- 
ulating the excitability of bag cell neurons was 
studied further in isolated bag cell neurons 
grown in primary culture. Bag cell neurons re- 
tain many of their morphological and electrical 
properties when grown in primary culture, and 
this preparation lends itself well to traditional 
electrophysiological techniques (Kaczmarek et 
al., 1979). In common with bag cell neurons in 
an intact cluster, isolated bag cell neurons re- 
spond to the addition of 8-benzylthio-cyclic 
AMP, with generation of a long-lasting afterdis- 
charge (Kaczmarek and Strumwasser, 1981). 
The generation of an afterdischarge is preceded 
by an increase in input resistance, a decrease in 
the threshold for spikes evoked by depolarizing 
current pulses, subthreshold membrane poten- 
tial oscillations, and an increase in the height 
and width of electrically-evoked action poten- 
tials. Similar effects are seen after application 
of the cyclic AMP analog, adenosine-3',5'- 
monophosphothioate (Conn et al., 1988a), or the 
adenylate cyclase activator, forskolin (Kauer 
and Kaczmarek, 1985; Conn et al., 1988a). Direct 
evidence that the enhancement of action poten- 
tials is mediated by the activation of cAMP-PK 
comes from the finding that it is mimicked by 
intracellular injection of the catalytic subunit 
of cAMP-PK (Kaczmarek et al., 1980) and inhib- 

ited by injection of a protein inhibitor of cAMP- 
PK (Conn et al., 1988a). 

Two-microelectrode voltage clamp and 
whole cell patch clamp techniques indicate that 
cell permeant cyclic AMP analogs (Kaczmarek 
and Strumwasser, 1984) and forskolin (Strong 
1984; Strong and Kaczmarek, 1986) have little 
effect on the major net inward current in bag 
cell neurons. However, two-electrode voltage 
clamp reveals that 8-benzylthio-cyclic AMP 
does induce a region of negative slope resis- 
tance in the current-voltage relationship of 
bag cell neurons (Kaczmarek and Strumwasser, 
1984). When the membrane potential is 
clamped for periods as long as 2-6 s, an approxi- 
mately linear I-V relationship of inward current 
is observed between -50 and -35 mV. At poten- 
tials positive to about -35 mV, net outward cur- 
rents are activated. Five to ten minutes after the 
addition of 8-benzylthio-cyclic AMP, a region 
of negative slope resistance emerges in the I-V 
relations, giving a large plateau from about --45 
to -20 mV (Kaczmarek and Strumwasser, 1984). 
Such a region of negative slope resistance is 
characteristic of cells that demonstrate endo- 
genous repetitive firing adivity (Benson and 
Adams, 1987), suggesting that this may be a 
mechanism by which cyclic AMP may contrib- 
ute to the onset of discharge in bag cell neurons. 
The nature of the channel responsible for this 
change in the current-voltage relationship is 
not yet known. 

Evidence suggests that cyclic AMP also de- 
creases net outward currents in bag cell neu- 
rons. The net outward current of these cells 
includes a transient inactivating potassium 
current or A current and a delayed potassium 
current that consists of a calcium-dependent po- 
tassium current and two components of de- 
layed rectifier potassium current (Kaczmarek 
and Strumwasser, 1984; Strong, 1984; Strong 
and Kaczmarek, 1986). In addition, these cells 
contain an inward rectifier potassium current 
(Kauer et al., 1987). Cyclic AMP analogs 
(Kaczmarek and Strumwasser, 1984) and 
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forskolin (Strong, 1984; Strong and Kaczmarek, 
1986) diminish both the net delayed outward 
current and the A current in bag cell neurons. 
Some of these potassium currents are likely to 
play a role in the repolarization of action poten- 
tials, and thus, a decrease in these currents could 
contribute to spike broadening. An increase in 
the amplitude of the inwardly rectifying potas- 
sium current, in response to cyclic AMP analogs 
and forskolin, has also been reported (Kauer et 
al., 1987). 

Despite these advances, the exact role of 
cAMP-PK in initiation and maintenance of the 
afterdischarge is not known. It is likely that cyc- 
lic AMP is required for the expression of spon- 
taneous action potentials, but a direct test of this 
must await the availability of cell permeable 
inhibitors of cAMP-PK that can be used to see 
how inhibition of this enzyme would influence 
expression of the afterdischarge. 

Protein Kinase C Enhances 
Calcium Action Potentials 

Another second-messenger system that has 
received a great deal of attention is that linked to 
phosphoinositide hydrolysis, and recent efforts 
have led to a fairly detailed understanding of 
this mechanism of signal transduction (For 
an extensive review, s ee  Abdel-Latif, 1986). 
Stimulation of a phosphoinositide hydrolysis- 
linked receptor results in activation of a phos- 
phoinositide-specific phosphodiesterase 
(phospholipase C) and subsequent hydrolysis 
of membrane phosphoinositides. The primary 
substrate of receptor-activated phospholipase 
C is thought to be phosphatidylinositol-l,4,5- 
trisphosphate (PIP2). Hydrolysis of PIP 2 results 
in the liberation of two products, diacylglycerol 
(DAG) and inositol trisphosphate (IP3), both of 
w h i c h  can serve as second messengers. IP 3 
liberates calcium from intracellular stores, 
whereas DAG activates calcium/phosphatidyl- 
serine/DAG-dependent protein kinase (protein 
kinase C; PKC). 

Stimulation of an afterdischarge leads to acti- 
vation of phosphoinositide hydrolysis, result- 
ing in liberation of IP 3 and, by inference, DAG 
(Fink et al., 1988). Furthermore, the bag cell 
neurons are a rich source of PKC and contain a 
number of PKC substrates (DeReimer et al., 
1985a). This enzyme may be activated by syn- 
thetic cell-permeable DAGs, such as dioctanoyl 
glycerol (DOG), or phorbol esters, agents that 
mimic the action of DAG. Exposure of hag cell 
neurons grown in primary culture to DOG or 
the phorbol ester, 12-O-tetradecanoyl-13-phor- 
bol acetate (TPA), results in an enhancement of 
the height of electrically-evoked action poten- 
tials (Fig. 5) (DeReimer et al., 1985b). This effect 
is mimicked by intracellular injection of puri- 
fied PKC or exposure to other phorbol esters 
that activate PKC, but not by phorbol esters or 
lipids that do not activate this enzyme (DeRei- 
mer et al., 1985b; Bley and Kaczmarek, 1986). 
Futhermore, this effect of TPA is inhibited by 
two structurally-distinct PKC inhibitors, sphin- 
ganine (erythro dihydro-sphingosine) and H-7 
(1-[5-isoquinolinesulfonyl]-2-methyl pipera- 
zine) (Conn et al., 1988a,b). Taken together, 
these data strongly suggest that TPA-induced 
enhancement of bag cell action potentials is 
mediated by activation of PKC. 

Unlike cyclic AMP analogs, activators of PKC 
have no effect on voltage-dependent potassium 
currents in bag cell neurons. However, the in- 
ward calcium current, measured in cells inter- 
nally dialyzed with TEA and cesium to block 
potassium currents, is markedly enhanced by 
activators of PKC (DeReimer et al., 1985b). Con- 
sistent with the enhancement of action poten- 
tials, this effect is not mimicked by inactive 
phorbol esters (DeReimer et al., 1985b) and is 
prevented by PKC inhibitors (Conn et al., 
1988a,b). 

Unmasking 
of a Covert Calcium Channel 
In theory, the enhancement of calcium cur- 

rent could be owing to either a change in the 
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Fig. 5. Enhancement of action potentials in bag cell neurons by dioctanoyl glycerol (DOG). Action potentials in this 
isolated neuron were evoked by current pulses (lowest trace) (calibration bars: 50 mV, 0.1 mA, 350 ms; Strong et al., 1987b). 

properties of calcium channels that are already 
present in the membrane, or acute recruitment 
of new calcium channels. These alternatives 
were examined using cell-attached patch pipets 
to measure the activity of single calcium chan- 
nels on the plasma membrane of bag cell neu- 
rons (Strong et al., 1987). In cells that have not 
been treated with PKC activators, a single spe- 
cies of calcium channel is present. Using bar- 
ium-containing pipets, this channel has a uni- 
tary conductance of about 12 ps. It is distributed 
on the cell membrane in clusters that often con- 
rain many channels. After treatment of bag cell 
neurons with activators of PKC, such as TPA, 
the 12 ps channel appears to be present in the 
same density as control cells, and the properties 
of this channel (i.e., mean open time, and so on) 
remain unchanged. However, in TPA-treated 
cells, a new larger conductance (24 ps) channel 
that is never seen in control cells is also detected 
(Fig. 6). Unlike the small-conductance channel, 
this channel is distributed relatively evenly on 
the cell surface and tends to open in bursts of 
high frequency. Although the possibility that 

the large-conductance channel results from in- 
terconversion of the small conductance chan- 
nels cannot be completely ruled out, the fact that 
the density of the small conductance channel is 
unchanged following activation of PKC sug- 
gests that the large-conductance calcium chan- 
nel is a novel species of channel that is un- 
masked in the membrane upon activation of 
PKC. This hypothesis is further supported by 
the distinct spatial distributions of the two 
channels. This acute recruitment of a previ- 
ously covert species of calcium channel could 
provide a mechanism for induction of a rapid 
and long-lasting change in neuronal excitabil- 
ity. An interesting aspect of PKC-induced re- 
cruitment of the covert calcium channel is that it 
does not occur if TPA is added after the cell has 
been dialyzed. This suggests that cell dialysis 
disrupts some intracellular process that is im- 
portant for recruitment of this channel. 

The availability of cell-permeable PKC inhib- 
itors allows the direct assessment of the contri- 
bution of PKC and the covert calcium channel to 
the afterdischarge. Incubation of abdominal 
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Fig. 6. Unmasking of a new species of calcium channel in bag cell neurons after exposure to an activator of protein kinase 
C (TPA). In control cells, only one species of channel is detected in cell-attached patch clamp readings. After exposure to 
TPA, two species of voltage-dependent calcium channels are observed. 

ganglia with PKC inhibitors does not prevent 
initiation or maintenance of an afterdischarge 
(Conn et al., 1988b), suggesting that PKC and 
the covert calcium channel are not obligatory 
for expression of a bag cell afterdischarge. 
However, as described earlier, intracellular re- 
cordings from untreated bag cell neurons dur- 
ing an afterdischarge have shown that bag cell 
action potentials become markedly enhanced in 
both height and width in the first 2 min of the af- 
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terdischarge and remain enhanced for the 
duration of the afterdischarge (Kaczmarek et 
al., 1982). In contrast, in abdominal ganglia 
that are treated with PKC inhibitors, spike en- 
hancement does not occur during the after- 
discharge (Conn et al., 1988b), suggesting that 
the covert calcium channel may contribute to 
spike enhancement during the afterdischarge, 
and perhaps thereby enhance neuropeptide 
release. 
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Mechanism 
of Prolonged Spike Enhancement 
The electrical stimulus to the pleuroabdomi- 

nal nerve that is needed to initiate an afterdis- 
charge is brief, lasting only seconds. However, 
the enhancement of action potentials persists 
for the duration of the afterdischarge. Studies 
in cultured bag cell neurons are beginning to 
elucidate the mechanism of this prolonged 
spike enhancement. Although a 15 min prein- 
cubation of cultured bag cell neurons with PKC 
inhibitors prevents TPA-induced spike en- 
hancement, PKC inhibitors cannot reverse the 
enhancement of action potential height if it is 
added after the effects of TPA have occurred. 
This suggests that transient activation of PKC 
can act as a "trigger" for inducing expression of 
the covert calcium channel and that, once ex- 
pressed, the channel activity does not depend 
on further PKC activity for its maintenance. The 
mechanism of the persistence of PKC-activated 
calcium current is not yet known. One possibil- 
ity is that transient activation of the enzyme 
results in conversion of PKC, to a proteolytic 
cleavage product of PKC that is active in the 
absence of DAG and calcium (Kajikawa et al., 
1983). The formation of such an autonomous 
enzyme that is not sensitive to the PKC inhib- 
itors could explain these results. An equally 
plausible mechanism is that PKC induces irre- 
versible expression of the covert channel such 
that the channel remains functional in the ab- 
sence of ongoing phosphorylation. For exam- 
ple, if in response to the activation of PKC the 
channel is recruited to the plasma membrane 
from intracellular vesicles, it may require nor- 
mal membrane recycling for inactivation. 

IPs-lnduced Hyperpolarization 
of Bag Cell Neurons 

Since the afterdischarge is associated with a 
change in phosphoinositide turnover (Fink et 
al., 1988), it is possible that the phosphoinositide 
hydrolysis-derived second messenger, IP3, also 

Molecular Neurobiology 

plays a role in modulating bag cell excitability. 
As has been shown for many nonneuronal cells 
and also for photoreceptors (Corson and Fein, 
1987), microinjection ofIP 3 into cultured bag cell 
neurons elevates intracellular calcium concen- 
trations by liberating calcium from an intracel- 
lular store (Fink et al., 1988). Direct measure- 
ments of changes in intracellular calcium, using 
digital imaging of isolated neurons loaded with 
the fluorescent calcium indicator fura-2, reveal 
that the IP3-induced increase in intracellular cab 
cium is primarily localized in the cell body, with 
little change in the neurites. This is in contrast 
to the effect of electrically-evoked action poten- 
rials that increase intracellular calcium concen- 
trations primarily in the neurites of bag cell 
neurons (Fink et al., 1988). 

The electrophysiological effects of microin- 
jections of IP s are consistent with those that 
would be expected to occur with an increase in 
intrace|lular calcium. Injection of IP 3 induces a 
transient hyperpolarization of the membrane 
and diminishes the height of electrically- 
evoked action potentials. Intracellular injection 
of calcium mimicks the effect of IP a. Further- 
more, this effect is accompanied by an increase 
in conductance and is abolished by the addition 
of the potassium channel blocking agent, tetra- 
ethylammonium ions (TEA), suggesting that it 
may be related to an increase in a potassium cur- 
rent. The net delayed potassium current in bag 
cell neurons includes a calcium-dependent po- 
tassium current (Kaczmarek and Strumwasser, 
1984), and the electrophysiological effects of IP s 
suggest that IP3-induced increases in intracellu- 
lar calcium may activate this current. This is 
supported by the finding that injection of IP 3 
increases the activity of a 40 ps channel that is 
believed to be a calcium-activated potassium 
channel. The increase in the activity of this 
channel may occur through a shift in its voltage- 
dependence to more negative potentials (Fink 
et al., 1988). 

Intracellular recordings from bag cell neu- 
rons during an afterdischarge reveal that bag 
cell neurons undergo a transient hyperpolari- 
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zation immediately following electrical stimu- 
lation of the pleuroabdominal connective. This 
hyperpolarization precedes the onset of spon- 
taneous firing. It is possible that IP a is respon- 
sible for this hyperpolarization. IPa-induced 
increases in calcium concentration may also 
have other functions in regulating activity of 
bag cell neurons during the afterdischarge, such 
as contributing to calcium-dependent neuro- 
transmitter release or activating PKC or cal- 
cium/calmodulin-dependent protein kinase 
(Ca/CaM-PK)(DeReimer et al., 1984). 

Modulation of Peptide Synthesis 
and Granule Transport 

Synthesis of sufficient ELH and other pep- 
tides for secretion during repeated afterdis- 
charges in the reproductive season may place a 
major demand on the peptide synthetic machin- 
ery of the bag cell neurons. The synthesis of 
ELH undergoes seasonal variation and is ap- 
proximately twofold higher in the late summer 
egg laying season than in midwinter (Berry, 
1982). This suggests that regulatory mecha- 
nisms exist that replenish ELH stores during 
periods of high secretory demand. Evidence 
suggests that generation of an afterdischarge 
may also regulate pro-ELH synthesis. Depolari- 
zation of bag cell neurons with a high potassium 
medium enhances their synthesis of pro-ELH 
(Berry and Arch, 1981). This effect does not 
occur if the neurites are removed from the hag 
cell somata or the experiment is done in a low 
calcium medium. 

Since stimulation leading to an afterdis- 
charge results in activation of phosphoinositide 
hydrolysis and elevation of cyclic AMP, Bruel 
and Berry (1985) began to test the hypothesis 
that these second messenger systems regulate 
pro-ELH synthesis during an afterdischarge. 
They found that a variety of agents that increase 
cyclic AMP levels in these cells stimulate ELH 
synthesis. These include a cell permeable cyclic 
AMP analog, forskolin, a phosphodiesterase 

inhibitor, dopamine, and serotonin. Although 
some of these treatments can stimulate an after- 
discharge, serotonin elevates cyclic AMP levels 
in these cells without activating an afterdis- 
charge, suggesting that this effect is not secon- 
dary to a cyclic AMP-induced afterdischarge. 
Furthermore, Berry (1988) has found that appli- 
cation of a peptide that decreases cyclic AMP 
production in bag cell neurons (a-BCP) de- 
creases the synthesis of pro-ELH. 

In addition to stimulating synthesis of ELH, 
cyclic AMP may also stimulate transport of 
secretory granules to the terminal regions of bag 
cell neurites. Forscher et al. (1988) used video- 
enhanced microscopy and digital image analy- 
sis techniques to show that forskolin induces a 
rapid increase in directed organelle transport 
into the terminal regions of growth cones from 
bag cell neurons grown in primary culture. The 
majority of the organelles appear to be the 200 
nm dense core granules that contain ELH. 
This effect is potentiated by the addition of 
phosphodiesterase inhibitors and mimicked by 
cell-permeable cyclic AMP analogs, suggesting 
that it is mediated by cyclic AMP. If such an 
effect of cyclic AMP on granule movement also 
occurs in intact abdominal ganglia, this could 
increase the availability of ELH and other secre- 
tory products for exocytotic release. 

Elevation of intracellular calcium and the ac- 
tivation of PKC may oppose the actions of cyclic 
AMP on pro-ELH synthesis (Bruehl and Berry, 
1985; Berry, 1986). Biosynthesis of ELH is in- 
creased in zero calcium/EGTA medium and 
decreased by the addition of a calcium iono- 
phore (Bruehl and Berry, 1985). The effect of the 
ionophore does not occur in calcium-free 
medium, suggesting that it is not a calcium- 
independent effect of the drug (Berry, 1986). 
Calmidazolium, which inhibits both PKC and 
calmodulin-dependent enzymes, increases 
ELH synthesis, providing tentative evidence 
that the effect of calcium could be mediated by 
Ca/CaM-PK or PKC (Bruehl and Berry, 1985). 
More direct evidence for a role of PKC came 

Molecular Neurobiology Volume 3,1989 



Bag Cell Neurons of Aplysia 257 

from the finding that TPA (a PKC-activating 
phorbol ester), but not a phorbol ester that fails 
to activate PKC, mimicks the effect of the cal- 
cium ionophore. It is possible that Ca/CaM-PK 
is also involved in the regulation of pro-ELH 
synthesis, but this remains to be tested directly. 

Termination of the A#erdischarge 
Because of evidence that cyclic AMP plays 

a role in the generation of an afterdischarge, 
Kauer and Kaczmarek (1985) tested the hypo- 
thesis that the termination of the afterdischarge 
is owing to either a decrease in the synthesis of 
cyclic AMP, or a decrease in the responsiveness 
of bag cell neurons to cyclic AMP. Cyclic AMP 
analogs and phosphodiesterase inhibitors 
cause a prolongation of the duration of afterdis- 
charges. Discharges can also be restarted if cyc- 
lic AMP levels are elevated pharmacologically 
within a few minutes of the normal termination 
of a discharge, suggesting that termination is 
unlikely to be associated with a major decrease 
in the sensitivity of bag cell neurons to cyclic 
AMP (Kaczmarek et al., 1978; Kauer and 
Kaczmarek, 1985). 

In contrast, the ability of the cells to elevate 
cyclic AMP levels may be modified near the 
termination of a discharge. Kauer and 
Kaczmarek (1985) examined the ability of for- 
skolin and theophylline to increase cyclic AMP 
levels in unstimulated bag cell clusters, com- 
pared with clusters that had been stimulated to 
afterdischarge. They found that the ability of 
forskolin/theophylline to increase cyclic AMP 
levels is greatly diminished at the time when an 
afterdischarge terminates. This presumably 
represents either a decrease in cyclic AMP syn- 
thesis, or an increase in cyclic AMP breakdown 
and could play an important role in termination 
of the afterdischarge. 

Consistent with this hypothesis, Kauer et al. 
(1987) found that one of the bag cell peptides, a- 
BCP, can decrease cyclic AMP levels in stimu- 
lated bag cell clusters and decreases the ability 

of forskolin and theophylline to elevate cyclic 
AMP levels. Evidence indicates that this pep- 
tide acts directly at an autoreceptor on the bag 
cell neurons. The application of a-BCP to bag 
cell neurons during an afterdischarge causes 
premature termination of the discharge (Fig. 7). 
Moreover, this inhibitory effect can be antago- 
nized by prior treatment with a cyclic AMP ana- 
log or by forskolin and theophylline. 

Establishment 
of the Prolonged Inhibited State 

As discussed above, after termination of an 
afterdischarge, the bag cell neurons enter a pro- 
longed inhibited state during which further 
long-lasting a fterdischarges cannot be initiated. 
Relatively little is known about the molecular 
mechanisms involved in the development of 
this inhibited state. One mechanism that ap- 
pears to be involved in establishment of the 
inhibited state involves a decrease in the re- 
sponse of bag cell neurons to cyclic AMP (Kauer 
and Kaczmarek, 1985). In contrast to the effect 
of forskolin/theophylline immediately after 
termination of the afterdischarge, the addition 
of forskolin/theophylline, or stimulation of the 
pleuroabdominal connective after bag cell clus- 
ters have entered the inhibited state (1 h after 
termination of the afterdischarge), results in an 
increase in cyclic AMP levels similar to that seen 
in previously unstimulated bag cell clusters. 
However, the electrophysiological responses of 
bag cell neurons to agents that increase cyclic 
AMP are greatly attenuated 1 h after termina- 
tion of an afterdischarge. In particular, cyclic 
AMP analogs or agents that elevate cyclic AMP 
either fail to trigger or prolong discharges once 
the cells have entered the inhibited state. 

There is also evidence to suggest that the ele- 
vation of intracellular calcium ions during an 
afterdischarge may contribute to the onset of 
the inhibited period. Afterdischarges can be 
stimulated in a sodium-free medium provided 
potassium channel blockers, such as TEA, are 
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Fig. 7. (A) Inhibition of an ongoing discharge in bag cell neurons by ~-BCP (1-7). (B) Mean durations of discharges in 
control ganglia and those exposed to ct-BCP within 2-5 min of the onset of discharge (Kauer et al., 1987). 

included. The omission of sodium abolishes the 
rapid-firing phase of an afterdischarge, but 
leaves the longer slow-firing phase intact. Such 
afterdischarges are followed by a normal in- 
hibited state. In contrast, afterdischarges that 
are triggered in calcium-free media express 
only the rapid-firing phase of the afterdis- 
charge. These discharges, however, can be 
stimulated repeatedly and do not give rise to a 
normal inhibited state (Kaczmarek et al., 1982), 
suggesting that calcium entry may be required 
for initiation of the inhibited state. The hypo- 
thesis that intracellular calcium is involved in 

the development of this prolonged refractory 
state was also tested using the cationophore, 
X537A. Incubation of intact bag cell clusters in 
X537A in a calcium-containing medium in- 
duces a state that resembles the natural inhib- 
ited state that follows an afterdischarge 
(Kaczmarek and Kauer, 1983). In common 
with the normal inhibited state, there is no 
change in the resting potential of the cells or 
their ability to generate action potentials, but 
stimulation of the afferent connective fails to 
generate an afterdischarge or generates only an 
afterdischarge of short duration. Furthermore, 
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there is a gradual recovery from exposure to 
X537A that has a very similar timecourse to that 
which follows electrical stimulation of an after- 
discharge. Although further experiments with 
other ionophores and other techniques for ele- 
vating intracellular calcium are needed, these 
data suggest that calcium may play a role in the 
expression of the inhibited state. However, it 
is not known whether these effects are owing to 
a direct effect of calcium on an intraceUular 
enzyme, such as Ca/CaM-PK or a calcium- 
dependent protease, or whether this effect of 
calcium is secondary to calcium-dependent 
release of neurotransmitters from the bag cell 
neurons or a presynaptic cell. 

Inhibitory Control 
of Bag Cell Neurons 
Because of the duration of the behaviors 

associated with egg laying, it is likely that in 
vivo bag cell afterdischarges are only triggered 
under appropriate environmental conditions. 
Thus, in addition to a mechanism for generating 
an afterdischarge and the associated egg laying 
behaviors, mechanisms must exist for inhibi- 
tory regulation of the bag cell neurons. 

One neurotransmitter that can inhibit bag cell 
activity is serotonin. Serotonin (10 ~mol) pre- 
vents atrial gland peptide-induced stimulation 
of egg laying behavior when injected into the 
body cavity of Aplysia, but does not inhibit the 
response to ELH. Furthermore, serotonin (0.1- 
1 ~d)  has been found to inhibit bag cell after- 
discharges that have been initiated either by 
electrical stimulation or application of atrial 
peptide B (Jennings et al., 198I). Nanomolar or 
micromolar concentrations of serotonin typi- 
cally do not prevent initiation of an afterdis- 
charge, but terminate an afterdischarge within 
30 s of addition if added during the second, 
slow-firing phase. This suggests that serotonin 
selectively inhibits the second phase of the after- 
discharge. This effect is mimicked by two sero- 
tonin agonists, tryptamine and bufotenine, and 

inhibited by a serotonin antagonist, butaclamol. 
The question of whether serotonin normally 
serves an inhibitory function on bag cell neu- 
rons is not known at present, nor is the mecha- 
nism by which serotonin inhibits bag cell after- 
discharges. Somewhat paradoxically, seroto- 
nin stimulates accumulation of cyclic AMP in 
bag cell neurons (Kaczmarek et al., 1978; Bernier 
et al., 1982). Based on the data discussed above, 
this would be predicted to have an excitatory 
rather than inhibitory effect on these cells. 

The source, if any, of serotonergic input to the 
bag cell neurons has not been determined. A 
histofluorescence study has suggested that the 
bag cell neurons themselves may contain sero- 
tonin (Tritt et al., 1983). In contrast, studies with 
antibodies to serotonin suggest that cells with 
serotonin immunoreactivity have processes 
that are extensively branched in the sheath sur- 
rounding the bag cell cluster, but that the bag 
cell neurons themselves are devoid of serotonin 
immunoreactivity (Hopkins et al., 1982). 

Autoreceptor-Mediated Effects 
of Bag Cell Peptides 
on the Bag Cell Neurons 
Evidence suggests that the bag cell peptides 

themselves may play an important role in mod- 
ulating the excitability of the bag cell neurons 
(Rothman et al., 1983; Brown and Mayeri, 1986, 
1989; Rock et al., 1986; Sigvardt et al., 1986; 
Kauer et al., 1987; Loechner and Kaczmarek, 
1987; Loechner et al., 1988). Application of 0~-, 
~-, or ~BCP to bag cell neurons in the intact 
nervous system is able to produce a depolariza- 
tion (Brown and Mayeri, 1986, 1989). During a 
discharge such a depolarization produced by 
newly-released peptides may contribute to 
maintaining the bag cell neurons in a depolar- 
ized state. The actions of these peptides, how- 
ever, are multifaceted. For instance, Kauer et 
al. (1987) found that o~-BCP acts directly on the 
bag cell neurons to decrease basal and afterdis- 
charge- or forskolin-induced increases in cyclic 
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AMP levels. Furthermore, addition of (z-BCP to 
abdominal ganglia shortly after stimulation of 
an afterdischarge, results in premature termina- 
tion of the ongoing afterdischarge. This effect 
could be prevented or reversed by pharmaco- 
logical elevation of cyclic AMP, suggesting that 
c~-BCP has an autoinhibitory effect on bag cell 
neurons that may, at least in part, be mediated 
by a decrease in cyclic AMP levels. Consistent 
with this, a-BCP increases delayed potassium 
currents (Loechner and Kaczmarek, 1987). 
Furthermore, 0~-BCP antagonizes the effects of 
the adenylate cyclase activator, forskolin, on 
voltage-dependent potassium currents in iso- 
lated bag cell neurons (Kauer et al., 1987). 
During an afterdischarge, there is a progressive 
increase in the rate of release of peptides from 
bag cell neurons (Loechner et al., 1988). It is 
possible that the bag cell neurons are self-regu- 
lating and employ a-BCP to terminate the after- 
discharge. Owing to the progressive increase 
in the release of peptides during the afterdis- 
charge, concentrations of a-BCP that are suffi- 
cient for inhibiting the discharge may not be 
achieved at early time points during the after- 
discharge. This hypothesis is consistent with 
the finding that forskolin-induced increases in 
cyclic AMP levels are diminished at the end of 
an afterdischarge (Kauer and Kaczmarek, 1985). 

The role of a-BCP in regulating the excitabil- 
ity of bag cell neurons is more complicated than 
a simple autoinhibitory role mediated by de- 
creasing cyclic AMP levels. For instance, 0c-BCP 
also enhances an inwardly rectifying potassium 
current in cultured bag cell neurons (Kauer et 
al., 1987). This effect is independent of the de- 
crease in cyclic AMP levels, and the role of 
this effect in the regulation of repetitive firing 
of bag cell neurons is unclear. As noted above, 
a-BCP can also depolarize the bag cell neurons, 
and occasionally, this depolarization initiates 
an afterdischarge in intact abdominal ganglia 
(Rothman et al., 1983; Rock et al., 1986). Thus, it 
is possible that o~-BCP has multiple functions in 
modulating bag cell excitability. 

The effects of other bag cell peptides on bag 
cell neurons have not been characterized as in- 
tensively as those of (z-BCP. However, it is be- 
coming clear that the other bag cell peptides 
may also have autoregulatory effects on the bag 
cell neurons. Both ~-BCP and 7-BCP can also 
depolarize bag cell neurons (Brown and Mayeri, 
1988, 1989), suggesting that depolarization 
occurs by a mechanism that is likely to be unre- 
lated to changes in cyclic AMP levels. In com- 
mon with a-BCP, 7-BCP decreases cyclic AMP 
levels in intact bag cell clusters and increases 
delayed potassium currents in isolated bag cell 
neurons (Loechner and Kaczmarek, 1987). ~- 
BCP increases cyclic-AMP levels, decreases 
delayed potassium currents, and enhances 
action potentials in these cells (Loechner and 
Kaczmarek, 1987), suggesting that this peptide 
may play a purely autoexcitatory role. Finally, 
it is likely that changes in cyclic AMP levels, 
induced by bag cell peptides, also regulate the 
synthesis and transport of neuropeptides 
during the afterdischarge. For instance, as 
mentioned above, exogenously applied a-BCP 
has been shown to reduce pro-ELH synthesis 
in bag cell neurons (Berry, 1988). 

Bag Cell Afterdischarge Controls 
Egg Laying Behavior 
by Modulating the Physiology 
of a Number of Target Cells 

Egg laying is a complex behavior involving 
changes in the physiology of nonneuronal cells 
in the reproductive system, as well as altera- 
tions in the excitability of many neuronal cir- 
cuits, including those controlling feeding, loco- 
motion, and head movements. Although the 
actions of ELH and some of the effects of other 
bag cell peptides on specific neuronal and non- 
neuronal targets have been investigated, acom- 
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plete picture of how egg laying behaviors are 
orchestrated is not yet available. The following 
is a brief account of work in this developing 
area. 

ELH Acts Directly on the Oveotestis 
to Evoke Egg Release 

Soon after the discovery that an extract of bag 
cell neurons is capable of stimulating egg lay- 
ing behavior (Kupfermann, 1967), Coggeshall 
(1970) proposed that a hormone secreted from 
these cells stimulates egg release by acting di- 
rectly on the muscle cells in the ovotestis. 
Stimulation of contraction of the small muscle 
cells that surround the follicles was hypothe- 
sized to induce egg expulsion from the follicles. 
Direct support for this hypothesis came with the 
finding that an extract taken from bag cell clus- 
ters, but not other areas of the Aplysia nervous 
system, stimulates egg release from isolated 
ovotestis fragments in vitro (Dudek and Tobe, 
1978). The egg-releasing activity was found to 
be secreted from bag cell clusters upon depolar- 
ization (Dudek et al., 1980) and subsequently 
was purified and identified as ELH (Rothman 
et al., 1983b). Whether this effect of ELH is 
mediated by stimulation of the muscle cells 
surrounding the follicles is not yet known, but 
these data are consistent with the hypothesis 
that ELH has a hormonal action on the ovotestis 
to stimulate egg extrusion. 

Inhibition of Feeding 

There are two general mechanisms by which 
bag cell afterdischarge could trigger behaviors 
associated with egg laying. The primary action 
of ELH could be on the ovotestis to induce egg 
release. The external appearance of eggs, which 
occurs after a bag cell afterdischarge, could then 
serve as a stimulus for induction of the associ- 
ated behaviors. Alternatively, ELH or other bag 
cell products could act directly on the nervous 

system to alter behavior. Evidence suggests that 
appearance of the eggs may serve as a stimulus 
for at least some behaviors associated with 
egg laying, such as head weaving (Ferguson et 
al., 1986). Moreover, there is evidence that the 
movement of eggs through the reproductive 
tract may play a role in the maintenance of some 
egg laying associated behaviors, such as rhyth- 
mic head movements and inhibition of feeding 
(Cobbs and Pinsker, 1982b). It has been shown, 
however, that cessation of feeding, following 
injection of a bag cell extract, is not dependent 
on egg extrusion (Stuart and Strumwasser, 
1980), suggesting that this effect is mediated by 
a direct action of the bag cell products on the 
neuronal circuitry involved in feeding. 

The buccal musculature in Aplysia is innerva- 
ted by nerve B4 (for nomenclature, see Kandel, 
1979). Axons of motor neurons course through 
this nerve from the buccal ganglion to control 
the musculature involved in feeding. The addi- 
tion of partially-purified ELH to the head gan- 
glia in vitro induces repetitive firing in a bilater- 
ally-situated pair of neurons that are located on 
the surface of the right and left buccal ganglia 
between the identified buccal neurons, B3 and 
B4, that send their axons into the B4 nerves 
(Stuart and Strumwasser, 1980). These cells 
have subsequently been identified as the right 
and left cholinergic neurons, B16 (Ram, 1983). 
B16 cells make excitatory connections with the 
radula retractor muscle, I5 (also known as the 
accessory radula closer muscle) (Cohen et al., 
1978; Weiss et al., 1978), and stimulation of B16 
results in contraction of this muscle (Ram, 1982). 
Contraction of I5 closes and retracts the radula 
(Cohen et al., 1978), the organ used to grasp 
food. Thus, ELH-induced contraction of muscle 
I5 is consistent with inhibition of feeding. Fur- 
thermore, after addition of ELH, there is a 5-7 
min delay before the firing starts, and the peak 
rate is after 10-25 min. This time course matches 
the cessation of feeding that occurs after the 
injection of ELH into intact animals, suggesting 
that the two could be related. 
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Kirk and Scheller (1986) have investigated the 
ionic currents in neuron B16 that are modulated 
by ELH and found that ELH has no effect on any 
of the known potassium currents in this cell, but 
increases a slow inward current that is carried 
by sodium. The sodium current is particularly 
enhanced in the region from -40 to -25 mV, 
where a negative slope resistance is observed in 
the current-voltage relationship. Based on the 
long duration and long latency of the response, 
Kirk and Scheller (1986) suggested that the 
ELH-induced inward current may be mediated 
by generation of a second messenger. Ram et al. 
(1986) found that the effect of ELH is mimicked 
by 8-bromo-cyclic AMP, phosphodiesterase 
inhibitors, and forskolin and is inhibited by 
tolbutamide, a putative inhibitor of cAMP-PK. 
Based on this, Ram et al. (1986) suggested that 
the effect of ELH on these neurons is mediated 
by formation of cyclic AMP and subsequent 
activation of cAMP-PK. This is consistent with 
the finding that ELH increases cyclic AMP lev- 
els in other Aplysia neurons (Levitan et al., 1987). 

Effects similar to those of ELH can be pro- 
duced on application of serotonin to neuron B16 
(Ram et al., 1986; Sossin et al., 1987). Further- 
more, the effect of serotonin is apparently also 
mediated by activation of adenylate cyclase 
(Ram et al., 1986). These results are surprising 
in that serotonin is believed to mediate arousal 
of feeding in Aplysia. Ram et al. (1986) suggested 
that the behavioral responses to ELH and sero- 
tonin may depend on effects on different popu- 
lations of neurons, both of which include B16. 
Consistent with this notion, Sossin et al. (1987) 
found that serotonin, in addition to stimulating 
B16, also excites neuron B15, premotor neurons 
that synapse onto B15 and B16, neurons that 
send excitatory input to these premotor neu- 
rons, and muscle I5. 

In addition to its effects on neuron B16, ELH 
also increases the rate of firing of another pair 
of neurons in the buccal ganglia, each of which 
sends an axon into a cerebrobuccal connective 
nerve (Stuart and Strumwasser, 1980). Further- 

more, ELH influences synaptic input onto B15, 
B16, and premotor neurons in the buccal gan- 
glion (Sossin et al., 1987). The exact ways in 
which these various effects of ELH upon the 
circuitry of the buccal ganglion modulate feed- 
ing behavior are not known at present. 

Inhibition of Locomotion 
Prior to egg laying, Aplysia stop locomotion. 

Aplysia locomotion is a centrally-programmed, 
fixed action pattern that can be modulated un- 
der a variety of different conditions (Mackey 
and Carew, 1983). Evidence suggests that sero- 
tonin plays a primary role in stimulating loco- 
motion, and it has been found that injection of a 
bag cell extract (but not extracts of other areas 
of the Aplysia nervous system) reversibly sup- 
presses 5HT-triggered locomotion. This effect 
is likely to be owing to effects of the extract on 
cells in the pleural-pedal ganglia (Mackey and 
Carew, 1983). Inhibition of 5HT-induced loco- 
motion is abolished by incubation of the extract 
with pronase, suggesting that the activity is 
likely to be one of the peptides released from the 
bag cell neurons. To date, the only secretory 
product of bag cell neurons examined, with re- 
lation to the circuitry involved in locomotion, is 
ELH. When ELH is added to head ganglia in 
vitro, it induces large increases in the activity of 
units in the pedal nerves (Stuart and Strumwas- 
ser, 1980), which travel from the pedal ganglia 
to innervate the foot. The relevant pedal neu- 
rons remain to be identified, but it is possible 
that increased activity of these cells contributes 
to the regulation of locomotion. 

Modulation of the Respiratory 
Motor Program 

Another behavioral change induced by initia- 
tion of an afterdischarge is facilitation of respi- 
ratory pumping of the gill and siphon (Schaefer 
and Brownell, 1986). Respiratory pumping is a 
spontaneous rhythmic behavior that is timed 
and coordinated by the interactions of a group 
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of interneurons and two groups of motor neu- 
rons that innervate the gill and siphon (Kupfer- 
mann et al., 1974; Perlman, 1979; Byrne, 1983). 
Stimulation of a bag cell discharge causes relax- 
ation of the siphon, increased frequency of res- 
piratory pumping, and increased amplitude of 
gill and siphon contractions during respiratory 
pumping. Immediately after initiation of an 
afterdischarge, the gill motor neuron (LDcl) is 
transiently inhibited (1-2 min) and then weakly 
excited for a period of 10-30 min, whereas the 
siphon motor neuron (LDsl) undergoes a pro- 
longed period (30--60 min) of excitation. The 
amount of increase in activity of these two neu- 
rons varies from animal to animal but correlates 
well with an increase in the amplitude of gill and 
siphon contractions, respectively (Schaefer and 
Brownell, 1986). The effects of individual of bag 
cell peptides on these neurons have not been 
characterized. 

Redistribution of Circulation 
to Motor Areas Involved 
in Egg Laying Behavior 

The dramatic change in metabolic activity of 
various organ systems during egg laying behav- 
ior causes a decrease in the circulatory demand 
of certain tissues, while increasing others. To 
accommodate this, the bag cell afterdischarge 
exerts actions on the circulatory system of Aply- 
s/a (Ligman and Brownell, 1985). In a semi-in- 
tact preparation of visceral organ systems inner- 
vated by the abdominal ganglion, stimulation 
of a hag cell afterdischarge induces vasocon- 
striction of two of the three major arteries con- 
ducting blood from the heart ofAplysia (Ligman 
and Brownell, 1985). Vasoconstriction occurs in 
the anterior and gastroesophageal arteries. This 
is likely to result in decreased blood flow 
through these arteries, while increasing blood 
flow through the abdominal artery. Rerouting 
blood flow in this manner may increase blood 
supply to tissues that are highly metabolically 
active during egg laying, such as the ovotestis 

and oviduct, while decreasing blood flow to 
relatively inactive tissues, such as those in- 
volved in digestion and locomotion. Evidence 
suggests that this effect is owing to a direct hor- 
monal action of secretory products of the bag 
cell neurons on the Aplysia vasculature. 

Local Hormonal Action of ELH 
on Neuron R 15 and Other 
Abdominal Ganglion Neurons 

In addition to the effects described above, 
ELH has a variety of effects on neurons within 
the abdominal ganglion (Fig. 8). One of the 
most thoroughly characterized actions of a bag 
cell peptide on an abdominal ganglion neuron 
is the effect of ELH on identified neuron R15. 
R15 is a neurosecretory cell that is thought to 
be involved in the regulation of water balance 
in Aplysia (Kupfermann and Weiss, 1976). 
Normally, R15 is spontaneously active and fires 
with an endogenously-generated rhythmic 
bursting pattern in which bursts of about 8 to 12 
action potentials are separated by brief periods 
of hyperpolarization. Stimulation of a bag cell 
afterdischarge in an excised abdominal gan- 
glion, or application of purified ELH, augments 
the bursting activity of neuron R15 by enhanc- 
ing both the hyperpolarizing and depolarizing 
phases of the burst cycle (Branton et al., 1978a,b; 
Mayeri et al., 1979b, 1985). ELH application re- 
sults in an increase in the number and frequency 
of spikes during R15 bursts and an increase in 
the amplitude of the interburst hyperpolariza- 
tion. This is likely to increase neurosecretion 
by R15 and, thereby, alter water balance. It 
appears that ELH acts directly on R15 and not 
via an intermediate neuron (Mayeri et al., 1985; 
Levitan et al., 1987; ). The effect of ELH on R15 
excitability is long-lasting and persists long af- 
ter ELH has been removed. Thus, the ELH re- 
leased during a 30 min afterdischarge could in- 
fluence water balance for the entire period 
during which the egg laying associated behav- 
iors occur. 
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Fig. 8. Composite figure showing the changes that occur in the electrical activity of different identified abdominal 
ganglion neurons following stimulation of a discharge in the bag cell neurons (top trace) (Mayeri and Rothman, 1981). 

The persistent nature of ELH-mediated ef- 
fects on neuron R15 suggests that ELH exerts its 
effects by activation of an intraceUular second 
messenger system that then alters the properties 
of specific ionic conductances. Consistent with 
this, ELH has been found to increase cyclic AMP 
levels in neuron R15 (Levitan et al., 1987). Fur- 
thermore, cyclic AMP analogs, phosphodiester- 
ase inhibitors, the adenylate cyclase activator 
forskolin, and other neurotransmitters that 
activate adenylate cyclase in R15 mimick the 
effect of ELH on this neuron (Levitan et al., 1987; 
Treistman and Levitan, 1976). Levitan et al. 
(1987) used voltage clamp techniques to deter- 
mine which ionic conductances are altered by 
ELH to give rise to the augmentation of bursting 
activity. Activation of an afterdischarge, or exo- 
genous application of synthetic ELH on R15 in 
an intact abdominal ganglion, results in an 
increase in an inwardly rectifying potassium 
current and a voltage-gated calcium current. 

Stimulation of an afterdischarge (Mayeri et 

al., 1979a) or application of ELH to the abdomi- 
nal ganglion (Mayeri et al., 1985) also alters the 
excitability of other, less well-characterized, 
neurons. In particular, cells in two identified 
clusters of neurons (LB and LC) in the left lower 
quadrant (LLQ) of the abdominal ganglion 
respond to activation of an afterdischarge or ap- 
plication of ELH with a prolonged excitation 
that greatly outlasts the afterdischarge or the 
period of exposure to exogenously applied 
ELH. In addition, a number of unidentified 
LLQ cells undergo prolonged excitation in 
response to stimulation of an afterdischarge 
(Mayeri et al., 1979a). These excitatory re- 
sponses occur within 2-4 min of exposure to 
exogenous or endogenous ELH and may persist 
for as long as 2 h. 

Voltage clamp experimef~ts suggest that the 
excitation of LC and LB cells is mediated by an 
ELH-induced increase in at least three separate 
currents (Jansen and Mayeri, 1988). The cur- 
rents that are evoked by ELH include a slow 
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voltage-dependent inward current that is cal- 
cium sensitive and sodium insensitive, an in- 
ward rectifier potassium current, and a slow 
voltage-independent inward current that is 
likely to be carried by sodium. The precise roles, 
if any, of these cells in contributing to egg laying 
behavior are unknown. However, the LC and 
LB clusters contain a variety of motorneurons 
(Koester and Kandel, 1977) that could poten- 
tially be involved in the regulation of the vari- 
ous behaviors associated with egg laying. 

It is likely that responses to ELH are mediated 
by processes in the neuropil. Unlike conven- 
tional synaptic responses, the responses to ELH 
have a slow onset, are smoothly graded, and 
have a prolonged response duration. In addi- 
tion, serial perfusion of an abdominal ganglion 
with the medium from a second abdominal 
ganglion, in which the bag ceil clusters are dis- 
charging, results in modulation of abdominal 
ganglion neurons in a manner identical to that 
seen during an afterdischarge (Mayeri et al., 
1985). This suggests that ELH is secreted in 
sufficient quantifies to reach target cells at con- 
centrations that would have a biological effect 
by diffusing through the extracellular space. 

Effects of Other Bag Cell Peptides 
on Neurons in the Abdominal 
Ganglion 
In addition to the prolonged excitatory effects 

on R15 and LC and LB cells, bag cell after- 
discharges induce at least two other types of 
responses in abdominal ganglion neurons. 
Perhaps the most prominent effect of an 
afterdischarge on abdominal ganglion cells is a 
prolonged inhibition that occurs in at least 21 
identified neurons and other unidentified neu- 
rons (Brownell and Mayeri, 1978; Mayeri et al., 
1979a,b, 1985). The identified cells include the 
ink-gland motoneurons (L14A, B, and C), left 
upper quadrant (LUQ) neurons L2-L6, the giant 
cell R2, the right upper quadrant white cells 
R3-R13, and white cell R14. This inhibition is 

seen as a slow hyperpolarization that occurs 
within seconds of stimulation of an afterdis- 
charge and may last as long as 3 h after initia- 
tion of the afterdischarge. Another response to 
bag cell afterdischarges is a transient excitation 
that occurs in two symmetrically-located, silent 
cells, R1 and L1. Stimulation of bag cell activity 
results in vigorous repetitive spike activity In 
these cells that persists for 3-7 rain after initia- 
tion of the afterdischarge (Mayeri et al., 1979a). 

In common with augmentation of R15 burst- 
ing and prolonged excitation of LB and LC cells, 
evidence suggests that the above effects are 
owing to a local hormonal action rather than 
synaptic input. However, unlike the effects on 
R15 and LB and LC neurons, the effects of an 
afterdischarge on L2-L4, L6, L1, and R1 are not 
mimicked by ELH (Mayeri et al., 1985), suggest- 
ing that these effects may be mediated by one of 
the other peptides that are secreted by the bag 
cell neurons. The effect of ELH on the other 
neurons that respond to an afterdischarge with 
slow inhibition were not determined. However, 
~-BCP was found to mimick bag cell-induced 
excitation of neuron L1 (Mayeri et al., 1985), and 
ot-BCP were found to mimick the bag cell- 
induced inhibition of LUQ neurons (Rothman 
et al., 1983; Rock et al., 1986; Sigvardt et al., 1986) 
and neuron R2 (Rock et al., 1986). The acidic 
peptide AP has not yet been found to have any 
effect on target neurons. It is unclear at this 
point what role (z-BCP, ~-BCP, and y-BCP play in 
mediating egg laying behavior, but these data 
do suggest that the bag cell neurons serve as a 
multitransmitter system in which different neu- 
ropeptides are released to act on different tar- 
gets to bring about the final neuronal response. 

Summary 

In conclusion, egg laying behavior In Aplysia 
is a tightly regulated, all or none event that is 
under the control of the bag cell neurons in the 
abdomInal ganglion. The properties of the bag 
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cell neurons are particularly suited for regulat- 
ing such an important behavior. They synthe- 
size and secrete a number of neuropeptides, 
each of which has specific effects on target cells 
that are involved in egg laying behavior. The 
electrical properties of the bag cell neurons al- 
low them to act as a "switch" in that no neuro- 
peptides are released under normal conditions, 
during which these neurons are silent, but 
maximal efficiency of neuropeptide release is 
achieved in response to an appropriate stimu- 
lus. This maximized efficiency of neurotrans- 
mitter release is brought about by the combined 
actions of various second messengers. These 
second messengers may alter ionic conduc- 
tances to induce repetitive firing of spikes with 
high amplitude and width, increase neuropep- 
tide synthesis to replenish depleted stores of 
neuropeptides, and enhance vesicle transport in 
a manner that could supply the terminals with 
neurosecretory products. 

Once an afterdischarge is initiated, the mor- 
phological properties of the bag cell neurons 
allow them to secrete their neuropeptide 
products into the neuropil to act on neurons in 
the abdominal ganglion, and into the vascular 
system so that they can reach distal targets 
through the general circulation in a hormonal 
fashion. The neuropeptides can then act on pe- 
ripheral target organs, such as the ovotestis and 
the vascular system, as well as neuronal targets 
that are involved in altering animal behavior, to 
bring about the egg laying response. In addi- 
tion, some of the neuropeptides also serve an 
autoregulatory function and act directly on the 
bag cell neurons themselves to alter the dura- 
tion and properties of the after-discharge. The 
unique properties of the bag cell neurons have 
made them an attractive model system for 
studying the cellular and molecular mecha- 
nisms involved in the control of a long-lasting 
sequence of behaviors. This system has already 
provided valuable insights into a variety of 
aspects of the molecular and cellular biology of 
peptidergic neuronal systems, some of which 

are likely to be applied to the more complex 
mammalian neuropeptidergic systems. 
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