pose, on the basis of both selective and
physiological considerations, that evolu-
tion among heliconiine butterflies of the
sensory, structural, and behavioral pre-
requisites for pollen collecting (9) might
have quite readily led to the Heliconius
pattern of living to a ripe old age (19)
while maintaining fully functional ‘‘im-
mortal’’ ovaries.
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Bag Cell Control of Egg Laying in Freely Behaving Aplysia

Abstract. Neuroendocrine (bag cell) control of egg laying was studied in freely
behaving Aplysia. Surgical lesions showed that bag cells are not necessary for egg
laying, although they play a crucial role in its control, and that the pleurovisceral
connectives are the afferent pathway to the bag cells. Recording in vivo showed that
synchronous bag cell spikes progressively invade the network, leading to prolonged
repetitive firing that initiates natural egg laying.

Since the initial discovery that the bag
cells of the marine gastropod Aplysia
have the morphological characteristics
of neurosecretory cells (/, 2) and contain
a hormone capable of inducing egg laying
3), there have been many electro-
physiological (2, 4-9), biochemical (10,
11), and behavioral (3, 1/-13) studies
of this model neuroendocrine system.
Bilateral bag cell clusters (about 400
somata each) are located around the

pleurovisceral connectives at the rostral
margin of the abdominal ganglion, and
their neurites extend for a short distance
within the connective tissue sheath,
which is believed to serve as a neuro-
hemal organ (/). Bag cells are normally
silent in the isolated ganglion. Brief stim-
ulation of the distal portion of either con-
nective can trigger a synchronous bag
cell afterdischarge lasting tens of min-
utes (/4), which led to the hypothesis
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that the connectives contain a descend-
ing orthodromic pathway (/5). After in-
jection of the perfusate from stimulated
bag cells, most recipient animals lay eggs
within 2 hours (12, 16). Since bag cells
have action protentials of very long dura-
tion 2, 4, 7, 17), their synchronous
spikes can be identified in extracellular
records from the connectives near the
abdominal ganglion (6-8, /1). The aug-
menting prepotentials recorded in the
bag cell somata during stimulation 2, 4)
are caused by progressive spike invasion
from the distal neurites 6, 7, 9). How-
ever, it is not known if the bag cells fire
when an animal lays eggs. We have stud-
ied bag cell control of egg laying by
means of (i) surgical lesions and (ii) re-
cording in intact, unrestrained Aplysia.
We have observed that egg laying oc-
curs, although rarely, after functional re-
moval of the bag cells, but that normal
egg laying is invariably preceded by syn-
chronous bag cell action potentials trig-
gered by descending neuronal input (/8).

Aplysia brasiliana (19) were isolated in
perforated chambers within large aquar-
iums, and egg laying was recorded daily.
For the lesion studies, 46 animals were
matched on the basis of preoperative egg
laying (20) into four groups: deganglion-
ated (the abdominal ganglion with both
clusters of bag cells and neurites was re-
moved); double cut (both connectives
were cut near the pleural ganglia); single
cut (either the right or left connective
was cut near the pleural ganglion); and
mock operated (surgical controls in
which no nerves were cut or neurons re-
moved) (27). Therefore, some animals
had no bag cells, whereas others had in-
tact bag cells with bilateral or unilateral
lesions of the putative afferent pathway
in the connectives. There were no signif-
icant differences in postoperative egg
laying between the mock operated and
single cut groups. However, the double
cut and deganglionated animals showed
a large decrease in egg laying: only 27
percent of the deganglionated (N = 15)
and 10 percent of the double cut (N =
19) animals laid eggs postoperatively.
compared to 100 percent of the mock op-
erated (N = 7) and 100 percent of the
single cut (N = 5) animals (Table 1). Af-
ter at least 10 days of postoperative ob-
servation, the remaining animals who did
not lay eggs were injected with bag cell
extract, and all laid large masses of eggs
(Table 1). We conclude that bag cells are
not necessary for egg laying, but that egg
laying is profoundly impaired after their
removal (22). Furthermore, cutting both
connectives is as effective as total re-
moval of the bag cells, whereas cutting
only one connective has no effect. This is
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strong evidence that a neural input de-
scending in at least one connective is re-
quired to activate the bag cells (23).
The lesion study emphasizes the im-
portance of the bag cells, but cannot in-
dicate the nature of the electrical activity
that initiates normal egg laying. Bag cell
function in the intact animal was exam-
ined directly by means of cuff electrodes
implanted on a pleurovisceral connective
close to the cluster of bag cell bodies.
This technique allows simultaneous ex-
tracellular recording from many individ-
ual axons without their normal con-
nections or ongoing activity being dis-
rupted. Furthermore, the electrode can
be implanted surgically to monitor nor-
mal activity of identified neural circuits
in a freely behaving animal for days (24).
In previous neurophysiological stud-
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* CB92

B

Distal

Middle

Proximal

ies, whole nerve stimulation has been
used to activate the bag cells which do
not fire spontaneously in isolated gan-
glia. Since this form of stimulation is arti-
ficial, it cannot provide direct evidence
concerning the natural firing pattern of
these cells. Therefore, in order to bridge
the gap between previous studies of bag
cell activity in isolated ganglia and our
studies of natural bag cell activity, we
first examined the activity of triggered
bag cells in the intact animal. A predic-
tion from previous experiments in vitro
@, 12) is that electrical stimulation of the
connective in vivo should trigger syn-
chronous bag cell activity and thereby
initiate egg laying. To test this; we trig-
gered bag cell activity by stimulating
through the cuff electrode on the bag cell
neurites; egg laying occurred within 90

25 uv

18.5°C
100sec

25 pv

?

wa\/ WTMA/W |
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Fig. 1. Bag cell afterdischarge triggered in vivo. Recording in vivo from implanted cuff assembly
with three monopolar electrodes: proximal electrode close to bag cell bodies; middle electrode 2
mm from the proximal; and distal electrode 1 cm from the middle electrode. (A) Entire 9.4
minutes) triggered afterdischarge consisting of synchronous bag cell spikes. Bag cells stimulat-
ed (0.3-msec pulses, 24 volts, 7 hertz for 5 seconds; large arrow) through the proximal electrode
(proximal amplifier grounded during stimulus; artifact visible on middle electrode recording).
After 1 minute of steady firing, action potentials fired in irregular bursts. Smaller amplitude
signals were spontaneously active conventional spikes. The animal (CB92) began to lay eggs
between 60 and 90 minutes after the onset of bag cell activity (total, 2 ml of eggs). (B) Individual
synchronous bag cell action potentials in the same preparation recorded at higher speed. Long-
duration and characteristic waveform of compound bag cell spikes are compared to convention-
al unitary action potential (small arrows). These waveform characteristics allow us to identify
unambiguously the spontaneously occurring bag cell spikes. Bag cell spikes propagated from
distal neurites toward somata, the other spike traveled in opposite direction.
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minutes in four out of six animals. Trig-
gered bag cell afterdischarges that were
recorded in vivo were similar to those re-
corded in vitro (7-9, 25): slowly con-
ducting, compound action potentials of
long duration, which usually traveled
from distal neurites toward the somata
and decreased in frequency and ampli-
tude during the afterdischarge (Fig. 1).
This confirmed the prediction from stud-
ies in vitro and showed that we could re-
cord bag cell activity in vivo and simulta-
neously monitor egg-laying behavior.
What are the electrical events in the
bag cells that precede natural egg laying?
To answer this question, we implanted
cuff electrodes in animals that laid eggs
regularly, The electrical activity was
continuously recorded and taped while
the animals were observed every 30 min-
utes for egg laying (26). Spontaneous egg
laying occurred 19 times in 12 animals:

egg laying was always preceded (27) by
repetitive bag cell activity (Fig. 2), and
bag cell activity was always followed by
egg laying (28). Spontaneous bag cell ac-
tivity typically consisted of a single pro-
longed discharge [average duration
22.5 = 13.0 minutes (= standard devia-
tion), N = 15] (Fig. 2A1). However, four
double discharges occurred separated by
2.5 to 30 minutes of silence (Fig. 2A2).
Spontaneous bag cell activity (Fig. 2)
was similar to triggered activity (Fig. 1)
in the temporal pattern and waveforms
of the compound spikes. Each discharge
began with 20 to 60 seconds of regular
spiking followed by irregular bursts of
spikes of decreasing amplitude (Fig. 2A).
One important feature of our recording is
that spontaneous bag cell activity typi-
cally began with potentiating spikes orig-
inating in the distal neurites that progres-
sively invaded closer to the somata (Fig.

Table 1. Average frequency and amount of egg laying in A. brasiliana before and after surgery.

Preoperative egg laying

Postoperative egg laying

) . Total Egg . Total Egg Egg
Surgical Anlrpals days quantity Almr,nals days quantity quantity
group laying laying per aying laying per after

eggs eggs episode eggs eggs episode bag cell
%) %) (ml)* @ (ot (mht  injectiont
Mock 100 55.7 3.9 = 0.94 100 60.4 3.1 0.6
operated
Single cut 100 59.8 3.1+ 1.1 100 54.2 2.7 +0.76
Double cut 100 54.2 33+1.0 10 19.0 43+19 10259
Degangli- 100 58.9 3312 27 16.7 8.8 +22 9.4 + 52
onated
*See (20). +The values are only for those animals in each group that spontaneously laid eggs.

tAnimals that did not spontaneously lay eggs within 10 to 12 days after surgery were injected with bag cell
extract; only the values for these animals are shown.

2B). This indicates that this form of po-
tentiation, which has been studied exten-
sively in isolated ganglia subjected to
electrical stimulation (¢, 6, 7, 9), actually
occurs under natural circumstances.

In conclusion, electrical activity of a
population of neuroendocrine cells in
Aplysia has been directly related to natu-
ral reproductive behavior in vivo. Al-
though the bag cells are not absolutely
necessary for egg laying, they play a crit-
ical role in the normal control of this be-
havior. Apparently, the pleurovisceral
connectives are the only afferent path-
way for activating the bag cells. Spikes
initiated in the distal bag cell neurites
progressively invade the entire network.
This leads to repetitive synchronous ac-
tion potentials which presumably cause
release of a pulse of bag cell hormone.

The distinction has been made be-
tween (i) reflexive behaviors which are
under control of a specific stimulus
whose intensity determines the ampli-
tude of the response and (ii) centrally
commanded behaviors (or fixed action
patterns) that occur spontaneously but
can also be triggered by threshold
amounts of some stimulus (29). We be-
lieve that egg laying represents a cen-
trally commanded behavior; however,
the bag cells provide the central com-
mand for egg laying by release of hor-
mone, rather than synaptic transmitter.
Now that bag cell activity in vivo can be
related to spontaneous egg laying, it
should be possible to determine the
neuroethological - factors that regulate
bag cell activation under natural condi-
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Fig 2. Spontaneous bag cell discharges in vivo. (A) Single cuff records of spontaneous bag cell activity in two animals (CBI09 and CB112). First
animal (A1): single discharge began at 9:43 a.m., total duration 29.8 minutes; began to lay eggs (total, 2 ml) before 12:30 p.m. (28). Second animal
(A2 and A3): double discharge began at 4:57 p.m.; began to lay eggs (total 2.5 ml) before 5:30 p.m. The first discharge (A2) was followed after 4.8
minutes of silence by a second discharge (A3). (B) Onsets of discharges shown in (A), recorded at higher speed. In each case, compound spikes
potentiated rapidly as activity spread throughout the network.
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tions. Furthermore, since studies in vitro
have shown that bag cell hormone regu-
lates activity of neurons in the abdominal
(5), buccal, and pedal (30) ganglia, it may
be possible to examine the hormonal
control of neuronal circuits in vivo that
mediate the different behavioral com-
ponents of egg laying.
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Motion Sickness: An Evolutionary Hypothesis

Abstract. Since the occurrence of vomiting as a response to motion is both wide-
spread and apparently disadvantageous, it presents a problem for evolutionary theo-
ry. An hypothesis is proposed suggesting that motion sickness is triggered by diffi-
culties which arise in the programming of movements of the eyes or head when the
relations between the spatial frameworks defined by the visual, vestibular, or
proprioceptive inputs are repeatedly and unpredictably perturbed. Such per-
turbations may be produced by certain types of motion, or by disturbances in sensory
input or motor control produced by ingested toxins. The last would be the important
cause in nature, the main function of the emesis being to rid the individual of in-
gested neurotoxins. Its occurrence in response to motion would be an accidental by-

product of this system.

Current knowledge about motion sick-
ness has been reviewed by Money (/). In
summarizing the explanatory problem
presented by the condition, Money and
Myles (2) described it as ‘‘an evolution-
ary anomaly. . . . There is no survival
value in experiencing nausea, or in vom-
iting, when exposed to motion, and so it
is surprising that the powerful central
mechanism of vestibulo-gastric illness
arose in many different species.’” Motion
sickness is disabling, unpleasant, and

common. The central component is vom-
iting and the most frequently reported
accompaniments are pallor, sweating,
and nausea. To those who suffer from it,
it is highly disadvantageous. Why then
should it occur?

Two explanations have been advanced
(1-3). The first, which attributes the con-
dition to conflict between sensory in-
puts, was recently restated by Reason
and Brand (3) who argue that ‘‘situations
which produce motion sickness are all
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