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Summary
Respiratory pumping in Aplysia is a well-characterized behaviour controlled by

identified neurones, but its function is unknown. To gain insight into the function
of this behaviour, respiratory pumping and oxygen consumption were examined
under identical conditions, in Aplysia fasciata Poiret and in A. depilans Gmelin.
A. fasciata is found in less turbulent environments than is A. depilans, suggesting
that control of respiratory pumping may differ in the two species.

Rates of respiratory pumping and oxygen consumption were poorly correlated.
The basal rate of respiratory pumping was similar in both species and was not
significantly dependent on animal mass, but the resting rate of oxygen consump-
tion was higher in A. depilans than in A. fasciata and was an inverse function of
animal mass in both species. Brief, moderate hypercapnia led to an increase in
oxygen consumption in both Aplysia species. In A. fasciata, the increase was much
greater. Increase in oxygen consumed was not accompanied by changes in the rate
of respiratory pumping. Longer, more severe periods of hypercapnia led to
decreases in oxygen consumption in both Aplysia species, and an increase in the
rate of respiratory pumping. Decreased oxygen consumption was more gradual in
A. fasciata. Severe hypoxia produced a decrease in the rate of oxygen consumed,
and an increase in the rate of respiratory pumping.

Introduction

The marine gastropod Aplysia has been extensively utilized as a preparation for
examining the neural basis of behaviour and behavioural plasticity (Kandel, 1976,
1979), but the relationship between behaviour and adaptation to environment in
this genus has been little studied (but see Kupfermann & Carew, 1974). Such
investigations could provide insight into the functions subserved by neural circuits
underlying specific behaviours, and could predict variables modulating them.

The circuit controlling the gill is the most thoroughly analysed in the Aplysia
nervous system. Gill contractions occur during two behaviours: (1) the gill
withdrawal reflex, a defensive response elicited by mechanical stimulation of the
siphon or mantle shelf, and (2) spontaneous respiratory pumping (Kupfermann &
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Kandel, 1969; Peretz, 1969; Kupfermann et al. 1974). Respiratory pumping is a
fixed action pattern affecting a number of different organs (Koester et al. 191 A;
Kupfermann et al. 1974; Perlman, 1979; Jahan-Parwar & Fredman, 1978; Sawada
et al. 1981). During respiratory pumping, the siphon and gill contract, the heart is
inhibited and the parapodia close over the mantle shelf. Respiratory pumping is
associated with widespread neural activity in the abdominal and pleural ganglia
caused by firing of a neurone commonly termed interneurone II (Kandel et al.
1967; Koester et al. 1974). In the isolated nervous system, this activity is observed
spontaneously at intervals of 30 s to lOmin (Byrne, 1983). Recently, a number of
cells have been identified that contribute to interneurone II activity (Byrne &
Koester, 1978). Of particular importance are the L25 cells, a group of spon-
taneously active, electrically coupled neurones in the abdominal ganglion, which
seem to function as command cells and pattern generators for respiratory pumping
(Byrne, 1983).

However, the function of respiratory pumping remains unclear. Koester et al.
(1974) suggested that the movement serves a respiratory function, by irrigating the
gill with a flow of fresh water through the mantle cavity and over the gill while
contraction of the gill pumps haemolymph through the relaxed heart. Kupfermann
& Carew (1974) found that Aplysia in tide pools of stagnant water are more likely
to use respiratory pumping movements than are animals in more open waters.
Koester et al. (1979) found that the rate of respiratory pumping is higher in Aplysia
maintained in unaerated aquaria than in animals in a well-aerated environment.
Finally, Croll (1985) showed that a rise in CO2 tension signalled by lowering the
environmental pH induces an increase in respiratory pumping rate. Spraying low-
pH sea water over the chemosensory ospharidium induces respiratory pumping
(Croll, 1985).

If the function of respiratory pumping is to ventilate the gill, it is possible that
this behaviour is regulated by variables that also regulate the rate of oxygen
consumption. In many animals, the rate of ventilatory movements is generally
controlled by factors similar to those affecting the rate of oxygen consumption
(Newell, 1979; Schmidt-Nielsen, 1983). To explore whether the same variables
modify rates of oxygen consumed and respiratory pumping, both were measured
under identical conditions.

The experiments measured oxygen consumed and respiratory pumping in two
Aplysia species, A. fasciata and A. depilans. Achituv & Susswein (1985) have
shown that A. depilans is more common in rougher waters, whereas A. fasciata is
dominant in quieter waters. Based on differences in the distribution, it was
suggested that the species should differ in their sensitivity to conditions of
respiratory deprivation (Achituv & Susswein, 1985). A. fasciata should be better
able to withstand respiratory stress. If the function of respiratory pumping is to
ventilate the gill, it is possible that a compensatory increase in pumping rate in
response to respiratory stress would be more pronounced in A. fasciata than in A.
depilans.

Our data show that A. fasciata is better than A. depilans at withstanding
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respiratory stress. Also, the role of respiratory pumping and oxygen consumption
were poorly, or even negatively correlated.

Materials and methods

Animals

Aplysia fasciata and A. depilans were collected along the Mediterranean coast of
Israel (Susswein et al. 1987). Animals were maintained in 940-1 holding tanks filled
with natural Mediterranean sea water at 16-17 °C. One week prior to use in an
experiment, animals were transferred to 20-1 aquaria kept at 20 ± 0-5 CC. Salinity
was regulated at 4%. Lighting was maintained at a schedule of 12h:12h L:D.
Experiments were performed during daylight hours. Animals were fed Ulva
lactuca until the day of the experiment.

Experimental chamber and procedures

All experiments were performed at 20±0-5°C. At the start of experiments
animals were lightly blotted and then weighed. This mass was used for calculating
rates of oxygen consumption (see below). After being weighed, animals were
transferred to the test chamber. Observations were begun immediately upon
placing the animals into the chamber, without a period for equilibration of the
animals with the apparatus, since under rest conditions (21% O2, pH7-8) no
difference was seen in oxygen consumed or in respiratory pumping rate between
the first lOmin and subsequent times (see below). The test chamber was a 1500-ml
clear Plexiglas cylinder (Fig. 1) with fitted openings through the chamber lid
allowing entry of electrodes for measurement and regulation of pH and oxygen
tension. Tubes through the lid permitted bubbling of different mixtures of gases
into the water and addition of NaOH. At the start of experiments measuring the
rate of oxygen consumed, the chamber was sealed and no further oxygen was
bubbled into the water. The change in O2 tension in the water was used to monitor
oxygen utilized by the animals. In other experiments, water was bubbled with air,
or an air and N2 mixture, for a few hours prior to the experiment and throughout
the experiment itself. A magnetic stirrer was situated underneath the animals,
separated from the Aplysia by a plastic barrier with holes. Although care was
taken to prevent disturbance of the animal by the stirrer or by bubbles, in some
cases such disturbances occurred, and elicited respiratory pumping movements.
These experiments were discarded.

Regulation of oxygen tension

In experiments in which the oxygen tension in the water was varied, a mixture of
2-8% O2 and 97-2% N2 instead of air was bubbled into the water (Fig. 1).

Regulation of CO2 tension

Carbon dioxide tension of the ambient sea water was maintained by bubbling
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Fig. 1. The experimental arrangement. Animals were kept for 40min in an exper-
imental chamber that could be sealed. pH and oxygen tensions were measured by pH
and oxygen electrodes that were inserted through openings in the chamber lid. pH was
regulated by controlling the flow of CO2 and NaOH into the chamber, as a result of
feedback from the pH electrode. O2 tension was modified by bubbling different
mixtures of air and N2 into the chamber. A magnetic stirrer at the bottom of the
chamber ensured constant mixing of the water.

CO2 into the water. CO2 was measured by using pH as a monitor. A pH electrode
in the water allowed measurement of the pH to an accuracy of ±0-1 unit. pH was
adjusted using a pH regulator (New Brunswick Instruments) that provided
feedback control of the pH in the experimental chamber. The regulator added
CO2 to the water when pH was too high, and released drops of 0-1 mol I"1 NaOH
when pH was too low.

Measurement of oxygen tension

In experiments measuring rates of oxygen consumed, the change in oxygen
tension in the water as a result of respiration was measured using a Clark-type
oxygen electrode (YSI5331). Output of the electrode was amplified, and the signal
was recorded by a pen recorder.

To bring the sea water for experiments to equilibrium with ambient air (21 %
O2), the water was stin-ed for 24 h before the experiment. To calibrate the oxygen
electrode, the output of the electrode in fully saturated sea water was measured,
and this was assigned a value of 100%. The oxygen concentration that is
equivalent to this value was determined by referring to published tables
(Grasshoff, 1976). The output of the electrode equivalent to zero oxygen was
determined by placing the electrode in a saturated solution of Na2SO3 (Daven-
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Fig. 2. Relationship between animal mass and oxygen consumed, in Aplysia fasciata
(A) and A. depilans (B). A significant negative correlation was observed between mass
and rate of oxygen consumption in both Aplysia species. For all masses, rate of oxygen
consumption was higher in A. depilans than in A. fasciata. Best-fit regression lines
fitting the formula rate = axb are drawn.

port, 1973). Periodically, oxygen contents of the water were also checked by
Winkler titration (Fox & Wingfield, 1938).

Measurement of respiratory pumping movements

Respiratory pumping movements were observed visually without any special-
ized equipment, and were readily recognized in both Aplysia species. The time of
occurrence of a pumping movement was noted to the nearest minute.

Results
Effects of animal mass

In many animals resting metabolic rate is an exponential function of body mass
(Schmidt-Nielsen, 1983; Newell, 1979). To determine whether similar relation-
ships occur in Aplysia, the resting rates of oxygen consumption and respiratory
pumping were determined in A. depilans and A. fasciata of different sizes over a
period of 40min.

Effect on oxygen consumption

Oxygen consumption was negatively correlated with animal mass in both
Aplysia species. For A. fasciata, the best-fit exponential curve was: oxygen
consumed = 10-95 x mass"0'30 (r2 = 0-49). For A. depilans, the best-fit exponential
curve was: oxygen consumed = 95-83 x mass"0'23 (r2 = 0-53) (Fig. 2).

To determine whether differences between species and mass were significant,
animals were divided into three mass ranges (5-50 g, 51-100 g and greater than
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Fig. 3. Relationship between animal mass and rate of respiratory pumping, in Aplysia
fasciata (A) and A. depilans (B). No correlation was observed between mass and
respiratory pumping in either species. Furthermore, the rate of pumping was very low
in both species. For A. fasciata, r- -0-O7. For A depilans, r = 0-04. The least mean
square linear regression line is drawn.

100 g) and a two-way analysis of variance was performed. Significant effects due to
animal mass and to species difference were seen (F= 18-8, P < 0-0001, 5 and 53 df
for the effect due to mass; F= 21-5, P < 0-0001, 1 and 53 df for the effect due to
species).

Effect on respiratory pumping movements

If respiratory pumping subserves a steady-state ventilatory function, species
difference and animal mass might be expected to affect this behaviour in a manner
similar to effects on rate of oxygen consumed. Under conditions identical to those
at which oxygen consumption was measured, but on different individuals, the
number of respiratory pumping movements was counted. In contrast to the rate of
oxygen consumption, the resting rate of respiratory pumping was found to be
similar in both Aplysia species, and was not significantly correlated with animal
mass (Fig. 3).

Effects of respiratory stress

In many animals, respiratory stresses such as hypercapnia and hypoxia produce
compensatory increases in ventilation rate and in oxygen consumed (Schmidt-
Nielsen, 1983; Newell, 1979). One would expect that compensation for these
conditions should also be evident in the two Aplysia species examined. Further-
more, compensation might be more marked in A. fasciata than in A. depilans.

In the present experiments, the effects of hypercapnia and hypoxia on oxygen
consumption and respiratory pumping were examined. Hypercapnia was induced
by bubbling CO2 into the water, while oxygen tension was maintained at resting
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Table 1. Effect of CO2 tension on oxygen consumption

Source

Species
pH
Time
Species x pH
Species x time
pH x time
Species x pH x time

df

1
5
3
5
3

15
15

ANOVA

ss

0020
584-533
112-540
137-380

4-939
30-748
21-481

F-value

002
112-91
36-213
26-54

1-59
1-98
0-80

P

0-888
0-0001
0-0001
0-0001
0190
0-0154
0-6747

levels by constantly bubbling air into the experimental chamber. Hypoxia was
generated by bubbling a mixture of O2 and N2 into the water, while CO2 tension
was unchanged. To minimize effects of animal mass, experiments were restricted
to Aplysia weighing 100-200 g.

Effects of hypercapnia

The effect of differences in CO2 tension was monitored throughout a 40-min
period in the test chamber. CO2 was monitored by fixing the pH of the water (see
Materials and methods). Experiments were performed at six levels of pH:7-8
(control), 7-5, 7-0, 6-5, 6-0 and 5-5. For analysis of the data, the 40-min
observation period was divided into four equal periods, and either oxygen
consumed or number of respiratory pumping movements for each animal for each
10-min period was calculated. From 9 to 20 individuals were tested at each level of
pH.

Effect on oxygen consumption. To determine whether significant differences in
oxygen consumed could be attributed to species differences, to different levels of
CO2, to different lengths of time exposed to conditions of hypercapnia or to
interactions among these variables, a three-way analysis of variance was per-
formed (Table 1). There were significant differences in oxygen consumed as a
function of CO2 tension and as a function of time under conditions of hypercapnia.
There was also a difference in oxygen consumed between the two Aplysia species
at different degrees of hypercapnia and at different times at different levels of
CO2.

At pH7-8 oxygen consumption was not changed through the 40-min test period,
in either Aplysia species (Figs 4 and 5). As was seen previously (Fig. 2), the resting
rate of oxygen consumption was higher in A. depilans than in A. fasciata. In A.
fasciata, a decrease in pH from 7-8 to 7-5 and 7-0 led to an increase in oxygen
consumption throughout the 40-min test period. From p H 7 0 to 5-5 oxygen
consumption declined. In contrast, in A. depilans an increase in oxygen consump-
tion over baseline values was seen only at pH7-5 and only in the first 20min;
thereafter, the rate of oxygen consumption progressively declined. A particularly
striking finding was that under conditions of low pH, especially during the third
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Fig. 4. The rate of oxygen consumption in Aplysia depilans ( • ) and A. fasciata ( • ) , as
a function of different levels of pH. Data were analysed by dividing the 40-min period
in the test chamber into four 10-min periods. Data are shown separately for each of
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Fig. 5. Rate of oxygen consumption by Aplysia fasciata (A) and A. depilans (B) as a
function of time in the test chamber, at six different levels of pH. Data are identical to
those in the previous figure, but are replotted to show the effects of time more clearly.
At all levels of pH below 7-8, a decline in rate of oxygen consumption is seen as a
function of time.



Aplysia respiratory pumping and oxygen consumption 397

Table 2. Effect of CO2 tension on rate of respiratory pumping

Source

Species
P H
Time
Species x pH
Species x time
pH x time
Species x pH x time

df

1
5
3
5
3

15
15

ANOVA

ss

223-627
2842-433

469-751
588-167

32166
892-957

0-00

F-value

29-69
72-25
19-90
14-95
1-36
7-57
0-00

P

0-0001
0-0001
0-0001
00001
0-253
0-0001
1-000

and fourth 10-min intervals, the rate of oxygen consumption was much higher in
A. fasciata than in A. depilans, reversing the relationship between the two species
under rest conditions.

Effect on respiratory pumping movements. To determine whether respiratory
pumping is also affected by different levels of hypercapnia, in a separate set of
experiments the rate of pumping movements was tested under conditions similar
to those above (Table 2). There were significant differences in the rate of
respiratory pumping as a function of difference in species, of different levels of
CO2 and at different times after hypercapnia had been initiated. There were also
significant differences in the rate of pumping at different levels of pH in the two
Aplysia species, and at different levels of pH at different times in the test chamber.

The data indicate that a decrease in pH leads to an increase in the rate of
respiratory pumping movements. However, in contrast to the effect on oxygen
consumption, a sharp threshold was found for this effect in both Aplysia species
(Fig. 6). For pH7-8, 7-5 and 7-0, the rate of respiratory pumping movements was
unchanged throughout the 40-min test period. At pH6-5 and below, progressively
larger increases in the rate of respiratory pumping movements were seen. As the
time under conditions of hypercapnia increased, the rate of pumping movements
declined.

It is possible that the effects of pH are indirect and are caused by a net decrease
in O2 in the water. Thus, a decrease in pH leads to increased oxygen consumption
and a net decrease in oxygen in the chamber (see above), and a decrease in oxygen
concentration can itself affect respiratory pumping (see below). However, this
explanation is unlikely, since the experiment was performed in a relatively large
experimental chamber, and the decrease in O2 was minimal. Also, the largest
effects on respiratory pumping were seen at levels of pH at which relatively little
oxygen is extracted from the ambient water, and no effects on respiratory pumping
were seen at levels of pH producing large changes in the rate at which oxygen is
consumed.

Correlation between oxygen consumed and respiratory pumping. If the function
of respiratory pumping movements is to ventilate the gill, one might predict that
the rate of pumping and the rate of oxygen consumed would be regulated in
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Fig. 6. The rate of respiratory pumping in Aplysia fasciata (A) and A. depilans (B) as a
function of time in the test chamber, at six different levels of pH. No change in the rate
of respiratory pumping was observed in either species from pH7-8 to 7-0. Lower levels
of pH produced large increases in the rate of respiratory pumping. As pH decreased,
the rate of respiratory pumping increased. This effect was more pronounced in A.
fasciata than in A. depilans. The rate of pumping decreased as a function of time in
both Aplysia species.

tandem. The data indicate that both the rate of oxygen consumption and the rate
of respiratory pumping are increased by a rise in CO2 tension, but the increases do
not occur at the same levels of pH or at the same times after hypercapnia had been
initiated. To test directly whether the rates of oxygen consumption and respiratory
pumping are regulated together, the mean rate of pumping for each 10-min
interval of the 40-min test period, for each level of pH, were plotted against the
mean rates of oxygen consumed measured under the same experimental con-
ditions (Fig. 7). The two parameters were weakly, but significantly (F<0-05),
negatively correlated. The negative correlation presumably reflects the sharp
increase in the rate of respiratory pumping when pH is 6-5 and below, when
oxygen consumption is already in decline.

Effects of hypoxia

The effects of hypoxia were not explored as thoroughly as those of hypercapnia.
In these experiments, animals of each species were placed in the experimental
chamber for 40min in sea water that had been equilibrated with 2-8 % oxygen. As
above, the observation period was divided into four equal periods, and oxygen
consumed or number of respiratory pumping movements was calculated for each
animal for each 10-min period. In these experiments, the number of pumping
movements was not counted during the first 10 min of observation.
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Table 3. Effect of oxygen tension on rate of oxygen consumed

ANOVA

Source

Species
Oxygen concentration (oxy)
Time
Species x oxy
Species x time
Oxy x time
Species x oxy x time

df

1
1
3
1
3
3
3

ss

22-674
529-166

12-449
34-455
0-692

15-111
1-842

F-value

38-78
905-06

7-10
58-93
0-39
8-62
105

P

0-0001
0-0001
0-0002
0-0001
0-7569
00001
0-3726

Effect on oxygen consumed. To test the relationship between the rate of
oxygen consumption and differences in oxygen tension, species difference, time
under conditions of hypoxia or interactions among these variables, a three-way
analysis of variance was performed (Table 3). There were significant differences in
oxygen consumed between the two species, between the two levels of oxygen
tension and as a function of time in conditions of hypoxia. There were also
significant differences between the two species at different levels of O2 tension,
and between different levels of oxygen at different times.

A particularly striking effect is that the rate of oxygen consumption of A.
depilans is much lower than that of A. fasciata at low levels of oxygen tension, in
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Fig. 8. (A) The rate of oxygen consumption in Aplysia depilans (•) and A. fasciata
( • ) , as function of time in the test chamber, at two different levels of O2 tension.
Severe hypoxia led to a decline in the rate of O2 consumption in both Aplysia species,
but this effect was larger in A. depilans. In both species, the rate of oxygen
consumption declined with time at low levels of oxygen tension. (B) The rate of
respiratory pumping in both Aplysia species as a function of time in the test chamber,
at the same two levels of O2 tension. In this experiment, data were not gathered for the
first 10 min under conditions of hypoxia. Severe hypoxia led to an increase in the rate of
respiratory pumping in both Aplysia species, but this effect was larger in A. fasciata. In
both species, the rate of pumping declined with time at low levels of oxygen tension.
Standard errors are shown.

spite of a higher rate of oxygen consumption under conditions of normoxia
(Fig. 8A).

Effect on respiratory pumping movements. To examine whether the decrease in
oxygen consumption is accompanied by a decrease in respiratory pumping
movements, this variable was measured in another set of experiments under
identical conditions. We found that a decrease in oxygen tension produced an
increase in the rate of respiratory pumping (Fig. 8B). There were significant
differences in the rate of respiratory pumping between the two species, between
the two levels of oxygen tension and among different times in conditions of
hypoxia (Table 4). There were also significant differences between the two species
at different levels of O2 tension and between different levels of oxygen at different
times.

Discussion

Control of oxygen consumption

Effect of mass

Oxygen consumption is higher in smaller Aplysia than in larger ones (Fig. 2).
This presumably reflects an increased metabolic rate in smaller individuals. Similar
findings are common in many other animals (Schmidt-Nielsen, 1983; Newell,
1979).
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Table 4. Effect of oxygen tension on rate of respiratory pumping

ANOVA

Source

Species
Oxygen concentration (oxy)
Time
Species x oxy
Species x time
Oxy x time
Species x oxy x time

df

1
1
3
1
3
3
3

ss

24-675
357-391

48-911
75-699
0-000

44-031
0-000

F-value

9-96
144-20

9-87
30-54
0-00
8-88
0-00

P

0-0019
0-0001
0-0001
0-0001
1-0000
0-0002
1-0000

Effects of hypoxia and hypercapnia

In both A. depilans and A. fasciata hypercapnia leading to a decrease in pH to
7-0-7-5 causes an increase, followed by a gradual decrease, in oxygen consump-
tion. However, the increase is much more marked in A. fasciata. Severe,
unphysiological conditions of hypercapnia (below pH7-0), or unphysiological
hypoxia (2-8% O2), lead to an apparent inability to compensate, as shown by a
decrease in oxygen consumption. The decrease is more gradual in A. fasciata.
Since levels of pH below 7-0 do not generally occur in natural sea water (Newell,
1979), we have no evidence that a decreased ability to regulate ever occurs under
physiological conditions, although it is possible that the response to 40min of
exposure to a pH of 6-5 or less elicits responses similar to longer periods of
exposure to a more moderate decrease in pH.

The increase in O2 consumption seen in both species of Aplysia as a function of a
rise in CO2 tension suggests that both species can be classified as respiratory
regulators, rather than as conformers. In regulating animals, a decrease in O2

tension leads to a compensatory maintenance in the rate of O2 consumption,
whereas in conformers the rate of oxygen consumption declines with declining O2

tension (Prosser, 1973). The data indicate that A. fasciata is a more effective
regulator than A. depilans. Although the maximal rate of oxygen consumption is
similar in the two species, in A. depilans this rate is achieved at pH7-5, whereas in
A. fasciata it occurs at pH7-0. At pH7-8 (normal sea water), the rate of oxygen
consumed in A. depilans is approximately 90 % of the maximal rate, whereas in A.
fasciata consumption is approximately 66 % of maximum. As the time spent under
conditions of low pH increases, the rate of oxygen consumed becomes dramati-
cally higher in A. fasciata than in A. depilans. These data indicate that under
steady-state conditions the rate of oxygen consumption in A. depilans is close to
maximum, leaving relatively little 'headroom' to increase the rate of respiration in
response to stress. In contrast, resting respiration in A. fasciata seems to be more
efficient, allowing respiration to be increased under conditions of hypercapnia.
Under conditions of severe hypoxia, the rate of decline in oxygen consumption is
slower in A. fasciata than in A. depilans.
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Possible correlates with different environments

The distribution of A. fasciata and A. depilans suggests that A. fasciata would be
more resistant to conditions of respiratory stress (Achituv & Susswein, 1985). The
present data support this prediction. A. depilans are more commonly found in
open, well-oxygenated waters, whereas A. fasciata dominate calmer, more
protected sites (Achituv & Susswein, 1985), although considerable overlap in
distribution is found. Many morphological and behavioural features of the two
Aplysia species are consistent with adaptation to differing environments. A.
depilans has a lower profile and is a broader animal; the foot is wider and better
adapted to holding onto a substrate in rough sea conditions. The internal shell
protecting the delicate organs of the mantle cavity is more heavily calcified, and
the stubby parapodia are joined to one another high up, providing additional
protection to the gill and viscera (Eales, 1960). In contrast, A. fasciata has long
parapodia that are joined to one another low down, permitting swimming by
flapping the parapodia (Eales, 1960; Bebbington & Hughes, 1973). In previous
studies, we have observed swimming in A. fasciata only in calm, protected
environments or in the laboratory (Susswein et al. 1984); we have never observed
swimming in A. depilans, although Bebbington & Hughes (1973) reported seeing
it. A. depilans does not secrete ink in response to noxious stimuli (Eales, 1960),
perhaps because the ink is rapidly washed away in rough water.

The life cycles of the two species also support the hypothesis that A. fasciata are
relatively resistant to conditions of respiratory stress. From February to Sep-
tember, seawater temperature along the Mediterranean coast of Israel progress-
ively rises from 17 to 29°C. A. fasciata are commonly found throughout this
period, whereas A. depilans can be found only when temperatures are cooler (Gev
et al. 1983). It is possible that the effects of increased temperature are similar to the
effects reported here of decreased pH and decreased oxygen tension.

Control of respiratory pumping

Relationship to oxygen consumption

Data on regulation of oxygen consumption may provide a means of examining
the function of the neural circuitry controlling the Aplysia gill. If the function of
respiratory pumping is to ventilate the gill, one might expect that the incidence of
such movements should be well correlated with changes in the rate of oxygen
consumption. As oxygen consumption rises and falls, the rate of gill contractions
should also rise and fall. Coregulation of ventilatory movements and oxygen
consumption is common in many invertebrates and vertebrates (Prosser, 1973;
Newell, 1979; Schmidt-Nielsen, 1983).

We found that under different experimental conditions the two parameters are
either uncorrelated or are negatively correlated. The data suggest that changes in
the rate of respiratory pumping contribute relatively little to regulation of
ventilation under normal conditions.
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Basal rate of respiratory pumping

Although A. depilans have a significantly higher resting rate of oxygen
consumption than A. fasciata (Fig. 2), the basal rate of respiratory pumping is
similar in both species (Fig. 3). This rate (2-3 pumps h"1) is much lower than
would be expected if the movement served a steady-state ventilatory function. A
previous report (Eberly & Pinsker, 1984) also noted that the basal rate of
respiratory pumping movements is very low in A. brasiliana. Moreover, although
the rate of oxygen consumed is an inverse function of animal mass (Fig. 2), the
rate of pumping is unrelated to it (Fig. 3).

Effects of hypercapnia and hypoxia

Conditions of moderate hypercapnia, which lead to an increase in oxygen
consumption (Figs 4, 5), do not affect spontaneous respiratory pumping rate
(Fig. 6). The rate of these movements was seen to increase only with extreme
conditions of hypercapnia and hypoxia (Fig. 8), which lead to a decrease in the rate
of oxygen consumed. The external stimulus leading to increased pumping under
conditions of severe hypercapnia is likely to be the decreased pH, rather than
change in Pco2- Croll (1985) has shown that spraying acid onto the ospharidium
leads to an increase in the rate of pumping.

Possible functions of respiratory pumping movements

It is possible that the function of respiratory pumping movements is to increase
ventilation of the gill only under conditions of extreme respiratory stress, when
more moderate compensatory changes not dependent on pumping are no longer
effective, and the rate of oxygen consumed has begun to decline. Support for this
possibility comes from the observation that when respiratory pumping is induced
in response to extreme hypercapnia or hypoxia, its rate is higher in A. fasciata than
in A. depilans.

It is also possible that the function of respiratory pumping movements is entirely
unrelated to ventilation. The movement may function primarily to clear the gill
and mantle of debris, as occurs in other invertebrates (Prosser, 1973; Yonge &
Thompson, 1976), and may be analogous to a cough or a hiccup in vertebrates.
Support for this hypothesis comes from the observation that respiratory pumping
usually accompanies defaecation in Aplysia (unpublished observation). It is also
possible that the movement is primarily defensive, and is performed in response to
external threats or to a deteriorating environment. Support for this possibility
comes from previous data by Pinsker and collaborators (Kanz et al. 1979; Eberly et
al. 1981; Eberly & Pinsker, 1984), who have shown that, in freely behaving
Aplysia, stimuli that evoke the defensive gill withdrawal reflex also activate the
circuitry inducing respiratory pumping. A significant proportion of the evoked
withdrawal reflex is due to the activation of this circuit (Kanz et al. 1979). Also,
Clearly & Byrne (1986) have identified a higher-order interneurone that seems to
function as an initiator or modulator of defensive reactions, such as inking, tail
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withdrawal, gill withdrawal and inhibition of feeding. The cell also excites L25, the
command cell for respiratory pumping movements (Cleary & Byrne, 1986).
Finally, in Notarchus (a member of the same family as Aplysia) escape swimming
movements occur in response to noxious stimuli (Martin, 1969). The movements
are very similar to respiratory pumping, and clearly serve a defensive function. In
a single preliminary experiment (unpublished observation), we placed a specimen
of Notarchus indicus in low-pH sea water, and observed that escape swimming was
elicited.

Previous studies on regulation of respiratory pumping

Croll (1985) concluded that respiratory pumping movements in A. californica
are likely to function to ventilate the gill, since hypercapnia or decreased pH
initiate an increase in the rate of these movements. Although our conclusions
differ somewhat from his, our data largely support and extend his observations.
Thus, Croll (1985) found that lowering the pH in the environment increased the
rate of respiratory pumping. However, he examined larger step changes in pH
than were examined here, for no more than 5min, and therefore did not observe
the sharp threshold increase in respiratory pumping rate that we observed. Also,
Croll (1985) did not examine the effects of the same treatment on oxygen
consumption and respiratory pumping, and therefore was not able to observe the
differences in threshold and time course of respiratory pumping and oxygen
consumption. He also found that hypoxia had no effect on the rate of gill
contraction, whereas we found a clear effect. However, the hypoxia conditions of
Croll (1985) were much less extreme than in the present study.

We dedicate this paper to the memory of Professor Harold M. Pinsker, who died
in 1986. Harry was a good friend of one of us (AJS), and he is missed. Harry
contributed much information about the function of gill movements in Aplysia,
and we hope that he would have enjoyed this work. We also thank Dr M. Schwarz
for comments on an earlier draft of the manuscript, Yisrael Ziv for useful advice
throughout these experiments, Leah Mizrahi for technical assistance, and the
Health Sciences Research Center of Bar-Ilan University and Israel Institute for
Psychobiology - Charles E. Smith Family Foundation grant no. 17/88 for partial
support.
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