972

the snail Helix pomatia L. Comp. Biochem. Physiol. 85C (1986)
419-425.

S.-Rozsa, K., and Solntseva, E.J., Modulation of cholinergic trans-
mission by opiate peptides and FMRFamide on identified neurons of
Helix pomatia L. (Gastropoda, Mollusca). Acta physiol. hung. 67
(1986) 429433,

Stefano, G.B., Hiripi, L., S.-Rozsa, K., and Salanki, J., Behavioural

30

31

Neural control of the circulatory system of Aplysia

by J. Koester and U.T. Koch*

Experientia 43 (1987), Birkhduser Verlag, CH-4010 Basel/Switzerland

Reviews

effects of morphine on the land snail Heleix pomatia. Demonstration
of tolerance. Adv. Physiol. Sci. Vol.23. Neurobiology of Inverte-
brates, pp.285-294. Bd. J. Salanki. Akadémiai Kiado, Budapest,
Pergamon Press 1981.

0014-4754/87/090965-08$1.50 + 0.20/0
© Birkhduser Verlag Basel, 1987

Center for Neurobiology and Behavior, Columbia University, and New York State Psychiatric Institute, 722 West 168th Street,
New York (New York, USA), and *FB Biologie, Universitit Kaiserslautern, Postfach 3049, D-6750 Kaiserslautern ( Federal

Republic of Germany )

Key words. Aplysia; acetylcholine; serotonin; heart; cardiovascular system; respiratory system; egg-laying; feeding; arousal;

excretion.

Introduction

The marine gastropod Aplysia offers two distinct advantages
as an experimental preparation for studying cellular neu-
ronal control of the circulation. First, its neurons are large in
size and manageable in number, making it possible to iden-
tify single neurons as unique individuals that can be
recognized in all members of the species. This feature allows
one to work out neuronal networks in cellular detail. Second,
there exists a significant body of data on the neural control of
a variety of behaviors in Aplysia, including defensive with-
drawal, locomotion, feeding, egg-laying, control of water
balance, and respiration®®. Because circulatory function typi-
cally changes as part of an overall pattern of physiological
adjustment, it is necessary to understand the control of all of
the major organ systems in the body before one can fully
describe the mechanisms and the nature of cardiovascular
control. Although we are still a long way from such an under-
standing, a promising beginning has been made.

The goal of this paper is to review the present state of our
knowledge of the cellular and network mechanisms of car-
diovascular control in Aplysia. The first part describes the

circulatory system and the neurons that are known to affect
it directly. The second part describes what is known about
how the actions of these cells are integrated by the central
nervous system during excretory, egg-laying, feeding, and
respiratory behaviors. With a few exceptions, the work de-
scribed below has been performed on A. californica.

Anatomy and function of the circulatory system

Eales’ description'® of the circulatory system of A. punctata
fits quite closely the circulatory system of A.californica.
Blood enters the two-chambered heart from the efferent
veins of the kidney and the gill, which are in parallel (fig. 1).
The auricle pumps blood into the ventricle, which feeds the
systemic circulation by three parallel pathways. Two of these
arterial pathways go exclusively to visceral organs, while one
goes primarily to somatic tissue. The visceral tissues are sup-
plied by: 1) the abdominal aorta, which perfuses the hepato-
pancreas and the ovotestis; and 2), the gastroesophageal
artery, which goes to the esophagus and stomach. The so-
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Figure 1. Schematic diagram of the circulatory system of Aplysia. White
arrows: blood flow; black arrows: ultrafiltrate. ‘
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matic tissues are supplied by the anterior aorta, which per-
fuses the nervous system, the muscle of the buccal mass, and
the body wall, including the foot, parapodia, mantle shelf,
siphon and tentacles. This artery also provides minor bran-
ches to various internal organs, including the opaline gland,
the hermaphroditic duct, the accessory genital mass, and the
penis. In this open circulatory system, the fine branches of
the arterial tree open directly into interstitial spaces. Blood
flows from the various organs into the hemocoele, which in
turn empties into muscular venous sinuses that supply the
kidney and the gill.

The heart is enclosed in a pericardium, a remnant of the true
coelom. It is thought that filtration across the wall of the
heart forms an ultrafiltrate that becomes the pericardial
fluid®®. This fluid flows through the renal-pericardial pore
into the other portion of the coelomic space, which is within
the kidney. There it is elaborated by secretion and reabsorp-
tion into urine, which is excreted through the renal pore into
the mantle cavity.

The arteries, which are relatively thin-walled, lack significant
elasticity. Arteries that supply the viscera have primarily
circular muscle, while those that perfuse somatic tissues
generally have both circular and longitudinal muscle. The
proximal end of the abdominal aorta has an especially thick
ring of circular muscle that functions like a sphincter.

The heart beat is myogenic, though its strength and fre-
quency are modulated by neural input from the abdominal
ganglion. The circular and longitudinal muscle of the arteries
also receives innervation from the abdominal ganglion as
well as other parts of the nervous system.

There have been only a few attempts to study the functional
role of the circulatory system in Aplysia. The standard func-
tion of supplying oxygen and nutrients and removing waste
products from the tissues is consistent with the fact that the
blood contains the respiratory pigment hemocyanin'®, and
with early physiological studies®. In addition, because its
shell is merely a rudimentary disc, Aplysia must rely to some
extent on a hydrostatic skelton for postural support and to
assist in movements. The contribution of the circulatory sys-
tem to the latter function remains undocumented, as does its
putative role in the formation of the ultrafiltrate that is ela-
borated into urine. While a number of cardiovascular adjust-
ments have been found to be elicited by environmental stim-
uli (see below), we know little about the functional effects of
the adjustments on the other organs of the body. There
clearly exists a need for better understanding of the basic
cardiovascular physiology of Aplysia before it will be possi-
ble to gain a comprehensive picture of its neural control.

Motoneurons, neurotransmitters and hormones that act on the
circulatory system

Control of the heart

The heart is innervated by four, and possibly more classes of
neurons. All of the identified cardiac control neurons are
located in the abdominal ganglion.

Heart excitor RBy. Hill showed in 1964 that the hearts of 4.
Jfasciata and A. depilans are excited by serotonin. Histologi-
cal and neurochemical studies then demonstrated that Aply-
sia heart contains serotonin, localized primarily to nerve
fibers® ! A neuron in the RB cluster, cell RBy, was found
to mimic the actions of serotonin on the heart of 4. califor-
nica*-*¢, This neuron is thought to be serotonergic because
its motor effects are blocked by a serotonergic antagonist, it
contains the metabolic machinery for synthesizing seroto-
nin*’, and it exhibits serotonin immunoreactivity®!.

The primary action of serotonin on Aplysia heart in situ is to
cause an increase in rate that outlasts the presence of the
transmitter by several tens of seconds*®. While a positive
inotropic effect is sometimes also observed, it is more com-
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monly seen with isolated cardiac tissue. At least some of the
effect of serotonin on Aplysia heart is mediated by an accu-
mulation of myocardial cyclic AMP!'-3%4%4 which in turn
may act on intracellular calcium stores®.

Heart excitor LDy, Unlike RByg, cell LDy produces an
increase in heart rate that typically lasts for only one beat. Its
transmitter type is unknown*,

Multi-modal motoneuron L,. Cell L, has well-described ac-
tions as a motoneuron to the gill and siphon’”3"-%%3 The
excitation of the gill is effected by direct connections to mus-
cle, as well as by indirect connections via gill motoneurons
located in the branchial ganglion®. In addition, L, produces
conventional fast excitatory junctional potentials (ejps) in
the auricle of Aplysia muscle. These ejps can initiate a beat in
the quiescent heart!. The transmitter used by cell L, has not
been identified, although it is thought not to be acetylcholine
or serotonin® 3!,

Neurosecretory cells R;, Rg, and R;s. The heart has also been
shown to contain the processes of two types of neurosecre-
tory neurons.

Cells R, and Rg are members of a cluster of 12 neurosecretory
neurons, Ry-Ry,. The cells in this cluster all express a com-
mon gene that is thought to encode three neuropeptides with
molecular weights of 1.3, 3.3, and 5.0 kd*2. One of the pep-
tides encoded in the DNA, peptide I1, has been isolated from
extracts of the abdominal ganglion. There is strong pharma-
cological, neurochemical and morphological evidence that
the cells of the R;-R 4 cluster also utilize glycine as a trans-
mitter?>137%38.9 Two of these 12 neurons, cells R; and Ry,
were found to send processes to the heart®'. Activity in R;
and Rg has not yet been demonstrated to affect the heart, and
peptide II appears not to affect the circulatory system®,
Glycine, on the other hand, has been shown (at mM concen-
trations) to increase heart rate and frequency, and to cause
release of preloaded Ca*™ from ventricular muscle®.

Cell R ;5 also has been shown to send processes to the heart,
as well as to a number of other vascular spaces®. This neuron
elaborates a neuropeptide that has been implicated in the
control of water balance and hemolymph composition®* 7.
Neither the R s peptide nor R activity has yet been shown
to modify cardiac function.

Heart inhibitors LD, Hill first showed that hearts of 4. fa-
sciata and A.depilans are inhibited by acetylcholine®®. Ten
years later the twin LDy cells were found to mimic the effects
of acetylcholine on the heart* 4. These cells are thought to
be cholinergic because they have the metabolic machinery
for synthesizing acetylcholine, and their motor effects are
blocked by a selective cholinergic antagonist*!. Acetylcholine
had no effect on cyclic AMP concentration in ventricles from
A. kurodai®®.

Other cardioactive substances

Aplysia heart is excited by perfusion with two neurotrans-
mitters which, though endogenous to the animal, are not
detectable in cardiac tissues®*.

Dopamine mimics the positive chronotropic effects of sero-
tonin on the heart at from 10- to 40-fold higher concentra-
tions*»#1-82_ It has been suggested that dopamine and seroto-
nin activate different types of myocardial receptors®,
because dopamine elicits a much smaller increase in aden-
ylate cyclase activity than that produced by serotonin'”,
The functional significance of these dopamine receptors is
not clear.

Small cardioactive peptides (SCPs) A and B, isolated from
the nervous system of Aplysia, both increase the strength and
frequency of heart beat”*. This effect is thought to be medi-
ated by an increase in cyclic AMP for two reasons®: 1) it is
mimicked by the adenylate cyclase activator forskolin; and
2) the time course of the physiological effects parallels the



974 Experientia 43 (1987), Birkhduser Verlag, CH-4010 Basel/Switzerland

time course of the changes in cyclic AMP levels. The SCPs
could not be detected in the hemolymph with an assay sensi-
tive to levels as low as 107! M.

Control of the arterial system

There are at least eight classes of neurons that modulate
vascular muscle in Aplysia. All of the known vaso-modula-
tory neurons are located in the abdominal ganglion.

Visceral arteries

LBy vasoconstrictor cells. The circular muscle of the abdo-
minal aorta and gastroesophageal artery is innervated by a
cluster of three neurons called the LBy cells*. These cells all
appear to be functionally equivalent except for the fact that
one of them innervates only the abdominal aorta. Pharmaco-
logical and neurochemical evidence supports the conclusion
that the LBy, cells are cholinergic*'. Members of this group
also innervate the circular muscle of the genital artery (un-
published observations).

Multimodal motoneuron L,. Cell L, activates the circular
muscle of the abdominal aorta by eliciting fast, conventional
ejps. There is a powerful synergistic interaction between the
contractile - activating effects of L; and the LBy neurons'.
Bag cells. The two-bag cell clusters contain approximately
800 neurosecretory cells, all of which express a small family
of common genes encoding several neuropeptides™. Two of
the peptides encoded by this gene family, egg-laying hormone
(ELH) and alpha bag cell peptide (« BCP), have been demon-
strated to be synthesized and released by the bag cells and to
actas neurotransmitters and as hormones™- 7. Activating the
bag cells by electrical stimulation causes a long lasting bout
of phasic contractions of the longitudinal muscle of the gas-
troesophageal artery. Application of crude bag cell extract to
the isolated artery mimics the effects of bag cell stimulation®.
Serotonin. Glyoxylic acid treatment of the abdominal aorta
reveals extensive branching of varicosity-laden fibers that
fluoresce with the same characteristics as serotonin. The ori-
gin of these fibers is not yet known, but it has been found that
arterial perfusion with serotonin reduces the vasoconstric-
tion elicited by L7 activity'.

Somatic arteries

Excitatory inputs to the anterior aorta. At least three types of
fast, conventional ejps have been recorded from muscle of
the proximal end of the anterior aorta®s %%, Anatomical
evidence suggests that the ejps were recorded from longi-
tudinal muscle®. A cell has been identified in the ganglion
that mediates one of these types of ejp, cell RD . Based
on pharmacological and ultrastructural evidence, acetylcho-
line, serotonin and glutamate are all plausible excitatory
transmitter candidates for this muscle® %% Serotonin in-
creases cyclic AMP and decreases cyclic GMP levels in the
anterior aorta, and acetylcholine decreases cyclic AMP levels
in the same tissue®.

RD, . Anterior aorta inhibitor cells. Sawada et al.® have
identified a pair of motoneurons that inhibit the anterior
aorta. The transmitter type of these cells is not yet known,
but acetylcholine is a plausible candidate on the basis of
pharmacological evidence®’.

Neurosecretory cell R;,. Like cells R, and Ry, Ry41s a neurose-
cretory cell that is thought to release glycine and three low
molecular weight peptides®® 7 (see above). Ry, has a widely
divergent range of ramifications in the periphery, including a
set of terminals that make direct contact with longitudinal
muscle ‘of the proximal anterior aorta® 2. Firing R, en-
hances the strength of phasic contractions elicited by nerve
stimulation, and converts the contractions from monophasic
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to rhythmic. Application of 1 mM glycine to the muscle
mimics the effects of Ry, activity®.

Dopamine. Glyoxylic acid treatment of the proximal end of
the anterior aorta reveals moderate branching of varicosity-
laden fibers with catecholamine-like fluorescence properties
(unpublished observations). The origin of these fibers, which
presumably contain dopamine, is not yet known.

Neuronal and hormonal integration of cardiovascular function

Heart rate

Heart rate recorded in the intact animal has been shown to
change in response to a number of environmental stimuli.
Heart rate increases are elicited by noxious or food stimuli
(fig. 2), by increased temperature, and by moderate hypoxia.
Heart rate also increases during and following a meal, and
during spontaneous increases in overall activity of the
animal. In addition to these studies on the intact animal,
phasic spontaneous increases in heart rate have been
recorded in a semi-intact preparation®. Heart rate is de-
creased by exposure to air®®, by extreme hypoxia, during
eating in animals that are nearly satiated'®, and during respi-
ratory pumping®.

Three of these heart rate responses have been found to be
under direct neural control. Experiments utilizing nerve le-
sion or intraceliular recording suggest that the spontaneous
increase in heart rate, the increase triggered by food stimuli,
and the decrease during respriratory pumping are all neu-
rally mediated!® 23, The details of this neural control are
presented here and in the following section, which also de-
scribes changes in blood flow and blood pressure.

Excretion. The spontaneous heart rate increases recorded in
the semi-intact preparation were shown to be mediated by
bursts of action potentials generated endogenously by cell
L. This abdominal ganglion neuron acts as a central inter-
neuron and a peripheral motoneuron. In the ganglion, it
excites RByg and inhibits the LDy cells, thereby causing an
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Figure 3. Firing L, (7 Hz) by current injection causes transient opening of
the renal pore, and firing an LUQ cell (1 Hz) closes the pore and antago-
nizes the effect of L,,. Pore opening was monitored with a photocell.

increase in heart rate’®. The former effect is most important,
because the LDy cells are normally silent. Cell L, inhibits all
cells in the cluster of identified cells L,, L;, Ly, Ls, and Ly,
which also have endogenous bursting properties?’. Neurons
L,-L, which are members of the left upper quadrant (LUQ)
group, exhibit FMRFamide immunoreactivity®, apparently
due to the presence of a neuropeptide that contains a portion
of the FMRFamide sequence’. A subset of these five cells
send their axons to the renal pore, which closes when they are
active. Cell L, also sends an axon to the pore, and when it
fires the pore opens (unpublished observations and fig. 3).
Thus the overall effect of L, is to promote renal excretion.
The increase in heart rate caused by L, may facilitate this
process by enhancing the rate of filtration across the wall of
the heart.

The spontaneous heart rate increases recorded in the semi-in-
tact preparation have not been detected in recordings from
the intact animal. Perhaps the appropriate stimulus for trig-
gering L, activity has not been tested. Alternatively, the
motor effect of RByz may be more inotropic than chronotro-
pic in the intact animal.

Blood pressure and blood flow
Heart rate as such is important to the animal only in so far as
it affects blood flow and pressure. Recent studies have focussed
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on the changes in blood pressure and regional blood flow,
which are the physiologically relevant outputs of the cardio-
vascular system. These studies have used both intact animals
and semi-intact preparations:

Egg-laying. Egg-laying is a complex behavioral pattern that
involves finding an appropriate location for egg deposition,
packaging and releasing eggs, and attaching the eggs to the
substrate with a stereotyped pattern of head movements?.
The entire behavior takes about 30-60 min. Early in the
behavioral sequence, all of the cells in the bag cell cluster are
activated in a burst of activity that lasts for several minutes'2.
ELH released by this burst triggers ovulation by acting on
the ovotestis®. The peptides released by the bag cells have a
wide variety of effects throughout the nervous system, but
none of these central actions have been related directly to
features of the egg-laying behavior observed in the intact
animal.

There are two cardiovascular adaptations that seem likely to
occur during egg-laying, based on the known effects of bag
cell activity. First, because L10 is excited and the LUQ cells
L2-L6 are inhibited by bag cell activity***, one might expect
an increase in renal excretion accompanied by an increase in
heart rate. Second, recording in the semi-intact preparation,
Ligman and Brownell have shown that bag cell activity ini-
tiates phasic contractions of longitudinal muscle in the ante-
rior aorta and gastroesophageal artery*’. They have sug-
gested that the effect of these contractions may be to divert a
greater fraction of cardiac output to the ovotestis and her-
maphroditic duct.

Food elicited arousal. Susswein, Weiss and Kupfermann have
shown that exposure of Aplysia to food (seaweed) elicits an
arousal state that builds up gradually over the course of a few
minutes’”’. The arousal is manifest as a progressive increase in
the strength and frequency of biting in response to a stimulus
of fixed intensity. Part of the mechanism for this enhanced
efficiency of eating is mediated centrally, and part of it is due
to peripheral changes at the buccal muscle®.

Cardiovascular changes have also been recorded during food
arousal with a time course that parallels that of the changes
in the biting movements. As mentioned above, heart rate
increases in synchrony with the increase in biting rate
(fig.2)'®. In addition, there is an increase in mean blood
pressure and flow recorded from the anterior aorta during
arousal (fig. 4)*2. Short-term occlusion of the anterior aorta
caused a 40-50% decrease in the efficacy of biting, suggest-
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Figure 5. 4 During food arousal, resistance of the distal anterior aorta
and of the proximal abdominal aorta change in alternation. Pressure was
recorded in the anterior aorta proximal to the main site of resistance
increase, while in the abdominal aorta the recording was made distal to
the major site of resistance change (fig.6). With this configuration, in-
creased pressure indicates increased resistance in the former case, and

ing that the increases in flow and pressure measured in this
vessel during arousal are important for the normal function-
ing of the feeding apparatus.

In addition to these tonic changes in pressure and flow dur-
ing arousal, there are also phasic changes®. The first step in
initiating biting is for the buccal mass to move forward into a
cocked position. From there it alternates between a pro-
tracted and a retracted position®!. During the retraction
phase of biting, the flow resistance of the distal anterior aorta
rises considerably above baseline, and most of the cardiac
output is diverted to the gastroesophageal artery and the
abdominal aorta. During the protraction phase, flow resis-
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Figure 6. Summary of the vascﬁlar resistance changes that occur during
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decreased resistance in the latter. B Cutting the pericardial nerve elimi-
nates the resistance changes in the abdominal aorta, which are caused by
phasic firing of the LBy motoneurons.

Food presentation began at the start of the left hand set of traces, and was
begun some time before the beginning of the right hand set*?. Horizontal
bars above traces indicate protraction of the buccal mass.

tance of the anterior aorta returns to normal, and the resis-
tance of the abdominal aorta increases dramatically (figs 5
and 6). It is not known whether the resistance changes in the
anterior aorta are the passive results of the biting move-
ments, or whether they are caused by vasomotor activity.
Whatever the cause, they are balanced by the alternating
changes in resistance of a parallel vessel, the abdominal
aorta. The result of this alternation is to dampen partially the
surges in systemic pressure that result from the phasic in-
creases in flow resistance of the anterior aorta. Thus by “time-
sharing’ the cardiac output, each of the two major vascular
beds can maintain an adequate time-averaged blood flow,
even when experiencing transient peaks in resistance.

The neural mechanisms that mediate the cardiovascular
components of arousal were investigated by recording from
cardiovascular motoneurons in the semi-intact preparation
while the animal was aroused with food®. Both RBy; and
the LBy cells were found to increase their firing rates during
arousal, with the LBy cells firing in phase with the protrac-
tion phase of biting (fig. 7). These results, together with the
results of lesion experiments (figs 2 and 5), lead to three
conclusions: 1) the increase in heart rate is mediated in part
by RByg; 2) increased firing in RByg and LBy both con-
tribute to the increased flow and pressure recorded in the
anterior aorta; 3) the phasic decreases in flow and pressure
recorded in the distal abdominal aorta are mediated by the
activation of the LBy cells during the protraction phase of
biting. The results of the lesion experiments suggest that
other, unspecified cells or hormones must also play a signi-
ficant role in producing the increases in heart rate and partic-
ularly the increase in systemic pressure (fig. 3)!%32.

The fact that the tonic heart rate effects are mediated by the
serotonergic cell RByg, while the phasic vasomotor effects
are generated by the cholinergic LBy cells, fits with a general
pattern of transmitter function found in Aplysia. Serotoner-
gic cells are employed most typically where slow, modulatory
actions are required, often mediated by changes in cyclic
AMP. Cholinergic neurons, on the other hand, are more
frequently employed to produce rapid, mediatory ef-
fects7’21*29’41’8°.

Respiratory pumping. Aplysia exhibit, with varying degrees of
frequency, a stereotyped behavioral pattern called respira-
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tory pumping. It consists of a brief, phasic contraction of the
parapodia and the mantle organs. As the gill and siphon
contract, seawater is flushed out of the mantle cavity, and
within a few seconds is replaced by freshwater as the organs
relax. Internally, these events are accompanied by cardiac
inhibition. As the gill contracts, it forces blood through the
relaxed heart, into the systemic circulation.

It is has been suggested that the effect of this behavior is to
enhance the gradient for the exchange of blood gases across
the gill% 3. The hypothesis that this behavior enhances respi-
ration is supported by the fact that its frequency is increased
in situations that lead to respiratory stress. For example,
respiratory pumping occurs more frequently following a
meal, when the animal is kept in poorly oxygenated seawater
for prolonged periods®, when ambient CO, levels are in-
creased'®, during locomotion?*, and following prolonged pe-
riods of exposure to air at low tide™®.
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Besides occurring spontaneously, respiratory pumping can
also be triggered. Weak tactile stimuli to the gill or siphon
activate tactile afferents that monosynaptically excite moto-
neurons that mediate a graded withdrawal reflex involving
both organs'®. Stronger stimuli activate, with a slight delay,
an additional all-or-none component of withdrawal that
represents the triggering of the respiratory pumping mecha-
nism®. Both the direct reflex and the respiratory pumping
component exhibit simple forms of non-associative learning.
While learning modifies the direct reflex by a graded effect on
amplitude?®, the feature of the respiratory pumping compo-
nent that is modified is its probability of being triggered™.
There are dozens of identified motoneurons in the branchial,
abdominal, and pedal ganglia that mediate respiratory
pumping &34, More recently, two symmetrical clusters of
interneurons located in the abdominal ganglion have been
shown to act as trigger cells for the behavior: there are 10-15
Ry cells in the right hemiganglion, and a symmetrically
located cluster of 10-15 L,s cells in the left hemiganglion
(fig. 8)>34 There is extensive electrical and chemical synap-
tic coupling between the cells in the two clusters.

Activity in the R,5 and L, network is necessary for initiating
and coordinating the various components of respiratory
pumping. When the behavior occurs spontaneously, or when
it is triggered by a tactile stimulus to the gill or siphon, the
entire population of R,s and L,s cells begins to burst in
synchrony slightly before the onset of the behavior>%34. Hy-
perpolarizing one or two members of this network can pre-
maturely terminate an individual bout of respiratory pump-
ing, and can also slow the frequency of the spontaneously
occurring behavior. Moreover, most, and probably all of the
cells in the two clusters project to different subsets of the
motoneurons that mediate the behavior. One can not con-
clude that the population of R,s and L,s neurons is sufficient
to account for the initiation of respiratory pumping, how-
ever, because there are hundreds of unidentified cells in the
ganglion. Any one of these unidentified neurons could con-
tribute to the population burst in the R,—L,s cells that
triggers the behavior.

The burst generation in the R,s and L,s cells that drives
respiratory pumping can be initiated by either of two related
mechanisms. When the behavior is triggered by tactile stim-
uli, RE and LE tactile sensory neurons excite polysynapti-
cally the cells in the R,s and L,s clusters®*. As the inter-
neurons begin the fire, they excite each other via their elec-
trical and chemical excitatory synapses. Over the course of
5-10 s this reverberatory activity builds up to a crescendo,
with all of the interneurons simultaneously reaching their
maximal firing rates. The same effect can be achieved artifi-
cially by firing a single R, or L,s neuron by current injection
(fig. 9). After a brief delay, the positive feedback connections
between the cells leads to a network-wide burst that is relayed
to the motoneurons that drive the behavior. When the behav-
ior occurs spontaneously, the same mechanism is operative,
except that the trigger for the burst is a slow pacemaker
potential that occurs synchronously in all cells of the net-
work. Tetrodotoxin applied to the ganglion blocks the so-
dium channels that mediate the action potentials, unmasking
slow plateau potentials that are generated by the pacemaker
potentials (fig. 10). The slope of the pacemaker potential can
be increased by activity in either of two identified neurons
called the Ry, cells.

Burst termination in the pool of interneurons is mediated by
two processes. Each cell in the R,5—L,; network generates an
endogenous, long lasting after-hyperpolarization following a
high frequency train of action potentials*. In addition, a
subset of the interneurons elicits slow, long-lasting inhibitory
post-synaptic potentials (IPSPs) in other cells in the network
(fig. 11).



978 Experientia 43 (1987), Birkhduser Verlag, CH-4010 Basel/Switzerland Reviews
LE RE
O O0) (OO
2 000 OO
nZ
123
g
§ L2s R25
2 CLUSTER | CLUSTER 5
E - QW ?.D__——_/ g
=
____________ Z
: Q QL :
(C [ [ L ([ ([ z
e
o iH g
g2 >—
og& A
EB ] : : : : [>_,..ﬁa
2z
o oLl g
=
u O ’
wi

Figure 8. Schematic diagram of the classes of cells that mediate respira-
tory pumping. Clear terminals are excitatory and black terminals are

Conclusions

The neural circuitry that coordinates the cardiovascular sys-
tem with the other organ systems of Aplysia is quite complex.
At least 12 types of motor- and modulatory neurons and
nearly an equal number of neurochemical substances have
been implicated in this process. This knowledge has accumu-
lated even though our search for control neurons has been
limited to the abdominal ganglion, and only a small fraction
of the vascular system has been examined in detail for neu-
ronal and hormonal influences. Judging from the surprising
complexity of the regulatory mechanisms described thus far,
itis clear that efficient control of the circulation has consider-
able adaptive significance for this organism.

LDg)

R25g

U

R25,

Im

2 sec
Figure 9. Firing a single R,5 cell by current injection triggers by rever-
beration the entire L,5~R,s network. Current was injected into Rys,, and

the burst generation in the rest of the network was monitored: by record-
ing in a second interneuron (R,sg) and in a gill motoneuron (LDg;).

AORTAS J

inhibitory. Black circles indicate electrical synopses. Dotted lines indicate
polysynaptic pathways™>® ,

Cardiovascular changes during food arousal

The high degree of temporal resolution found in the neural
control of the abdominal aorta (figs 5-7) contrasts with the
tonic modulation generally associated with vasomotor con-
trol in other organisms. It seems likely that an adaptive ad-
vantage might be gained by a precise matching of the timing
of vasomotor activity to that of somatic muscle. Such coordi-
nation would be particularly important in this instance if it
were to increase the efficiency of feeding, for Aplysia in the
wild spend from 1-3 h per day grazing on seaweed®® 7,

Interneurons that trigger respiratory pumping

It is interesting to speculate as to why so many (20-30) inter-
neurons have evolved to generate respiratory pumping.
Given the fact that a single neuron can make widespread
synaptic connections, and the fact that many individual neu-
rons in Aplysia have been shown to possess endogenous
pacemaker activity, why is there not simply a single com-
mand neuron for respiratory pumping, rather than the multi-
neuronal network that has been described?

There are at least three plausible explanations for the exis-
tence of such a large number of R, and L,s neurons: 1) When
excitatory input to the network is subliminal for triggering an
all-or-none burst, individual neurons in the network may
play a role in generating graded behaviors that differ from

UJU/UJL .

CONTROL o
-30
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-6OmV
TTX _ e
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Figure 10. Tetrodotoxin (30 pM) blocks spike initiation in the Rys and Lys
neurons, revealing an underlying pacemaker potential.
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Figure 11. Firing L25A by injecting a step of current into the cell elicits in
a second L25 cell rapid EPSPs riding on the envelope of a slow IPSP. The
fast EPSPs contribute to burst initiation, and the slow IPSP contributes to
burst termination.

respiratory pumping®. 2) A large interneuron pool may be
required to implement a behavior that can occur both spon-
taneously and in a triggered mode. This hypothesis follows
from the fact that other known individual neurons in Aplysia
with endogenous bursting capabilities do not respond to an
excitatory input with an all-or-none burst. The endogenous
pacemaker potential mechanism found in the R,s—L,s neu-
rons, combined with the positive feedback reverberatory na-
ture of their synaptic potentials, enables respiratory pump-
ing to occur both spontaneously and in a triggered mode. 3)
There may be a need for multiple trigger cells that derives
from the apparent inability of neurons in Aplysia to segregate
different receptor types for the same transmitter’!, For exam-
ple, assume that there is a single trigger cell for respiratory
pumping, and that cell is cholinergic. Such a cell could not
make the excitatory connections to the LDy cells that drive
them during respiratory pumping because the LDy, cells also
receive inhibitory connections from other cholinergic cells
(e.g. Lyy), and an individual neuron in Aplysia cannot segre-
gate excitatory cholinergic receptors to one synapse and inhi-
bitory cholinergic receptors to another. This constraint
could be overcome if the trigger cell were to use a transmitter
different from actylcholine, e.g. dopamine. But the same
limitation would arise again if LDy, (or other excitatory
follower cells of the trigger cell) received dopaminergic inhi-
bitory input from another source. One way around this con-
straint would be for the trigger source to be composed of a
network of coupled cells, each of which projects to only a
subset of the motoneurons, and at least some of which use
different transmitters. The first two conditions are known to
apply to the Rys—L,s network. The last prediction, that cells
in the network are non-homogeneous with respect to trans-
mitter type, has not yet been tested.
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