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Peptidergic co-transmission in Aplysia: Functional implications for rhythmic behaviors
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Abstract. Despite their ubiquitous presence in the central and peripheral nervous systems, the behavioral functions
of peptide co-transmitters remain to be elucidated. The marine mollusc Aplysia, whose simple nervous system
facilitates the study of the neural basis of behavior, was used to investigate the role of peptidergic co-transmission
in feeding behavior. Several novel modulatory neuropeptides were purified, and localized to identified cholinergic
motorneurons. Physiological and biochemical studies demonstrated that these peptides are released when the mo-
torneurons fire at frequencies that occur during normal behavior, and that the peptides modify the relationship
between muscle contraction amplitude and relaxation rate so as to maintain optimal motor output when the intensity

and frequency of feeding behavior change.

Key words. Aplysia; co-transmission; modulation; motorneuron; muscle; peptide.

Our understanding of chemical synaptic transmission has
been significantly influenced by the widespread finding
that a single neuron may contain and release more than
one transmitter substance. In many cases a classical neu-
rotransmitter, such as acetylcholine or GABA, is co-lo-
calized with a modulatory neuropeptide ! 1* 7. A num-
ber of suggestions have been made to explain the
functional role of the co-release of classical and peptide
transmitters, but despite the impressive progress that has
been made in understanding the cellular mechanisms of
action of both classical and peptide transmitters, relative-
ly little is known about the behavioral consequences of
co-transmission > 4. The challenging task of understand-
ing its behavioral role has not been made any easier by
recent reports indicating that many neurons contain
more than one peptide co-transmitter (see, for example,
Jones etal.'® and Vincent et al. 3?). Some of the best
evidence relating co-transmission to behavior has been
obtained in invertebrates!’, but even in these relatively
simple systems it has not yet been possible to reach un-
equivocal conclusions regarding the physiological contri-
bution that even single peptide co-transmitters make to
behavior.

We have chosen to study the physiological role of pep-
tidergic co-transmission in a simple neuro-behavioral
model system: the feeding behavior of the marine mol-
lusc Aplysia californica. Even though the consummatory

phases of feeding (biting and swallowing) are highly
stereotyped, the size and frequency of these responses are
strongly affected by the internal state of the animal, for
example, whether the animal is satiated or aroused 2®.
Parameters of feeding behavior are also influenced by the
nature of the food the animal is ingesting, for example, its
size and hardness *°. In this paper we present a hypothe-
sis, with supporting evidence, that suggests that peptider-
gic co-transmission plays a major role in maintaining the
efficiency of the feeding behavior in the face of such
changing behavioral demands.

Let us consider a simple change in feeding behavior that
occurs at the beginning of a meal. Figure 1 (A and B)
illustrates how the speed and strength of biting change as
the animal becomes exposed to food. In the beginning,
individual bites are weak and occur at a slow rate. Subse-
quent bites become stronger and faster until both the
strength and speed of biting reach a plateau?®-3*. At first

- glance, it may appear that this adjustment of the rate and

magnitude of biting is a straightforward task that may be
accomplished simply by increasing the biting cycle fre-
quency and firing rates of feeding motorneurons. How-
ever, it is by no means obvious how it is achieved when
we realize that if animals are to maintain their ability to
ingest food, some 15 pairs of muscles must maintain
proper phase and intensity relationships in the face of
severe biomechanical constraints.
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Figure 1. Plasticity of feeding behavior and the problems it poses for the
integration of contractions of the muscles that open and close the radula
of Aplysia. A) Decrease of the successive inter-bite intervals of an animal
continuously stimulated with food. B) Enhancement of the strength of
successive biting responses of an animal continuously stimulated with
food. The strength of the biting responses was measured on an arbitrary
1-to-4 scale as described by Susswein et al. 28, C) Schematic representa-
tion of the effects of increasing frequency of biting on the integrated
output of the radula closer and opener muscles. Cf) shows contractions
of the closers and openers separately, C2) shows the integrated move-
ment that results from the algebraic sum of these contractions; the dashed
line indicates transition between the closed and the open state of the

For the sake of simplicity, the biomechanical constraints
on the feeding neuromuscular system will be illustrated
by considering just one of the pairs of antagonistic mus-
cles, those that open and close the radula, a hand-like
organ which the animal uses to grasp food. Obviously, if
the animal is to grasp its food successfully, the radula has
to open and close at the appropriate times. Figure 1C is
the graphic presentation of the output of a simple model
that incorporates contractions of a powerful radula clos-
er muscle and a relatively weak radula opener muscle; the
top panels of the figure show contractions of the two
muscles separately, the bottom panels show the integrat-
ed movements, representing opening and closing of the
radula, that result from the algebraic sum of these con-
tractions. In the first column the cycle period is long
enough to allow each of the muscles to relax fully before
the antagonist contracts, thereby assuring the production
of a functional motor output (the bottom panel shows
that both opening and closing of the radula occur). The
second and third panels show that as the biting frequency
increases, the muscles no longer relax fully before the
next contraction, and the functional output of the system
is destroyed. The contractions of the closer muscle pre-
dominate and opening of the radula no longer occurs
(bottom panel). The situation is even worse when in-
creases in the magnitude of biting are simultaneously
incorporated into the model (as shown later in fig. 5);

radula. The frequency of the contractions increases in successive columns
of Cf and C2. In the 1st column, the cycle period is long enough to allow
the muscles to relax fully before the next contraction and a functional
motor pattern is produced, i.e., both closing and opening of the radula
occur (bottom panel). As the frequency of contractions increases (2nd
column), muscles no longer relax fully before the next contraction. Notice
the build-up of baseline tension (particularly in the more powerful closer
muscle) and the resulting reduction in opening of the radula {bottom
panel). As the frequency of contractions increases still further (3rd
column), the baseline tension is even greater and the radula no longer
opens at all.

given a constant relaxation rate, the larger the muscle
contractions, the longer the time needed for the muscle to
relax completely. In this paper, we suggest that peptide
co-transmitters in the cholinergic motorneurons of
Aplysia may function to adjust the relationships between
contraction frequency, magnitude, and relaxation rate in
order to maintain optimal phase relationships between
antagonistic muscle pairs when frequency and strength of
biting change.

Neuropeptides in the ARC neuromuscular system

We have studied the accessory radula closer (ARC) mus-
cle (the ‘closer muscle’ in our model) and its innervation
by two cholinergic motorneurons, cells B15 and B16°%,
and a modulatory neuron, the serotonergic metacerebral
cell*3. The ARC neuromuscular system has been well
characterized >, and when initial studies indicated that
modulatory neuropeptides were present in neuronal ter-
minals and varicosities in the muscle 2!, we decided that
this preparation would have many advantages for the
experimental study of peptide co-transmission.

We first characterized the complement of modulatory
neuropeptides present in the innervation of the ARC
muscle (fig. 2, A and B). Peptides were purified using
reverse-phase high performance liquid chromatography
(RP-HPLC). ARC muscles and attached neuronal termi-
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Figure 2. A) Schema of the procedure used for purification of peptide
co-transmitters from processes of motorneurons B15 and B16 in the AC
muscle. ARC muscle extract was pre-purified to remove large proteins
and salts, and then subjected to reverse-phase HPLC (RP-HPLC). All of
the resulting fractions were bioassayed (see B), and all bioactive fractions
were rechromatographed until optically pure material was obtained. Op-
tically pure peaks were subjected to gas-phase sequence analysis. B, top)
Procedure used to test RP-HPLC fractions for bioactivity in the ARC

nals and varicosities were used as the source of material.
RP-HPLC fractions were identified for rechromatogra-
phy by their bioactivity; that is, whether they modulated
ARC muscle contractions produced by stimulation of
either of the ARC’s two motorneurons. With this strate-
gy we were assured that only peptides that are bioactive
in the system and are potential co-transmitters would be
purified. Material was rechromatographed to optical
purity and then subjected to gas-phase sequence analysis.
These experiments showed that the ARC neuromuscu-
lar complex contains the invertebrate neuropeptide
FMRFamide ** as well as members of three additional
multi-peptide families, the small cardioactive peptides
(SCPs 1%-21), the myomodulins (MMs® 1%:2%), and the
buccalins (BUCs 7 11:23-29), The SCP family consists of
the characterized peptides SCP, and SCPy?”. The MM
and BUC families are known each to contain several
different peptides, but only two peptides in each family
(MMa and b, and BUCa and b) have been fully charac-
terized. Finally, these peptides are not unique to Aplysia:
the SCPs are present in several different molluscs **, and
it has now been demonstrated that at least one member
of both the MM and BUC peptide families is present in
Fusinus '8

Preliminary studies suggested that at least some of the
purified peptides might indeed be present in the ARC’s
two motorneurons, B15 and B16. For example, immuno-
cytological staining of buccal ganglia with antibodies
raised against the SCPs?°, MMs 2%, or BUCs** revealed
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Myemodulin B Gly Ser Tyr Arg Met Met Arg Leu amide
Buccalin A Gly Met Asp Ser Leu Ala Phe Ser Gly Gly Leu amide
Buccalin B Gly Leu Asp Arg Tyr Gly Phe Val Gly Gly Leu amide

neuromuscular system. Motorneurons were stimulated in bursts (bottom
trace) to evoke reproducible muscle contractions (top trace). Lyophilized
RP-HPLC fractions were resuspended in artificial seawater and applied
directly to the muscle. In the example shown, an RP-HPLC fraction
(added at the arrow) increased the size of the contractions. B, bottom)
Neuropeptides purified from the ARC neuromuscular complex (SCP,
small cardioactive peptide).

that neurons in the ventral motorneuron cluster (which
contains neurons B15 and B16) are peptide-immunoreac-
tive. These results were confirmed in subsequent studies
in which physiologically identified B15 and B16 neurons
were injected with Lucifer Yellow dye and processed for
immunocytochemistry. These experiments indicated that
both neurons B15 and B16 are buccalin-immunoreac-
tive>11. However, only neuron B15 is immunopositive
for the SCPs*°, and only neuron B16 is immunopositive
for MMs 26,

Since antibodies directed against short peptides often
cross-react with related peptides, independent verifica-
tion of these immunocytochemical results was obtained
with biochemical techniques. The procedure used in these
experiments is outlined in figure 3A. Physiologically
identified B15 and B16 neurons were marked with Fast
Green dye. The buccal ganglia were then incubated in the
presence of radioactive amino acids (e.g., *>S-methion-
ine) long enough for them to be taken up and incorporat-
ed into newly synthesized peptides. Dye-labeled neurons
were dissected, and radioactively labeled peptides ex-
tracted in the presence of nanomolar quantities of cold
synthetic peptides, and subjected to several stages of RP-
HPLC. Co-elution of radioactive material with a synthet-
ic peptide was taken to indicate that the identified B15 or
B16 neuron did indeed contain that particular peptide.
Results obtained in these biochemical experiments were
consistent with the immunocytochemical results. Thus,
neuron B15 was found to contain SCP, and SCPy'° and
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Figure 3. A) Schema of the procedure used for in situ radiolabeling of
neuropeptides contained in the ARC motorneurons. The motorneurons
were physiologically identified and injected with Fast Green dye. The
buccal ganglia were incubated in medium containing radiolabeled amino
acids, using amino acids present in the peptides of interest. For example,
to radiolabel the SCPs the buccal ganglia were incubated in *3S-methion-
ine. Dye-marked neurons were individually dissected and placed in tubes
containing nanomolar quantities of the synthetic peptides of interest.

at least BUCa and BUCDb !!-2°, while neuron B16 con-
tains at least MMa and MMb?®!%? and BUCa and
BUCb7-?°, These findings are summarized in figure 3 B.
As already noted, these experiments indicated that the
ARC peptides are present in families; for instance, there
is not just one buccalin, there are at least two structurally
related buccalin peptides. This suggested that although
there are many peptides in the ARC neuromuscular sys-
tem, there might be relatively few peptide precursors, for
example there might be one large protein that encodes all
of the buccalins. Thus, the characterization. of the co-
transmitter content of the ARC neuromuscular system
might be simplified by using molecular-biological tech-
niques to characterize peptide precursors, rather than the
biochemical techniques to characterize individual pep-
tides one at a time. Degenerate oligonucleotide probes
based on the sequences of one of the MMs and one of the
BUCs were therefore used to isolate cDNA clones of
large precursor proteins. One of these proteins was found
to encode the amino acid sequences of all the MMs that
we purified biochemically as well as the amino acid se-
quences of two novel forms of myomodulin**. Another
protein encodes the two characterized buccalins as well
as 17 additional structurally related peptides?3. Future
experiments will determine whether these additional
forms of MMs and BUCs are actually present in neurons
B15 and B16. ‘

Actions of neuropeptides in the ARC neuromuscular
system

Within a particular peptide family, bioactivity appears to
be similar. Thus, both SCP, and SCPj enhance the size
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This mixture was then subjected to RP-HPLC. The elution time of the
synthetic peptides was determined by absorbance measurements, the elu-
tion time of radiolabeled peptides by scintillation counting. Positive re-
sults were considered to be obtained if a radiolabeled peptide synthesized
by one of the ARC motorneurons had chromatographic properties iden-
tical to those of a synthetic peptide. B) Schema summarizing the localiza-
tion of peptide cotransmitters in the ARC motorneurons B15 and B16.

and relaxation rate of ARC muscle contractions pro-
duced by motorneuron stimulation (fig.4, A and
B 191121y Qimilar potentiating actions on the size and
relaxation rate are exerted by both MMa and MMb?: 12,
In contrast, both BUCa and BUCD decrease the size of
motorneuron-elicited muscle contractions but do not af-
fect their relaxation rate (fig. 4B 7 *1:2%), The differences
between the inhibitory effects of the BUCs and the poten-
tiating effects of the SCPs and MMs are correlated with
differences in the sites of actions of these two types of
peptides. The inhibitory BUCs appear to act exclusively
presynaptically; buccalin application decreases the am-
plitude of cholinergic EJPs and muscle contractions
evoked by motorneuron stimulation, but has no effect on
the amplitude of muscle contractions elicited by direct
application of ACh (fig. 4, C and D 7> 1), In contrast, the
potentiating SCPs and MMs all have at least some post-
synaptic actions, since they do increase the size of the
ACh-elicited muscle contractions®.

Prompted by the finding that the postsynaptic actions of
SCPs and MMs are modulatory and probably indirect,
we began to investigate signal transduction pathways
that might be responsible. Several lines of biochemical
and physiological evidence indicate that the SCPs exert
their action via a cAMP-dependent protein kinase
(PKA). Thus, we found that exposing the ARC muscle to
the SCPs caused a dose-dependent increase in cAMP
synthesis 2* and increased activation of PKA '*. Further-
more, addition of the SCPs to muscle homogenates in-
creased phosphorylation of several proteins whose phos-
phorylation was found to be increased also when PKA
was activated directly by addition of cAMP to the ho-
mogenate '*. Using a back-phosphorylation paradigm
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Figure 4. A) Effects of synthetic SCP, and BUCa on the ARC muscle.
The top traces are records of ARC contractions, the bottom traces
records of stimulation-evoked regular bursts of spikes in motorneuron
B15. In B contractions 1—6 from A4 are shown at a faster speed. 4, left)
When the size of the ARC contractions is increased by decreasing the
inter-burst interval, i.e. increasing post-tetanic potentiation (PTP), the
contractions take longer to relax, as is shown by the superimposition of
contractions 1, 3, and 4 in B, left. In contrast, contractions potentiated by
synthetic SCP, (10~° M) relax faster, as is shown in B, middle, where a
contraction potentiated by PTP (contraction 2) is superimposed on a
contraction potentiated by SCP, (contraction 5). Addition of synthetic
BUCa (10~ % M) reduces the size of the contractions without affecting
their relaxation rate, as shown in B, right, where a contraction potentiat-
ed by SCP, (contraction 5) is superimposed on a contraction subsequent-
ly reduced again by BUCa (contraction 6). C) Records of contractions
produced by direct application of 20 pmoles of ACh to the ARC muscle,
before addition of 107® M BUCa (left) and 7 min after its addition
(right). BUCa does not change the contraction size. Df—-D3) Effect of
BUCa on EJPs in the ARC muscle. The top traces are intracellular
records from an ARC muscle fiber showing the EJPs elicited by the
stimulated spikes in motorneuron B15 that are shown in the bottom
traces. DI, D2, and D3 are before, during, and after application of
1075 M BUCa, respectively. E) Current through L-type Ca channels is
increased by the SCPs and MMs in a mutually occlusive manner. Current
(bottom) carried by Ba®* through Ca channels, which in other experi-
ments were identified as dihydropyridine-sensitive L-type channels, was
elicited in a voltage-clamped dissociated ARC muscle fiber by 5 s voltage
steps (top) from —90 to 0 mV in Na*-free solution containing 460 mM
tetraethylammonium and 10 mM 4-aminopyridine to block masking K
currents. Bath application of 107® M MMa increased the Ba current
dramatically (typically by 50—100 %); subsequent application of 10~° M
SCP;, had virtually no effect. In other experiments in which the order of
application was reversed, SCPy similarly increased the Ba current and
occluded the effect of MMa. Both the unmodulated und modulated Ba
current was completely blocked when the Ba** in the bath solution was
replaced with Co?*
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we extended these in vitro results to the in vivo situation.
This paradigm takes advantage of the fact that proteins
that have already been phosphorylated in vivo cannot be
phorphorylated further in vitro since their phosphoryla-
tion sites are already occupied. We found that after intact
ARC muscles had been exposed to the SCPs, protein
phosphorylation produced by addition of cCAMP to ho-
mogenates of the muscle was significantly suppressed **.
Together, these data provide strong biochemical evidence
that the SCPs act by stimulating cAMP synthesis, thus
leading to PK A activation and protein phosphorylation.
The identity of the phosphorylated proteins remains to
be determined, but the observation that more than one
protein is phosphorylated is consistent with the complex-
ity of the actions of the SCPs. In support of these bio-
chemical experiments, we found that activation of PKA
by exogenously applied analogs of cAMP or by forskolin
(which stimulates the synthesis of endogenous cAMP)
mimicked the actions of the SCPs, that is, both treat-
ments enhanced both the amplitude and the relaxation
rate of contractions produced by motorneuron stimula-
tion 4

Despite the fact that much is known about the mecha-
nism of action of the SCPs little is known about the signal
transduction pathway for MM 3¢, Evidence has been ob-
tained, however, that indicates that the actions of the
SCPs and MMs converge on a molecular level. For ex-
ample, we have demonstrated that under in vitro condi-
tions the MM are able to phosphorylate several proteins
that are also phosphorylated by PKA 4. Thus, these
results strongly suggest that the similarity of the physio-
logical actions of the SCPs and MMs results from the
ability of peptides of these two families to phosphorylate
common target proteins.

Independent evidence supporting the hypothesis that the
actions of the SCPs and the MMs converge on a molec-
ular level was obtained in physiological experiments in
which we investigated possible mechanisms responsible
for the potentiation of muscle contractions produced by
these two peptide families. Using dissociated ARC mus-
cle fibers we found that both the SCPs and the MMs
increase a voltage-dependent L-type calcium current
(fig. 4E2). Since this calcium current is activated in the
voltage range that the muscle is brought into when it is
stimulated to contract by ACh, it is likely that enhance-
ment of the current by these peptides is involved in their
potentiation of the amplitude of the contractions. These
experiments are consistent with the idea that the signal
transduction pathways activated by the SCPs and the
MMs converge on the same molecular targets, one of
these being the L-type calcium channel. We reasoned
that, if the same calcium channels are indeed modulated
by the SCPs and MMs, then application of one of the
peptides at a concentration that produces maximal en-
hancement of the calcium current should occlude further
effects of the other peptides. Indeed, we found that in the
presence of maximally enhancing doses of SCPs, the
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MM s produced no additional enhancement of the calci-
um current?. Similarly, muscles exposed to maximally
enhancing concentrations of MMs were no longer affect-
ed by the SCPs (fig. 4E?). Cyclic AMP and forskolin also
increased the calcium current and occluded the effects of
both SCPs and MMs?2. Taken together, these experi-
ments provide physiological support for the hypothesis
that the SCPs and the MMs activate a signal transduc-
tion pathway that converges on the same muscle proteins
to modulate contraction of the muscle.

Behavioral contribution of the ARC peptide
co-transmitters

The fact that neuropeptide co-transmitters are present in
the ARC neuromuscular system and that they are bioac-
tive when exogenously applied does not prove that re-
lease of these peptides occurs in feeding animals. The
observation that the SCPs and BUCs are located in
dense-core vesicles in motorneuron B153°, and measure-
ments of peptide depletion from B15 terminals after un-
physiologically high frequencies of stimulation %, indi-
catedthat these peptides belong to the releasable pool of
transmitters. This, however, does not directly demon-
strate that they are released during feeding behavior.
In order to ascertain whether these peptides are released
under physiological conditions, we determined the pat-
terns-and firing frequencies of the two ARC motorneu-
rons in free-moving feeding animals, and then repro-
duced these patterns and frequencies under experimental
conditions in which peptide release and action could be
studied quantitatively. We found that in fully aroused
animals performing repetitive bite-swallows every 7s,
motorneuron B15 fired for approximately 3.5 s, i.e., half
of the duty cycle, at frequencies of up to 12 Hz, while B16
fired at twice these frequencies and began firing approx-
imately 1 s before B15% 8. We then used these parameters
to stimulate motorneuron B15 to fire for extended peri-
ods in vitro, and demonstrated that such stimulation
results in significant depletion of the SCP content of the
B15 terminals in the ARC muscle®. These experiments
provide prima facie evidence that under physiological
conditions the SCPs are released from B15 terminals. In
view of our immunocytological demonstration of co-lo-
calization of buccalins and SCPs in the same dense-core
vesicles in the terminals *°, these experiments suggest that
buccalins are also released by behaviorally relevant stim-
ulation of motorneuron B15.

Finally, we tested whether the quantities of peptides that
are released during behaviorally relevant stimulation of
motorneuron B15 are sufficient to exert physiological
actions. We were able to demonstrate that such stimula-
tion increases cAMP levels ®, activates PKA in the mus-
cle !4, and, in a back-phosphorylation paradigm, increas-
es protein phosphorylation*. The stimulation at the
same time produced the appropriate changes in the char-
acteristics of muscle contraction, in other words, increas-
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es in contraction size and relaxation rate ®. Taken togeth-
er, these findings indicate that under physiological
conditions motorneuron B15 indeed releases the SCPs in
sufficient quantities to activate the SCPs’ signal trans-
duction pathways in the ARC muscle and produce phys-
iological changes in the contractions of the muscle.

Multiple peptide co-transmitters and behavior

The peptides that potentiate contractions, the SCPs and
MDMs, may be involved in behavioral arousal, which is
expressed as increased magnitude and rate of feeding in
animals ‘exposed to food stimuli. The function of the
co-localized peptides that reduce contraction amplitude,
the BUGCs, is less obvious. One could hypothesize that,
even though co-localized with the potentiating peptides,
the BUCs are not released, or are released under different
circumstances than the SCPs and MMs. This is unlikely,
however, given the immunocytological evidence that the
SCPs and BUCs are co-localized not just in the same
terminals, but in the same dense-core vesicles 3°. Further-
more, direct measurements of SCP and buccalin release
have demonstrated that under various stimulation condi-
tions these peptides are always released in a constant
stoichiometric ratio *!. This requires that in any analysis
of the behavioral functions of the peptides the actions of
these partially antagonistic peptides be considered joint-
ly. Figure 5 illustrates our thinking about why peptides
with seemingly contradictory effects should be co-re-
leased. As bite magnitude and frequency increase (fig. 3,
second column), as occurs at the beginning of a meal (see
fig. 1A), the weaker of the antagonistic pair of muscles,
the radula opener, cannot overcome the increasing base-
line contraction of the radula closer. The latter does not
have enough time to fully relax between bites, and thus
the radula does not open. If the increases in contraction
amplitude and relaxation rate caused by the potentiating
peptides, the SCPs and MMs, are included (fig. 5, third
column), then, despite the increased contraction size and
frequency, the accompanying increase in relaxation rate
of the closer muscle results in a combined movement that
almost results in opening of the radula. Finally, when the
inhibitory effect of the buccalins on ACh release is also
included (fig. 5, last column), the reduction in contrac-
tion size allows complete relaxation of the closer muscle
between bites. Thus functional opening and closing of
the radula can occur despite increased muscle contrac-
tion amplitude and frequency.

Our model explains why peptides with partially antago-
nistic actions should be co-released. The model further
implies that the peptides should be released under condi-
tions when the ARC muscle cannot fully relax before
contraction of the opener muscle begins. This situation
occurs when contractions are large or frequent. To test
the model, we manipulated the size and frequency of the
contractions using different physiological rates of mo-
torneuron stimulation, and indeed found that when con-
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Figure 5. Peptidergic modulation integrates the functional output of
radula openers and closers. This figure is presented in the same way as
fig. 1C. In the 1st column, the cycle period is long enough to allow the
muscles to relax fully before the next contraction. In the 2nd column the
frequency and amplitude of the contractions have been increased; the
muscles no longer relax fully between contractions (top panel) and radula
opening no longer occurs (bottom panel) since the weaker muscle, the
radula opener, cannot overcome the contractions of the radula closer. In
the 3rd column, the contraction frequency and amplitude are the same as
in the 2nd column, but the relaxation rate of the contractions has also

traction size was made larger by increasing either the
within-burst frequency of motorneuron firing, or the
burst duration, peptide release per spike increased3!.
Similarly, when contraction frequency was increased by
shortening the inter-burst interval, peptide release per
spike also increased>!. Independent support for our
model came from experiments in which we took advan-
tage of the observation that at elevated temperatures (but
still within the temperature range animals encounter in
their habitat) muscle contractions are reduced in size. As
predicted, this decrease in contraction size, which leads
to a reduction in the time needed for relaxation, was
accompanied by a reduction in the release of peptides*'.
Thus all of our release data are consistent with the idea
that peptidergic co-transmission in the ARC neuromus-
cular complex serves to allow regulation of the duration
of contractions under conditions of changing contraction
amplitude and frequency.

been increased; this situation is thus similar to the changes produced by
SCP or MM application. The contractions can now relax to a larger
degree, but (bottom panel) still not sufficiently to restore functional
opening of the radula. In the last column the action of buccalin has been
incorporated. Buccalin reduces the amplitude of the MM- or SCP-poten-
tiated contractions (although the reduced contractions are still larger
than those in control conditions, in column 1) without affecting their
relaxation rate. These three peptides thus work in concert to ensure a
functional motor output (opening and closing of the radula) as strength
and frequency of biting increase during arousal.

Conclusions

In order to study the role of peptidergic co-transmitters
in motorneurons we have developed a simple neuro-be-
havioral preparation consisting of one muscle and its
innervation. We have purified and determined the struc-
ture of peptidergic co-transmitters that are present in the
two cholinergic motorneurons that innervate this muscle.
Each of the motorneurons contains two families of pep-
tides. The peptides of one family enhance the amplitude
and relaxation rate of the muscle contractions, by postsy-
naptically modulating membrane ion currents or excita-
tion-contraction coupling mechanisms in the muscle. The
peptides of the other family depress the amplitude of the
contractions by presynaptically inhibiting the release of
ACh, the primary transmitter of the motorneurons. The
combined actions of the potentiating and depressing pep-
tides allow the system to vary both the amplitude and the
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relaxation rate of the contractions. This type of modula-
tion may be necessary to maintain proper phasing of
feeding behavior when the intensity and frequency of the
behavior change.
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