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The anterior portion of intrinsic buccal muscle 3 (I3a) is inner-
vated by two motor neurons, B3 and B38, which appear to use
glutamate as their fast excitatory transmitter. B3 and B38 ex-
press the neuropeptides FMRFamide and the small cardioac-
tive peptides (SCPs), respectively. We have shown previously
that stimulation of B38 causes release of the SCPs from termi-
nals in the muscle. The I3a muscle also receives input from
neurons that use 5HT as a modulatory transmitter. The SCPs
and 5HT potently facilitated B38-evoked excitatory junction
potentials (EJPs) but had only a small effect on B3-evoked
EJPs; however, both the SCPs and 5HT strongly potentiated
contractions evoked by both B3 and B38, indicating that the
two substances must also act on excitation–contraction cou-
pling. The selective facilitation of B38-evoked EJPs, however,
did manifest itself in other parameters. Decreases in the firing

frequencies and burst durations that were threshold to evoke
contractions and decreases in the latency between the onset of
a burst and the onset of the evoked contraction were all much
larger for B38 than for B3. Indeed, B38 bursts recorded during
feeding-like behavior would be subthreshold for evoking con-
tractions in the absence of this modulation. All of the effects of
the SCPs reversed during washout, whereas those of 5HT were
persistent, lasting many hours after washout. Thus, the SCPs
and 5HT dramatically change the behavioral output of these
motor neurons, increasing the amplitude of contractions
evoked by both B3 and B38, and shifting the temporal relation-
ship between bursts in B38 and its evoked contractions.
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Modulation of synaptic transmission has proven to be a powerful
means by which the nervous system controls synaptic strength. In
invertebrates, modulation of synapses between neurons and mus-
cle fibers seems to be particularly widespread (Calabrese, 1989).
In Aplysia, neuromuscular synapses between motor neurons in
the buccal ganglia and their target muscles have been used ex-
tensively to study modulation. These motor neurons produce the
cyclic motor output that drives ingestive and egestive movements
of muscles of the buccal mass (Gardner, 1971; Kupfermann,
1974). These motor neurons have discrete targets and use either
acetylcholine or glutamate as their fast transmitters and many
neuropeptides as intrinsic modulatory cotransmitters (Cropper et
al., 1987a,b, 1988, 1994; Lloyd et al., 1987; Church and Lloyd,
1991; Fox and Lloyd, 1993; Lloyd and Church, 1994). These
peptides are transported by fast axonal transport from neurons in
the buccal ganglia to terminals in muscle (Lloyd, 1988), where
they are released and are capable of modulating evoked contrac-
tions (Whim and Lloyd, 1989, 1990; Cropper et al., 1990). In
addition, an identified purely modulatory neuron releases 5HT,
which acts as an extrinsic modulator of these neuromuscular
synapses (Weiss et al., 1978; Lotshaw and Lloyd, 1990).

Because the expression of intrinsic peptide cotransmitters was
determined in many identified buccal neurons, it was possible to

choose a preparation amenable for studying the role of these
transmitters (Church and Lloyd, 1991). The preparation we chose
consists of the anterior intrinsic muscle 3 (I3a), which is inner-
vated by excitatory motor neurons B3 and B38, which likely use
glutamate as their fast transmitter; inhibitory motor neuron B47,
which uses acetylcholine as its fast transmitter; and the modula-
tory serotonergic neuron (termed the metacerebral cell or MCC)
(Weiss et al., 1978; Lotshaw and Lloyd, 1990). All three motor
neurons express peptide cotransmitters: B3 expresses FMRF-
amide, B38 the SCPs, and B47 the myomodulins (Church et al.,
1993). Thus, these neuromuscular synapses are modulated by
neuropeptides, which are intrinsic to the motor innervation, and
by 5HT, which is extrinsic to the motor innervation (Weiss et al.,
1978; Lloyd et al., 1984; Cropper et al., 1987a, 1990; Whim and
Lloyd, 1990). We have previously used B3-evoked excitatory
junction potentials (EJPs) and muscle contractions to assay het-
erosynaptic modulation caused by neuropeptide release from B38
and B47 (Church et al., 1993) and have shown that stimulation of
the MCC, or application of the SCPs and 5HT, facilitated B38-
evoked EJPs and potentiated contractions (Lotshaw and Lloyd,
1990). Thus, two modulatory substances seem to have very similar
effects on this preparation. This raises the possibility that intrinsic
and extrinsic modulators may have identical actions and be func-
tionally redundant. We wished to test this hypothesis thoroughly
at the I3a neuromuscular system by quantitatively comparing the
effects of the SCPs and 5HT on the EJPs and contractions evoked
by B3 and B38. Even relatively subtle differences in the actions of
two modulatory substances may greatly increase the flexibility
with which a synapse can be regulated (Brezina et al., 1996).
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MATERIALS AND METHODS
Animals. Aplysia californica (50–150 gm) were obtained from Marinus
Inc. (Long Beach, CA), maintained in circulating artificial seawater
(ASW) at 16°C, and fed dried seaweed every 3 d.

Motor neuron stimulation experiments. Animals were immobilized with
an injection of isotonic MgCl2 and dissected in either low Ca 21 (0.5 mM;
0.05 3 normal), high Mg 21 (110 mM; 2 3 normal) ASW (termed low Ca
ASW), or high Ca 21 (33 mM; 3 3 normal), high Mg 21 (165 mM; 3 3
normal) ASW (termed high Ca, Mg ASW). The buccal mass/buccal
ganglia complex was removed and bisected along the midline, and all
nerves were severed except ipsilateral buccal nerve 2 (nerve designations,
Gardner, 1971; muscle nomenclature, Howells, 1942; also see Lloyd,
1988). The hemiganglion was desheathed and selectively superfused with
either low Ca ASW to suppress synaptic transmission in the ganglion or
high Ca, Mg ASW to raise the firing thresholds of neurons in the
ganglion. The remainder of the bath containing the I3a muscle was
separated by a barrier (except when a perfusion electrode was used; see
below) through which the intact nerve 2 ran and was superfused with
ASW. The SCPs or 5HT in ASW were applied selectively to the bath
containing the muscle so that the ganglion was not exposed to these
substances.

In typical experiments, both the SCPs and 5HT were applied to the
same muscle. Because the effects of the SCPs were reversible and the
effects of 5HT were persistent, the SCPs were applied to the muscle first
and washed out before 5HT was applied. Additional experiments were
also performed in which only 5HT was applied to the muscle. SCPA was

routinely used in this study, although occasional tests using SCPB indi-
cated that the two peptides had identical activities (Lloyd, 1986). Neu-
rons were impaled with two microelectrodes (2–4 MV; filled with 3 M
potassium acetate, 0.1% fast green), one to inject current and one to
monitor membrane potential. B3 and B38 were identified by their posi-
tion, size, nature of synaptic input, and muscle innervation patterns
(Church et al., 1993). Whenever possible, the data presented in this paper
were generated from experiments in which both B3 and B38 were
alternately stimulated in the same preparation. This experimental design
was used to reduce the variability between preparations. Additional
experiments using only B3 or B38 verified that the results were not
caused by interactions between the two neurons. For example, using data
from intracellular recordings, the SCPs (1 mM) increased B38-evoked
EJPs 417 6 80% (n 5 7) over control when all experiments were pooled,
and 433 6 145% (n 5 3) when only the experiments in which both motor
neurons were alternately stimulated were pooled.

Measurement of I3a EJPs. Individual spikes in motor neurons were
driven by brief (10–20 msec) depolarizing current pulses. EJPs were
recorded with an intracellular electrode (;20 MV; filled as described
above) or via a perfusion electrode (see below). For intracellular muscle

Figure 1. Effects of 1 mM SCPA or 1 mM 5HT on EJPs recorded intra-
cellularly in I3a muscle fibers. A, Selective effects of SCPs and 5HT on
EJPs evoked by B3 and B38. Note that B38-evoked EJPs were facilitated
markedly by both the SCPs and 5HT, whereas these substances had little
effect on the amplitude of B3-evoked EJPs. B, Time courses of the effects
of the SCPs and 5HT on B38-evoked EJPs. Records for 5HT or the SCPs
are each from a single muscle fiber. Application of the SCPs caused a 4
mV hyperpolarization from a rest potential of 272 mV; 5HT caused an 8
mV hyperpolarization from a rest of 278 mV. Note that the effects of the
SCPs reversed during washout, whereas those of 5HT persisted for at
least 3 hr.

Figure 2. Effects of 1 mM SCPA or 1 mM 5HT on EJPs recorded extra-
cellularly in I3a muscle using a perfusion electrode. A, Effects of SCPs
and 5HT on EJPs evoked by stimulating B38. Note that the effects of the
SCPs reversed during washout, whereas those of 5HT persisted for at
least 3 hr. Recordings are from different experiments. B, Cumulative
results for the SCPs and 5HT on B38-evoked EJPs (n 5 11). To pool
results from different neuromuscular preparations, EJPs were normalized
to the maximum EJP amplitude (set at 1.0). 5HT or the SCPs were
applied from 220 to 0 min. Note that the effects of the SCPs reverse
during washout, whereas those of 5HT persisted for at least 1 hr of
washout. The small upward inflection of EJP amplitude observed at the
end of 5HT perfusion suggests that 5HT may also have a small inhibitory
effect that reverses during washout.
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Figure 3. Effects of the SCPs and 5HT on I3a muscle contractions. A,
Effects of 1 mM SCPA on contractions evoked by stimulating B3 or B38.
Bursts were alternately fired in B3 or B38 (16 Hz for 1.6 sec at interburst
interval of 100 sec). The first contraction is in ASW, the second is after 20
min superfusion with the SCPs, and the third is after 1 hr wash in ASW.
Note that the effects of the SCPs reverse during washout. B, Effects of 1
mM 5HT on contractions evoked by alternately stimulating B3 or B38.
Bursts were alternately fired in B3 (16 Hz for 1.3 sec at interburst interval
of 100 sec) or B38 (16 Hz for 1.6 sec at interburst interval of 100 sec).
Note that the effects of 5HT persisted for at least 3 hr. Recordings are
from different experiments.

Figure 4. Summary of the effects of the SCPs and 5HT on extracellularly
recorded EJPs and contractions. Top, The effect of 1 mM SCPs or 1 mM
5HT on EJPs evoked by the stimulation of B3 or B38. The mean
amplitude of the third EJP in the bursts was used because the first EJP
was often too small to measure reliably (e.g., Fig. 2). The B38-evoked
EJPs were dramatically facilitated by both the SCPs (n 5 12; p # 0.01; t
test) and 5HT (n 5 11; p # 0.01), whereas the B3-evoked EJPs were only
slightly facilitated by the SCPs (n 5 12; p # 0.01) or 5HT (n 5 10; not
significant). The SCPs were more effective at increasing EJPs than 5HT
(B3, p # 0.05; paired t test; B38, p # 0.01). Bottom, The effect of 1 mM
SCPs or 1 mM 5HT on contractions evoked by the stimulation of B3 or
B38. Both the SCPs and 5HT increased the amplitude of contractions
evoked by both motor neurons (n 5 4; p # 0.01). Note that 5HT was more
effective than the SCPs at potentiating contractions ( p # 0.01) and that
the SCPs were more effective at potentiating contractions evoked by B38
than those evoked by B3 ( p # 0.05). The values for the effects of the SCPs
on the amplitude of B3-evoked EJPs and contractions are very similar to
those reported previously (Church et al., 1993).
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fiber recordings, short bursts of three to seven action potentials at 12.5
Hz were used to ensure that a burst did not evoke contractions. The
perfusion electrode consisted of a small chamber (100 ml) and aperture
(;1.5 mm), which was positioned to press firmly down on a portion of the
muscle (Church et al., 1993, their Fig. 1). The inside of the chamber was
superfused rapidly with ASW (1.5 ml/min). The remainder of the muscle
outside of the recording chamber was superfused with low Ca ASW to
suppress synaptic transmission and muscle contractions. This procedure
confined the contractions to the small area of the muscle covered by the
recording chamber and thus markedly reduced movement artifacts in the
recordings. The earliest evoked muscle contractions occur after the sixth
EJP so that the early EJPs in a burst are recorded in the absence of any
movement. Stimulation at 16 Hz was used routinely in these experiments.
EJPs were recorded by extracellular electrodes placed inside and just
outside the wall of the perfusion apparatus. Signals were amplified using
a Grass P15D AC amplifier. The SCPs or 5HT were applied in ASW to
the inner chamber of the perfusion electrode so that the ganglia were not
exposed to these substances. Typical application periods were 20 min to

ensure adequate penetration into the muscle. Experiments were per-
formed at room temperature (;22°C). In most experiments, long inter-
burst intervals (100 sec) were used to minimize release of endogenous
SCPs from B38 or FMRFamide from B3 and to minimize post-tetanic
potentiation (Lotshaw and Lloyd, 1990; Whim and Lloyd, 1990; Church
et al., 1993).

Measurement of motor neuron-evoked I3a muscle contractions. Neurons
were impaled and stimulated as described above. Reproducible submaxi-
mal contractions were evoked by stimulating B3 or B38 with an interburst
interval of 100 sec. The frequency of action potentials within a burst and

Figure 5. Cumulative results for the effects of the SCPs and 5HT on
motor neuron-evoked contractions. Top, Time course of the effects of
SCPs and 5HT on B38-evoked contractions (n 5 7). Bottom, Time course
of the effects of SCPs and 5HT on B3-evoked contractions (n 5 8). To
pool results from different preparations, contraction amplitudes were
normalized to the maximum contraction amplitude (set at 1.0). SCPA (1
mM) or 5HT (1 mM) were applied from 220 to 0 min. Note that the effects
of the SCPs reversed during washout, whereas those of 5HT persisted for
at least 1 hr of washout.

Figure 6. Cumulative results for the effects of SCPs and 5HT on relax-
ation time constants of motor neuron-evoked contractions. Top, Time
course of the effects of SCPs and 5HT on the relaxation time constants of
B38-evoked contractions (n 5 3). Bottom, Time course of the effects of
SCPs and 5HT on the relaxation time constants of B3-evoked contrac-
tions (SCPs, n 5 4; 5HT, n 5 3) To pool results from different neuro-
muscular preparations, relaxation time constants were normalized to
control (set at 1.0; decreasing time constants indicate more rapid relax-
ation rates). SCPA (1 mM) or 5HT (1 mM) were applied from 220 to 0 min
(indicated by black bars). Note that the effects of the SCPs reverse during
washout, whereas those of 5HT continued to increase throughout the
washout. It is difficult to interpret the relaxation rate results in light of the
large changes in contraction amplitude, but it is clear that the effects of
5HT on amplitude and relaxation rate were persistent.
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burst duration varied with the experiment. Contraction amplitudes were
monitored with an isotonic transducer (Harvard Apparatus). The SCPs
or 5HT were applied selectively to the muscle via the superfusion in
ASW as described above.

Measurement of glutamate-evoked I3a muscle contractions. I3a muscle
fibers are arranged in bundles, and a few bundles were isolated in these
experiments to enhance penetration of glutamate. Reproducible sub-
maximal contractions were evoked by bolus applications (5–10 ml) of
L-glutamate (1–30 mM) injected into a 300 ml bath at a flow rate of 1.5
ml/min at 5 min intervals. Contractions were measured with an isotonic
transducer, and the SCPs and 5HT were applied as described above.

RESULTS
Effects of the SCPs and 5HT on EJPs evoked by B3
and B38
I3a muscle fibers are electrically coupled to one another and are
all functionally innervated by both B3 and B38 (Church et al.,
1993). The fibers are nonspiking, and bursts of action potentials in
the motor neurons produce compound EJPs that cause contrac-
tions after a threshold voltage is reached (Cohen et al., 1978;
Lotshaw and Lloyd, 1990). Although the muscle fibers are small
(5–10 mm in diameter), it is possible to record intracellularly from
them while stimulating motor neurons as long as stimulation
parameters (firing frequency and burst duration) are kept below
the threshold for contractions. In most experiments, the SCPs and
5HT were applied at 1 mM, a concentration at which the two
substances caused similar increases in cAMP levels of I3a muscles
(;20-fold increase) (Lotshaw and Lloyd, 1990), and thus this
seemed the most appropriate concentration at which to compare
their effects. In experiments in which both B3 and B38 were
alternately stimulated, application of 1 mM SCPs selectively to the
muscle produced very little change in the amplitude of EJPs
evoked by B3 (an increase of 9 6 8% over control; SEM; n 5 3),

whereas EJPs evoked by B38 in the same fibers were markedly
facilitated (an increase of 433 6 145%; n 5 3) (Fig. 1). These
values were obtained using the third EJPs in the bursts (which
often consisted of only three spikes), because the first EJPs in
ASW were often too small to measure accurately. Decay of
compound EJPs appears to be passive and can be well fitted to a
single exponential. The SCPs reduced decay time constants for
EJPs evoked by both B3 (a decrease of 47 6 7%) and B38 (a
decrease of 51 6 13%), suggesting a decrease in the input resis-
tance of the muscle fibers as was reported previously (Lotshaw
and Lloyd, 1990). All of the effects of the SCPs reversed during
washout. Application of 1 mM 5HT produced effects similar to
those of the SCPs (Fig. 1). 5HT caused little change in B3-evoked
EJPs (an increase of 22 6 21%; n 5 5) and a large facilitation of
B38-evoked EJPs (an increase of 531 6 172%; n 5 5). 5HT
decreased EJP decay time constants for both B3 (a decrease of
43 6 9%) and B38 (a decrease of 42 6 8%); however, the
facilitation of B38-evoked EJPs produced by 5HT did not reverse
on washout and lasted as long as impalements were held (up to 3
hr). The effects of 5HT on B3-evoked EJPs were too small to
determine whether they were also persistent.

Another method of recording EJPs was also used. This proce-
dure permits stable long-term recordings and rapid solution turn-
over, and it records from a population of fibers simultaneously,
thereby reducing sampling bias. A perfusion electrode was used
to record extracellular EJPs in a small portion of the I3a muscle
that is perfused with ASW while the remainder of the muscle is
superfused with low Ca ASW to suppress synaptic transmission
and muscle contractions (Church et al., 1993). Results from this
technique were similar to those obtained with intracellular elec-
trodes (compare Figs. 1B and 2A). Pooling the third EJPs from
experiments in which B3 and B38 were alternately stimulated, the
SCPs and 5HT dramatically facilitated B38-evoked EJPs,
whereas they had little effect on B3-evoked EJPs (summarized in
Fig. 4). The SCPs were more effective than 5HT in facilitating
B38-evoked EJPs. Again, the effects of the SCPs on B38-evoked
EJPs reversed during washout, whereas those of 5HT were per-
sistent (Fig. 2B).

Effects of the SCPs and 5HT on contractions evoked
by B3 and B38
Because the SCPs and 5HT selectively facilitated B38-evoked
EJPs, one would expect that they might selectively increase the
amplitude of contractions evoked by B38 compared with those
evoked by B3; however, the SCPs and 5HT dramatically poten-
tiated contractions evoked by both motor neurons (Fig. 3). There-
fore, the potentiation of contractions differed significantly from
the facilitation of EJPs (Fig. 4). The SCPs and 5HT facilitated
B38-evoked EJPs much more than B3-evoked EJPs, whereas
contractions evoked by B3 and B38 were potentiated to a similar
degree. Also, the SCPs were more effective than 5HT at facili-
tating EJPs, but 5HT was more effective at potentiating contrac-
tions. An explanation for these observations is that the SCPs and
5HT potentiate contractions at multiple sites. One site is the
selective facilitation of B38-evoked EJPs by the SCPs and 5HT,
whereas the other sites are in processes interposed between the
EJPs and muscle contractions, i.e., in the processes that mediate
excitation–contraction coupling. At these sites, 5HT must be
more effective than the SCPs. The SCPs and 5HT also caused an
increase in the relaxation rate of the contractions in the I3a
muscle (Figs. 3, 5). These relaxation time constants could be well
fitted to a single exponential and were measured in regions in

Figure 7. Effects of the SCPs and 5HT on I3a muscle contractions
evoked by bolus applications of glutamate. A, Superfusion with 0.1 mM
5HT or 0.1 mM SCPA increased the contractions evoked by boluses of 100
nmol glutamate (upward arrows). The first contraction is in ASW, the
second is after 15 min superfusion with the SCPs or 5HT. B, Superfusion
of higher concentrations (1 mM) of the SCPs or 5HT (horizontal bar)
caused I3a muscles to contract rhythmically.
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which the amplitude of control and potentiated contractions over-
lapped. Because contractions evoked by both B3 and B38 were
strongly potentiated, it was possible to measure the time courses
for both neurons. The potentiation of muscle contractions evoked
by both motor neurons reversed during washout for the SCPs and
were persistent for 5HT (Fig. 5). Indeed, the increase in relax-
ation rate caused by 5HT appeared to continue to increase
progressively from the onset of 5HT perfusion to the end of
washout over at least 3 hr (Fig. 6). It is difficult, however, to
interpret the relaxation rate results in light of the large changes in
contraction amplitude, but it is clear that the effects of 5HT on
amplitude and relaxation rate were certainly persistent.

Some results reported here appear to differ from previous work

on this preparation. Chief among these is that the effects of 5HT
(0.5 mM) on B38-evoked EJPs and contractions were previously
reported to be reversible (Lotshaw and Lloyd, 1990) and in the
present study were found to be persistent. We believe that the
major reason for the different results was that longer applications
of 5HT (routinely 20 min) were used in the present study and
accessibility to the muscle fibers was improved. Like Lotshaw and
Lloyd (1990), we also observed that the effects of 5HT were
reversible with brief application (,5 min) of 5HT (1 mM).

Additional experiments were performed to determine whether
some aspects of the potentiation of contractions caused by the
SCPs and 5HT were also mediated postsynaptically. In these
experiments, motor neuron-evoked transmitter release was sub-

Figure 8. Effects of the SCPs and 5HT on the latency between the onset of a motor neuron burst and the onset of the resulting I3a contraction. A, Muscle
contractions were evoked by stimulation of B3 or B38. Bursts of spikes were fired alternatively in B3 or B38 (16 Hz for 1.6 sec at interburst interval of
100 sec) for the application of the SCPs. B3 bursts were increased to 1.7 sec before application of 5HT so that the contractions evoked by B3 and B38
would be of similar amplitude. The timing of the onset of muscle contractions is emphasized by recording at a fast time base and high gain. As a result,
most of the contractions are off scale. Superfusion with either 1 mM SCPA or 1 mM 5HT increased the amplitude of muscle contractions evoked by both
B3 and B38 (visible as an increased rate of rise in the contraction traces; also see Fig. 3); however, the reduction in latency between the onset of a motor
neuron burst and the onset of the resulting contraction was reduced much more dramatically for contractions evoked by B38 than it was for contractions
evoked by B3. B, The effects of 5HT are persistent, whereas those of the SCPs reverse during washout. The first contraction is in ASW, and the second
is after 20 min superfusion with either 1 mM 5HT or 1 mM SCPA. Subsequent contractions are after washout in ASW for the indicated periods. All
recordings were from a single experiment. Black arrowheads indicate the onset of the contraction.
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stituted with exogenous application of glutamate, and only small
pieces of the I3a muscle were used to improve penetration. At 1
mM, the SCPs and 5HT elicited spontaneous rhythmic contrac-
tions in the absence of glutamate applications (Fig. 7B). Although
the spontaneous contractions were often observed in isolated
muscle pieces, they were only rarely observed in innervated I3a
preparations. It was necessary to use lower concentrations (0.1
mM) of the SCPs or 5HT that did not routinely elicit spontaneous
contractions to clearly reveal the potentiation of contractions
(Fig. 7A). Glutamate-evoked contractions were increased 242 6
40% (n 5 6) over control by the SCPs and 376 6 99% (n 5 4) by
5HT. The differences between the effects of the SCPs and 5HT
were not significant. Although we did not systematically study the
time courses of these effects, it appeared that the effects of the
SCPs reversed during washout, whereas those of 5HT were
persistent.

Effects of the SCPs or 5HT on the latency
of contractions
At a given stimulation frequency, we observed that latency be-
tween the onset of the burst in the motor neuron and the evoked
contractions was reduced dramatically for B38 and to a much
lesser extent for B3 by the SCPs and 5HT (Figs. 8, 11). As for the
other effects of these substances, the reduction in latency caused
by the SCPs reversed during washout, whereas the reduction
caused by 5HT was persistent (Fig. 8). We performed a series of
experiments to determine how the reduction in latencies caused
by the SCPs and 5HT compared with the reduction in latencies
caused by increasing the stimulation rate within a burst. Figure 9
shows the results from one such experiment comparing the laten-
cies of B38-evoked contractions at a range of frequencies in ASW
and in 5HT. 5HT markedly reduces the threshold frequency
required to elicit a contraction (see below) and reduces the
latency to an extent similar to that produced by a ;4 Hz increase
in stimulation frequency (compare 12 Hz in ASW with 8 Hz in
5HT). The results from similar experiments (Fig. 10) show the
effects of the SCPs and 5HT on contractions evoked by B3 and
B38. It was not possible to present pooled results, because the
threshold frequencies in ASW varied widely between prepara-
tions. The SCPs had very little effect on the relationship between
frequency and latency for B3 and shifted this relationship ;1 Hz
lower for B38. 5HT shifted this relationship 1–2 Hz lower for B3
and and ;4 Hz lower for B38. Neither the SCPs nor 5HT
appeared to change the slopes of the relationship between fre-
quency and latency, suggesting that they do not modulate
frequency-dependent facilitation within a burst.

Effects of the SCPs or 5HT on firing frequencies and
burst durations that are threshold for
eliciting contractions
In ASW using 4 sec bursts and 100 sec interburst intervals, the
frequencies that were threshold to evoke contractions were 10.0 6
0.6 Hz (n 5 18) for B3 and 11.5 6 0.6 Hz (n 5 16) for B38. For
B38, the threshold frequencies were reduced ;1 Hz by the SCPs
and ;2 Hz by 5HT (Fig. 11 for the pooled percentage reduction
in frequencies). For B3 the threshold frequencies were essentially
unchanged by the SCPs and reduced ;1 Hz by 5HT.

In the previous experiments, we used 100 sec interburst inter-
vals to minimize the contribution of post-tetanic potentiation to
the apparent threshold (Weiss et al., 1978; Lotshaw and Lloyd,
1990). In a second set of experiments, we investigated the effect of
reducing this interval from 100 sec to 10 sec. Intervals of 10 sec
approach the fastest observed feeding cycles in behavioral exper-

iments and thus probably represent the shortest natural interburst
interval for B38 (Kupfermann, 1974; Cropper et al., 1990). After
determining the thresholds for 4 sec bursts at 100 sec intervals,
the thresholds were determined for a series of 4 sec bursts at 10
sec intervals. The reduction in interburst interval had no effect on
threshold frequency for B3 (reduced by 1 6 7%; n 5 5) and only
moderately reduced this frequency for B38 (reduced by 9 6 3%;
n 5 5). For B38, this reduction in threshold frequency corre-
sponds to ;1 Hz. It should be emphasized that the mechanisms
underlying this post-tetanic potentiation may well include release
of the SCPs from B38 terminals. Indeed, there is evidence
that stimulation of B38 at 10 Hz releases the SCPs, and it is
possible that release occurs at even lower frequencies (Church et
al., 1993).

We also investigated the effects of the SCPs and 5HT on burst
durations necessary to evoke contractions. When stimulated at 16
Hz in ASW, the mean burst durations that were just above
threshold for contractions were 1.3 6 0.1 sec (n 5 5) for B3 and
2.1 6 0.2 sec (n 5 5) for B38. For B38, threshold burst durations
were decreased to a similar degree by the SCPs and 5HT (Fig.
11). This corresponded to an average decrease of 1.0 6 0.2 sec
(n 5 5) for the SCPs and 1.4 6 0.1 sec for 5HT. For B3, threshold
burst durations were not reduced by the SCPs and were only

Figure 9. Effects of firing frequency and 5HT on the latency between the
onset of a B38-evoked burst and the onset of the resulting I3a contraction.
Contractions were evoked by alternately stimulating B3 or B38 (4 sec
bursts at interburst interval of 100 sec). Only recordings from B38 are
shown. Stimulation frequency was increased 1 spike/sec (Hz) during the
interburst intervals and is indicated next to the motor neuron burst.
Superfusion with 1 mM 5HT dramatically decreased the latency between
the onset of the B38-evoked burst and the onset of the contraction. Note
that 5HT reduced the latency to an extent similar to that produced by ;4
Hz increase in stimulation frequency (compare 12 Hz in ASW with 8 Hz
in 5HT). The first contraction at each frequency is in ASW, and the
second is after 10 min superfusion with 5HT, so the effects are nearly
maximal (see Fig. 5). Black arrowheads indicate the onset of the
contraction.
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slightly reduced by 5HT (0.1 6 0.1 sec, n 5 5). Thus, the SCPs
and 5HT had little effect on the threshold burst durations for
B3-evoked contractions but markedly reduced burst durations
required for B38-evoked contractions (Fig. 11). As was observed
for other modulatory effects, the actions of the SCPs on threshold
frequencies and threshold burst durations reversed during wash-
out, whereas those of 5HT were persistent (data not shown).

Because the SCPs and 5HT had very small and similar effects
on B3-evoked EJPs (Fig. 4), it appears that the effects of 5HT on
the properties of B3-evoked contractions were largely through its
effects on excitation–contraction coupling. For B3-evoked con-
tractions, 5HT was more effective at decreasing threshold firing
frequency and contraction latency than at reducing threshold
burst duration. This suggests that increased efficiency of excita-
tion–contraction coupling has a significant effect on threshold
firing frequency and little effect on threshold burst duration.

DISCUSSION
In the present study, we investigated the actions of both intrinsic
and extrinsic modulatory transmitters in a preparation consisting
of muscle fibers that are innervated by two excitatory motor
neurons, which likely use glutamate as their fast excitatory trans-
mitter, and a modulatory serotonergic neuron. Individual fibers
are functionally innervated by both B3 and B38. The SCPs and
5HT selectively facilitated B38-evoked EJPs. This selective facil-
itation could have a presynaptic site of action, increasing the
release of glutamate, or a postsynaptic site of action, increasing
the receptor sensitivity specifically at receptors that bind gluta-
mate released from B38 but not B3, or could involve changes at
both sites. In any case, because the SCPs are normally released
from terminals of B38, they would reach their highest concentra-
tions in precisely the region necessary to selectively facilitate
synaptic potentials of B38 (Lotshaw and Lloyd, 1990; Church et
al., 1993).

We next tested how the facilitation of EJPs effected muscle
contractions. Both the SCPs and 5HT potentiated contractions,
and there was a trend for the SCPs and 5HT to potentiate
contractions evoked by B38 more than those evoked by B3, but
the differences were much smaller than expected from the differ-
ences in facilitation of the EJPs. An explanation for this is that
the SCPs and 5HT also modulate some step(s) in excitation–
contraction coupling so that even the largely unchanged B3-
evoked EJPs produce larger contractions. Another finding that
supports the suggestion that there are postsynaptic effects of the
SCPs and 5HT in the muscle fibers is the observation that they
elevate cAMP levels in I3a neuromuscular preparation up to
20-fold over control values (Lotshaw and Lloyd, 1990). These
increased levels must occur primarily in muscle fibers, because
they represent nearly the entire tissue volume of the muscle. In
the present study, three additional observations indicate that the

4

preceding the B38-evoked bursts. It was not possible to present pooled
results because the threshold frequencies varied widely between pre-
parations, so representative examples are shown. A, SCPA (1 mM) had
little effect on the relationship between frequency and latency for B3-
evoked contractions. B, 5HT (1 mM) shifted this relationship 1–2 Hz lower
for B3. C, SCPA (1 mM) shifted this relationship between frequency and
latency ;1 Hz for B38-evoked contractions. D, 5HT (1 mM) shifted this
relationship ;4 Hz lower for B38. Note that the SCPs and 5HT did not
change the slope of the relationship between frequency and latency,
suggesting that they do not modulate frequency-dependent facilitation
within a burst.

Figure 10. Effects of the SCPs and 5HT on the latency of contractions
evoked by firing the motor neuron at different frequencies. Contractions
were evoked by alternately stimulating B3 or B38 (4 sec bursts at inter-
burst interval of 100 sec) at frequencies between 8 and 13 Hz. Stimulation
frequency was increased 1 spike/sec (Hz) during the interburst intervals
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SCPs and 5HT have postsynaptic effects: (1) they potentiated
contractions evoked by the application of fixed amounts of exog-
enous glutamate as well as increased overall excitability of the
muscle fibers; (2) they increased contraction relaxation rates; and
(3) they decreased EJP decay time constants, which reflect a
decrease in the input resistance of muscle fibers.

Our interpretation of these results is that the potentiation of
contractions produced by the SCPs and 5HT is mediated through
at least two processes: the facilitation of B38-evoked EJPs, and
additional processes in excitation–contraction coupling that en-
hance contractions evoked by both B3 and B38. There were also
differences between the effects of the SCPs and 5HT on contrac-
tions. 5HT was more effective at potentiating the contractions
than the SCPs (see below). Many of the effects of the SCPs and
5HT on buccal muscles are thought to be mediated via increased
cAMP levels (Weiss et al., 1979; Lloyd et al., 1984; Brezina et al.,
1994; Hooper et al., 1994; Probst et al., 1994). At 1 mM, however,
the SCPs and 5HT produce very similar increases of cAMP in I3a
muscles (Lotshaw and Lloyd, 1990). Thus, it is possible that the
greater effectiveness of 5HT on excitation–contraction coupling
may involve another second messenger system, as described for
the serotonergic facilitation of central synapses in Aplysia (Byrne
and Kandel, 1996). It is also possible that activation of another
second messenger system may underlie the persistence of the
effects of 5HT on the I3a muscle.

It is interesting to compare our results with those obtained for
another well studied buccal muscle (termed the ARC or I5). The
SCPs or 5HT increase the amplitude and relaxation rates of
contractions in this muscle but have only small effects on the
amplitude of EJPs evoked by either of the motor neurons that
innervate the muscle. Levels of cAMP in the muscle fibers are
elevated substantially and to a similar extent by the SCPs and
5HT (at 1 mM) (Lloyd et al., 1984; Brezina at al., 1994). Evidence
from voltage-clamp analyses of isolated fibers from this muscle
indicates that the SCPs and 5HT largely mediate their effects on
contraction amplitude by enhancing a voltage-dependent calcium
current that apparently provides all or most of the calcium re-
quired for contractions (Brezina and Weiss, 1993; Brezina at al.,
1994). An interesting result from these studies was that at 1 mM,
5HT caused twice the increase in calcium current as that caused
by the SCPs. If a similar current was present in I3a muscle fibers,
this could explain the differences in the potentiation of contrac-
tions observed between the SCPs and 5HT.

The effects of 5HT on B38-evoked EJPs and contractions are
also similar to those observed previously in crustacean prepara-
tions. At both crayfish and lobster skeletal muscles, 5HT has been
shown to facilitate EJPs (Dudel, 1965; Kravitz et al., 1980; Glus-
man and Kravitz, 1982; Dixon and Atwood, 1985). This effect has
been shown to be mediated by an increase in transmitter release,
perhaps involving a change in presynaptic calcium metabolism.
Furthermore, the effects of 5HT reversed during washout in two
phases: one rapid and one much slower, although still much less

Figure 11. Summary of the effects of 1 mM SCPs and 1 mM 5HT on (1)
the threshold firing frequency required to elicit contractions, (2) the
latency between the onset of the burst and onset of the evoked contrac-
tion, and (3) the threshold burst duration required to elicit contractions.
A, The threshold firing frequency to elicit B38-evoked contractions was
reduced by the SCPs and 5HT (n 5 3; p # 0.01; t test). The threshold
firing frequency for B3 was reduced by 5HT (n 5 3; p # 0.01), whereas the
effect of the SCPs was not significant (n 5 3). B, The latency between

4

the onset of the burst and onset of the B38-evoked contraction was
reduced by the SCPs and 5HT (n 5 5; p # 0.01). This latency for
B3 was also reduced by 5HT (n 5 6; p # 0.01), whereas the effect of the
SCPs was not significant (n 5 6). C, The threshold burst duration to elicit
contractions was reduced by the SCPs and 5HT for B38-evoked contrac-
tions (n 5 5; p # 0.01). Note that the SCPs and 5HT were more effective
at reducing contraction latency and threshold burst duration for
B38-evoked contractions than for B3-evoked contractions ( p # 0.01;
paired t test)
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persistent than we observed in the I3a muscle. In addition to the
facilitated EJPs, 5HT also has an effect on muscle contractility in
lobster similar to what we observed (Harris-Warrick and Kravitz,
1984). Finally, the actions of 5HT on crustacean neuromuscular
synapses appear to be mediated through increased cAMP levels
as well as by other second messenger systems (Dixon and Atwood,
1989a,b).

Contractions are triggered in buccal muscle fibers when EJPs
depolarize muscle fibers sufficiently to activate a voltage-gated
calcium current (Brezina et al., 1994). At a given firing frequency,
the facilitation of B38-evoked EJPs might shorten the time re-
quired to depolarize fibers into the voltage region where calcium
current is activated and thereby decrease the latency between the
onset of a burst and the onset of a contraction, it might permit
shorter duration bursts to elicit contractions, and it might reduce
the firing frequency required to depolarize fibers into the voltage
region at a given burst duration. Indeed, both the SCPs and 5HT
reduced all three parameters much more for contractions evoked
by B38 than by B3.

In summary, there are several important behavioral conse-
quences of the modulation of I3a muscle contractions by the SCPs
and 5HT. These include (1) large increases in the amplitude and
the rate of relaxation of contractions, (2) a decrease in the firing
frequency required to elicit a contraction, (3) a decrease in the
burst duration required to elicit a contraction, and (4) a decrease
in the latency between the onset of a burst and the onset of the
contraction. The effects on contraction amplitude and relaxation
rates were roughly similar for contractions evoked by B3 and B38;
however, the effects on threshold burst duration and contraction
latency were more pronounced for B38, presumably reflecting the
contribution of the facilitated EJPs. These effects would be ex-
pected to have several consequences for B38-evoked contractions,
which would be important during feeding behavior. During
ingestive-like motor programs evoked by stimulation of an inter-
neuron, B3 fires at a frequency of up to 20 Hz in ;6 sec bursts,
whereas B38 fires at a frequency of up to 10 Hz in ;4 sec bursts
(Church and Lloyd, 1994). Using 4 sec bursts, we found that the
threshold firing frequency to elicit contractions was ;10 Hz for
B3 and ;12 Hz for B38. Thus, using interburst intervals of 100
sec, the B3 bursts would be well above threshold for contractions,
but those of B38 would be at or below threshold. Release of the
SCPs or 5HT would increase the likelihood that bursts in B38
would be above threshold for contractions. This is particularly
important functionally for B38, because no other identified exci-
tatory motor neurons that innervate the same fibers were found to
fire at the same time as B38. Indeed, bursts in B38 partially
overlap with the inhibitory motor neuron B47, which would fur-
ther reduce the effectiveness of B38 at eliciting contractions
(Church and Lloyd, 1994). By contrast, a number of excitatory
motor neurons fire with B3 and have similar fields of innervation.
During feeding, the cycle period and presumably the interburst
interval for B38 is often much shorter than 100 sec, and we did
observe a reduction in threshold frequency when interburst in-
tervals were reduced to 10 sec; however, some of this effect might
be attributable to release of endogenous SCPs. The reduction in
contraction latency may be important during feeding behavior.
Behavioral experiments indicate that the period of ingestive
motor programs may be as short as 8 sec, so that changes in the
timing on the order of a few seconds as were observed for the
effects of the SCPs and 5HT on B38-evoked contraction latencies
would have major implications for behavioral output. The in-
creased rate of relaxation of contractions evoked by both B3 and

B38 may also be important in permitting rapid cycling of buccal
muscle contractions (Weiss et al., 1992).
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