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Motor Neuron Modulate Neuromuscular Efficacy in Aplysia
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Intrinsic buccal muscle 5 (15) in Ap/ysia is innervated
by 2
motor neurons (termed B15 and B16). In addition to the classical transmitter
ACh, B15 also contains the 2 neuropeptides
SCP, and SCP,. In a previous study, we demonstrated
that
the SCPs were released from the terminals of B15 in the I5
muscle and that this release was sufficient to raise CAMP
levels in I5 muscle fibers. Significant
peptide release occurred only when 815 was stimulated
at high frequency
or
at lower frequencies
with a relatively
long burst duration
(Whim and Lloyd, 1969). In the present article, we examine
the possibility
that the SCPs released from B15 modulate I5
muscle contractions
produced
by stimulation
of the second
motor neuron, B16. Application
of exogenous
SCPs to I5
muscles increased the amplitude
and relaxation rate of B 16evoked contractions.
Stimulation
of 815 using paradigms
that have been shown previously
to cause release of the
SCPs resulted in a long-lasting
increase
in the amplitude
and relaxation
rate of muscle contractions
evoked by B16.
This modulation
is unlikely to be due to the BlB-induced
muscle contractions
themselves, because modulation of B16evoked contraction
amplitude
and relaxation
rate was observed when the contractions
were blocked transiently
by a
cholinergic
antagonist
during B15 stimulation.
Conversely,
stimulation
of 815 at frequencies
that produce no measurable release of the SCPs did not elicit significant
modulation
of BlG-evoked
contractions.
The minimum B15 stimulation
frequency required to elevate muscle CAMP levels or to modulate BlG-evoked
contractions
was found be within the
physiological
range at which B15 fires during feeding. Therefore, the mechanism
underlying
the modulation
of B16evoked contractions
by 815 is likely to involve the release
of the SCPs from 815 terminals in the I5 muscle. With respect
to behavior, this modulation
of muscle contractions
would
be most likely to occur during food-induced
arousal when
both motor nuerons fire at high frequency
with brief interburst intervals.
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Neuropeptides have been shown to be potent modulators of
neuronal activity in many systems.In the majority of cases,the
effects of the exogenousapplication of peptides were studied.
Although this approachoften leadsto an unambiguousdescription of the effects of the peptides, it has certain limitations. A
major problem is in assessinghow similar the effects of the
exogenouspeptide application are to the effectsof endogenous
peptide releaseproduced by direct neural stimulation. Clearly,
an understandingof the parametersaffecting the releaseof an
endogenouspeptide is neededbefore an estimate of its physiological role can be made.
In order to approach this problem, we have been studying
the releaseof 2 neuropeptidesfrom a model neuromuscular
system in Aplysiu. This system is bilaterally symmetrical and
consistsof identified motor neuronsin the buccal gangliathat
innervate buccalmusclesinvolved in generatingbiting and swallowing movements. Each of the paired buccal gangliacontains
2 cholinergic motor neurons(B 15 and B16; Cohen et al., 1978)
that innervate intrinsic muscle5 (15; Howells, 1942;alsocalled
the ARC muscle;Cohen et al., 1978). In addition to ACh, both
motor neuronsalso contain several modulatory neuropeptides.
B15 contains membersof the smallcardioactive peptide (SCP)
family and members of the buccalin family (Cropper et al.,
1987a, 1988),while B 16containsmembersof the buccalin family and the myomodulin family (Cropper et al., 1987b, Kupfermann et al., 1988). This and our previous study (Whim and
Lloyd, 1989)have concentratedon the role of the SCPsin neuron B15. In Aplysia, the SCP family is made up of 2 peptides:
SCP, (11 amino acids; Lloyd et al., 1987a)and SCP, (9 amino
acids; Morris et al., 1982), which have similar sequencesand
areprocessedfrom a singleprecursor(Mahon et al., 1985).There
is considerableevidence that the SCPsserve a transmitterlike
function in Aplysiu (Abrams et al., 1984; Lloyd, 1986). They
are located in dense-corevesiclesin neuronsand in varicosities
in the CNS, gut, and 15 buccal muscle and are releasedfrom
identified neurons in culture in a stimulation- and calciumdependentmanner(Kreineret al., 1986;Lloydet al., 1986,1988;
Cropper et al., 1988; Reed et al., 1988).
There is substantialevidence that the SCPsfunction asneuromodulators at the 15muscle.Both peptideshave beenshown
to be synthesizedby individually identified B 15cell bodiesand
are known to be transported from the buccal ganglionto the 15
muscle, where immunoreactive fibers and varicosities ramify
over the musclefibers (Lloyd et al., 1984; Cropper et al., 1988;
Lloyd, 1988). Furthermore, application of exogenousSCPsincreasesthe amplitude and relaxation rate of motor-neuron-driven contractions, primarily via a CAMP-mediated enhancement
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of the excitation+ontraction
coupling mechanism (Weiss et al.,
1979; Lloyd et al., 1984; Cropper et al., 1988).
Recently, 2 independent procedures were used to demonstrate
that the SCPs were released from the terminals of B15 in 15
muscle (Whim and Lloyd, 1989). The first procedure indicated
that intracellular stimulation of B15 produced a depletion in
the levels of the SCPs in the stimulated 15 muscle as compared
to the unstimulated contralateral control muscle. The second
procedure demonstrated that B 15 stimulation caused marked
increases in muscle CAMP levels. ACh and buccalin, the other
transmitters known to be synthesized by B 15, had no effects on
CAMP levels in this muscle. Indeed, the only compounds present
in 15 muscles that significantly increased CAMP levels were the
SCPs and serotonin. However, the effects of the SCPs on muscle
CAMP levels appear to be direct rather than involving a secondary release of serotonin because the magnitude of the effects
was not reduced under conditions that inhibit transmitter release (Weiss et al., 1979; Lloyd et al., 1984; Whim and Lloyd,
1989). Both the depletion procedure and the elevation of CAMP
indicated that the release of the SCPs from terminals of B 15 in
the muscle was sharply dependent on the stimulation parameters. Significant release of the SCPs only occurred when B 15
was stimulated at a relatively high frequency with a long burst
duration. Because B 15 can produce cholinergically mediated
contractions with stimulation parameters that would not cause
measurable release of the SCPs, it appears that B15 can function
in 2 states: as a predominantly cholinergic neuron or as a combined cholinergic/peptidergic neuron. Similar results describing
the release of the SCPs from B15 terminals in 15 muscle have
recently been reported by Cropper et al. (1990).
The present study describes a series of experiments designed
to reveal the physiological roles of the SCPs that are released
in 15 muscles by stimulation of B 15. Because motor neurons
B 15 and B 16 innervate the same 15 muscle fibers (Cohen et al.,
1978) and the SCPs enhance muscle contractions primarily via
a postsynaptic mechanism, we reasoned that it might be possible
to reveal the role of the released SCPs by examining the effects
of B15 stimulation on B16-evoked muscle contractions. Furthermore, this procedure would avoid possible complications
from homosynaptic processes such as posttetanic potentiation
(Cohen et al., 1978). In this study, we demonstrate that B15
stimulation enhances the amplitude and relaxation rate of B 16evoked muscle contractions in a manner similar to that produced by the application of exogenous SCPs and that this enhancement occurs using stimulation parameters that previously
have been shown to cause the release of the SCPs from B15
terminals.

Materials

and Methods

Animals. Aplysia californica (100-200 gm) were obtained from Marinus
Inc. (Long Beach, CA), maintained in circulating artificial sea water
(ASW) at 16°C and fed dried seaweed every 3 days.
Measurement of I5 muscle contractions. Animals were immobilized
with an injection of isotonic MgCl,. The dissection was carried out in
high-Mg2+ (110 mM), low-Ca*+ (2 mM) ASW and was similar to that
previously described (Whim and Lloyd, 1989). In brief, the buccal mass/
buccal ganglia complex was removed from the animal and bisected.
One hemiganglion/hemibuccal
mass was pinned out in a dish, and all
nerves were severed except buccal nerve 3. Muscles overlying 15 were
removed, and one end of the 15 muscle was attached to an isotonic
transducer (Harvard Apparatus). The ganglion was pinned to a small
Sylgard platform and desheathed, and the preparation was superfused
with normal ASW for 1-2 hr. Motor neurons B15 and B16 were identified by their position, size, and ability to produce contractions in 15

when stimulated. Typically, both cells were impaled with 2 electrodes
(resistance, -5 MQ), one of which was used to inject current, while the
other monitored membrane potential. A small tube was used to selectively superfuse the ganglion with high-Mg2+ (165 mM), high-Ca*+ (33
mM) ASW to suppress central synaptic activity (by raising the firing
threshold of all neurons) while the bath was rapidly superfused with
normal ASW. Individual spikes were driven by brief (10 msec) depolarizing current pulses. In the majority of experiments, B16-induced
contractions were evoked by a standard stimulation paradigm consisting
of a 1-set burst of stimuli at 20 Hz with an interburst interval of 100
sec. When the effects of stimulating B15 on B16-evoked muscle contractions were examined, B 15 stimulation typically began 15 set after
a B 16 burst.
Compounds to be tested for their actions on motor-neuron-driven
contractions were dissolved in ASW and applied via the superfusion.
All chemicals were from Sigma, except myomodulin, SCP,, and SCP,
(Peninsula).
Measurement of CAMP. Measurement of CAMP was performed as
previously described (Whim and Lloyd, 1989). Briefly, after stimulation
in ASW (which in many experiments contained 0.5 mM hexamethonium
chloride to block cholinergic contractions), 15 muscles were frozen with
an electronic component freezer spray (CC-Electronics, Rockford, IL),
then homogenized in 98% ethanol and 2% 2N HCI at -30°C and centrifuged at -10,000~ g. The supematants were used for CAMP determinations using a commercial CAMP-binding protein assay (Amersham), while the pellets were used for protein determinations (Pierce
Chemicals). Duplicate CAMP and protein determinations were carried
out. To determine the effects of temperature on basal and SCP,-stimulated CAMP levels, muscle segments were equilibrated at 16°C or 22°C
in a water bath for 2 hr, incubated for 10 min in either lo-’ M SCP,
or ASW at the appropriate temperature, then processed as described
above. Each of the paired I5 muscles was bisected along its long axis
so that all 4 incubation conditions could be carried out on muscle
segments from the same animal.

Results
Modulation of I5 musclecontractions by exogenous
neuropeptides
The amplitude of the muscle contractions induced by stimulation of motor neuron B16 was reversibly increasedby the
application of the SCPsin the superlusate(Fig. 1A). Furthermore, the peptidesalsoproduced a pronounced increasein the
musclerelaxation rate (Fig. 1B). In theseexperiments,we also
confirmed a previous report that increasingthe contraction amplitude by increasingB16 firing frequency leadsto a small decreasein the relaxation rate (Cropper et al., 1988). Therefore,
increasedrelaxation ratesare not causally or necessarilylinked
to increasedcontraction amplitude. Over the range from 10m9
to 1O-6M, myomodulin also potentiated both contraction amplitude and muscle relaxation rate in a manner similar to the
SCPs(Fig. 2). Myomodulin and the SCPsalsohad similar effects
on B15-evoked contractions.
of B1.5 modulatesBI6-evoked musclecontractions
We next examined the effect of B15 stimulation on the contractions evoked by stimulation of B 16 at 20 Hz for 1 set with
an interburst interval of 100 sec.When B15 was stimulated at
20 Hz (4-set bursts with an interburst period of 6 set for 60
set) during the interval between successiveB16 contractions,
the subsequentB 16-evokedcontractions increasedin amplitude
(Fig. 3). Examination of superimposedB16 contractions revealed that there were also marked increasesin musclerelaxation rate after B 15 stimulation. Both the increasesin contraction amplitude and relaxation rate reversedslowly over a period
of l-2 hr. The magnitude of the increasein B16-evoked contraction amplitude could be increasedby stimulating B15 at
higher frequenciesor in bursts of longer duration. Figure 3C
Stimulation
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Figure 1. Modulation of B16-evoked 15 muscle contractions by superfusion with SCP,. A, Amplitudes of 15 muscle contractions produced
by bursts of action potentials in B16 were reversibly increased by superfusion with lo-’ M SCP,. Contractions were evoked by stimulation
of B 16 at 20 Hz for 1 set with 100-set interburst intervals. B, Examination of the B164nduced muscle contractions at a faster chart speed
before and at the peak of the response to SCP,. In addition to the increase
in the amplitude, there was also a large increase in the muscle relaxation
rate produced by SCP,. In this and following figures, the expanded traces
of muscle contractions were aligned so that the motor neuron bursts
that evoked the contractions were superimposed. In all experiments,
central neurons were not exposed to the solutions bathing the muscle
because the ganglia were superlused independently with high-Mg2+,
high-Ca2+ ASW (see Materials and Methods).

showsthe effectsof stimulating B15at different frequencieswith
a fixed burst duration and interburst interval.
The mechanismunderlying this increasedcontraction amplitude could involve an increasein the amplitude of the compound EJP or a changein the efficiency of excitation coupling
in the musclefibers.To differentiate betweenthesepossibilities,
the effects of stimulation of B15 on B16-evoked contractions
were determined in a split-muscle preparation in which contractions were measuredin one half of the musclewhile B16evoked compoundEJPswere simultaneouslyrecordedby a suction electrodeplacedon the other half of the muscle.The suction
electrodewasusedbecauseintracellular impalementscould not
be held during the tetanic stimulation of B15. Great care was
taken to position the suction electrode so that the sealon the
musclewas not compromisedby the evoked contractions. To
produce largeindividual EJPs,B 16 wasfired at a relatively low
frequency (8 Hz) in theseexperiments. Stimulation of B15 potentiated the amplitude of the B 16-evokedcontractions with no
increasein the compound EJPs(Fig. 4). Application of the SCPs
to the 15 musclealso modulates 15 contractions with little or
no effect on EJPs. Thus, stimulation of B15 and application of
the SCPsboth increasethe efficiency of excitation-contraction
coupling in the 15 muscle.
In a previous study, we demonstratedthat the releaseof the
SCPsfrom B15 terminals, asmeasuredby depletion of the SCPs
from stimulated muscleor by elevation of muscleCAMP levels,
was dependent on the pattern of B15 stimulation (Whim and
Lloyd, 1989). In that study, 3 patterns of stimulation, each
containing the sameoverall number of spikes,weretested.These
stimulation paradigmswere 5 Hz tonic, 25 Hz for 2 set with
8-set interburst intervals, and 50 Hz for 1 set with 9-set inter-

5 s. 0.5 s

Figure 2. Modulation of B16-evoked 15 muscle contractions by superfusion with myomodulin. A, Amplitudes of 15 muscle contractions
produced by bursts of action potentials in B 16 were reversibly increased
by superfusion with 1O-’ M myomodulin (Mm). Contractions were evoked
by stimulation of B 16 at 20 Hz for 1 set with 100-set interburst intervals.
B; Examination of the B 16-induced muscle contractions at a faster chart
speed before and at the peak ofthe response to myomodulin. Myomodulin increased the amplitude and rate of relaxation of muscle contractions
in a manner similar to the SCPs.

vals. Only the last paradigm produced depletion of the SCPs
and elevation of muscleCAMP levels. We wishedto determine
whether the modulation of B16-evoked contractions by B15
stimulation showedthe samedependenceon the pattern of stimulation. In Figure 5, B 15 was stimulated for 70 set with each
of the patterns describedabove. The tonic ~-HZ pattern actually
produced a transient decreasein B16-evoked contractions, a
phenomenon for which we have no explanation. The 25-Hz,
2-set paradigmproduced a small, brief enhancement,while the
50-Hz, 1-set paradigm produced a larger and long-lasting increasein B16-evoked contractions. Thus, these observations
parallel our previous resultson the effectsof stimulation pattern
on releaseof the SCPs.

BIS-dependent modulation of BI6-evoked contractions does
not require cholinergic transmission during BIS stimulation
One possiblemechanismfor the enhancementof B16-evoked
contractions by B 15 stimulation might be a changein the properties of the musclerelated to the large contractions produced
by B 15 stimulation. However, 2 lines of evidence indicate that
this mechanism is unlikely. First, stimulation of B15 using
paradigmsthat result in contractions that are smallerthan the
“control” B 16-evoked contractions still enhancesthe subsequent B16-evoked contractions (data not shown). Second, if
musclecontractions were blocked by the application of a cholinergic antagonist (hexamethonium) before B 15 was stimulated, then the B16-evokedcontractions, which gradually returned
as the antagonistwas washedfrom the bath, were enhancedin
both amplitude and relaxation rate (Fig. 6). Control experiments
that testedthe effects of the antagonist on B 16-evokedcontractions in the absenceof B 15 stimulation indicated that hexamethonium itself had no potentiating effect on either amplitude or
relaxation rate. Theseresultsdemonstratethat the B15-induced
musclecontractions themselvesare not likely to be responsible

3316 Whim and Lloyd

l

Peptidergic

Modulation

of Muscle Contraction

I’

A

A

‘A
Muscle

Muscle
B16
B15

!

1

! __

!

!

1

i

1

I

A2

1d

2

I

II mm

1%

,I’,“,
100s

1005

B

l2

B
0.75
mm

-1
L

4
c

1

C
2
I l+J
I

IS

T T

10

15
815

20

25

Stim. Freq. (Hz)

Figure 3. Modulation of B 16-evoked 15 muscle contractions by stimulation of B15. A, Stimulation of B16 at 20 Hz for 1 set with 100~set
interburst intervals elicited reproducible 15 muscle contractions. A period of B 15 stimulation (25 Hz for 4-set burst with an interburst interval
of 6 set for 60 set) was then interposed between successive B 16 bursts.
The subsequent 15 muscle contractions evoked by stimulation of B 16
were increased in amplitude. In this and subsequent figures, capacitive
coupling was often observed between current and voltage electrodes. B,
Examination of B16-evoked muscle contractions (A, 1, 2) on an expanded time scale illustrates that, in addition to the increase in contraction amplitude, there was also an increase in the muscle relaxation
rate. C, Effect of stimulating B I5 on 15 muscle contractions produced
by stimulation of B 16 as described above. B 15 was stimulated at the
indicated frequencies in 4-set bursts with 6-set interburst intervals for
45 sec. Values compare mean + SEM of 3 B16-evoked contractions
just before and after B 15 stimulation in 4 preparations.

for the potentiated B 16-evokedcontractions seenfollowing B 15
stimulation.

Kinetics of increased muscle CAMP levels produced by B15
stimulation
Previous work hasdemonstratedthat application of exogenous
SCPs to I5 musclesproduces a dose-dependentelevation of
muscleCAMP levels and that stimulation of B15 for 10 min
with appropriate paradigmsalsoproduced significant increases
in CAMP in the muscle(Lloyd et al., 1984; Whim and Lloyd,
1989). Becausethe stimulation periods usedin this study were
shorterthan 10 min, we analyzed the time courseof the increase

Figure 4. Modulation of B 16-evoked muscle contractions by stimulation of B 15 occurred via increase in excitation-contraction
coupling.
A, 15 muscle contractions evoked by stimulation of B 16 (8 Hz for 2 set
with interburst intervals of 100 set) were potentiated when B15 was
stimulated (25 Hz for 4 set with 6-set intervals for 60 set) between
successive B 16 bursts. B, Examination of B 16-induced muscle contractions on an expanded time scale before (I) and after (2) B 15 stimulation
illustrates the increased relaxation rate. At this low rate of B 16 stimulation, each EJP produces small individual contractions that are visible
as small steps on the rising phase of the contractions. C, Examination
of the B16-evoked compound EJPs recorded in the 15 muscle before
(1) and after (2) B15 stimulation. Although there was potentiation of
15 muscle contractions, there was no increase in the amplitude of the
compound EJPs. C, I and 2, were associated with B 16-evoked muscle
contractions B, 1 and 2, respectively.

in CAMP produced by B15 activity. Significant elevations of
CAMP were apparent after only 1 min of stimulation (Fig. 7).
Maximal levels were observedby 10 min, and theselevels were
maintained for 30 min, with a moderate decline at 60 min.
Thus, the brief stimulation periods used in the physiological
experiments describedabove did produce significant increases
in CAMP levels in the muscle.
Next, we tested whether the CAMP levels remainedelevated
over the longerstimulation periodsbecausethe SCPswerebeing
continually releasedthroughout the stimulation period or becausethe elevation of CAMP levels was persistent. B15 was
stimulated for 3 min, and both the stimulated and the control
muscleswere frozen at specific times following the end of the
stimulation period. Maximal increasesin CAMP were observed
30 set after stimulation, following which the CAMP levels decayed to control levels within an additional 30 set (Fig. 8).
Therefore, the maintained elevation of CAMP levels at the end
of the longer stimulation periods is likely to reflect continual
releaseof the SCPsthroughout the length of stimulation. The
decay of elevated CAMP levels was much more rapid than the
decay of the BlS-induced modulation of B16-evoked contractions. However, the phenomenon of second-messenger-mediated effects being far more persistent than the increasesin
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second-messenger levels themselves has been commonly observed in Aplysia and other preparations (Schwartz and Greenberg, 1987).

perature from below 15°C to above 20°C during the year (Reish,
1961). In vivo recordings of EJPs from 15 muscles in feeding
animals indicate that, at 16°C B15 fires at up to 12 Hz for 3.5
set with 3.5set interburst intervals (Cropper et al., 1990). At
22°C however, the threshold for significant elevation of CAMP
was around 15 Hz with 4-set bursts and 3-set intervals (Whim
and Lloyd, 1989). Therefore, the question arises as to the physiological relevance of the ability of B 15 stimulation to modulate
both muscle CAMP levels and neuromuscular efficacy. Because
the in vivo recordings and biochemical experiments were conducted at different temperatures, we examined whether the
threshold for the effects of B15 stimulation on CAMP levels
varied with temperature. The results demonstrate that, whereas
stimulation of B 15 at 15 Hz (4-set bursts, 3-set intervals) was
necessary to increase CAMP levels at 22°C the threshold frequency dropped to about 10 Hz at 16°C (Fig. 9). This effect of
temperature on the ability of B 15 stimulation to elevate muscle
CAMP levels could have a presynaptic or postsynaptic locus (or
a combination of both). If the effect was predominantly postsynaptic, the elevation of muscle CAMP levels produced by
exogenous SCPs should be greater at 16°C than at 22°C. However, a comparison between the effects of lo-’ M SCP, on the
CAMP levels of muscle segments indicated no significant difference between the elevation at 16°C (57 ?26-fold increase,
SEM; n = 5) and 22°C (62*20-fold
increase, n = 5). These
results indicate that the effects of temperature are likely to be
mainly presynaptic, presumably an increase in the release of the
SCPs from B 15 terminals. In support of this hypothesis is the
observation that the B 15-evoked facilitated EJP increased in
amplitude as the temperature was lowered. BlS-evoked EJPs
were recorded intracellularly in muscle fibers at 16°C and 22°C.
The amplitude of single EJPs did not differ at the 2 temperatures;
however, facilitated EJPs were 63 f 44% larger at the lower
temperature (SEM; 3rd EJP in a ~-HZ burst; 5 fibers at each
temperature in each of 4 preparations). The effects on facilitated
EJPs might be particularly important because our previous results suggest that release of the SCPs only occurs under conditions in which cholinergic release is significantly facilitated (Whim
and Lloyd, 1989). We also investigated the effectiveness of B 15
stimulation (12.5 Hz for 4 set with 3-set interburst interval) in
modulating B16-evoked contractions at the 2 temperatures. We
had observed that, when the muscle was held at the same temperature throughout the experiment, the first tetanic stimulation
of B 15 always produced a larger potentiation than in subsequent
trials. To control for this, the effects of B 15 stimulation were
monitored in 2 experiments, first at 16°C then at 22°C and in
another 2 experiments in the reverse order. In every case, B 15
stimulation produced a greater potentiation at the lower temperature, and, as expected, the potentiation was more pronounced when the first stimulation was made at 16°C (252%,
203% larger potentiation at 16°C compared to 22°C) than when
the first stimulation was done at 22°C (105%, 179% larger at
16°C compared to 22°C).
Because our results indicated that stimulation of B 15 at physiological frequencies affected muscle CAMP levels, we investi-
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Figure 5. Modulation of B16-evoked muscle contractions by B15 is
sensitive to pattern of stimulation. A, 15 muscle contractions were evoked
by stimulation of B16 at 20 Hz for 1 set every 100 sec. B15 was stimulated for 70 set at a tonic 5 Hz (evoking a maintained contracture of
the muscle). The following B 16-induced muscle contractions exhibit a
reduced amplitude that slowly recovers to control levels. B, Effects of
stimulating B15 at 25 Hz for 2 set with 8-set intervals for 70 sec. No
long-lasting modulation of the 15 muscle contractions was observed.
C, Stimulation of B15 at a frequency of 50 Hz for 1 set with 9-set
intervals for 70 set resulted in a long-lasting potentiation of B16-evoked
muscle contractions. Note that the 3 B 15-stimulation paradigms evoked
the same total number of spikes. The dotted lines indicate the basal
amplitude of the B 16-evoked contractions prior to B 15 stimulation.

gated whether stimulation of B15 also modulated musclecontractions induced by stimulation of B16 over a range of
frequencies.This was indeed the case.Typically, the lower the
B16 frequency and hencethe smallerthe contraction, the larger
the proportional increaseproducedby B 15stimulation (Fig. 10).
However, B 15 stimulation potentiated B 16-evoked contractions at all B16 frequenciestested (5-25 Hz). In vivo recordings
indicate that, during feeding,B 16 fires at 15-20 Hz (Cropper et
al., 1990). Therefore, the modulatory actions of B15 on B16evoked contractions function in the physiologicalrangeof firing
frequenciesfor both motor neurons.

Stimulation of B16 also modulates BIS-evoked muscle
contractions
If the modulation of 15 contractions describedabove is related
to the releaseof the SCPsfrom B 15,then the releaseof myomodulin from B16, a peptide known to have many of the same
actions as the SCPs on muscle contractions (e.g., seeFig. 2),
might similarly affect the amplitude and relaxation rate of muscle contractions. Therefore, we investigated the effectsof stimulating B16 on muscle contractions produced by stimulating
B15 usingthe sameprotocol asusedfor the reverseexperiments
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Figure 6. Modulation of B 16-evoked
muscle contractions by stimulation of
B 15 was not dependent on cholinergic
neuromuscular transmission. A, B 16
was stimulated at 20 Hz for 1 set with
100~set intervals to produce control
muscle contractions. Subsequent introduction of 1O-4 M hexamethonium, a
choline@
antagonist, into the bath
blocked the B16-evoked muscle contractions (Hexamethonium). Washing
produced recovery. B, The same paradigm as in A was repeated, except that
once the B 16-evoked contractions were
substantially blocked, B15 was stimulated at 20 Hz for 4 set with intervals
of 6 set for 45 set (Hexamethonium).
The brief contraction produced by the
first B15 burst was consistently observed and suggests that a component
of the inhibition by hexamethonium
was dependent on activity in B 15. The
B 16-evoked muscle contractions that
returned during the washout ofthe hexamethonium from the bath were increased in amplitude and relaxation rate
when compared to the control contractions produced prior to B 15 stimulation
(cf. A, B). A constant flow rate was
maintained throughout to ensure that
the addition of hexamethonium and its
removal occurred at identical rates in
both parts of the experiment. C, Combined data from 3 separate preparations using the paradigm described
above. Solid bars indicate the amplitude of B16-evoked muscle contractions that return after the washout of
hexamethonium from the bath. Open
bars indicate a similar recovery of B 16evoked muscle contractions after stimulation of B 15 (arrow). Each interval is
100 set in duration and includes 2 B 16evoked contractions. Values are mean
+ SEM.
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Homosynapticfacilitation of B16- and BlS-evoked
contractions
Although we were mainly concerned with the heterosynaptic
facilitation of B16-induced muscleactivity, the ability of B15
and B16 stimulation to facilitate their own contractionswasalso
examined.Stimulation of B 15to fire burstsevery 100set evoked
reproducible 15contractions that were potentiated when an additional seriesof B15 bursts was interposed (Fig. 12). This
potentiation consistedof an increasein contraction amplitude
and musclerelaxation rate. Using an identical stimulation paradigm,stimulation of B 16wasfound to producea similar homosynapticfacilitation of B16-evokedcontractions(datanot shown).
Although theseobservations are consistentwith the actions of
releasedpeptides,presynaptic effectssuch asposttetanic potentiation of compound EJPs must also be involved (Cohen et al.,
1978).
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8. Timecourseof decayof B15-induced
elevationof 15muscle
CAMPlevels.B15 wasstimulatedat 25 Hz in 4-setburstswith 6-set
intervalsfor 3 min. Stimulatedandcontrol muscleswerefrozen and
extractedafterspecifictimesfollowingtheendof thestimulationperiod.
CAMPnormalizedto proteinof stimulated
muscle(Stim.) wascompared
to that of the unstimulated
contralateralcontrolmusclefrom thesame
animal.Valuesaremean+ SEM (n = 3), exceptfor 10and 100min,
whicharemean(n = 2).
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Figure

Discussion
The presentstudy describesa novel, long-lastingmodulation of
the actions of one motor neuron (B16) by another (B15). Specifically, stimulation of B15 at high frequency or at lower frequency in prolonged bursts potentiates the amplitude and relaxation rate of musclecontractions evoked by stimulation of
B16. The magnitudeof this potentiation is not simply a function
of the number of B15 spikesbut is contingent on the pattern of
stimulation. There could be severalexplanations for this modulation. The possibility that it is due to the B15-induced muscle
contractions themselves appears unlikely, becauseinhibiting
cholinergic transmissionduring the period of B15 activity does
not prevent the subsequentpotentiation of the musclecontraction amplitude or relaxation rate. In addition, modulation of
musclecontractions occurswithout a measurableincreasein the
B16-evoked compound EJPs,indicating that the effect is likely
to bea modulation of the excitation-contraction coupling mechanism. Therefore, our favored explanation for the observed
modulation is that, under specific stimulation conditions, the
SCPs are releasedfrom the terminals of B15 and act postsynaptically to produce a CAMP-mediated modulation of muscle
contractions. A number of lines of evidence support this hypothesis.First, the SCPsare synthesizedby B15and transported
to the 15 muscle,where they are localized to densecore vesicles
within varicosities (Lloyd et al., 1984; Cropper et al., 1988;
Lloyd, 1988). Second,the actions of exogenouslyapplied SCPs
are very similar to the effects produced by B15 stimulation.
Both increasemuscleCAMP levels and potentiate the amplitude
and rate of relaxation of contractions. Previous studies have
implicated CAMP in the modulation of 15 contractions by the
SCPsand serotonin. For example,application of CAMP analogs,
the phosphodiesteraseinhibitor RO 20- 1724, or the adenylyl
cyclaseactivator forskolin all enhance the amplitude and in-
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16
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Figure 9. Temperature
dependence
of B15-induced
elevationof CAMP
levelsin 15muscles.
CAMPnormalizedto proteinof stimulatedmuscle
(Sfim.)
wascomparedto that of the unstimulatedcontralateralcontrol
musclefrom the sameanimal.Burst interval refersto the periodfrom
the endof a burstto the beginningof the next burst.Valuesaremean
t SEM (n = 4).

creasethe rate of relaxation of motor-neuron-driven contractions (Weisset al., 1979; Lloyd et al., 1984; M. D. Whim and
P. E. Lloyd, unpublished observations). The B15 stimulation
parametersnecessaryto evoke the modulation are very similar
to those required for releaseof the SCPs (Whim and Lloyd,
1989). Therefore, stimulating B15 at a tonic 5 Hz, or in 2-set
bursts at 8-set intervals, producesno releaseof the SCPsand
no sustained enhancement of muscle contractions, whereas
stimulating B15 at 50 Hz for 1 set with 9-set intervals produces
both releaseof the SCPsand a long-lastingpotentiation of contractions. It shouldbe noted, however, that the B 15 stimulation
frequenciesrequired for threshold modulatory effects on contractions are likely to be lower than those required to produce
measurableincreasesin muscleCAMP levels. Finally, the elevation of muscleCAMP levels occursrapidly enoughto account
for the modulation of the BI6-evoked contractions observed
following B15 stimulation. From these observations,it seems
reasonableto concludethat a significantcomponent of the modulation of musclecontractions is due to the stimulation-dependent releaseof the SCPsfrom B 15.
Becausethe elevation of CAMP by releasedSCPs doesnot
desensitizein under 30 min, the relatively rapid decline of the
B 15-stimulatedCAMP levels placesan upper limit of about 60
set, during which time releasedSCPsremain available to bind
to their receptors. Presumably, this reflects the period of time
that active SCPsremain in the synaptic cleft. Consistentwith
this interpretation, our previous resultscomparingthe amounts
of releasedSCPsto their effects on muscle CAMP levels suggested that the SCPs are releasedinto a very small volume
(Whim and Lloyd, 1989).

3320

Whim

and

Lloyd

l

Peptidergic

Modulation

Figure IO. Modulation of B 16-evoked
muscle contractions by stimulation of
B15. B16 was stimulated for 1 set at
frequencies of 10, 15, and 20 Hz (bottom truce), with an interburst interval
of 100 set to produce a family of contractions (Before El5 Stim). B15 was
then stimulated at 25 Hz with 4-set
bursts and 6-set interburst intervals for
60 set (Inset: upper trace, contractions;
lower truce, B 15 recording). Note the
progressive increase in muscle relaxation rate that occurred during B 15 stimulation. Following B 15 stimulation, B 16
was again stimulated at a frequency of
10, 15, and 20 Hz (After B15 Stim.).
The resulting muscle contractions were
now increased both in amplitude and
relaxation rate.
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Clearly, it is of interest to know whether the Bl Sinduced
modulation of B16-evoked contractions is of physiological importance. The sharp temperature dependenceof the effect of
B15 on muscleCAMP levels indicates that the apparent threshold of B 15stimulation required to affect 15muscleCAMP levels
is aslow as 10 Hz at 16°C.We observed that the ability of B15
to potentiate B16-evoked contractions showeda similar temperature dependence.Furthermore, B15 stimulation can modulate 15 contractions that are produced by a wide rangeof B16
firing frequencies.Thesestimulation paradigmsare within the
range in which both cells fire in viva (Cropper et al., 1990).
Given theseobservations, it is likely that the enhancementof
the amplitude and relaxation rate of motor-neuron-driven con-

15Hz

20 Hz

2s

tractions observed upon stimulation of B 15 would occur in the
feeding animal.
The modulation of 15 contractions by motor neuronsin the
feedinganimal are unlikely to be straightforward heterosynaptic
effects. For example, both B15 and B16 have the ability to
homosynaptically modulate their own contractions, as well as
to heterosynaptically modulate the contractions of each other.
It is possiblethat this modulation may in part underlie the
potentiation of musclecontractions that is observed when the
interval between successivemotor neuron bursts is decreased
(Cohen et al., 1978). Furthermore, the existenceof modulatory
capability intrinsic to the motor neurons may provide an explanation for results from studies in which the serotonergic

A

B
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.;::-;
Figure II. Modulation of B15-evoked 15 muscle contractions by stimulation of B 16. A, Stimulation of B 15 at 20 Hz for 1 set with an interburst
interval of 100 set elicited reproducible 15 muscle contractions. A
period of B16 stimulation (25 Hz for 4-set bursts with an interburst
interval of 6 set for 60 set) was then interposed between successive B15
bursts. The subsequent 15 muscle contractions evoked by stimulation
of B15 was increased in amplitude. B, Examination of B15-evoked
muscle contractions at a faster chart speed before (I) and after (2) B 16
stimulation illustrates that there was also an increase in the muscle
relaxation rate.

‘\k-----+
mm
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Figure 12. Homosynaptic modulation of BlS-evoked muscle contractions. A, 15 muscle contractions evoked by stimulation of B15 (20
Hz for 1 set with an interburst interval of 100 set) were increased in
amplitude after an interposed period of prolonged stimulation of B 15
(15 Hz for 4 set with 6-set interburst intervals for 45 set). B, Examination of 15 muscle contractions before (I) and after (2) the interposed
B15 bursts illustrates that there was an increase in muscle relaxation
rate.
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metacerebral cells (MC&) were selectively lesioned with intracellular injections of proteolytic enzymes (Rosen et al., 1983,
1989). Stimulation of the MCCs or application of serotonin to
15 muscles modulates contractions in a manner very similar to
the SCPs (Weiss et al., 1978; Lloyd et al., 1984). Therefore, if
the MCCs were the primary source of modulation, one would
expect that lesioning the MCCs would produce a pronounced
effect on bite magnitude; however, only a small effect was observed. This presumably reflects the fact the MCCs provide only
one component of the total modulatory input to 15 and other
buccal muscles.
Coexistence of modulatory neuropeptides with conventional
transmitters has been reported previously in invertebrates
(O’Shea and Bishop, 1982; Bishop et al., 1984; Schwarz et al.,
1984; Kuhlman et al., 1985; O’Shea and Schaffer, 1985) as well
as in vertebrates (Gibson et al., 1984; Ch’ng et al., 1985; New
and Mudge, 1986). Furthermore, in a number ofinstances, there
is evidence that these neuropeptides may modulate several aspects ofneuromuscular transmission (Adams and O’Shea, 1983;
New and Mudge, 1986; Bishop et al., 1987; Mulle et al., 1988).
Therefore, modulation by peptides released from motor neuron
terminals may be phylogenetically widespread.
In conclusion, we believe that significant modulation of muscle contractions by peptides released from buccal motor neurons
in Aplysia is most likely to occur during food-induced arousal
when buccal motor neurons fire at high frequency with brief
interburst intervals (Sussweinet al., 1978). An interesting speculation is that the more important component of this modulation may be the increasedrate of muscle relaxation, which
would permit the execution of rapid repeatedbiting movements.
Although this study was directed specifically to the 15 muscle,
there are several reasonsto believe similar modulation by the
SCPsis widespreadamongother buccalmuscles.First, the levels
of the SCPs found in muscles,and the rates at which SCPs
synthesizedin buccal ganglia are transported to muscles,are
similar for 15and the other major buccal muscles(Lloyd, 1988;
Whim and Lloyd, 1989). Second, many of the buccal muscle
motor neurons synthesizeand contain the SCPs(Lloyd et al.,
1985, 1987b). Finally, modulation of other buccal musclesby
application of exogenousSCPshasbeen observed (Richmond
et al., 1986; Lotshaw and Lloyd, 1990). Therefore, modulation
of buccal muscle contractions by SCPs releasedfrom motor
neuronsmay contribute significantly to the behavioral plasticity
observedduring feeding in Aplysia.
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