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Jorge-Rivera, Juan Carlos, Kamal Sen, J. T. Birmingham, L. F. (LP) neuron of the STG responds to almost all of these
Abbott, and EveMarder. Temporal dynamics of convergent mod- (Flamm and Harris-Warrick 1986b; Hooper and Marder
ulation at a crustacean neuromuscular junction. J. Neurophysiol. 1987; Nusbaum and Marder 1988; Swensen and Marder
80: 2559–2570, 1998. At least 10 different substances modulate 1997; Weimann et al. 1993, 1997).the amplitude of nerve-evoked contractions of the gastric mill 4 The neuromuscular preparations studied here include 2 of(gm4) muscle of the crab, Cancer borealis . Serotonin, dopamine, the ú40 striated muscles that are innervated by motor neu-octopamine, proctolin, red pigment concentrating hormone, crusta-

rons of the STG (Maynard and Dando 1974). Several previ-cean cardioactive peptide, TNRNFLRFamide, and SDRNFLRFam-
ous studies demonstrated neuromodulation of stomach mus-ide increased and D-allatostatin-3 and histamine decreased the
cles and neuromuscular junctions by an amine or peptideamplitude of nerve-evoked contractions. Modulator efficacy was

frequency dependent; TNRNFLRFamide, proctolin, and D- (Jorge-Rivera 1997; Jorge-Rivera and Marder 1996, 1997;
allatostatin-3 were more effective when the motor neuron was Lingle 1981; Meyrand and Marder 1991; Meyrand and Mou-
stimulated at 10 Hz than at 40 Hz, whereas the reverse was true lins 1986; Weimann et al. 1997), but this is the first study
for dopamine and serotonin. The modulators that were most effec- in which the actions of numerous potential neuromodulators
tive at high stimulus frequencies produced a significant decrease were studied on the same stomach neuromuscular junction.in muscle relaxation time; those that were most effective at low We show here that the amplitude of nerve-evoked contrac-stimulus frequencies produced modest increases in relaxation time. tions of one of the muscles of the crab stomatogastric ner-Thus modulator actions that appear redundant when examined only

vous system is modulated by ¢10 different substances.at one stimulus frequency are differentiated when a range of stimu-
There is significant precedent for convergent modulationlus dynamics is studied. The effects of TNRNFLRFamide, seroto-

at invertebrate neuromuscular junctions and muscles. Thenin, proctolin, dopamine, and D-allatostatin-3 on the amplitude and
facilitation of nerve-evoked excitatory junctional potentials (EJPs) extensor-tibiae muscle of the locust (Evans 1984, 1994; Ev-
in the gm4 and gastric mill 6 (gm6) muscles were compared. The ans and Meyers 1986; Evans and Siegler 1982), crustacean
EJPs in gm4 have a large initial amplitude and show relatively muscle (Worden et al. 1995), and the accessory radula closer
little facilitation, whereas the EJPs in gm6 have a small initial (ARC) muscle of Aplysia californica (Brezina et al. 1996;
amplitude and show considerable facilitation. Modulators that en- Cropper et al. 1987,1990; Weiss et al. 1992, 1993) are allhanced contractions also enhanced EJP amplitude; D-allatostatin- modulated by multiple substances. Is extensive convergent3 reduced EJP amplitude. The effects of these modulators on EJP modulation of one target neuron, neuromuscular junction, oramplitude were modest and showed no significant frequency de-

muscle functionally redundant? In the case of both the exten-pendence. This suggests that the frequency dependence of modula-
sor tibiae and the ARCmuscles, it appears that one or severaltor action on contraction results from effects on excitation–contrac-
neuromodulators may be more effective at some frequenciestion coupling. The modulators affected facilitation at these junc-

tions in a manner consistent with a change in release probability. of motor neuron discharge (Brezina et al. 1996; Evans 1984,
They produced a change in facilitation that is inversely related to 1994; Evans and Meyers 1986; Evans and Siegler 1982;
their action on EJP amplitude. Weiss et al. 1993). We also find that the extent of modula-

tion depends on the frequency of stimulation of the presynap-
tic neuron and that the dependence is different for differentI N T RODUC T I O N modulators.
The mechanisms of modulation at many invertebrate neu-A surprisingly large number of neuromodulatory amines

and neuropeptides can alter the strength of synaptic connec- romuscular junctions were studied extensively (Calabrese
1989; Marder and Calabrese 1996; Weiss et al. 1992). Mod-tions and the intrinsic properties of neurons and muscles

(Brezina et al. 1996; Harris-Warrick et al. 1992; Marder and ulators can alter the intrinsic properties of motor neurons
(Weimann et al. 1993, 1997), transmitter release at motorCalabrese 1996). Many of these substances can act on the
neuron terminals (Dudel 1965; Glusman and Kravitz 1982;same target tissue. For example, the crustacean stomatogas-
Skerrett et al. 1995; Worden et al. 1995), or the contractiletric ganglion (STG) is the target of¢15 different neuromod-
machinery of the muscle fiber itself (Brezina et al. 1994a,b) .ulators (Marder and Calabrese 1996; Marder and Weimann
While attempting to understand why the action of modulators1992; Marder et al. 1995), and the single lateral pyloric
depends on the frequency of presynaptic stimulation, we
noted modulator effects on the facilitation of the muscle

The costs of publication of this article were defrayed in part by the EJPs. Analysis of these effects suggests that the change inpayment of page charges. The article must therefore be hereby marked
facilitation seen in the presence of modulators is inversely‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734 solely to

indicate this fact. related to their effects on EJP amplitude.
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M E T HOD S R E S U L T S

The experiments in this paper study the gm4 and gm6Animals and solutions
muscles of the crab stomach. The gm4 muscle is innervated

All experiments were performed on male Cancer borealis pur- by the single dorsal gastric (DG) excitatory motor neuron,
chased from local fishermen in Boston, MA, and held in aerated and the gm6 muscle is innervated by the single lateral gastric
saltwater aquaria at 12"C until used. Physiological saline had the excitatory motor neuron. Both muscles participate in the
following composition (mM): 440 NaCl, 11.3 KCl, 13.3 CaCl2 , gastric mill motor pattern and move the medial and lateral
26.3 MgCl2 , 11.0 Trizma base, 5.2 maleic acid, pH 7.4–7.5. teeth of the gastric mill, respectively. Unlike many motorCrustacean cardioactive peptide (CCAP) was purchased from neurons that contain peptide cotransmitters (Bishop et al.Bachem. D-Allatostatin-3 (AST), red pigment concentrating hor- 1987; Cropper et al. 1990; Norris and Calabrese 1987), themone (RPCH), SDRNFLRFamide, and TNRNFLRFamide were

motor neurons of the adult STG are not known to containobtained from American Peptide. Proctolin, histamine, serotonin,
any modulatory substances other than the neurotransmittersoctopamine, and dopamine were obtained from Sigma. Each sub-
acetylcholine or glutamate (Lingle 1980; Marder 1976,stance was dissolved in distilled water at 1002 or 1003 M and stored

at 020"C. Aliquots were diluted in saline at desired concentrations 1987). Thus it appears that most neuromodulators act on
immediately before use. the stomatogastric muscles and neuromuscular junctions as

neurohormones, released from the pericardial organs and
other neurosecretory structures into the circulating hemo-Physiology lymph (Christie et al. 1995; Keller 1992). The 10 peptides
and amines examined here are found in the neurosecretoryNeuromuscular preparations [identified according to the nomen-
structures of the crab (Christie et al. 1995).clature of Maynard and Dando (1974)] were isolated from the

foregut of the crab and pinned out in 5-ml superfusion chambers.
Preparations were superfused continuously with a gravity-fed sys- Contraction amplitude is modulated by 10 substances
tem at 10–15 ml/min. Modulators were bath applied by means of
a switching port at the inflow of the superfusion system. Bath Figure 1 shows nerve-evoked contractions of the gm4
volume was Ç3 ml. The saline temperature was held between 10 muscle in control saline and during bath application of 10
and 12"C by a Peltier cooling system and was continuously moni- modulators. Note that serotonin, dopamine, octopamine,
tored with a thermoelectric probe in the bath. TNRNFLRFamide, SDRNFLRFamide, CCAP, proctolin,

and RPCH all strongly potentiated the contraction evoked
by stimulation at 20 Hz for 1 s, whereas AST and histamineContraction measurements
decreased the amplitude of the nerve-evoked contractions.

Muscle contraction recordings were obtained with a movement Figure 2 summarizes these effects for data pooled from many
transducer (FT03, Grass Instruments) . One of the muscle inser- experiments. In the experiments shown in Figs. 1 and 2
tions was pinned down in the dish. The other insertion was tied to serotonin, dopamine, octopamine, TNRNFLRFamide, RPCH,
a 6-in. (15.24 cm) string that was attached to the transducer. The proctolin, and CCAP were applied at 1007 M, and
muscle was stretched to its resting length. Stimulation of the motor SDRNFLRFamide, AST, and histamine were applied at 1006
nerve in this configuration produced muscle shortening. We desig- M. These concentrations are approximately those requirednated the time taken for the muscle to relax from peak contraction to give maximal effects. Threshold concentrations were into 10% of the maximum as the relaxation time.

the 10010 to 1009 M range (Jorge-Rivera and Marder
1996,1997; Weimann et al. 1997).

EJP measurements To avoid complications produced by long-lasting effects
of the modulators and the possibility of synergistic interac-

EJP recordings from the singly innervated gastric mill 4 (gm4) tions between them, the experiments were performed byand gastric mill 6 (gm6) muscles were obtained with conventional applying only one modulator to a given preparation. In three2.5 M KCl-filled microelectrodes, with resistances of 10–15 MV. preparations, we bath applied each modulator after longMotor nerves were stimulated with suction electrodes. EJP data
washes between them and confirmed that the same gm4were collected and analyzed as described by Sen et al. (1996).
muscle was modulated by all of these substances (notEJP amplitude was defined as the peak membrane potential of an
shown).EJP relative to the exponentially extrapolated baseline from the

previous EJP to subtract the effects of summation and membrane
capacitance. Modulator action depends on frequency of motor neuron
To describe the amplitudes of EJPs in response to an arbitrary stimulation

spike train we used a modification of the synaptic decoding method
of Sen et al. (1996). The EJP amplitude A was written as a product All of the substances shown in Figs. 1 and 2 also alter
of two factors, A Å A0F where A0 was a constant and F was a the motor patterns (the temporal pattern of discharge of the
dynamic variable that represented facilitation. Initially F was 1. motor neurons) produced by the C. borealis stomatogastric
With each presynaptic spike F was incremented by a constant f ¢ nervous system (Marder 1987; Marder and Hooper 1985;0, F r F / f representing the amount of facilitation per spike. Marder and Weimann 1992; Weimann and Marder 1994;Between spikes F recovered exponentially to 1 with time constant Weimann et al. 1993, 1997). Because contraction amplitudetF , obeying tFdF /dt Å 1 0 F . The root-mean-square (RMS)

depends critically on the discharge pattern of the motor neu-difference between predicted and measured amplitudes was used
ron (Jorge-Rivera and Marder 1996; Weimann et al. 1997),as a measure of accuracy. The set of model parameters that mini-
the amplitude of muscle contraction in vivo will also bemized the RMS error was found by an automated search algorithm

(Varela et al. 1997). altered by modulation of the motor pattern. We had pre-

J222-8/ 9k2e$$no38 10-29-98 10:12:10 neupa LP-Neurophys



CONVERGENT MUSCLE MODULATION 2561

cantly different from those at 10 Hz (Student’s t-test,
TNRNFLRFamide, P° 0.01; serotonin, P° 0.01; proctolin,
P ° 0.05; AST, P ° 0.05; significance is not indicated for
the difference between 10 and 40 Hz for dopamine because
the one-way ANOVA failed to demonstrate a significant
interaction between frequency and percent modulation be-
cause of the variance in the 30 Hz data) .
To eliminate possible artifacts caused by the time taken

for modulators to act, and to rule out long-lasting interactions
among different stimuli, we randomized the order of presen-
tation of the different frequencies. The amplitude of the
contraction for low frequencies (10 Hz) did not change after
the whole sequence of nerve stimulations.

Effect of modulators on muscle relaxation

In a number of preparations, exogenously applied modula-
tors alter not only the amplitude of muscle contraction but
also the rate of muscle relaxation (Evans 1984, 1994; Evans
and Meyers 1986; Evans and Siegler 1982; Weiss et al.
1992, 1993). Because the time of muscle relaxation plays
a critical role in determining whether a muscle relaxes fully
before its next contraction in response to repeated trains of
presynaptic activation (Morris and Hooper 1997), we asked
if the time needed for the gm4 muscle to relax is altered by
modulatory substances. Figure 4A shows overlays of the
contraction profiles seen at 20 and 40 Hz, with the 20-Hz
response scaled to match the amplitude of the 40-Hz re-
sponse. This allows a direct comparison of the time of con-
traction and relaxation. Note that the 20- and 40-Hz wave-
forms are superimposable. This indicates that the change in
contraction amplitude caused by stimulation frequency does
not modify the contraction and relaxation rates. Figure 4A

FIG. 1. Effect of 10 modulators on nerve-evoked contractions of the
gastric mill 4 (gm4) muscle. The dorsal gastric nerve (dgn) was stimulated
at 20 Hz for 1 s. Muscle contraction was monitored with a movement
transducer in control saline and in saline containing the modulator indicated.
Each modulator was tested on a separate neuromuscular preparation. Seroto-
nin, dopamine, octopamine, TNRNFLRFamide, red pigment concentrating
hormone, proctolin, and crustacean cardioactive peptide were applied at
1007 M, and SDRNFLRFamide, D-allatostatin-3 (AST), and histamine
were applied at 1006 M. Vertical scale bar: 1 mm AST and histamine; 2
mm all others.

viously shown for a muscle innervated by the LP neuron
that CCAP was more effective in increasing contraction am-
plitude at low frequencies of motor neuron discharge than
at high frequencies (Weimann et al. 1997). Therefore we
wanted to determine the extent of modulation of muscle
contraction at different frequencies of motor neuron stimula-
tion.
We studied the effects of TNRNFLRFamide, proctolin,

serotonin, dopamine, and AST on gm4 contractions evoked
by nerve stimulation in 0.5 s trains at 10, 20, 30, and 40
Hz (Fig. 3) . Proctolin and TNRNFLRFamide were more
effective at potentiating the contractions at 10 Hz than at 40 FIG. 2. Effect of modulators on nerve-evoked contractions. Modulators
Hz. In contrast, serotonin was more effective at 40 Hz than at were bath applied at 1007 M except for SDRNFLRFamide, histamine, and

AST, which were bath applied at 1006 M. These concentrations were selected10 Hz. AST was more effective at decreasing the contraction
to elicit maximum effects on contractions. These data summarize results ofamplitude at 10 Hz than at 40 Hz. A two-way analysis of
experiments in which the preparations were stimulated at 10–20 Hz for 1–variance (ANOVA) showed a strong interaction between 2 s. Results are expressed as percent change in peak contraction for each

modulators and frequency of stimulation [F(9,63) Å 3.61, preparation, values are expressed as means { SE. The number of prepara-
tions is indicated in parentheses above each bar.P ° 0.001]. The modulatory actions at 40 Hz were signifi-
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FIG. 3. Frequency dependence of percent change in
contraction for 5 different modulators. The dgn was
stimulated from 10–40 Hz for 0.5 s, and muscle contrac-
tion was monitored. TNRNFLRFamide (TNRN), sero-
tonin (5-HT), proctolin (PROC), dopamine (DA), or
AST were bath applied at 1007 M in separate neuromus-
cular preparations. Histograms show pooled data for 7
preparations for each modulator. Error bars are SE. *:
statistically significant differences in mean values (by
paired t-tests subsequent to analysis of variance) when
compared with 10 Hz. * P õ 0.05; ** P õ 0.01; ***
P õ 0.001.

also shows that, when the responses to serotonin and proc- Changes in relaxation time are usually attributed to direct
effects of modulators on the excitation–contraction couplingtolin are compared with their controls (by scaling their am-

plitudes) , neither serotonin nor proctolin altered the time processes in muscle, suggesting that at least some of the fre-
quency-dependent modulator actions were direct effects on thecourse of contraction, but serotonin decreased the relaxation

time and proctolin increased it. Data for other modulators muscle itself. However, we wished to determine whether the
modulation of EJP amplitude also depended on the frequency(Fig. 4B) indicate that dopamine, like serotonin, decreased

the relaxation time significantly, and TNRNFLRFamide, like of nerve stimulation and, if so, whether this might contribute
to the frequency dependence of the effects of modulators onproctolin, increased it. The effects of AST were variable and

did not reach significance. the amplitude of the peak contraction (Fig. 3). To this end,

FIG. 4. Modulation of gm4 muscle relax-
ation time. A : pairs of traces were scaled so
that they have the same amplitude to allow
comparison of the waveforms. Left : muscle
contractions produced by stimulation at 20
Hz and 40 Hz for 1 s show no change in
contraction or relaxation time. In the pres-
ence of serotonin (middle) there is a decrease
in relaxation time, whereas in proctolin
(right) there is an increase in relaxation time.
B : percent change in gm4 relaxation time
caused by application of TNRNFLRFamide
(n Å 6), serotonin (n Å 7), proctolin (n Å
8), dopamine (n Å 9), and AST (n Å 6).
The muscle contractions were generated by
1 s of 20-Hz stimulation. The relaxation time
is defined as the time for the muscle to relax
from the maximum to 10% of the maximum
contraction length. Error bars are SE. Paired
t-tests were used to compare the control and
modulated relaxation times for each sub-
stance to determine significance (symbols as
in Fig. 3) .
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of proctolin and serotonin on the amplitude of EJPs evoked
at frequencies from 10 to 40 Hz.
Figure 6 shows the percent increase in amplitude produced

by serotonin and proctolin on peak depolarizations evoked
by 0.5-s trains at 10, 20, 30, and 40 Hz. In neither case was
there a statistically significant difference in the effects of the
modulators as a function of the frequency of stimulation.
Figure 3 shows that serotonin is most effective on contrac-
tion amplitudes at high frequencies of stimulation, whereas
Fig. 6 shows a tendency in the opposite direction. Proctolin
enhances contraction amplitude more effectively at low fre-
quencies (Fig. 3) , and, although Fig. 6 shows a tendency
in the same direction, the extent of this tendency (if it is
real) is relatively small. Therefore we conclude that the
frequency-dependent effects of the neuromodulators on con-
traction (Fig. 3) are unlikely to result from frequency-depen-
dent effects of the modulators on EJP amplitude.

Do the modulators directly influence facilitation?

Some of the stomatogastric neuromuscular junctions display
considerable facilitation. As part of the our study of the effects
of modulators on the gm4 EJPs, we noted that some of the
modulators appeared to influence the degree of facilitation of
the EJPs. Figure 7, top panel , shows the effects of serotonin
on EJPs evoked at 5 and 10 Hz in the gm4 muscle. The ratios
of the first EJP in the train to the last EJP in the train in the
absence and presence of serotonin are different, suggesting a

FIG. 5. Effect of 5 different modulators on nerve-evoked evoked excit-
atory junctional potentials (EJPs) . Left : nerve-evoked EJPs at 10 Hz for
2 s under control saline. Right: EJPs in response to the same train with the
modulator indicated.

we studied the effects of modulators on the amplitude of EJPs
and on short-term plasticity (in this case facilitation).

Modulators alter the amplitude of EJPs

Figure 5 shows the effect of five different modulators on
nerve-evoked EJPs in the gm4 muscle. TNRNFLRFamide,
serotonin, proctolin, and dopamine increased the amplitude
of the peak depolarization evoked by the train of stimuli,
and AST slightly decreased the peak membrane potential.
These changes are smaller than the percentage changes seen
in the contraction recordings (Figs. 1 and 2) but are in the

FIG. 6. Effect of stimulation frequency on modulation of peak postjunc-same direction. Because the relationship between muscle
tional depolarization. The dgn was stimulated for 1 s at 10, 20, 30, and 40depolarization and contraction is not necessarily linear, this
Hz in control saline or in the presence of either proctolin ( top) or serotonindoes not rule out the possibility that the effects of the modu- (bottom) . The plot shows the mean percent increase in peak postjunctional

lators on contraction are a direct consequence of the altered depolarization for 5 experiments. The line is the best linear fit to these
points.change in EJP amplitude. Therefore we measured the effects
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FIG. 7. Effect of serotonin on gm4 and
gm6. Top traces : nerve-evoked EJPs in the
gm4 muscle in control saline and with 1007

M serotonin at 5 and 10 Hz for 1 s. The
baseline membrane potentials for the traces
are (from left to right)060,063,060, and
061 mV. Bottom traces : same sequence for
the gm6 muscle. The baseline membrane
potential for all traces was 061 mV.

modulation of facilitation. For example, in the 5-Hz traces in of facilitation, reflecting both the amplitude and time course,
is the area under the facilitation curve, the shaded region inFig. 7, the ratio of the last to first EJPs in the train was 1.6

in control saline and 1.1 in the presence of serotonin. We Fig. 8. This area provides us with a facilitation index equal
to f tF . Note that this is a different definition of the facilita-wished to study this further, but noted that the extent of facilita-

tion seen in the gm4 junction is relatively modest compared tion index than is often used. This definition is preferable
because it is independent of a specific stimulus paradigm.with that seen in other neuromuscular junctions of the stomato-

gastric nervous system. Therefore for the following analyses Figure 9 shows the use of this approach to quantify the
we chose to examine neuromuscular junctions of both gm4 effect of serotonin on the strength of the initial EJP and on
(which shows modest facilitation) and gm6. Figure 7 shows the facilitation for both gm4 and gm6. In both control and
that gm6 displays considerable facilitation (compare the ampli- modulated conditions, gm4 showed a large unitary EJP am-
tude of the first and last EJPs in the train) and also responds plitude and a small facilitation index. In contrast, gm6
to serotonin. showed a small unitary EJP amplitude with much larger

facilitation index. In both muscles, serotonin increased theThe method (Sen et al. 1996) used to characterize quanti-
tatively the effects of the modulators on facilitation in these unitary EJP amplitude and decreased the facilitation index.

In pooled data from gm4, serotonin (n Å 6) increased synap-muscles is illustrated in Fig. 8 and described in the METHODS.
Figure 8, top traces , shows the responses of a gm4 muscle tic strength 30% (P ° 0.005) and decreased the facilitation

index 43% (P° 0.003). In gm6, serotonin (nÅ 6) increasedfiber evoked by a train of impulses at 5 and 10 Hz. In
response to the 5-Hz stimulus, the EJPs show significant the synaptic strength 49% (P ° 0.03) and decreased the

facilitation index 17% (P ° 0.01).facilitation (the EJP amplitude at the end of the train is
larger than the EJP amplitude at the beginning of the train) We also studied the effects of AST and proctolin on these

two muscles. AST (n Å 11) had no significant effect on eitherbut relatively little temporal summation. In contrast, the train
of stimuli at 10 Hz produced both facilitation and temporal synaptic strength (P Å 0.2) or the facilitation index (P Å 0.4)

in gm4. In contrast, AST (n Å 8) significantly decreased thesummation (the individual EJPs ride on a significant baseline
depolarization). To extract the amplitude of the EJPs them- synaptic strength 45% (P° 0.02) and increased the facilitation

index 64% (P ° 0.004) of EJPs in the gm6 muscle. In gm4,selves independently of the effects of temporal summation,
the EJP amplitude was measured on a vertical line dropped proctolin (n Å 9) increased the synaptic strength 35% (P °

0.01) and but did not have a significant effect on the facilitationfrom the peak of the EJP to the extrapolated exponential
decay of the previous EJP. These amplitudes are plotted as index (PÅ 0.09). In gm6, proctolin (nÅ 3) had no significant

effect on either synaptic strength (P Å 0.4) or the facilitationthe vertical lines below the EJP traces.
index (P Å 0.3).To study the EJPs in response to a train of spikes with a

variety of interspike intervals, we stimulated the neuromus- As noted before, gm4 had a large unitary EJP amplitude
and a small facilitation index, whereas gm6 had a smallcular junction with a Poisson spike train. The approach pre-

sented in METHODS provided an excellent fit of the EJP am- unitary EJP amplitude and a larger facilitation index. Large
changes in the unitary EJP amplitude produced by modula-plitudes in response to the Poisson train (Fig. 8) . The param-

eter A0 provides a measure of the baseline strength of the tors were usually accompanied by a change in the facilitation
index, with increases in synaptic strength accompanied bysynapse, and f and tF characterized the amplitude and time

course of facilitation, respectively. The curve bounding the a decrease in the facilitation index and the converse. These
observations suggest an inverse relationship between the fa-shaded region in Fig. 8 shows the facilitation evoked by a

single presynaptic action potential (F Å 1 / f Å 1.05) and cilitation index and the unitary EJP amplitude. Figure 10 is
a plot of the facilitation index versus synaptic strength, forthe time course of recovery from this facilitation (exponen-

tial with tF Å 3.36 s) . A single measure of the total degree both the gm4 and gm6 muscles, in the presence and absence
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FIG. 8. Measuring and modeling facili-
tation. Top panel : nerve-evoked EJPs in a
gm4 muscle at 5 Hz (baseline membrane
potential, Vm Å 060 mV) and 10 Hz (Vm Å
060 mV) for 1 s. Amplitudes of the EJPs
extracted from these traces are shown be-
low them. Middle panel : nerve-evoked
EJPs in response to a 20 s long 4-Hz Pois-
son train (Vm Å 060 mV). Below that are
the extracted EJP amplitudes (sticks) and
the fit of these amplitudes (squares) . Bot-
tom panel : strength parameter A0 and the
facilitation function fexp(0t /tF) . The area
under the facilitation function (shaded re-
gion) in milliseconds is shown on the right
and is used as an overall measure of the
degree of facilitation. The parameters of the
fit were A0 Å 6.23 mV, f Å 0.05, and tF Å
3.36 s. The root-mean-square (RMS) error
in the fit was 5.6%.

of the modulators. This plot shows the inverse relationship neuron discharges were studied, each modulator would be
found to be optimally effective for a specific pattern of pre-between the facilitation index at a neuromuscular junction

and the strength of EJP. A striking feature of this relationship synaptic activity.
Movements of the crab stomach are controlled by ú40(Fig. 10) is that values corresponding to control groups as

well as groups with modulators for both muscles appear to pairs of muscles, each of which shows different frequency-
dependent properties (Govind et al. 1975; Katz et al. 1993).lie on the same curve.
Our present knowledge of the modulation of stomach mus-
cles is incomplete but suggests that each of these musclesD I S CU S S I ON
may respond to a different subset (Jorge-Rivera 1997; Jorge-

When are multiple modulators redundant? Rivera and Marder 1996, 1997; Lingle 1981; Meyrand and
Marder 1991) of the ú15 substances that are likely to beIt is remarkable that at least eight different neuromodula-
released into the hemolymph (Christie et al. 1995; Cooketory substances increase the amplitude of nerve-evoked con-
and Goldstone 1970; Keller 1992). Therefore, even if twotractions in the gm4 muscle. At first glance, it is reasonable
substances produced truly redundant actions on a single mus-to assume that these substances are in some sense redundant,
cle, it is likely that by acting on different subsets of muscleswhich may provide, as is often posited, a kind of biological
they could produce widely different alterations of stomachsafety net in case of loss of one or several of these modula-
movements.tors. However, when modulator effects are studied in the

frequency domain, much of the apparent redundancy disap- Modulator interactionspears. The frequencies we employed represent a subset of
the complete range of activity patterns of the DG motor In the experiments reported here, the modulators were

studied separately. This was done to remove any potentialneuron. It is possible that, if the complete range of motor

J222-8/ 9k2e$$no38 10-29-98 10:12:10 neupa LP-Neurophys



JORGE-RIVERA, SEN, BIRMINGHAM, ABBOTT, AND MARDER2566

FIG. 9. Comparison of the effect of serotonin on gm4 and gm6. Top traces : EJP amplitudes in a gm4 muscle (sticks) in
response to a 4-Hz Poisson train for 20 s under control saline (Vm Å 060 mV) and serotonin (Vm Å 060 mV) and the model
fit (squares) . The parameters of the fit for the control trace were A0Å 6.23, f Å 0.05, and tF Å 3.36 s. The RMS error in
the fit was 5.6%. The parameters for the fit with serotonin were AoÅ 9.29, f Å 0.025, and tF Å 2.83 s. The RMS error in
the fit was 6.9%. Bottom traces : EJP amplitudes in a gm6 muscle (sticks) in response to a 4-Hz Poisson train for 20 s under
control saline (Vm Å 069 mV) and serotonin (Vm Å 067 mV) and the fit (circles) . The parameters of the fit for the control
trace were A0Å 0.97, f Å 0.66, and tF Å 2.16 s. The RMS error in the fit was 6.7%. The parameters for the fit with serotonin
were A0Å 1.58, f Å 0.42, and tF Å 2.40 s. The RMS error in the fit was 8.7%.

complications produced by long-lasting modulatory actions application critical. These experiments used high concentra-
tions of modulators to produce almost saturating responses.that could then alter the effects of modulators applied subse-

quently or that could make the exact order of modulator However, previous work on many of these same substances
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FIG. 10. Plot of facilitation index as a function
of the amplitude of the initial EJP, the synaptic
strength factor A0 . Control gm4, filled squares; con-
trol gm6, filled circles; serotonin gm4, open squares;
proctolin gm4, crossed squares; serotonin gm6, open
circles; AST gm6, crossed circles. Only the modula-
tors that had a statistically significant effect on the
2 muscles are shown. The line is the best fit of an
inverse function of synaptic strength.

has shown that their threshold concentrations for physiologi- neuron. CCAP acts directly on the LP neuron and on its
neuromuscular junctions (Weimann et al. 1997). When acal actions on neuromuscular junctions are in the 10010 to

1009 M range (Jorge-Rivera 1997; Jorge-Rivera and Marder neuromodulator changes the discharge pattern of a motor
neuron, this produces an immediate change in movement1996, 1997; Weimann et al. 1997). As each modulator has

a unique dose dependence of its action, and some may con- because movement depends on the number and duration of
the impulse bursts in the motor neuron (Jorge-Rivera andverge on either receptors or second messenger systems

(Brezina et al. 1996), it is difficult to assess how mixtures Marder 1996; Morris and Hooper 1997; Weimann et al.
1997). The effects of neuromuscular modulation must thenof low concentrations of modulators might act. Low concen-

trations of one peptide may alter the response to a second be superimposed onto the changes in contraction that result
directly from the alterations in motor pattern.peptide (Dickinson et al. 1997). Therefore, in the animal,

long-lasting responses to one modulator may shape the re-
sponse of these neuromuscular junctions to other modulatory The frequency dependence of modulators on muscle
substances. It is likely that several of these substances are contraction is not simply a consequence of the effects of
simultaneously in the hemolymph. In the blue crab Calli- modulators on EJP amplitudes
nectes sapidus unique combinations of proctolin, dopamine, Numerous studies documented modulation of motor func-and octopamine shape three different rhythmic motor behav- tion at multiple sites, including the presynaptic terminals,iors produced by the same appendages (Wood 1995). postsynaptic membranes, and contractile apparatus (Brezina

et al. 1994a,b, 1996; Calabrese 1989; Evans and Meyers
Coordinating modulator actions on motor patterns and 1986; Worden et al. 1995). Our data argue that direct effects
movements of the modulators on excitation–contraction coupling (or

some postsynaptic action downstream from EJP amplitude)The motor patterns that are produced by the STG undergo are responsible for the strong frequency dependence of thedramatic changes in the presence of modulators (Bal et al. modulators on contraction amplitude because the effects on1994; Blitz et al. 1995; Christie et al. 1997; Elson and Selver- muscle contraction are significantly larger than would beston 1992; Flamm and Harris-Warrick 1986a; Hooper and expected from the changes in EJP amplitude produced byMarder 1987; Marder and Calabrese 1996; Marder and modulators. The apparent discrepancy between the fre-Hooper 1985; Marder et al. 1986; Nusbaum and Marder quency dependence of the actions of serotonin on EJPs and1988, 1989a,b; Skiebe and Schneider 1994; Weimann and evoked contractions further supports the assertion that sero-Marder 1994; Weimann et al. 1993, 1997). All of the modu- tonin acts directly on the process of excitation–contractionlatory substances studied in this paper, except for CCAP, coupling.are also found in modulatory projection neurons that send
processes into the crab STG (Marder et al. 1986; 1987; Measuring facilitationNusbaum and Marder 1988, 1989a,b; Skiebe and Schneider
1994; Weimann et al. 1993), and all of these substances, We used a descriptive modeling method (Sen et al. 1996)

to predict the amplitude of any EJP evoked by an arbitraryincluding CCAP (Weimann et al. 1997), alter the motor
patterns produced by the STG. pattern of presynaptic activation. To make the comparisons

of facilitation, we computed a facilitation index that effec-Some modulators act directly on both the motor neuron
within the pattern-generating networks of the STG and its tively collapses into one number the amplitude and time

course of the measured facilitation. This allowed us to seeneuromuscular junction. For example, SDRNFLRFamide ac-
tivates plateau potentials in the DG neuron (Weimann et al. the relationship between initial EJP amplitude and facilita-

tion (Fig. 10).1993) and acts on the gm4 muscle innervated by the DG
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Relationship between facilitation and response amplitude et al. 1997) may be consequences of an alteration in release
probability, not changes in the kinetics of facilitation.
The relationship plotted in Fig. 10 has interesting func-Crustacean neuromuscular junctions have long been used

tional consequences. When the amplitude of the unitary syn-to study synaptic integration (Atwood and Wojtowicz 1986;
aptic potential is approximately ¢5 mV, there will be rela-Dudel and Kuffler 1961). The EJPs recorded here are the
tively few frequency-dependent changes caused by facilita-result of neurotransmitter released over a number of spatially
tion. However, for synaptic potentials this large, at highseparated sites from branches of a single motor neuron over
frequencies of stimulation, the effect of summation will bethe surface of the large muscle fiber. In this organization,
considerable. Therefore, after the first few impulses, thethe multiterminal innervation replaces active membrane
membrane potential produced by a train of impulses willproperties of vertebrate muscles to ensure that the entire
depend more on the motor neuron firing rate than on themuscle fiber is depolarized and therefore will contract. Focal
duration of the train (Morris and Hooper 1997). In contrast,recordings from some stomatogastric muscles close to indi-
when the initial unitary synaptic potential is õ2 mV, thevidual terminals show considerable quantal fluctuation and
effects of facilitation and firing frequency will be dramatic,failures at low stimulus rates (Lingle et al. 1981; Marder
but the effects of summation will be smaller. In this case,1976). At higher stimulus frequencies, the number of fail-
the final membrane potential will depend critically on trainures decreases as the amplitude of the focally recorded po-
duration as well as on its frequency.tentials increases, arguing that, as is the case for many crusta-

cean synapses, facilitation is associated with increases in the
probability of neurotransmitter release (Tank et al. 1995; This work was supported by National Institute of Neurological Disorders

and Stroke Grant NS-17813, National Science Foundation Grant IBN-Worden et al. 1997). Our data are consistent with earlier
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