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Numerous modulatory fibers control the output of the pyloric 
and gastric mill neural networks in the crustacean stoma- 
togastric ganglion (STG). We now describe the first results 
of intracellular recordings from the axon of one of these input 
neurons, stomatogastric nerve axon 1 (SNAX l), close to 
where it enters the STG. SNAX 1 excites both the pyloric 
and gastric mill rhythms and is identified on the basis of its 
synaptic interactions with identified STG neurons. SNAX 1 
receives synaptic input from several sources within the STG. 
As a result of these synaptic inputs, SNAX 1 fires bursts of 
action potentials that are time-locked to both the pyloric and 
gastric mill rhythms. The synaptic connections made onto 
the SNAX axon terminals are likely to play important roles 
in shaping the impulse activity patterns in these modulatory 
inputs. Thus, the fibers that modulate the pattern-generating 
networks in the STG are themselves influenced by elements 
in these networks, and modulation is a dynamic interaction 
between input fibers and STG neurons. 

A large body of work has shown that many modulatory inputs 
influence the activity patterns of rhythmically active neural net- 
works (Harris-Warrick and Marder, 199 1). For example, mod- 
ulatory input fibers from other ganglia exert considerable influ- 
ence on the activity of the pyloric and gastric mill rhythms of 
the stomatogastric ganglion (STG) of decapod crustaceans. These 
fibers all enter the STG via the stomatogastric nerve (stn), which 
is the sole connection between the STG and the rest of the CNS. 
In the crab Cancer borealis, there are about 60 fibers of large 
and medium diameter in the stn (M. J. Coleman, M. P. Nus- 
baum, I. Coumil, and B. J. Claibome, unpublished observa- 
tions), of which 10 originate from somata in the STG. Most of 
the remaining fibers originate from somata in the commissural 
(COG) and esophageal (OG) ganglia, and are likely to provide 
modulatory inputs to the STG. 

Single modulatory neurons can activate entire networks of 
neurons and can play major roles in shaping the motor patterns 
of the STG (Sigvardt and Mulloney, 1982a,b; Nagy and Dick- 
inson, 1983; Nusbaum and Marder, 1989a,b; Dickinson et al., 
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1990; Meyrand et al., 199 1). Previously identified modulatory 
neurons in this system include the inferior ventricular neurons 
(Dando and Selverston, 1972; Claibome and Selverston, 1984), 
the anterior pyloric modulator (Dickinson and Nagy, 1983; Nagy 
and Dickinson, 1983), the commissural gastric neurons (Rob- 
ertson and Moulins, 1984; Simmers and Moulins, 1988a,b), the 
modulatory proctolin-containing neurons (Nusbaum and Mar- 
der, 1989a,b), the gastro/pyloric receptor neurons (Katz et al., 
1989; Katz and Harris-Warrick, 1990), and the pyloric sup- 
pressor neurons (Cazalets et al., 1990; Meyrand et al., 199 1). 
These identified modulatory neurons account for approximately 
15-20 of the axons in the stn. 

The previous work on modulatory neurons employed intra- 
somatic recordings. However, since the somata of these neurons 
are a long distance from the STG, somatic recordings do not 
provide information about potential synaptic interactions at 
their axon terminals in the STG. This limitation of intrasomatic 
recordings is common to many systems. Despite a wealth of 
anatomical and biochemical evidence for presynaptic receptors 
on terminals of CNS neurons, to our knowledge there are no 
previous examples of direct electrophysiological recordings at 
or close to nerve terminals in neurons involved in modulating 
networks. 

In this article, we show intracellular recordings from a newly 
identified, modulatory STG input neuron, at a site electrically 
close to the STG neuropil. These recordings show that there are 
large-amplitude synaptic potentials evoked in the stomatogas- 
tric nerve axon (SNAX) terminals by neurons of the STG. Not 
only do these recordings allow us to study these presynaptic 
contacts, but they also demonstrate that the patterns of activity 
in inputs to the STG are themselves modified by local inter- 
actions between the terminals and the STG neurons. 

Some of these data have appeared previously in abstract form 
(Nusbaum, 1991). 

Materials and Methods 
Animals. Cancer borealis were obtained from Neptune Seafood (Boston, 
MA) and from Marine Biological Laboratory (Woods Hole, MA). Crabs 
were maintained until used in refrigerated (10-I 3”C), aerated aquaria 
with circulating artificial seawater. Data were obtained from 50 male 
crabs weighing between 300 and 800 gm. 

Solutions. C. borealis physiological saline contained (in mmol/liter) 
NaCl, 440; KCl, 11; MgCl,, 26; C&I,, 13; Trizma base, 10; and maleic 
acid, 5; pH 7.4-7.5. Descending impulse activity to the STG was blocked 
in some preparations by applying isotonic (750 mM) sucrose to Vaseline 
wells surrounding either the desheathed stn or both desheathed COGS. 

Anatomy. Intr&ellular Lucifer yellow (LY) dye-fills were made with 
microelectrodes (40-80 MQ) whose tins were filled with 5% LY-CH 
(Sigma or Molecular Probesj in water. The shaft was back-filled with 1 
M LiCI, keeping an air bubble between the two solutions. LY was ion- 
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Figure 1. Schematic illustration of the stomatogastric nervous system, 
including several SNAX axons. The microelectrode is shown at the 
approximate location from which intra-axonal recordings were per- 
formed. dgn, dorsal gastric nerve; dvn, dorsal ventricular nerve; ion, 
inferior esophageal nerve; lvn, lateral ventricular nerve; mvn, medial 
ventricular nerve; son, superior esophageal nerve; stn, stomatogastric 
nerve. 

tophoresed for 5-20 min, using either DC hyperpolarizing current (- 1 
to - 5 nA) or hyperpolarizing current pulses (1 Hz frequency, 500 msec 
duration, - 1 to - 5 nA amplitude). LY-filled whole-mount preparations 
were fixed with 4% paraformaldehyde (in 0.1 M NaPO,, pH 7.3) for 4- 
12 hr. They were then rinsed five times, at 1 hr intervals, with 0.1 M 
NaPO, (pH 7.3). These preparations were mounted with 80% glycerol 
and 20% 20 mM sodium carbonate (pH 9.5) and then viewed and pho- 
tographed with either a Zeiss IM35 or Nikon Optiphot fluorescence 
microscope, equipped with fluorescein optics. 

Electrophysiology. Experiments were performed on the stomatogastric 
nervous system, which includes the paired COGS, the unpaired OG and 
STG ganglia, plus their connecting and motor nerves (Fig. 1). Prepa- 
rations in which the STG remained connected with the COG and OG 
are termed “combined preparations.” For studying gastric mill activity 
we sometimes used a semi-intact, combined preparation in which the 
lateral ventricular nerve innervation to the muscles of the pyloric cham- 
ber and the gastric mill remained intact. In other preparations, the STG 
was disconnected from both the COGS, and OG by either placing a 
sucrose block on the stn or cutting this nerve. In some preparatic&, 
the COGS were individually sucrose blocked, leaving only the OG in 
communication with the STG. 

- _ 

Intracellular and extracellular recordings were made using routine 
methods for the STG (Selverston and Moulins, 1987). STG motor neu- 
rons were identified according to the muscles that they innervate (May- 
nard and Dando, 1974). The crab innervation patterns that we used to 
identify the motor neurons are described in Hooper et al. (1986) and 
Weimann et al. (1991). The stn and all ganglia were desheathed to 
facilitate intracellular recordings. Intracellular recordings were per- 
formed while visualizing the preparation with white light transmitted 
through a dark-field condenser (Leitz). Intracellular recordings from 
STG neurons were made using 4 M K-acetate &&)-filled microelec- 
trodes (15-40 MQ). The first intra-axonal recording in a preparation 
was made with an LY-filled microelectrode, while KAc-filled microe- 
lectrodes were used for subsequent intra-axonal recordings. Data were 
collected on chart recorder (Gould ES1000 or AstroMed TM 95000) 
and RC Electronics Computerscope with a 386125 MHz IBM PC. Prep- 
arations were continuously superfused (7-l 5 ml/min) with physiological 
saline that was cooled to lO-13°C. Bath volume was 5-10 ml. 

Results 
At the entrance to the STG, many of the axons in the desheathed 
stn are readily visualized. Most of these axons have diameters 
in the range of 3-10 pm (Coleman, Nusbaum, Coumil, and 
Claibome, unpublished observations). We found that we could 
visually guide a microelectrode to a particular axon, impale that 
axon, and maintain the intra-axonal recording for as long as 
several hours. The SNAX impalement site was routinely within 
200 pm of the anterior edge of the STG neuropil (Fig. 1). Figure 
2 shows an LY fill of an identified axon, SNAX 1. This figure 
illustrates many of the general features of the stn inputs to the 
STG. As was usual for these dye-fills, the dye traveled anteriorly 

Figure 2. Intracellular LY dye fill of SNAX 1. As the SNAX 1 axon 
enters the STG, it splits into several branches, from which many fine 
processes extend to fill the STG neuropil. Note that within the STG, 
the SNAX 1 arbor is restricted to the neuropil and no cell body is 
labeled. Note also that the SNAX. 1 axon extends anteriorly within the 
stn. SNAX 1 recording and dye-filling site was just anterior to the start 
of the STG neuropil. Scale bar, 100 pm. 

for a considerable distance in the stn, but never traveled far 
enough to reach either the OG or the COGS (Fig. 2). Note also 
that there are no LY-labeled somata in the STG, but the LY- 
labeled terminals of the filled fiber ramify profusely throughout 
the STG neuropil. (In the crab STG, the cell bodies form a 
single-cell layer around the perimeter of the neuropil, as shown 
schematically in Fig. 1). 

We were able to identify reliably at least 10 different SNAX 
axons, and some of these were consistently found in almost all 
experiments. In this article we will focus on the properties of 
SNAX 1, which is identified on the basis of a series of physi- 
ological and anatomical criteria, as we describe below. 

Identification of SNAX 1 
The axon we call SNAX 1 has strong physiological actions on 
the STG networks, and it receives synaptic inputs from iden- 
tified STG neurons. SNAX 1 typically has a resting potential of 
about -60 mV, and its action potential is often overshooting. 
The SNAX 1 action potential can be recorded extracellularly 
from the stn (Fig. 3A), where its action potential amplitude is 
similar to that of the pyloric pacemaker neuron, the anterior 
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Figure 3. Electrophysiological determination of the SNAX 1 axon 
pathway. A, Superimposed oscilloscope sweeps triggered by SNAX 1 
action potentials that were elicited by intracellular depolarizing current 
injection. Each intracellularly recorded SNAX 1 action potential was 
followed by a time-locked, extracellularly recorded action potential that 
occurred first in the stn and then in the right ion. B, Superimposed 
oscilloscope sweeps showing the result of brief (0.5 msec duration) ex- 
tracellular stimulation of the right ion that was above threshold for 
eliciting an SNAX 1 action potential. Each ion stimulation was followed 
by an action potential recorded first in the extracellular stn recording 
(arrowhead) and then in the intracellular SNAX 1 recording. A large- 
amplitude stimulus artifact is evident in the stn recording. A and B are 
from the same preparation. Extracellular stn recording site was anterior 
(toward the superior esophageal nerve/stn junction) to the intracellular 
SNAX 1 recording site. 

burster (AB) neuron. The SNAX 1 action potential is recorded, 
as a medium-sized unit, in only one of the inferior esophageal 
nerves (ions) (Fig. 3A) and in neither of the superior esophageal 
nerves. Brief (0.5 msec) shocks of the appropriate ion elicited 
the SNAX 1 action potential. Following each ion stimulation, 

the SNAX 1 action potential was recorded first in the extracel- 
lular stn recording, and then intracellularly in the axon close to 
the STG (Fig. 3B). 

SNAX 1 strongly excites the pyloric rhythm if the preparation 
is relatively quiet before SNAX 1 is stimulated. For example, 
in the experiment shown in Figure 4, the extracellular recording 
of the dorsal ventricular nerve (dvn) shows slow and irregular 
firing before SNAX 1 was stimulated. When SNAX 1 was de- 
polarized to fire action potentials, a full pyloric rhythm was 
elicited. This can be seen as rhythmic bursts of alternating ac- 
tivity in the lateral pyloric (LP; large unit on the dvn) and pyloric 
dilator (PD; medium-sized unit) neurons. In this preparation, 
the STG was isolated by transecting the stn, demonstrating that 
SNAX 1 has a spike initiation site close to the STG. Despite 
constant intracellular depolarization of SNAX 1, the impulse 
activity of this axon was periodically interrupted (Fig. 4). These 
interruptions originated from two sources. SNAX 1 activity 
decreased during each PD neuron burst, and it also received 
large-amplitude IPSPs that were not time-locked to the pyloric 
rhythm but were from the lateral gastric (LG) neuron. 

SNAX 1 also has strong excitatory effects on gastric mill neu- 
rons. For example, intracellular depolarization of SNAX 1 ex- 
cites the LG and dorsal gastric (DG) neurons (Fig. 5). Note that 
SNAX 1 activity depolarized the DG neuron sufficiently for it 
to fire action potentials during the entire time that SNAX 1 
remained active. In all preparations (n = 5) in which we made 
simultaneous intracellular recordings from SNAX 1 and DG, 
SNAX 1 excitation of DG was never accompanied by discem- 
able PSPs. However, SNAX 1 evoked clear EPSPs in the LG 
neuron (Fig. 5). Figure 5 also shows that SNAX 1 continued to 
fire action potentials after the stimulation was terminated and 
that these impulses were interrupted during each PD neuron 
burst. This spontaneous activity was sufficient to maintain DG 
neuron impulse activity until SNAX 1 stopped firing. 

Synaptic interactions between SNAX I and LG 

The EPSPs evoked by SNAX 1 in LG follow every SNAX 1 
action potential with a short and constant latency (Fig. 6A). In 
some recordings from LG we also recorded a fast, small-am- 
plitude depolarization that preceded the EPSP and occurred 
simultaneously to the action potential in SNAX 1, suggesting 
that this might be a coupling potential from LG. Further evi- 

dvn 

SNAX 1 

Figure 4. SNAX 1 initiates the pyloric rhythm in a completely isolated STG. Impulse activity in SNAX 1, resulting from constant-amplitude 
depolarizing current injection into SNAX 1 for the duration of its activity, activated the pyloric rhythm. Rhythmic pyloric activity, recorded 
extracellularly in the dvn, is represented here by the activity of two pyloric neurons, the LP and PD neurons. SNAX 1 resting potential was -65 
mV. STG was isolated by transecting the stn anteriorly to the SNAX 1 recording site. 



The Journal of Neuroscience, July 1992, f2(7) 2709 

dvn 

i v 

dence that supported the possibility that LG and SNAX 1 are was also hyperpolarized until the termination of current injec- 
electrically coupled is shown in Figure 6B. Here, hyperpolarizing tion into LG. The LG-mediated IPSP was more effective than 
current pulses applied to SNAX 1 resulted in hyperpolarization the LG-mediated EPSP in influencing the activity level of SNAX 
of the LG neuron. Both the hyperpolarizing “coupling poten- 1. As a result, SNAX 1 activity decreased during LG neuron 
tials” and the rapid small-amplitude (1 mV) depolarizations, activity. For example, as shown in Figure 8, a burst of impulses 
but not the EPSPs, persisted in saline containing 20 mM Co2+ in LG suppressed the impulse activity of SNAX 1. Thus, LG 
and 1.3 mM Ca2+ (0.1 N) to suppress chemical synaptic trans- appears to be electrically coupled to the STG terminals of SNAX 
mission. 1 and also to inhibit these terminals synaptically. 

SNAX 1 received synaptic potentials from the LG neuron. 
Each LG action potential evoked a short, constant-latency, small- 
amplitude EPSP that was followed immediately by an IPSP in 
SNAX 1 (Fig. 7A). The short latency of the EPSP from LG to 
SNAX 1 suggested that it might be an electrotonic potential. In 
fact, when hyperpolarizing current was injected into LG, in 
either normal saline (Fig. 7B) or 20 mM Co*+ saline, SNAX 1 

In summary, an stn fiber is called SNAX 1 if it excites LG 
and DG, receives an EPSP/IPSP from LG, exhibits small-am- 
plitude membrane potential oscillations that are time-locked to 
an ongoing pyloric rhythm, and excites an initially silent or weak 
pyloric rhythm. All of these criteria have been met in every 
preparation (> 20) in which we have identified SNAX 1. There 
appear to be two SNAX 1 neurons in the stn, with each one 

Figure 5. Intracellular stimulation of 
SNAX I (between arrowheads) excites 
the LG and DG neurons, and strength- 
ens the pyloric rhythm (dvn). The larg- 
est unit in the dvn recording is the LG 
neuron. The small- and medium-sized, 
rhythmically active units in the dvn are 
the pyloric (PY) constrictor and PD 
neurons, respectively. Following ter- 
mination of SNAX 1 stimulation, SNAX 
1 impulse activity persisted and con- 
tinued to influence LG, DG, and the 
pyloric rhythm. Post-stimulus activity 
in SNAX 1 was time-locked to the py- 
loric rhythm. SNAX 1 resting potential 

10mV 
-I 

was -60 mV. Recordings were from a 
combined preparation. The peaks of the 

2s 
SNAX 1 action potentials were clipped 
by the chart recorder. 

Figure 6. SNAX 1 synaptic effects on 
the LG neuron. A, Five superimposed 
sweeps triggered by SNAX 1 action po- 
tentials, each elicited by intracellular 
stimulation. Each SNAX I action po- 
tential caused, in LG, the appearance 
of a small-amplitude depolarizing po- 
tential with no measureable latency, 
followed by a short-latency EPSP. Rest- 
ing potentials: SNAX 1, -44 mV, LG, 
-52 mV. Preparation was a completely 
isolated STG. B, Constant-amplitude 
(-3 nA) and constant-duration (500 
msec) hyperpolarizing current pulses 
injected into SNAX I (resting potential, 
-62 mV) each caused a hyperpolariza- 
tion in LG (resting potential, -52 mV). 
Recordings were from a combined 
preparation. A and B are from different 
preparations. 
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Figure 7. LG neuron synaptic effects onto SNAX 1. A, Five superimposed sweeps triggered by LG action potentials, each elicited by intracellular 
stimulation. Each LG action potential caused, in SNAX I, the appearance of a small-amplitude depolarizing potential with no measureable latency, 
followed by a short-latency IPSP. Resting potentials: LG, -48 mV; SNAX 1, -41 mV. Recordings were from a completely isolated STG. B, 
Hyperpolarizing current (-4 nA, arrowheads) injected into LG (resting potential, - 52 mV) caused a hyperpolarization in SNAX I (resting potential, 
-45 mV). SNAX I fired action potentials (peaks clipped by chart recorder) upon rebound from hyperpolarization, producing EPSPs in LG. Small- 
amplitude membrane potential oscillations in SNAX 1 represent rhythmic inhibition from the pyloric rhythm. Recordings were from a combined 
preparation. A is from the same preparation as Figure 6A. A and B are from different preparations. 

extending anteriorly in the stn and then extending into one of 
the ions. In one experiment, we obtained simultaneous record- 
ings from two different SNAX 1 axons and found no evidence 
of interactions between them. In no preparation have we found 
more than two SNAX 1 axons, nor have we recorded from 
another SNAX that was difficult to distinguish from SNAX 1. 

AB 

SNAXl 

LG 

i I 6mV 

:% --l 
1s 

Figure 8. LG neuron inhibition of SNAX 1 is functionally effective. 
Intracellular stimulation of LG (arrowheads) caused a sustained hyper- 
polarization that suppressed pyloric-timed impulse activity in SNAX 1 
(SNAX 1 resting potential, -45 mV), EPSPs/IPSPs are evident in SNAX 
I during LG stimulation. Pyloric rhythm was monitored by intracellular 
recording of the AB neuron, the pyloric pacemaker neuron. The mem- 
brane potential range of the slow wave oscillations in neuron AB was 
-40 mV (peak) to -60 mV (trough). The slow wave oscillations in the 
LG neuron ranged from -42 mV (peak) to -52 mV (trough). 

SNAX 1 excites the gastric mill rhythm 
The ability of SNAX 1 to excite several gastric mill neurons 
suggested that SNAX 1 might also activate the gastric mill 
rhythm. Indeed, in either semi-intact or combined preparations, 
SNAX 1 did initiate the gastric mill rhythm. In the experiment 
shown in Figure 9A, there was an ongoing pylotic rhythm in 
the absence of SNAX 1 stimulation, but no ongoing gastric mill 
rhythm. The gastric mill neurons were either tonically active 
(e.g., GM) or silent (e.g., DG, large unit in the right-hand dgn 
recording in Fig. 9B, and LG). When SNAX 1 was depolarized 
(Fig. 9B), the gastric mill rhythm was activated for the duration 
of SNAX 1 stimulation. The DG, GM, and LG neurons fired 
in a vigorous gastric mill rhythm and the pyloric IC neuron was 
regularly interrupted during each gastric mill cycle, as has been 
reported previously (Weimann et al., 1991). Rhythmic gastric 
mill activity often stopped within one cycle after SNAX 1 stopped 
firing. 

Even when we steadily depolarized SNAX 1, its activity was 
regularly inhibited at the onset of each LG neuron impulse burst. 
This inhibition was most pronounced at the onset of each LG 
burst and then apparently decreased, because SNAX 1 resumed 
firing before an LG burst ended. However, the SNAX 1 firing 
frequency was consistently highest when LG was not firing ac- 
tion potentials, suggesting that some LG-mediated inhibition 
of SNAX 1 persisted for the duration of LG activity. 

Presynaptic regulation of SNAX 1 activity 

Figures 4 and 9 show that during tonic depolarization of SNAX 
1, its activity was modulated by activity in other neurons. This 
is seen more clearly in Figure 10, which demonstrates strong 
modulation of SNAX 1 activity in phase with both the gastric 
mill and pyloric rhythms. In this experiment, a robust pyloric 
rhythm and a relatively weak gastric mill rhythm were in prog- 
ress in the absence of SNAX 1 activity (Fig. 10A). The pyloric 
rhythm is most readily seen in the dvn recording, where the 
large-amplitude impulse bursts that occur approximately every 
1 set are the pyloric-timed activity of the LP neuron (arrow- 
heads). The pyloric rhythm is also reflected in the small-am- 
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Figure 9. SNAX 1 initiates the gastric mill rhythm and exhibits impulse activity bursts that are time-locked to that rhythm. A, In the absence of 
SNAX 1 activity there was an ongoing pyloric rhythm (inferior cardiac [ZC’j neuron), but no gastric mill rhythm (extr&ellular dgn, intracellular 
gastric mill [GM and LG neurons). B, Several seconds later, during constant-amplitude depolarizing current iniection (+ 1 nA) into SNAX 1, ~vloric 
activity was-strengthened and the gastric mill rhythm was elicited. Despite a cons&t level of stimulition, SNAX 1 impulse activity was rhythmically 
suppressed or reduced. These interruptions resulted from synaptic inhibition from the LG neuron. SNAX I stimulation was begun before, and 
persisted for the duration of, the episode shown in B. SNAX I resting potential, -48 mV. Dorsal gastric (DG) neuron is largest unit in dgn. A and 
B were from the same, semi-intact preparation. 

A. 6. 
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LG 

m 

10mV 
J 
5s 

Figure 10. SNAX 1 enhances the gastric mill rhythm and exhibits patterned impulse activity that is time-locked to both the pyloric and gastric 
mill rhythms. A, When SNAX I was not firing action potentials, there was a vigorous pyloric rhythm (dvn recording: arrowheads mark four 
consecutive LP neuron bursts) and a weak gastric mill rhythm (LG neuron recording). B, When SNAX I was stimulated with constant-amplitude 
depolarizing current (+ 1 nA), the pyloric cycle frequency slowed down and the gastric mill rhythm was strengthened. Despite constant level of 
stimulation, SNAX 1 fired rhythmically with both the gastric mill and pyloric rhythms. SNAX 1 resting potential, -36 mV. A and B were from 
the same, semi-intact preparation. 
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plitude, interburst oscillations in the LG neuron recording. The 
LG recording also shows the frequency of the gastric mill rhythm. 
In the control condition, SNAX 1 received tonic IPSPs from 
an unknown source. Additionally, during each LG neuron burst 
one can see what appears at the slow sweep speed of this figure 
to be a small fuzz of synaptic potentials in SNAX 1. These are 
the EPSP/IPSPs that are caused by LG impulse activity. When 
SNAX 1 was depolarized (Fig. lOB), the pyloric rhythm fre- 
quency was slightly decreased (arrowheads) but the frequency 
and intensity of the gastric mill rhythm were strongly enhanced. 
In this preparation, SNAX 1 fired during the entire duration of 
each episode of LG neuron activity. Note, however, that the 
action potentials occurring at the onset of each such SNAX 1 
impulse burst originate from a more hyperpolarized potential 
than did those occurring later in each burst. This presumably 
reflects the IPSPs that SNAX 1 receives from the LG neuron. 
Additionally, in this preparation, during each LG neuron in- 
terburst interval the SNAX 1 impulse activity is repeatedly 
interrupted in time with each cycle of the pyloric rhythm. 

Discussion 
For many years the notion of a “command” neuron was prev- 
alent. Implicit in the first definitions of “command” neurons 
was that these neurons were part of an unidirectional flow of 
information in which these neurons controlled the output of the 
network upon which they acted. Later work demonstrated that 
the activity pattern of “command elements” was shaped by 
feedback from the pattern-generating network that they influ- 
enced (Weeks, 198 1; Nusbaum and K&tan, 1986; Chiel et al., 
1988; McCrohan, 1988). The recordings from axons of modu- 
latory inputs to the STG allow us to see, for the first time, the 
synaptic connections made onto the modulatory neurons at their 
sites of interaction with their target networks. Knowing that the 
feedback to individual SNAX axons occurs locally within the 
STG will enable us to use this preparation to determine better 
the functional consequences of this feedback. 

Identification of SNAX 1 

We have used intra-axonal recordings to identify and charac- 
terize SNAX 1, a modulatory neuron that extends an axon to 
the STG and, within this ganglion, excites the pyloric and gastric 
mill rhythms in the crab Cancer borealis. There appear to be 
two SNAX 1 neurons, each of which projects to one COG via 
the ion. This conclusion is supported by preliminary anatomical 
data (Coleman, Nusbaum, Coumil, and Claibome, unpublished 
observations) suggesting that there is only one SNAX 1 soma 
in each COG. SNAX 1 does not appear to be any of the pre- 
viously identified STG input neurons. We have also identified 
and begun characterization of SNAX 2-10 (M. P. Nusbaum, 
unpublished observations). 

Are the SNAX axons part of the STG pattern-generating 
net work? 
It has become increasingly difficult to decide when individual 
neurons should be considered members of a pattern-generating 
network (Marder and Weimann, 1992) and this is demonstrated 
by the example of SNAX 1 and the gastric mill network. His- 
torically, the gastric mill network neurons within the STG were 
thought to comprise the entire gastric mill network (Mulloney 
and Selverston, 1974a,b; Selverston and Mulloney, 1974). Sub- 
sequently, neurons in the COGS were found that activated and 
modulated the gastric mill network (Robertson and Moulins, 

1984; Nagy et al., 1988), and which in turn were influenced by 
sensory feedback from gastric mill muscles (Simmers and Mou- 
lins, 1988a,b). Unlike the polysynaptic, multiganglionic path- 
ways previously described (Simmers and Moulins, 1988a,b), the 
interactions between the gastric mill neuron LG and SNAX 1 
are local and occur within the neuropil of the STG. 

SNAX 1 appears to have bidirectional interactions with at 
least one gastric mill neuron and to have direct electrical access 
to the gastric mill network. SNAX 1 receives IPSPs from the 
LG neuron that time-lock SNAX 1 activity to the gastric mill 
rhythm. Because SNAX 1 and LG are electrically coupled, SNAX 
1 has direct electrical access to the gastric mill network. As a 
result of this coupling, the level of polarization in SNAX 1 will 
influence the activity of the gastric network, even when it is not 
firing action potentials (Kepler et al., 1990). Moreover, SNAX 
1 probably provides phasic information as well as modulatory 
input to the gastric mill network, since it evokes discrete EPSPs 
in several gastric mill neurons and a slow excitation in others 
(present results; Nusbaum, unpublished observations). There- 
fore, SNAX 1 is both a modulator and a component of the 
gastric mill network. 

Multiple spike-initiating zones: do modulatory inputs also 
provide eflerence copy? 

Many neurons in the crustacean stomatogastric system have 
multiple spike initiation sites (Vedel and Moulins, 1978; Nus- 
baum and Marder, 1989a; Meyrand et al., 1992). Multiple spike 
initiation sites are also a common feature of neurons in many 
systems (Kom and Bennett, 197 1; Llinas and Nicholson, 197 1; 
Calabrese, 1980; Haydon and Winlow, 1982). Commonly, ac- 
tion potentials in STG input neurons are initiated in the COG 
or OG, or in the periphery, and they propagate to the STG. 
However, all SNAX axons from which we have recorded, in- 
cluding SNAX 1 (Figs. 4, 6A), can also initiate action potentials 
at the STG. If SNAX axons initiate action potentials in the 
STG, they will influence the STG networks, be rhythmically 
shaped by these networks, and also provide efference copy of 
the resulting rhythmic activity to other regions of the nervous 
system. Activation of an SNAX within the STG might result 
from synaptic connections with STG neurons, such as those 
influencing SNAX 1, and/or from the release of a neuromo- 
dulator by a different SNAX. 

Under many circumstances, the alteration of the SNAX 1 
activity pattern by the pyloric and gastric mill networks is likely 
to be restricted to the STG, leaving SNAX 1 activity in other 
regions of the nervous system unaffected. This is because the 
small amplitude of the inhibitory feedback to SNAX 1 is not 
likely to spread effectively to the COGS (which are approximately 
2 cm distant from the STG). Thus, STG input neurons, such as 
SNAX 1, may well be exhibiting different activity patterns, at 
any one time, within their arborizations in different ganglia. 

Role of presynaptic regulation of modulatory inputs 

Presynaptic effects regulate neurotransmission at many levels 
within the nervous system. For example, primary afferent ter- 
minals in many systems receive presynaptic inhibition, via de- 
polarizing and/or hyperpolarizing IPSPs (Solodkin et al., 1984; 
Kirk, 1985; Cattaert et al., 1990). Edwards (1990) showed that 
depolarizing IPSPs effectively reduce the excitability of a neuron 
via several mechanisms. He also suggested that, because de- 
polarizing IPSPs cannot prime a neuron for rebound excitation, 
they would be inappropriate for influencing a rhythmically ac- 
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tive neuron unless that neuron also received synaptic excitation. 
Rhythmically active neurons that receive hyperpolarizing IPSPs 
might fire by postinhibitory rebound (Mulloney and Selverston, 
1974b; Selverston and Mulloney, 1974; Satterlie, 1985) or es- 
cape from inhibition (Angstadt and Calabrese, 1989). The pres- 
ence of hyperpolarizing IPSPs in an SNAX might enable it to 
initiate rhythmic action potential bursts from its STG spike- 
initiating zone, even when that SNAX is not generating action 
potentials in its ganglion of origin. 

Relatively little is known about the presence and function of 
presynaptic influences within neural networks. During fictive 
locomotion in both the cat spinal cord and crayfish nerve cord, 
however, primary afferent terminals receive rhythmic presyn- 
aptic input that appears to originate from activity of the central 
locomotor network (Sillar and Skorupski, 1986; Skorupski and 
Sillar, 1986; Gossard et al., 1989; Cattaert et al., 1990). In these 
preparations it has been suggested that this presynaptic input 
mediates the gating of spinal reflexes that occurs during loco- 
motion. More recently, intra-axonal recordings of spinal inter- 
neurons revealed the presence of membrane potential oscilla- 
tions that were time-locked to the ongoing locomotor rhythm 
in the lamprey (Alford et al., 199 1). However, the source and 
the function of this rhythmic input remain obscure. 

Implications for transmitter release 
Many of the identified STG input neurons (including the SNAX) 
contain both a neuropeptide and a small molecule transmitter 
(Harris-War&k et al., 1992). Therefore, the rhythmic feedback 
onto SNAX may have important consequences for the dynamics 
of small molecule and peptide transmitter release. Neuromo- 
dulation tends to involve relatively long-duration effects that 
extend over many cycles of rhythmic activity, while conven- 
tional transmission has short-lasting effects that influence only 
a fraction of each cycle (Marder and Meyrand, 1989). While the 
long-lasting effects of peptide modulators might not require the 
modulatory neuron to be rhythmically active, this rhythmic 
activity might help maintain appropriate levels of release of that 
peptide. Modulatory peptides are optimally released by rela- 
tively high-frequency firing, and peptidergic neurons often ex- 
hibit rhythmic bursting activity, while small molecule trans- 
mitter release is less sensitive to activity patterns (Cazalis et al., 
1985; Lundberg et al., 1986; Nagano and Cooke, 1987; Bartfai 
et al., 1988; Whim and Lloyd, 1990; Peng and Horn, 1991). 
Therefore, the rhythmic modulation of SNAX by STG inter- 
actions may coordinately optimize the release of a peptide while 
ensuring that a co-released conventional transmitter elicits ap- 
propriately timed phasic effects. 

In conclusion, the electrical proximity of our intra-axonal 
recordings to the sites of synaptic interaction within the STG 
neuropil has enabled us to identify directly the presence, as well 
as the source, of synaptic feedback onto the STG terminals of 
SNAX 1. Our ability to record these events in the STG terminals 
of extrinsic inputs will now enable us to determine directly the 
role of such local circuit interactions in shaping the patterned 
neural output produced by neural network activity. 
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