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Octopamine Modulates the Axons of Modulatory
Projection Neurons
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Octopamine increases the cycle frequency of the pyloric rhythm in the crab Cancer borealis by acting at multiple sites within the
stomatogastric nervous system. The junction between the stomatogastric nerve (stn) and the superior esophageal nerve (son) shows
synaptic structures. When applied only to the stn–son junction, octopamine induced action potentials in the axons of the modulatory
commissural neuron 5 (MCN5) that project from the commissural ganglia to the stomatogastric ganglion (STG). The activation of the
MCN5 neurons was correlated with an increase in the pyloric rhythm frequency. Additionally, octopamine had direct effects on the STG,
including the activation of the pyloric dilator and pyloric neurons, an increase in the pyloric frequency, and a change in the phase
relationships of the pyloric neurons. Thus, the same modulator can influence the pyloric rhythm by acting at multiple sites, including the
axons of identified modulatory neurons that project to the STG. These data demonstrate that axonal propagation may be influenced
locally by neuromodulators acting on axonal receptors, therefore altering the conduction of information from different command and
integrating centers.
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Introduction
The activation and function of central pattern generating circuits
in both invertebrate and vertebrate systems depend on neuro-
modulatory inputs. In numerous systems, descending neuro-
modulatory pathways that release various amines and neuropep-
tides act on elements of central pattern generating circuits to alter
the intrinsic membrane properties of constituent neurons and
the synaptic connections among them. As a consequence of neu-
romodulator action, central pattern generating networks are
configured appropriately to produce behaviorally relevant motor
patterns (Marder and Calabrese, 1996; Marder and Bucher,
2001).

A great deal of insight into the cellular mechanisms and target
neurons underlying neuromodulation of central pattern genera-
tors has come from the exogenous application of neuromodula-
tory substances. Additional insight into how descending modu-
latory projection neurons reconfigure central pattern generating
networks has come from direct electrophysiological investiga-
tions of the actions of these descending pathways (Nusbaum et
al., 2001; Nusbaum and Beenhakker, 2002). That said, relatively
little is known about the extent to which the descending pathways

themselves may be directly or indirectly modulated in different
behavioral states. In this study, we demonstrate that octopamine
can modulate the central pattern generating network of the pylo-
ric rhythm of the crab stomatogastric ganglion (STG) both di-
rectly and indirectly by acting on the axons of an identified pair of
descending modulatory projection neurons, the modulatory
commissural neuron 5 (MCN5).

The STG receives modulatory inputs from at least three ante-
rior ganglia, the single esophageal ganglion (OG), and the bilat-
erally paired commissural ganglia (CoGs). Together the OG and
CoGs send �25 pairs of descending axons into the single stoma-
togastric nerve (stn) that then enters the STG (Coleman et al.,
1992). Many of these descending axons have now been identified,
their cotransmitter complement defined, and their physiological
actions characterized (Nusbaum and Beenhakker, 2002). The bi-
laterally paired MCN5 neurons excite the pacemaker neurons for
the pyloric rhythm and inhibit other neurons of the pyloric net-
work (Norris et al., 1996).

Many, if not all, of the known descending projection neurons
to the STG are found as bilateral pairs, and their axons join to-
gether in the midline as they enter the stn at the junction of the
esophageal nerve (on), the superior esophageal nerve (son), and
the stn (Nusbaum and Beenhakker, 2002). Therefore, this site is
special, because it is the first anatomical location at which bilat-
erally arising neuronal pathways can interact. Interestingly, nu-
merous immunocytochemical studies have shown areas of what
appear to be neuropilar-like varicosities and branches in this lo-
cation (Marder et al., 1986, 1987; Kilman et al., 1999; Skiebe,
1999; Skiebe et al., 1999), and this is also a site at which synapses
are seen (Kilman, 1998; Skiebe and Ganeshina, 2000; Skiebe and
Wollenschlager, 2002). We now find that the axons of the MCN5
neurons are sensitive to octopamine at this site and that the ef-
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fects of octopamine on the pyloric rhythm of the crab depend
both on its actions on the STG itself and on the axons of the
MCN5 neurons.

Materials and Methods
Adult crabs, Cancer borealis (n � 59), were obtained from Yankee Lob-
ster (Boston, MA) and maintained in artificial seawater until used. Crabs
were anesthetized by keeping them on ice for 30 min before dissection.
The complete stomatogastric nervous system (STNS) (Fig. 1), consisting
of the paired CoGs, the OG, the STG, and some of the motor nerves, was
dissected out of the animal and pinned out in a Sylgard-coated
(Dow Corning, Midland, MI) dish containing chilled (9�13°C)
saline. The physiological saline solution consisted of the following
(in mM): 440 NaCl, 11 KCl, 13 CaCl2, 26 MgCl2, 11 Trizma base, and
5 maleic acid, pH 7.45.

Nerve dye-fills and immunohistochemistry. After dissection of the
STNS, a petroleum jelly (Vaseline) well was placed on the inferior esoph-
ageal nerve (ion). After the nerve was cut, the physiological saline solu-
tion in the well was replaced consecutively by distilled water (5 min) and
a Neurobiotin solution (5% in distilled water, 48 hr). The preparations
were then fixed for 1–2 hr in 4% paraformaldehyde in 0.1 M sodium
phosphate buffer, pH 7.4, and then left overnight in 0.1 M phosphate
buffer, pH 7.4. The next day the preparations were washed four to five
times over the course of 7– 8 hr in PTA (0.1 M sodium phosphate buffer,
0.3% Triton X-100, and 0.1% NaN3, pH 7.4). Tissues were then incu-
bated overnight with a rabbit polyclonal antibody raised against synap-
totagmin I at a dilution of 1:1000 in PTA. The anti-synaptotagmin I
antibody was a gift from Hugo Bellen (Baylor College, Houston, TX) and
has been used previously to map presynaptic release sites in Drosophila
(Littleton et al., 1993) and crustaceans (Skiebe and Wollenschlager,

2002). Preparations were then washed four to five times in PTA and
incubated overnight in 1:400 anti-rabbit IgG coupled to AlexaFluor 488
(Molecular Probes, Eugene, OR) and 1:400 streptavidin coupled to Cy5
(Jackson ImmunoResearch, West Grove, PA). After secondary incubation,
the preparations were washed five to six times in 0.1 M phosphate buffer and
mounted on glass slides in methyl salicylate (Sigma, St. Louis, MO).

Imaging. Mounted preparations were viewed with the appropriate fil-
ters on a Leica TCS confocal microscope fitted with argon (458/488 nm)
and krypton lasers (568 nm). Optical sections were taken every 1 �m.
The resulting images were compiled into maximum projections in the
three-dimensional reconstruction program Amira (TGS, San Diego, CA)
and then processed with Canvas 9 (Deneba, Miami, FL).

Electron microscopy. For electron microscopy, the tissues were pro-
cessed as described previously (Kobierski et al., 1987; Kilman and
Marder, 1996). After fixation, the tissues were rinsed two to three times
for 15–30 min and then postfixed for 1 hr in 1–2% OsO4 in 0.05 M

cacodylate buffer containing 0.5 M sucrose and 2.5 mM CaCl2. After a
brief rinse in distilled water, some ganglia were stained en bloc in satu-
rated aqueous uranyl acetate for 30 min, and others were immediately
dehydrated in alcohol, passed through propylene oxide (for Eponate 12
resin only), and embedded in Eponate 12 or Spurr’s resin (both from Ted
Pella). The resin blocks were polymerized at 70°C for 12–36 hr. The tissue
was then sectioned 70 – 80 nm thick with a diamond knife, picked up on
copper slot grids, laid onto prepared Formvar or pioloform film (Ted
Pella), and stained with lead citrate and uranyl acetate. All grids were
viewed on a Phillips 301 transmission electron microscope.

Electrophysiological recordings and pharmacological applications. For
electrophysiological recordings, the STG was desheathed, and petroleum
jelly wells were placed on the motor nerves (Fig. 1). Extracellular record-
ings from the nerves were made by placing stainless steel pin electrodes in
the wells. Signals were amplified and filtered using a differential AC
amplifier (A-M Systems, Carlsburg, WA). Intracellular recordings from
the STG or CoG somata were made using 20 – 40 M� glass microelec-
trodes filled with 0.6 M K2SO4 and 20 mM KCl and an Axoclamp 2A
(Axon Instruments, Foster City, CA). Pyloric motor neurons were iden-
tified using standard procedures for C. borealis (Hooper et al., 1986;
Weimann et al., 1991). When appropriate, the STG was isolated from the
CoGs and OG by blocking action potential conduction in the stn with 750
mM sucrose and 1 �M TTX in a petroleum jelly well on the stn. During
recordings, the preparations were superfused continuously with chilled
(9�13°C) control physiological saline or octopamine (Sigma) contain-
ing saline at indicated concentrations. The octopamine concentration
was 10 -4

M unless stated otherwise. When octopamine or TTX was ap-
plied to the stn, the nerve was desheathed to facilitate the access of drugs
to the axonal membrane.

Data acquisition and analysis. Data were acquired using a Digidata
1200 data acquisition board (Axon Instruments) and subsequently con-
verted and analyzed in Spike2 (version 4; Cambridge Electronic Design,
Cambridge, UK) using programs written in the Spike2 script language.
Analyzed data were plotted, and statistical tests were performed in Stat-
view (version 5; SAS Institute, Cary, NC). Final figure composition was
done in Adobe Illustrator 10 (Adobe Systems, Mountain View, CA). Data
are presented here as plots of the cycle frequency (the inverse of the cycle
period). An inverse operation, however, changes the variance of the sam-
ple; therefore, paired t tests for statistical significance were performed on
the cycle periods. For quantification, cycle frequencies were first plotted
over time. Time stretches of several minutes in which the range of values
did not change visibly were assumed to represent the steady state and
used to determine the means. Paired and unpaired t tests were used to
establish statistical significance. In all cases, statistical significance was
assumed at p � 0.05. Statistical significance is indicated in bar plots by
asterisks (*p � 0.05; **p � 0.01). All histograms presented here represent
the mean � SE unless stated otherwise.

Results
Anatomy of the stn–son junction: possible locus for
modulation of descending axonal projections
Previous immunocytochemical studies have described peptide
and amine-containing processes and varicosities in the area of the

Figure1. Thestomatogastricnervoussystemofthecrab C. borealis.Blackrings indicatepetroleum
jelly wells used to record the activity of the different nerves, whereas the gray “bowtie” shape repre-
sents a superfusion well used transiently to apply drugs specifically to the stn–son junction. The latter
and the stn well were also used to block stn impulse activity with TTX–sucrose.
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stn–son junction (Fig. 2A) (Marder et al., 1986, 1987; Kilman et
al., 1999; Skiebe, 1999; Skiebe et al., 1999), suggesting that this
region is a potential site for synaptic and/or modulatory interac-
tions among fibers traveling in the stn. We labeled the fibers
projecting from the ion to the stn by backfilling the ion fibers with
neurobiotin and then immunostaining these preparations for
synaptotagmin (Fig. 2B). The neurobiotin-filled ion fibers travel
through the stn–son junction as well as make fine branches with
varicosities in this region. Diffuse areas of synaptotagmin stain-
ing are colocalized with or in very close apposition to some of the
filled fibers. The higher-magnification views of the central area of
this region (Fig. 2C) confirm the intermingling of the ion-
projecting fibers with synaptic vesicle-containing structures. This
experiment was done four times, resulting in five to seven dye-
filled axons in the stn in each experiment.

The confocal images in Figure 2 suggest that synaptic contacts
might occur between fibers traveling in the stn. The presence of
anatomical synapses at the stn–son junction was confirmed by

electron microscopy (Fig. 3). The micro-
graphs in Figure 3 were sections taken par-
allel to the long axis of the stn at the level of
the stn–son junction. Figure 3, A and B,
shows low- and high-magnification views
of a superficial section from this region. At
high magnification these images show syn-
apses similar to those described in the
STG, with small clear vesicles and dense-
core vesicles (Kilman and Marder, 1996),
large presynaptic sites, and rather small
postsynaptic elements. Moreover, presyn-
aptic terminals that make contact with sev-
eral postsynaptic elements are seen (Fig.
3B). The location of the synapses and the
size of the postsynaptic elements suggest
that these are mainly axon collaterals and
varicosities. The high density of dense-
core vesicles in most of the terminals sug-
gests that peptides and/or amines are re-
leased onto the postsynaptic elements.

These data are consistent with a num-
ber of previous studies in both C. borealis
and other species that reported immuno-
stained punctate structures for amines and
peptides in the stn–son junction (Marder
et al., 1986, 1987; Callaway et al., 1987;
Mortin and Marder, 1991; Kilman et al.,
1999; Skiebe, 1999; Skiebe et al., 1999).
These punctate structures are found
within the nerve where most of the modu-
latory axons coming from the CoGs and
the OG are located. They are distinct from
larger neurohemal structures that lie at the
nerve–sheath interface or within the
sheath. In other species this region of
punctate staining within the nerve has also
been shown previously to have synaptic
contacts (Skiebe and Ganeshina, 2000;
Skiebe and Wollenschlager, 2002) that are
labeled with synaptotagmin.

The presence of synaptic neuropil at
the stn–son junction suggested that the
postsynaptic targets, in this case axons in
the stn, might display receptors to neuro-

modulatory substances. In a preliminary study, Kilman (1998)
applied a number of substances to this region and found that
octopamine applied to the stn–son junction influenced the motor
patterns of the STG. In the remainder of this paper we character-
ize these effects and show that octopamine activates one of the
known identified modulatory projection neurons, MCN5, at this
site.

The effects of octopamine application to the stn–son junction
on the pyloric rhythm
The pyloric rhythm consists of a triphasic sequence of bursting
activity of the two pyloric dilator (PD) neurons, the single lateral
pyloric (LP) neuron, and the five pyloric (PY) neurons that can be
recorded on the lateral ventricular nerve (lvn) (Hooper et al.,
1986; Weimann et al., 1991). We routinely measured the cycle
period of the pyloric rhythm from the PD neuron activity recorded
on the pyloric dilator nerve (pdn).

We did a series of experiments in which we built a large petro-

Figure 2. Synaptic vesicle staining surrounds ion axon collaterals at the level of the stn–son junction. Axons were filled with
neurobiotin, which was then visualized by streptavidin coupled to Cy5 (B, C, green), and synaptic vesicle-containing structures
were revealed by anti-synaptotagmin staining visualized with anti-rabbit IgG coupled to AlexaFluor 488 (B, C, red). A, Schematic
of the preparation showing the origin and the trajectory of the neurobiotin-filled axons. The black and white boxes represent the
location of the pictures presented in B and C. B, Low magnification of the neurobiotin staining (left panel, green) and the
synaptotagmin staining (middle panel, red) at the level of the stn–son junction. C, High-magnification pictures of the region
surrounded in B. Note that the synaptotagmin staining is specifically located around the fine axon processes and not around the
main axon branches.
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leum jelly well at the stn–son junction (Fig.
1) that allowed us to continuously super-
fuse the stn–son junction separately from
the superfusion of the rest of the prepara-
tion while extracellularly recording the ac-
tivity of the pyloric network. The effects of
applying 10 -4

M octopamine to the stn–son
junction can be seen in Figure 4, A and B.
This example shows clearly that octopam-
ine increased the frequency of the pyloric
rhythm. In pooled data from 13 experi-
ments, the mean cycle frequency of the py-
loric rhythm was 1.1 � 0.05 Hz (n � 13
experiments) in control saline (Fig. 4C).
When octopamine (10 -4

M) was applied to
the stn–son junction, it induced a signifi-
cant and reversible increase in the cycle
frequency (1.31 � 0.05 Hz in octopamine;
p � 0.01; n � 13).

The octopamine effect could be the
consequence of one of the following: (1)
octopamine directly acting on an STG
neuron that projects up to the CoGs (Nagy
et al., 1994), (2) octopamine acting on de-
scending modulatory axons, or (3) octo-
pamine acting on ascending axons pro-
jecting to the CoGs or OG that in turn
activate descending modulatory projec-
tion neurons. To discriminate among
these possibilities, we took advantage of
the fact that most of the modulatory pro-
jection neurons are located in the CoGs
(Coleman et al., 1992). Therefore, we cut
the ions and the sons close to their connec-
tion to the CoGs to prevent any indirect
activation of modulatory projection neu-
rons. Figure 4D shows an example of the
pyloric rhythm in control saline and after
octopamine was added to the stn–son
junction under these conditions. Figure
4E again shows the time course and evolu-
tion of the octopamine-induced frequency
increase. Removing the CoGs (n � 17) re-
duced the baseline frequency of the pyloric
rhythm to 0.95 � 0.04 Hz without chang-
ing the peak frequency obtained when oc-
topamine was applied to the stn–son junc-
tion (1.3 � 0.05 Hz in the presence of
octopamine; p � 0.01) (Fig. 4C). Octo-
pamine (10 -6

M) increased the frequency
from 0.94 � 0.07 Hz in control saline to
1.18 � 0.09 Hz; p � 0.05; n � 3).

In addition to producing changes in
frequency, many neuromodulators also al-
ter the phase relationships or the relative
time of firing of the pyloric network neu-
rons (Marder and Weimann, 1992; Weimann et al., 1997; Nus-
baum et al., 2001; Nusbaum and Beenhakker, 2002). Figure 4F
shows the phase relationships of the PD, LP, and PY neurons in
control saline and after octopamine was applied to the stn–son
junction. Note that the duty cycle of the PD neurons was slightly
increased and the LP neuron terminated its burst slightly later,
but these changes were relatively modest.

These experiments demonstrate that the octopamine effect
does not rely on the indirect activation of modulatory neurons in
the CoGs and that the amplitude of the octopamine effect is
dependent on the baseline frequency of the pyloric rhythm,
which in turn depends on the presence of the descending modu-
latory inputs. The percentage of increase in the pyloric rhythm
frequency was significantly larger when the connections to the

Figure 3. Synapses are present in the core of the nerve at the level of the stn–son junction. Electron micrographs of the stn
taken parallel to the axis of the nerve at the level of the stn–son junction (A, B). A, Low-magnification picture of the stn–son
junction. The limits between the nerve and the sheath are indicated by vertical black arrows, and the orientation of the picture is
indicated by the arrowheads (a, anterior; p, posterior; l, left; r, right). Large diameter neurites with an anterior–posterior orien-
tation can be observed, as well as fine processes forming synaptic contacts (black box). B, High magnification of the region
indicated by the black box in A. Synaptic contacts (black arrowheads) are formed by large presynaptic elements that contain both
dense-core vesicles and small clear vesicles on small postsynaptic elements.
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Figure 4. Octopamine actions on the stn–son junction. Octopamine (10 �4
M) was applied

for 5 min in a petroleum jelly well covering the stn–son junction (A and D schematics; gray
“bowtie” shape). A, The effects of octopamine applied to the stn–son junction. The traces are
extracellular recordings from the lvn and pdn showing the activity of the LP, PY, and PD neurons
in control (top) and octopamine (bottom). B, Plot of the instantaneous pyloric frequency before,
during, and after the octopamine application shown in A. C, Histograms of the mean cycle
frequency before and after octopamine application in data pooled from multiple experiments.
D, Same experiment as A after removing the CoGs influence by cutting the ions and the sons. E,
Measurements of the instantaneous cycle frequency over time show clearly that cutting the ions
and sons changes only the baseline cycle frequency without changing the peak frequency
reached in octopamine. F, Phase relationships of the PD, LP, and PY neurons before and during
octopamine application. The main bars (light and dark gray) represent the mean duty cycle for
each cell studied. The white error bars represent the SE of the duty cycle when placed to the right
of the main bar and the SE of the ON phase when placed to the left of the main bar.

Figure 5. Analysis of spike conduction for the activated unit. Octopamine (10 �4
M) was

applied for 5 min to the stn–son junction. The sons and ions were cut close to the CoGs. A,
Extracellular recordings showing that the activated unit is seen on the ions and on the on as a
small spike but is difficult to distinguish in the stn recording because of activity of other units. B,
Schematic of the preparation showing the recording sites. C, Average traces triggered on the
unit recorded on the left ion (recording site 2) show the spike conduction along the ion, the on,
and down the stn. The delays measured for the different recording sites suggest that the spike
initiation site is located at an approximately equal distance from the stn and the on recording
sites. It also demonstrates that the spikes are conducted down the stn.
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CoGs were cut (39.2 � 5.1 vs 21.1 � 4.5%; p � 0.05). Thus, these
experiments suggest that octopamine acts on projection neurons
descending to the STG or directly on the neuropil of an STG
neuron.

Inferior esophageal nerve axon activation by octopamine
To determine whether octopamine acts directly on modulatory
projection neurons, we performed ion and son recordings while
applying octopamine at the stn–son junction. No significant
change in the pattern of activity was seen in the son recordings
during octopamine application (data not shown); however, oc-
topamine systematically increased the activity of one unit in each
ion (Fig. 5). This unit was either silent or weakly active in control
saline. Regular tonic firing was elicited in response to octopam-
ine. Spike frequency increased from 1.4 � 0.3 Hz in control saline
to 10.1 � 0.4 Hz in 10 -4

M octopamine ( p � 0.01; n � 22); 10 -6
M

octopamine increased the spike frequency from 1.5 � 0.6 to
7.06 � 0.4 Hz ( p � 0.01; n � 4). The peak frequency in 10 -6

M

octopamine was not statistically different from that in 10 -4
M

octopamine ( p � 0.05; n � 4).
These experiments suggest that octopamine acts directly on a

pair of neurons with axons that are found in the ions and at the
stn–son junction. For this pair of axons to be involved in the
modulation of the pyloric rhythm observed when octopamine is
applied on the stn–son junction, however, the spikes generated at
the stn–son junction must propagate down the stn and eventually
release transmitter onto STG cells. These units are indeed found
in stn recordings, although their small size required averaging to
make them visible (Fig. 5). Triggering the averaging on one of the
ion recordings revealed that the spikes were initiated at the stn–
son junction when octopamine was applied there and then trav-
eled down the stn and up the on and the ions (Fig. 5C).

Identification of the axon activated by octopamine
Only two neurons located in the CoGs project through the ion
and then to the stn and the STG (Coleman et al., 1992). One of
these neurons is MCN1 (Coleman and Nusbaum, 1994) and the
other is MCN5 (Norris et al., 1996). Several criteria discriminate
between these two neurons: (1) the size of the action potentials on
the ion recording, (2) their neuronal targets in the STG and their
synaptic potentials in STG neurons, and (3) their relation to
esophageal motor neuron activity. MCN5 spikes are approxi-
mately one-half the amplitude of MCN1 spikes in ion recordings
(Norris et al., 1996). In our experiments when the ions and sons
were cut, the ion unit activated by octopamine was always a small
unit, whereas the large unit was unaffected by octopamine appli-
cation (Fig. 6A). In six experiments in which a large unit was
recorded in the ion, no effect of octopamine on the activity of this
unit was seen, whereas a change in the small unit activity was
observed in all experiments involving ion recordings (n � 22).
Thus, the ion recordings suggested that the big unit insensitive to
octopamine is MCN1 and MCN5 is the small unit activated by
octopamine.Figure 6. Identification of the axon activated by octopamine. Octopamine (10 �4

M) was
applied for 5 min to the stn–son junction. The sons and ions were cut close to the CoGs. Data
presented in A–C were from the same experiment. A, Intracellular recording from the LG neuron
and extracellular recordings from the ions, lvn, pdn, and lateral gastric nerve (lgn) before (con-
trol) and during octopamine application. Octopamine application activated a small unit in both
ions. The big unit recorded on the right ion was not affected by octopamine application. No
obvious change in LG neuron activity was observed after octopamine application. B, Plots of the
mean frequency of the ion units over time show that the small unit was activated by octopam-
ine, whereas the big unit recorded on the right ion was unaffected by octopamine application.
The activation of the ion unit occurred before the increase in the frequency of the pyloric rhythm
and returned to baseline before the recovery of the pyloric rhythm frequency. C, Spike-triggered
average of the LG neuron recording shows that the big unit on the right ion is time-locked with

4

an EPSP in the LG neuron. The small unit does not evoke the large EPSP in the LG neuron.
Baseline membrane potential was �46 mV for both traces. D, Synaptic events time-locked to
the activity of the small ion unit recorded in three different preparations (PD and VD neuron
recordings were from the same experiment). Top, Superposition of EPSPs in the PD recordings
time-locked to the ion small unit spike (7 traces). Bottom, Spike-triggered averaging shows that
the ion small unit is time-locked with IPSPs in the IC, LP, and VD neurons. The events recorded in
IC were biphasic, with a first brief depolarization and a longer hyperpolarization. Baseline mem-
brane potentials were �45, �63, and �61 mV for IC, LP, and VD neuron traces, respectively.
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To verify this, we took advantage of the known postsynaptic
actions of MCN1 and MCN5 (Norris et al., 1996). MCN1 evokes
EPSPs in the lateral gastric (LG) neuron and receives IPSPs from
this target neuron (Nusbaum et al., 1992), whereas MCN5 evokes
EPSPs in the anterior burster, PD, and lateral posterior gastric
(LPG) neurons and IPSPs in the inferior cardiac (IC), LP, and
ventricular dilator (VD) neurons (Norris et al., 1996). We iden-
tified the large unit recorded on the ion as MCN1 because it
evoked large EPSPs in the LG neuron, whereas the small unit did
not evoke a synaptic response in the LG neuron (n � 2) (Fig. 6C).
Conversely, we identified the small unit activated by octopamine
as MCN5 because it evoked EPSPs in the PD neurons and IPSPs
in the IC, LP, and VD neurons (Fig. 6D). This identification was
further corroborated by the fact that as previously reported (Nor-
ris et al., 1996), the synaptic potentials recorded in the IC neuron
were biphasic, with a brief depolarization preceding a longer hy-
perpolarization, whereas those recorded in LP and VD were only
hyperpolarizing (Fig. 6D). In summary, these data demonstrate
that MCN5 is the ion unit affected by octopamine and that MCN1
is unaffected by octopamine under these conditions.

To further characterize the effects of octopamine on MCN5,
we recorded from its soma intracellularly and applied octopam-
ine. As described previously (Norris et al., 1996), with the sons
intact, the MCN5 intracellular recordings in control saline (Fig.
7A) show pyloric-timed inhibition (arrowheads) and single 15
mV action potentials. In response to octopamine, the spike fre-
quency in MCN5 increased strongly (see also the increased activ-
ity of the small unit on the ion). The spikes seen in the trough of
the inhibition were antidromic and peripherally initiated and
propagated into the soma. When we cut the sons (Fig. 7B), the
pyloric-timed inhibition was lost (Norris et al., 1996) but excita-
tion from esophageal units was revealed (arrowheads) as ex-
pected for MCN5 (Norris et al., 1996). Under these conditions,
even lower concentrations of octopamine produced dramatic in-
creases in MCN5 firing (Fig. 7B).

We took advantage of the intracellular recordings from
MCN5 to depolarize MCN5 to make it fire at frequencies similar
to those evoked by octopamine. When the stimulated MCN5
fired at a mean frequency of 15 Hz for 30 sec, the pyloric
frequency increased from 0.97 � 0.13 to 1.11 � 0.1 Hz ( p �
0.05; n � 3 experiments). This suggests that MCN5 is respon-
sible for at least part of the increase in frequency of the pyloric
rhythm in response to octopamine application to the stn–son
junction.

Thus far we have shown that octopamine can influence the
pyloric rhythm by activating the axons of descending modulatory
neurons. In the next set of experiments we ask whether octopam-
ine also acts directly on neuronal targets within the STG itself.

Effects of bath-applied octopamine after blockade of the
modulatory inputs
One way to analyze the direct effects of octopamine on the STG
network is to block the activity of modulatory inputs by applying
a TTX–sucrose solution to the stn (Russell, 1976). In the absence
of activity in the descending modulatory inputs, the pyloric
rhythm slows or stops, facilitating the observation of weak exci-
tatory modulatory effects. Octopamine application to the stn-
blocked preparations reactivated a full pyloric rhythm (Fig.
8A,B). In data pooled from seven experiments, the mean fre-
quency of the pyloric rhythm was 0.31 � 0.07 Hz in control saline
and 0.91 � 0.05 Hz in response to octopamine application to the
STG ( p � 0.01; n � 7) (Fig. 8C). Phase plots for the pyloric
rhythm in control saline and octopamine (Fig. 8D) (to make

these plots, only those experiments in which the rhythm was
active before octopamine application were used in the controls)
illustrate that the duty cycle of the PD neurons was increased
slightly and the LP and PY neurons fired later in octopamine than
in the control.

Figure 7. Intracellular recordings of MCN5 neurons. Octopamine was applied to the whole
STNS for 5 min at a concentration of 10 �4

M ( A) or 10 �6
M ( B). A, Intracellular recording of the

MCN5 in an intact preparation showing the pyloric-timed inhibition (arrowheads in top and
bottom traces) and the extracellular spikes recorded on the ion (arrows) corresponding to the
intracellularly recorded spikes. Application of 10 �4

M octopamine on this preparation (A, right
panel) induced an increase in MCN5 firing frequency. Antidromic spikes (during pyloric-timed
inhibition) and orthodromic spikes (top of the oscillation) can be observed on the intracellular
recording during octopamine application (top trace). B, MCN5 intracellular recording and ion
extracellular recording in a preparation in which the sons have been cut to prevent pyloric-timed
inhibition showing esophageal-timed excitation of MCN5 (arrowheads). In control condition
(left panel), MCN5 fires a single action potential on top of the esophageal-timed excitation.
During 10 �6

M octopamine application (right panel), MCN5 fires tonically independently of the
esophageal-timed oscillations of the membrane potential.
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Effects of bath-applied octopamine on the intact
stomatogastric nervous system
We then studied the effect of applying octopamine to the entire
STNS (Fig. 9). The raw traces in Figure 9A and the time course
data (Fig. 9B) show a dramatic increase in frequency. Pooled data
from 18 preparations (Fig. 9C) showed increases of pyloric
rhythm frequency (from 1.1 � 0.05 Hz in control saline to 1.57 �
0.06 Hz in octopamine; p � 0.01; n � 18; 10�6

M octopamine
increased the cycle frequency from 1.21 � 0.07 to 1.36 � 0.08 Hz
( p � 0.05; n � 3). The phase plots in Figure 9D demonstrate that
the PD and PY neuron duty cycles increased and the LP neuron
duty cycle decreased in octopamine.

Figure 10 summarizes the effects of octopamine application as

a function of the initial baseline of the pyloric rhythm under all of
the different conditions described here. First, regardless of initial
pyloric frequency, applications to the entire STNS were more
effective than applications to the stn–son junction, which is con-
sistent with the previous observation that the mean peak frequen-
cies obtained for these two kinds of applications are different,
whereas the baseline frequencies are not (Figs. 4C, 9C). Second,
the excitatory actions of octopamine were larger when the initial
frequency was low, regardless of where the octopamine applica-
tion was made. The greatest percentage increase in pyloric fre-
quency caused by octopamine application was obtained when the
baseline frequency was at its lowest (Fig. 10B).

Discussion
Most rhythmic behaviors are produced by central pattern gener-
ating networks that are activated, inhibited, and otherwise mod-
ulated by descending modulatory projections that reconfigure
the central pattern generating networks to generate behaviorally
relevant motor patterns (Marder and Calabrese, 1996). Here we
demonstrate that the axon of one of the descending modulatory
projection neurons in the stomatogastric nervous system is itself
modulated by octopamine. This modulation takes place at a spe-
cialized location at which there are synapses onto and from ax-
onal projections of numerous neurons. This site is also the place
at which bilaterally symmetrical ganglia and neurons join into a
single midline nerve.

Interactions between parallel modulatory pathways
The STG is the direct target of 20 –25 pairs of descending modu-
latory neurons (Coleman et al., 1992; Blitz and Nusbaum, 1997;
Blitz et al., 1999), including the MCN5 neurons (Norris et al.,
1996), the neurons that are sensitive to octopamine. The presence
of synaptic structures at the stn–son junction suggests that octo-
pamine itself could be released by another modulatory projection
neuron coming from the OG or the CoGs. This would not be the
first case of interaction between modulatory pathways. Blitz and
Nusbaum (1997, 1999) demonstrated that the modulatory proc-
tolin neuron (MPN) inhibits the gastric rhythm by inhibiting a
parallel modulatory pathway composed of MCN1 and the com-
missural projection neuron 2 (CPN2) (Blitz and Nusbaum, 1997,
1999). Although the excitation of the pyloric rhythm by MPN
occurs in the STG as a consequence of proctolin release, the in-
hibition of MCN1 and CPN2 is mediated by GABA and occurs in
the CoGs, where the cell bodies of these three neurons are located
(Blitz and Nusbaum, 1999). Therefore, MPN-mediated inhibi-
tion of MCN1 and CPN2 enables the production of a pure “py-
loric” rhythm, in the absence of the gastric rhythm ordinarily
activated by MCN1 and CPN2. Analogously, a putative octopam-
inergic modulatory neuron that activates MCN5 at the level of the
stn–son junction could circumvent the pyloric and esophageal
inhibition that this neuron receives in the CoG and therefore
amplify the effect of MCN5 on the pyloric and gastric networks.

Comparison of the effects of octopamine and
MCN5 stimulation
We noticed important differences between the effects of octo-
pamine application to the stn–son junction and MCN5 stimula-
tion. Although octopamine application induced a 20 – 40% in-
crease in the pyloric rhythm frequency, MCN5 stimulation at a
frequency close to that evoked by octopamine induced only a
10 –20% increase in the pyloric rhythm frequency. This differ-
ence probably reflects the respective involvement of one (intra-
cellular stimulation) or two (octopamine application) MCN5 fi-

Figure 8. Octopamine actions on the STG. Octopamine (10 �4
M) was bath-applied to the

STG after modulatory inputs from the CoGs and the OG were removed by blocking impulse
activity in the stn with TTX–sucrose. A, In control saline the PY neurons fired tonically, the LP
neuron showed a very low level of activity, and the PD neurons were silent. After the 5 min
application of octopamine, the pyloric rhythm resumed. B, Plot of the cycle frequency over time
shows that octopamine induced a slow but stable pyloric rhythm for �20 min after the end of
the application. C, Octopamine induced a significant increase in the averaged cycle frequency in
seven preparations ( p�0.01; paired t test). D, Phase relationships (�SEM) among PD, LP, and
PY cells before and during octopamine application. Light bars are control; dark bars are octo-
pamine application.
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bers. Octopamine induced an increase in the pyloric frequency
without significant changes in the phase relationships among the
PD, LP, and PY neurons. In contrast, stimulation of a single
MCN5 at 20 –30 Hz decreased firing in the LP and PY neurons,
resulting in strongly modified phase relationships among the py-
loric network neurons (Norris et al., 1996). We observed a similar
but weaker effect of MCN5 activity on the phase relationships of
pyloric neurons when intracellularly stimulating a single MCN5
at 10 –20 Hz; however, in this case too, the involvement of one or
two MCN5 fibers could account for the differences in phase rela-
tionships observed, especially if the two MCN5 fibers usually fire
synchronously or if this functional coupling is promoted by oc-
topamine. Therefore, the question of whether octopamine appli-
cation to the stn–son junction activates other modulatory fibers
remains open, although a significant part of the effect of this

modulator can be explained by the activa-
tion of the two MCN5 fibers.

Octopamine as a neuromodulator
Octopamine is one of the most widely
found and intensively studied neuro-
modulators in arthropods. Since its first
characterization in lobsters (Barker et al.,
1972), it has been implicated in a large
variety of alterations in behavioral state
(Harris-Warrick and Kravitz, 1984;
Stevenson and Meuser, 1997; Roeder,
1999; Schulz and Robinson, 1999; Schulz
et al., 2002; Kravitz and Huber, 2003). The
effects of octopamine on the motor pat-
terns of the STG have been described pre-
viously in the spiny lobster Panulirus inter-
ruptus (Flamm and Harris-Warrick,
1986a,b; Heinzel, 1988; Ayali and Harris-
Warrick, 1999; Peck et al., 2001). There are
some notable differences between the ef-
fects of octopamine on the pyloric rhythm
in C. borealis reported here and those pre-
viously reported in P. interruptus. In P. in-
terruptus, when the modulatory inputs
were blocked, octopamine application ac-
tivated the PD and LP neurons but had no
effect on the PY neurons, which remained
silent after octopamine application (Flamm
and Harris-Warrick, 1986a). The resulting
phase relationships were quite different
from those we observed in C. borealis, with
the PD duty cycle almost unchanged and
an increased LP neuron duty cycle. In P.
interruptus, when the modulatory inputs
were left intact, octopamine slightly de-
creased the frequency of the pyloric
rhythm because of the strong activation of
the LP neuron (Peck et al., 2001). It is not
clear whether the species differences in
octopamine actions are caused by different
cellular targets of octopamine. Moreover,
considerably less is known about the iden-
tities and properties of the descending
projection neurons in P. interruptus, and it
is not known whether there is an MCN5
homolog in P. interruptus, and if so, whether
octopamine activates it.

Modulation occurs at multiple sites
Our data demonstrate directly that octopamine can act at several
sites to modulate the STG motor patterns. Minimally, the central
pattern generating neurons in the STG are sensitive to octopam-
ine, and octopamine acts directly on the descending modulatory
neuron MCN5. The results of octopamine application to these
two sites are not very different, and it is possible that the same
network is coordinately modulated in a similar manner in two
different ways. Previous work showed that octopamine is present
and synthesized in the CoGs (Barker et al., 1979). Therefore, it is
possible that a descending octopaminergic neuron with a soma in
the CoG could release octopamine both at the stn–son junction
and into the STG and that the resulting effect would closely re-
semble the effect of octopamine when applied to the intact STNS.

Figure 9. Octopamine actions on the STNS. Octopamine (10 �4
M) was bath-applied to the entire STNS. A, Extracellular

recordings from the lvn and pdn and intracellular recordings from the PD and PY neurons before, during, and after 5 min octo-
pamine application. Octopamine induced a reversible increase in the pyloric rhythm cycle frequency associated with strong
depolarization of the PD membrane potential and slight depolarization of the PY membrane potential. B, Plot of the instantaneous
pyloric frequency before, during, and after the octopamine application shown in A. C, Octopamine significantly increased the
mean cycle frequency in 18 of 18 preparations ( p�0.01; paired t test). D, Phase relationships (�SEM) among PD, LP, and PY cells
before and during octopamine application. Light bars are control; dark bars are octopamine application.
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The interesting possibility remains that the two release sites could
have different release thresholds and that, in vivo, octopamine
could be released selectively at one or both of the sites, adding a
level of dynamic regulation to the effects of octopamine.

Octopamine is not the first neuromodulator to act at several
sites to modulate the motor patterns of the STG. Red pigment
concentrating hormone and proctolin likewise act on both ante-
rior and STG sites to influence the STG motor patterns (Dickin-
son et al., 1993, 1997).

Neuromodulator receptors on axons
There are previous examples of neuromodulator receptors on
axons. Axonal dopamine receptors activate a peripheral spike
initiating zone in the PD axons in Homarus americanus (Bucher
et al., 2003), and serotonin activates a peripheral spike initiating

zone of the axon of the LG neuron in C. borealis (Meyrand et al.,
1992). In these cases, modulation of the motor axons is likely to
influence the strength and duration of muscle contraction
(Meyrand et al., 1992; Bucher et al., 2003). One possibility for the
function of the octopamine receptors on the axons of MCN5
might be to synchronize the activation of the axons, which
project to the STG from the two sides of the animal. Relatively
little is known about how bilaterally situated pairs of modulatory
projection neurons are synchronized, and one way this could
occur would be by direct actions on their axons at the first site at
which the two neurons enter the stn.

Will axonal receptors be common?
In mammals, several classes of ionotropic receptors (GABAA,
nicotinic acetylcholine) have been found on unmyelinated axons
either in adult animals or early in development (Armett and
Ritchie, 1960, 1961; Sakatani et al., 1991a,b,c; Lang et al., 2003;
Verdier et al., 2003). Thus, modulation of axonal conduction
may be more general than usually thought. Axonal receptors may
turn out to provide a general mechanism for providing modula-
tory cross-talk between spatially diverse networks. Axons travel-
ing through areas of local neuromodulatory release could be in-
fluenced by the chemical environment, thus gating, inhibiting, or
enhancing the traffic through that site. In the case of the stoma-
togastric nervous system, clearly there is a local neuropil ideally
positioned at the stn–son junction to facilitate bilateral coordina-
tion (Skiebe and Ganeshina, 2000). It is equally possible that
axonal receptors in other circuits gate information passage and
that axons may often be conditional rather than reliable conduits
for carrying information.
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