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Graded Transmission without Action Potentials Sustains
Rhythmic Activity in Some But Not All Modulators That
Activate the Same Current

X Philipp Rosenbaum and X Eve Marder
Volen Center and Biology Department, Brandeis University, Waltham, Massachusetts 02454

Neurons in the central pattern-generating circuits in the crustacean stomatogastric ganglion (STG) release neurotransmitter both as a
graded function of presynaptic membrane potential that persists in TTX and in response to action potentials. In the STG of the male crab
Cancer borealis, the modulators oxotremorine, C. borealis tachykinin-related peptide Ia (CabTRP1a), red pigment concentrating hor-
mone (RPCH), proctolin, TNRNFLRFamide, and crustacean cardioactive peptide (CCAP) produce and sustain robust pyloric rhythms by
activating the same modulatory current (IMI ), albeit on different subsets of pyloric network targets. The muscarinic agonist oxotremo-
rine, and the peptides CabTRP1a and RPCH elicited rhythmic triphasic intracellular alternating fluctuations of activity in the presence of
TTX. Intracellular waveforms of pyloric neurons in oxotremorine and CabTRP1a in TTX were similar to those in the intact rhythm, and
phase relationships among neurons were conserved. Although cycle frequency was conserved in oxotremorine and TTX, it was altered in
CabTRP1a in the presence of TTX. Both rhythms were primarily driven by the pacemaker kernel consisting of the Anterior Burster and
Pyloric Dilator neurons. In contrast, in TTX the circuit remained silent in proctolin, TNRNFLRFamide, and CCAP. These experiments
show that graded synaptic transmission in the absence of voltage-gated Na � current is sufficient to sustain rhythmic motor activity in
some, but not other, modulatory conditions, even when each modulator activates the same ionic current. This further demonstrates that
similar rhythmic motor patterns can be produced by qualitatively different mechanisms, one that depends on the activity of voltage-gated
Na � channels, and one that can persist in their absence.
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Introduction
Most synaptic connections are spike mediated; that is, transmit-
ter release requires action potentials to depolarize the presynaptic

neuron to evoke the release. Nonetheless, in some neurons, the
threshold for transmitter release is relatively hyperpolarized and
can be both below spike threshold and close to the resting poten-
tial (Maynard and Walton, 1975; Graubard, 1978; Graubard et
al., 1980; Angstadt and Calabrese, 1991; Manor et al., 1997).
Some of these neurons do spike, and transmitter release has both
a graded and a spiking component. Other neurons do not appear
to spike, but signal solely through graded transmission (Pearson
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Significance Statement

The pyloric rhythm of the crab stomatogastric ganglion depends both on spike-mediated and graded synaptic transmission. We
activate the pyloric rhythm with a wide variety of different neuromodulators, all of which converge on the same voltage-dependent
inward current. Interestingly, when action potentials and spike-mediated transmission are blocked using TTX, we find that the
muscarinic agonist oxotremorine and the neuropeptide CabTRP1a sustain rhythmic alternations and appropriate phases of
activity in the absence of action potentials. In contrast, TTX blocks rhythmic activity in the presence of other modulators. This
demonstrates fundamental differences in the burst-generation mechanisms in different modulators that would not be suspected
on the basis of their cellular actions at the level of the targeted current.
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and Fourtner, 1975; Burrows and Siegler, 1978; DiCaprio, 1989,
2003). Although this latter situation is rare in most animals, it is
predominant in the vertebrate retina and in Caenorhabditis
elegans.

It is intriguing to probe the relative roles of spike-mediated
and graded transmission in neurons that release in both modes,
and to ask the extent to which both modes are necessary for the
normal function of the circuits in which they are found (Raper,
1979; Shu et al., 2006). This question becomes even more inter-
esting as many neuromodulators alter the strength of both spike-
mediated and graded synapses (Johnson and Harris-Warrick,
1990; Johnson et al., 1995, 2011; Thirumalai et al., 2006; Zhao et
al., 2011) and may do so differentially (Ayali et al., 1998). This
raises the possibility that a given modulatory state could alter the
balance between graded and spike-mediated release for circuit
function under different circumstances.

The neurons that generate the pyloric rhythm of the crusta-
cean stomatogastric ganglion (STG) display both spike-mediated
and graded release of transmitter (Raper, 1979; Thirumalai et al.,
2006). The phase relationships in the pyloric rhythm, which de-
fine the motor pattern, depend on both the intrinsic currents of
the pyloric circuit neurons and the strength and time course of
their synaptic connections (Hartline, 1979; Hartline and Gassie,
1979; Eisen and Marder, 1984; Harris-Warrick et al., 1995; Rab-
bah and Nadim, 2005; Marder and Bucher, 2007). Consequently,
neuromodulators that alter the intrinsic and/or synaptic properties
in the network can alter the phase of the neurons and thus the pyloric
motor pattern. Many modulators, including the muscarinic agonist
oxotremorine (oxo), and the peptides proctolin, red pigment con-
centrating hormone (RPCH), Cancer borealis tachykinin-related
peptide Ia (CabTRP1a), FLRFamides, and crustacean cardioactive
peptide (CCAP) can activate a robust triphasic rhythm in the iso-
lated STG of the crab C. borealis (Hooper and Marder, 1984; Nus-
baum and Marder, 1988; Weimann et al., 1993, 1997; Christie et al.,
1997).

Interestingly, these modulators all activate the modulatory
current (IMI; Swensen and Marder, 2000, 2001; Gray and Golow-
asch, 2016; Gray et al., 2017), although each has a different set of
target neurons in the STG. IMI is a voltage-dependent nonspecific
cation current that is blocked at hyperpolarized membrane po-
tentials by extracellular Ca 2� (Golowasch and Marder, 1992;
Gray and Golowasch, 2016; Gray et al., 2017). This makes IMI

ideally suited to increase the amplitude (amp) of slow-wave
bursts and sustain oscillations (Sharp et al., 1993).

Previous studies in the spiny lobster Panulirus interruptus
showed that, after blocking action potentials with tetrodotoxin
(TTX), graded transmission is sufficient to generate a pyloric
rhythm after the application of dopamine or anterior nerve
stimulation (Raper, 1979; Anderson and Barker, 1981; Harris-
Warrick and Flamm, 1987). We study the effects of six modula-
tors on the pyloric rhythm of the crab C. borealis in the presence
and absence of TTX to determine the extent to which graded
transmission is sufficient to maintain rhythmic activity and, if so,
whether the phase relationships are similar to those seen in the
presence of action potentials.

Materials and Methods
Animals. Adult male Jonah crabs (C. borealis) were obtained from Com-
mercial Lobster. These experiments were performed between October
2014 and August 2017. Crabs were kept unfed in artificial seawater at
11°C in a 12 h light/dark cycle.

Recordings. Before dissection, crabs were chilled on ice for 30 min.
Dissections were performed as previously described (Gutierrez and Gra-

show, 2009). The preparation was kept in physiological saline at 11°C,
composed of 440 mM NaCl, 11 mM KCl, 13 mM CaCl2, 26 mM MgCl2, 11
mM Trizma base, and 5 mM maleic acid, pH 7.4 –7.6 (at room tempera-
ture). The isolated stomatogastric nervous system (STNS) was pinned
down in a Sylgard lined dish. Vaseline wells were built around designated
nerves, and bipolar steel electrodes were used for extracellular nerve
recordings. Signals were differentially amplified (amplifier Model 1700,
A-M Systems). The STG was desheathed before intracellular recordings.
Glass microelectrodes with filament (1.5 mm outer diameter; Sutter In-
strument) were pulled using a Sutter Micropipette Puller (Model P-97)
and filled with electrode solution (10 mM MgCl2, 400 mM KGluconate, 10
mM HEPES, 15 mM Na2SO4, and 20 mM NaCl, pH 7.45; Hooper et al.,
2015). Electrode resistances were between 15 and 30 M�. Intracellular
signals were recorded and amplified using an AxoClamp 900A Amplifier
with pCLAMP 10.5 software (Molecular Devices). Neurons were re-
corded in either discontinuous current clamp or two electrode current
clamp, and identified by their characteristic membrane potential wave-
form in conjunction with extracellular nerve recordings. Preparations
were continuously superfused with 11°C saline at 6 –7 ml/min using a
Warner temperature-controlled Peltier device on the saline inflow to
maintain temperature.

Modulator applications. After baseline recordings, modulatory input
from higher order ganglia to the STG was blocked [decentralization (dc)
of the STG] by substituting the saline in a Vaseline well around the
stomatogastric nerve (stn) with 10 �7

M TTX (Sigma-Aldrich/Tocris Bio-
science) in a 750 mM sucrose solution. Thirty minutes after dc modula-
tors were bath applied until a stable response was produced. Modulator
concentrations were as follows: 10 �5

M oxotremorine (sesquifumarate
salt, Sigma-Aldrich), 3 � 10 �5

M pilocarpine (Sigma-Aldrich), 10 �6
M

CabTRP1a (RS Synthesis), 10 �6
M RPCH (Bachem), 10 �6

M proctolin
(RS Synthesis), 10 �6

M TNRNFLRFamide (RS Synthesis), 10 �6
M CCAP

(RS Synthesis), 10 �4
M dopamine (Sigma-Aldrich), 10 �5

M serotonin
(Sigma-Aldrich), and 10 �4

M octopamine (Sigma-Aldrich). All modula-
tors were added in saturating concentrations (for dose–response curves for
oxotremorine and pilocarpine, see Bal et al., 1994; for CabTRP1a, see Chris-
tie et al., 1997; for RPCH see, Nusbaum and Marder, 1988; for proctolin, see
Marder et al., 1986; for TNRNFLRFamide, see Weimann et al., 1993; for
CCAP, see Weimann et al., 1997; for dopamine, serotonin, and octopamine,
see Flamm and Harris-Warrick, 1986a,b). Only one modulator was studied
in each experiment. Following modulator application in saline, 10�7

M TTX
was added to the bath. In some experiments, TTX saline without modulators
was superfused before combining modulator and TTX superfusion. In these
experiments, we waited until all activity ceased, and no action potentials were
elicited after injecting depolarizing current. The two procedures led to the
same conclusions regarding modulatory effects in TTX. To look at the effect
of modulators in TTX on the isolated pacemaker neurons, we blocked glu-
tamatergic synapses with 10�5

M picrotoxin (PTX; Sigma-Aldrich).
Synaptic strength measurements. To compare the synaptic strength be-

tween the Lateral Pyloric (LP) and Pyloric Dilator (PD) neurons, we
measured inhibitory postsynaptic potential (IPSP) amplitudes in differ-
ent conditions. The strength of spike-mediated IPSPs was determined by
measuring the amplitude of the first LP-evoked IPSP in PD neurons
during ongoing pyloric activity, with the PD neuron at �50 mV. In some
experiments, the LP neuron was hyperpolarized to allow it to spike only
once per burst to evoke a single IPSP. When the LP neuron was not
spiking following decentralization, short depolarizing current pulses of
varying length and duration were applied to elicit single spikes. Re-
sponses after decentralization and after modulator application were
compared. To measure graded synaptic transmission, the presynaptic
neuron was held at �60 mV and depolarized for 500 ms to �20 mV to
evoke graded release (Manor et al., 1997; Zhao et al., 2011). Postsynaptic
neurons were held at �50 mV, and responses in TTX only and modula-
tor and TTX were compared (see Ayali et al., 1998; Thirumalai et al.,
2006; Zhao et al., 2011).

Data analysis. One hundred twenty seconds of data were analyzed in
each condition. Data were analyzed using pCLAMP version 10.5, Spike2
version 7, Microsoft Excel 2010, and MatLab 2016 (MathWorks). Overlays
of intracellular traces in Figures 4 and 5 were generated in Spike2 software,
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and spikes were substituted with a horizontal line, using custom-written
scripts. For the phase relationship plots in Figures 4 and 5, we measured the
onset and offset of PD, LP, and Pyloric (PY) neuron activity with the same
method for the spiking and nonspiking data at the membrane potential
threshold for spike initiation (MatLab 2016).

When presented, the boxplots show the median and the first and third
quartile of the data, with whiskers extending to the most extreme data
points. Comparisons of oscillation amplitudes, resting membrane poten-
tials (rmps), and synaptic strengths were statistically tested with paired t
tests. Rhythm frequencies were compared and statistically tested using
one-way ANOVAs with multiple comparisons and phase relationship
on- and off-phases with two-way ANOVAs (MatLab 2016). In all figures,
significance at p � 0.05 (*) and p � 0.001 (***) is reported with asterisks.
Exact p values, as well as F values, df values, and the number of experi-
ments (N ) are given in the figure legends.

Results
The STG of the crab C. borealis contains 26 –27 neurons (Kilman
and Marder, 1996) and produces the pyloric rhythm, a robust
triphasic rhythm with a frequency of �1 Hz, both in the animal
(Soofi et al., 2014), and when the complete STNS [including the
paired commissural ganglia (CoGs) and a single esophageal gan-
glion] is placed in a dish (Fig. 1). The pyloric rhythm activates
muscles responsible for the filtering of food in the foregut of the
animal and is continuously active. Figure 1A shows simultaneous
intracellular recordings from the PD, LP, and PY neurons, to-
gether with an extracellular recording from the lateral ventricular
nerve (lvn), which contains the axons of all of these units. These

neurons fire in a characteristic sequence: PD/LP/PY. Figure 1C is
a simplified connectivity diagram for the pyloric rhythm (Marder
and Bucher, 2007). There are two PD neurons in each STG that
are electrically coupled to the single Anterior Burster (AB) neu-
ron, which together form a “pacemaker kernel” for the pyloric
rhythm. Both the AB and PD neurons inhibit the LP and PY
neurons (Fig. 1C; Eisen and Marder, 1982). The LP and PY neu-
rons fire on rebound from that inhibition as a consequence of the
dynamics of their membrane currents and the inhibition, pro-
ducing the characteristic pyloric rhythm (Maynard, 1972; Hart-
line, 1979; Hartline and Gassie, 1979; Selverston and Miller, 1980;
Miller and Selverston, 1982; Harris-Warrick et al., 1995; Rabbah
and Nadim, 2005).

When neuromodulatory inputs to the STG are removed, ei-
ther by cutting or blocking the stomatogastric nerve, which sends
projections to the STG, the pyloric rhythm slows or stops (Rus-
sell, 1979; Hamood et al., 2015). Figure 1B shows this effect for
the preparation shown in Figure 1A. A large body of previous
work had demonstrated that many neuromodulators can
strongly activate or otherwise alter the pyloric rhythm in decen-
tralized preparations (Hooper and Marder, 1984; Marder and
Calabrese, 1996). Here, we applied a modulator to decentralized
preparations and then sequentially added TTX to determine
whether the circuit effects of the modulators persisted in the pres-
ence of TTX (Fig. 2A).

Figure 1. The triphasic pyloric rhythm before and after decentralization. A, Intracellular recordings of the PD, LP, and PY neurons, and extracellular recording of the lvn. On the right, a schematic
overview of the intact STNS. B, The pyloric rhythm slowed after decentralization. Right side, The stn was blocked to abolish modulatory descending input to the STG. C, Simplified pyloric circuit. The
resistor symbol between AB and PD shows an electrical synapse. All other synapses are inhibitory. Each circle represents one neuron. aln, Anterior lateral nerve; mvn, median ventricular nerve; pdn,
PD nerve; pyn, pyloric nerve. Calibration: vertical lines, 20 mV; dashed lines, �50 mV.
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Some modulator rhythms persist in TTX
Muscarinic cholinergic agonists strongly activate the rhythmic
activity of the STG (Marder and Paupardin-Tritsch, 1978;
Marder and Eisen, 1984b; Elson and Selverston, 1992; Bal et al.,
1994). Figure 2B shows intracellular recordings from the PD and
LP neuron, first in the control decentralized condition, then in
oxotremorine (a muscarinic cholinergic agonist), and then in
oxotremorine plus TTX. As shown previously, oxotremorine
increased the cycle frequency of the pyloric rhythm, as well as the
amplitude of the PD slow-wave bursts and the number of the PD
and LP spikes/burst. When TTX was added, still in the presence of
oxotremorine, note that the rhythmic alternations between PD
and LP continued, because these neurons depolarized out of
phase with each other, without action potentials. Muscarinic ago-
nists elicited stable rhythms in 21 of 21 preparations (oxotremo-
rine, N � 17; pilocarpine, N � 4).

CabTRP1a is a tachykinin-related peptide isolated from
C. borealis (Christie et al., 1997) that is found in descending modu-
latory inputs to the STG (Blitz et al., 1999; Wood et al., 2000; Stein et
al., 2007). Figure 2C shows that CabTRP1a also increases the ampli-

tude of the slow-wave oscillations and the numbers of action poten-
tials/burst in both the PD and LP neurons. As with oxotremorine,
the slow-wave alternations in CabTRP1a persisted in TTX, again
with the depolarizations and hyperpolarizations in the PD and LP
out of phase with each other. CabTRP1a elicited rhythms in TTX in
13 of 14 preparations.

RPCH also activates the pyloric rhythm in crabs (Nusbaum and
Marder, 1988), as well as strongly enhances synaptic transmission in
lobsters (Dickinson et al., 1990; Thirumalai et al., 2006). Figure 2D
shows the effects of RPCH in control saline and then in the presence
of TTX. Note that in TTX there were slow and alternating patterns
of activity between the PD and LP neurons, but these patterns are
quite different from those seen in oxotremorine and CabTRP1a.
These or similar patterns were seen in 19 of 30 experiments. The
diversity of patterns seen in RPCH are further analyzed elsewhere (P.
Rosenbaum, unpublished observations).

Some modulator rhythms are blocked in TTX
Not all modulators that activate or enhance the pyloric rhythm
are capable of producing alternating patterns of activity in TTX.

Figure 2. Effects of modulators and modulators in TTX on the pyloric rhythm. A, Schematic of the STNS during different experimental conditions (from left to right), as follows: decentralized,
modulator application, modulator and TTX application. B–D, Intracellular recordings of the PD neuron and LP neuron in the three different conditions. In the decentralized preparation, the frequency
decreased, and phase relationships remained similar (all left panels). B, Application of the muscarinic agonist oxotremorine strongly activates the pyloric rhythm and increases burst frequency.
Coapplication of oxotremorine and TTX abolishes spiking but leaves the slow-wave oscillations almost unchanged. C, CabTRP1a produces a strong pyloric rhythm, after addition of TTX the slow-wave
remains, but the rhythm slows. D, RPCH produces a robust pyloric rhythm, and after the addition of TTX oscillations with two time components emerge. Calibration: vertical lines, 20 mV; dashed lines,
�50 mV.

Rosenbaum and Marder • Graded Synaptic Transmission Can Sustain Rhythms J. Neurosci., October 17, 2018 • 38(42):8976 – 8988 • 8979



Figure 3 shows that in the presence of TTX preparations in proc-
tolin (Fig. 3A), TNRNFLRFamide (Fig. 3B), and CCAP (Fig. 3C)
became silent. (In TTX, activity was seen in 0 of 5 experiments in
proctolin; in 0 of 6 experiments in TNRNFLRFamide; in 0 of 7
experiments in CCAP.) Interestingly, oxotremorine, CabTRP1a,
proctolin, RPCH, CCAP, and TNRNFLRFamide all activate the
same voltage-dependent inward current, IMI, in various STG neu-
rons, among them the bursting pacemaker neuron, AB (Golow-
asch and Marder, 1992; Swensen and Marder, 2000, 2001; Garcia
et al., 2015; Gray and Golowasch, 2016; Gray et al., 2017), so the
differences between the results shown in Figures 2 and 3 were
unexpected.

In the lobster P. interruptus, the amine dopamine strongly
activates the pyloric rhythm (Flamm and Harris-Warrick, 1986a). In
contrast, in crabs, high concentrations of dopamine have been seen
to “crash” the rhythm, and the alternating pattern of activity in the
LP and PD neurons is lost (Marder and Weimann, 1992). We repli-
cated those results in five experiments in which we applied 10�4

M

dopamine. In one experiment, dopamine elicited a weak triphasic
rhythm, with a low-amplitude slow wave. In the other four experi-
ments, PD and LP fired tonically after dopamine application and
turned silent within a few minutes. In six experiments in which do-
pamine and TTX were coapplied, PD and LP depolarized by �5 mV
but remained silent otherwise (data not shown). Octopamine, an-
other amine, was able to produce triphasic patterns in the dc STG,
but the STG became silent after adding TTX (0 of 3 experiments;
data not shown).

Characterization of the muscarinic-induced rhythms in the
presence and absence of TTX
We were curious to compare quantitatively the triphasic rhythms
generated by muscarinic agonists (oxotremorine, N � 17; pilo-
carpine, N � 4) in TTX with those seen in the presence of action
potentials. Figure 4A shows overlaid normalized and averaged
PD, LP, and PY intracellular traces from 20 cycles in oxotremo-

rine (black, spikes removed) and oxotremorine and TTX (gray).
Comparing the oscillation amplitudes and trough membrane po-
tentials of the three pyloric neurons in oxotremorine with and
without TTX, no significant differences were found in the oscil-
lation amplitudes. Nonetheless, the PD and LP trough membrane
potentials were different (Table 1).

We quantified pyloric cycle frequencies in the intact STNS,
following decentralization, and subsequently in oxotremorine,
and in oxotremorine with TTX (Fig. 4B). As commonly occurs,
the pyloric cycle frequency decreased significantly after decen-
tralization (N � 16: intact, 1.18 	 0.37 Hz; decentralized, 0.57 	
0.45 Hz; p � 0.0001; Hamood and Marder, 2015). After the ap-
plication of oxotremorine, oscillations returned to a frequency
comparable to the intact STNS and remained there after adding
TTX (oxo, 1.24 	 0.32 Hz; oxo � TTX, 1.15 	 0.27 Hz). The
phase relationships of PD, LP, and PY, which represent the nor-
malized time within one pyloric cycle when each neuron is active,
are shown in Figure 4C. These were largely conserved across con-
ditions, whereas PY phases were more variable. Most notably, PY
burst onsets in oxotremorine occurred earlier after adding TTX,
which accounts for the flatter waveform shape in the latter
condition.

Characterization of CabTRP1a-induced rhythms in the
presence and absence of TTX
Figure 5 shows the membrane potential waveforms during pylo-
ric activity in CabTRP1a in the presence and absence of TTX. In
13 of 14 experiments in which CabTRP1a and TTX were coap-
plied, a triphasic rhythm was observed. In Figure 5A, the average
waveforms of the three pyloric neurons in CabTRP1a (spikes
removed), and CabTRP1a � TTX were compared. In the super-
imposed traces, the similar shape of the membrane potential is
apparent (black, CabTRP1a; gray, CabTRP1a � TTX). Except for
the PD trough membrane potential, the oscillation amplitudes
and trough membrane potentials did not change significantly

Figure 3. Effects of modulators and modulators in TTX on the pyloric rhythm. A–C, Intracellular recordings of the PD neuron and LP neuron following decentralization (left) and modulator
application (middle), and after adding TTX (right). In the decentralized preparation, the frequency decreased, and phase relationships remained similar (all left panels). Proctolin, TNRNFLRFamide,
and CCAP produce a robust pyloric rhythm, but activity ceases after adding TTX. Calibration: vertical lines, 20 mV; dashed lines, �50 mV.
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after adding TTX (Table 1). The traces in Figure 2C suggest a
slower cycle frequency in CabTRP1a after adding TTX. The box
plots in Figure 5B show the typical significant decrease in fre-
quency following decentralization (N � 14; intact, 1.21 	 0.34
Hz; decentralized, 0.65 	 0.43 Hz; p � 0.0003). The application
of CabTRP1a did not significantly increase the frequency of the
rhythm after decentralization (CabTRP1a 0.83 	 0.2 Hz). After
adding TTX, the rhythm slowed significantly (0.5 	 0.29 Hz).
Thus, pyloric rhythms in CabTRP1a were slower than in ox-
otremorine (1.24 	 0.32 Hz) and oxotremorine � TTX (1.15 	
0.27 Hz). Phase relationships were conserved across the four con-
ditions, with more variability in CabTRP1a and TTX (Fig. 5C).
The only significant differences found were at the end of LP ac-
tivity between the control and the CabTRP1a � TTX condition
(Fig. 5C, legend).

The results in Figures 2, 3, 4, and 5 suggest that under some
modulatory conditions a coordinated triphasic rhythm can be
generated without action potentials. Thus, in principle, graded
synaptic transmission is sufficient to maintain stable phase rela-
tionships between the pyloric neurons. Although the frequency
of the rhythm is maintained in both oxotremorine and
CabTRP1a in TTX, it is slower in CabTRP1a and TTX.

Modulation of spike-mediated and graded transmission
The only direct feedback to the pacemaker kernel AB–PD–PD is
the inhibitory LP–PD synapse, which can contribute to the fre-
quency of the rhythm under some, but not all, conditions (Selver-
ston and Moulins, 1985; Ayali and Harris-Warrick, 1999;
Thirumalai et al., 2006). To determine the influence of modula-
tion on this synapse, the strength of spike-mediated synaptic
transmission between LP and PD was determined by measuring
LP-evoked IPSP amplitudes in the PD neurons following decen-
tralization and oxotremorine or CabTRP1a application. On av-
erage, spike-mediated IPSP amplitudes increased significantly
after adding oxotremorine (N � 9; decentralized, 2.3 	 1.2 mV;
oxo, 2.9 	 1.2 mV; p � 0.0053; Fig. 6A, left side) and in
CabTRP1a (N � 9; decentralized, 3.2 	 1.1 mV; CabTRP1a,
4.9 	 1.2 mV; p � 0.002; Fig. 6A, right side; see figure legend).

Graded synaptic strength was measured both from the LP
neuron to the AB/PD neurons and from the AB/PD neurons to
the LP neuron in the presence of TTX. In these experiments, the
presynaptic neuron was depolarized from �60 to �20 mV for
500 ms, and the responses were measured at �50 mV in the
postsynaptic neuron (Fig. 6B). The depolarization from �60 to
�20 mV corresponds approximately to the maximal range of the
membrane potential oscillations that occur during an ongoing
pyloric rhythm. Graded synaptic inhibition from the LP neuron
to the PD neuron did not increase significantly after either ox-
otremorine or CabTRP1a application (Fig. 6C,D, left sides; oxo:
PD TTX, 10.4 	 2.6 mV; oxo � TTX, 12 	 2.6 mV; N � 5;
CabTRP1a: TTX, 7.15 	 4.5 mV; CabTRP1a � TTX, 10.9 	 2.8
mV; N � 4). Graded transmission from the PD neuron to the LP
neuron also showed no change in CabTRP1a (Fig. 6D, right;
TTX, 6.43 	 2.5 mV; CabTRP1a � TTX, 5.98 	 1.7 mV). In
contrast, oxotremorine strongly reduced the graded inhibition
evoked in LP by PD depolarization (TTX, 10.3 	 1.7 mV; oxo �
TTX, 1.6 	 1.4 mV; p � 0.002; Fig. 6D, legend). This might in
part be due to the decreased input resistance during the ongoing
oscillations and the synaptic input LP receives.

Figure 4. Comparison of oscillations in oxotremorine and oxotremorine plus TTX. A, Averaged intracellular traces of PD, LP, and PY from 20 oscillations in oxotremorine (black) and oxotremorine
and TTX (gray) were normalized to three PD cycles and overlaid. Spikes were digitally removed from the oxotremorine traces to facilitate direct comparison with the TTX traces (see Materials and
Methods). Calibration: vertical line, 20 mV; dashed lines, �50 mV. B, Comparison of the pyloric frequency in the intact STNS, after dc, in oxotremorine, and in oxotremorine � TTX. N � 16; Box plots
show the median and first and third quartiles of data, and whiskers extend to the minima/maxima. Each point reports the averaged data of one experiment. One-way ANOVA: ***p � 0.001
(intact-decentralized, p � 0.0001; intact-oxo, p � 0.9594; intact-oxo-TTX, p � 0.9974; dc-oxo, p � 0.0000; dc-oxo-TTX, p � 0.0002; oxo-oxo-TTX, p � 0.9003; F � 11.5; df � 15). C, Phase
relationships of PD, LP, and PY in the different conditions (N � 5). No significant differences; two-way ANOVA PD: off control-oxo, p � 0.993; control-oxo � TTX, p � 0.2764; oxo-oxo � TTX, p �
0.3951; F � 1.53; LP on control-oxo, p � 0.9715; control-oxo � TTX, p � 0.952; oxo-oxo � TTX, p � 0.9997; F � 0.31; LP off control-oxo, p � 0.9999; control-oxo � TTX, p � 0.9639;
oxo-oxo � TTX, p � 0.9739; F � 0.25; PY on control-oxo, p � 1; control-oxo � TTX, p � 0.9313; oxo-oxo �TTX, p � 0.9386; F � 0.37; PY off control-oxo, p � 0.9926; control-oxo � TTX, p �
0.9989; oxo-oxo � TTX, p � 0.9992; F � 0.87, df � 4.

Table 1. Mean oscillation amplitudes and trough membrane potentials for
modulator only and modulator � TTX conditions in PD, LP, and PY neurons

Oxotremorine Oxotremorine � TTX CabTRP1a CabTRP1a � TTX

PD amp (mV) 19.8 	 6.1 20.6 	 9 18.2 	 4.8 17.6 	 10.1
PD tmp (mV) �55.7 	 5.3 �52.2 	 5.6* �53.4 	 4.3 �48.2 	 6.4*
LP amp (mV) 17.7 	 3.9 20.5 	 7.8 17.8 	 5.1 17.3 	 9.2
LP tmp (mV) �54.1 	 3.4 �55 	 3.4* �52.5 	 6.4 �50.4 	 7.8
PY amp (mV) 20.2 	 5.9 24.2 	 10.3 12.8 	 6.4 6.9 	 8
PY tmp (mV) �58.4 	 1.5 �60.2 	 2.6 �56.9 	 4.7 �56.1 	 4.8

Slow-wave amplitudes were measured without action potentials. tmp, Trough membrane potential (the most
hyperpolarized point of the membrane potential excursion).

*oxo vs oxo � TTX: PD amp, p � 0.856; PD tmp, p � 0.0059, df � 13, N � 14; LP amp, p � 0.1775; LP tmp, p �
0.0315; df � 14, N � 15; PY amp, p � 0.1893; PY tmp, p � 0.07; df � 4, N � 5. CabTRP1a vs CabTRP1a � TTX:
PD amp, p � 0.7917; PD tmp, p � 0.0013; df � 12, N � 13; LP amp, p � 0.8147; LP tmp, p � 0.0576; df � 11,
N � 12; PY amp, p � 0.1271; PY tmp, p � 0.6617; df � 6, N � 7 (paired t test).

Rosenbaum and Marder • Graded Synaptic Transmission Can Sustain Rhythms J. Neurosci., October 17, 2018 • 38(42):8976 – 8988 • 8981



Effects of current injection into PD and LP neurons
Muscarinic agonists can induce rhythmic activity in all pyloric neu-
rons in the Cape lobster (Bal et al., 1994). To investigate how
rhythms in oxotremorine, as well as in CabTRP1a and TTX, are
likely generated in the Jonah crab, the effects of depolarizing and
hyperpolarizing the pacemaker neurons and LP neuron were exam-
ined. When the AB neuron or PD neuron was hyperpolarized, the
rhythm slowed (Fig. 7A; N � 6). When the PD neuron was depolar-
ized, the frequency of the rhythm increased (Fig. 7B; N � 8). As
previously reported for the effect of the LP neuron on pyloric cycle
frequency in the spiny and Maine lobsters (Ayali and Harris-
Warrick, 1999; Thirumalai et al., 2006) in three experiments, hyper-
polarization of the LP neuron did not influence the cycle frequency
of the PD neurons (Fig. 7C), but in two experiments the cycle fre-
quency did increase due to the absence of LP inhibition of PD (data
not shown). LP depolarization led to a greater PD inhibition and
thus to a slower frequency (Fig. 7D; N � 5). Similar results were
obtained in CabTRP1a in the presence of TTX (data not shown).

To determine whether pacemaker activation alone is suffi-
cient to generate oscillations in oxotremorine and CabTRP1a or
whether interaction between pyloric neurons is necessary, we
pharmacologically isolated the pacemaker ensemble using 10�5

M PTX, which blocks the glutamatergic inhibitory synapses in the
STG (Marder and Paupardin-Tritsch, 1978; Bidaut, 1980;
Marder and Eisen, 1984a). Because the LP–PD synapse is the only
chemical synaptic connection back to the pacemaker ensemble
from the other pyloric circuit neurons, and the LP–PD synapse is
glutamatergic (Marder and Eisen, 1984a), the pacemaker ensem-
ble is effectively isolated from chemical synaptic inputs from the
rest of the pyloric circuit. Figure 8A shows a recording from a PD
and LP neuron in the simultaneous presence of oxotremorine,
TTX, and PTX. Oxotremorine produced a rhythm in all of the
isolated pacemakers examined (N � 8). The frequency of the
oscillations in the preparation shown in Figure 8A was un-
changed before and after adding the PTX (average frequency:
oxotremorine � TTX, 0.92 	 0.22 Hz; oxotremorine � TTX �

PTX, 0.93 	 0.29 Hz; p � 0.773, df � 7). The PD oscillation amp
and rmp did not change significantly between oxotremorine �
TTX (18.4 	 7 mV, �51.2 	 6 mV) and oxotremorine � TTX �
PTX (14 	 8.8 mV, �47.3 	 3.9 mV; amp: p � 0.093, df � 7;
rmp: p � 0.12, df � 7; N � 8). The membrane potentials of the LP
and PY neurons depolarized significantly after adding PTX (LP:
oxotremorine � TTX, �56.9 	 3.3 mV; oxotremorine � TTX �
PTX, 36.6 	 10.2 mV; p � 0.0003, df � 7; N � 8; PY: oxotremo-
rine � TTX, �59 	 1 mV; oxotremorine � TTX � PTX, �37 	
3 mV; p � 0.0017, df � 4; N � 3).

CabTRP1a also consistently evoked rhythmic activity in the
PD neurons in the presence of TTX and PTX (N � 8; Fig. 8B),
although the frequencies of the isolated pacemaker in CabTRP1a
were significantly lower in the presence of PTX than in the pres-
ence of CabTRP1a � TTX alone (CabTRP1a � TTX, 1.93 	 0.91
Hz; CabTRP1a � TTX � PTX, 5.33 	 3.72 Hz; p � 0.039, df �
7). The modulators that did not elicit circuit activity in TTX did
not activate the pharmacologically isolated pacemaker ensemble
(proctolin, N � 2; TNRNFLRFamide, N � 3; CCAP, N � 3;
octopamine, N � 3).

Together, the activation of the pacemaker kernel by ox-
otremorine and CabTRP1a was sufficient to generate oscilla-
tions in the absence of spiking. This activation in combination
with graded synaptic transmission between the pyloric neu-
rons was sufficient to evoke a coordinated pyloric rhythm of
appropriate frequency and phase relationships, as long as the
appropriate neuromodulatory environment is present.

Discussion
Modulators can promote both plasticity and stability
It remains a mystery why brains use so many neuromodulators. It
is also puzzling why the small number of neurons in the crusta-
cean stomatogastric ganglion are modulated by more substances
than there are neurons (Marder and Bucher, 2007; Marder, 2012;
Marder et al., 2014). When the richness of neuromodulation of
the STG initially became apparent, we argued that each modula-

Figure 5. Comparison of oscillations in CabTRP1a (Cab) and CabTRP1a � TTX. A, Normalized and averaged intracellular traces of PD, LP, and PY neurons from 20 oscillations in CabTRP1a (black)
and CabTRP1a and TTX (gray) were overlaid. Spikes were removed in CabTRP1a. Calibration: vertical bars, 20 mV; horizontal bars, �50 mV. B, Comparison of the frequency in the intact STNS, after
dc, CabTRP1a, and CabTRP1a � TTX. N � 14. Box plots show the median and first and third quartiles of data, and whiskers extend to the minima/maxima. Each point correlates to the averaged data
of one experiment. *p�0.05, ***p�0.001 (intact-dc, p�0.0003; intact-CabTRP1a, p�0.0182; intact-CabTRP1a�TTX, p�0.0000; dc-CabTRP1a, p�0.5333; dc-CabTRP1a-TTX, p�0.6041;
CabTRP1a-CabTRP1a � TTX, p � 0.05; F � 11.79; df � 13). C, Phase relationships of PD, LP, and PY neurons in the different conditions (N � 6). The only significant difference was between LP-off
control and CabTRP1a � TTX (two-way ANOVA PD off control-CabTRP1a, p � 0.9957; control-CabTRP1a � TTX, p � 0.2530; CabTRP1a-CabTRP1a � TTX, p � 0.3507; F � 1.56; LP on
control-CabTRP1a, p � 0.9417; control-CabTRP1a � TTX, p � 0.1868; CabTRP1a-CabTRP1a � TTX, p � 0.4222; F � 1.79; LP off control-CabTRP1a, p � 0.7701; control-CabTRP1a � TTX, p �
0.0314*; CabTRP1a-CabTRP1a � TTX, p � 0.1793; F � 3.8; PY on control-CabTRP1a, p � 0.8285; control-CabTRP1a � TTX, p � 0.295; CabTRP1a-CabTRP1a � TTX, p � 0.7601; F � 1.31; PY off
control-CabTRP1a, p � 0.8694; control-CabTRP1a � TTX, p � 0.0745; CabTRP1a-CabTRP1a � TTX, p � 0.2679; F � 2.78, df � 5).
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tor produces a somewhat different motor
pattern, and that these variable motor pat-
terns would confer behavioral flexibility
(Dickinson and Nagy, 1983; Eisen and
Marder, 1984; Hooper and Marder, 1984;
Marder and Hooper, 1985; Marder et al.,
1987; Dickinson et al., 1990; Harris-
Warrick and Marder, 1991; Marder and
Weimann, 1992).

But additionally, we now know that
some modulators have similar, overlap-
ping actions, and can act as “fail-safe”
mechanisms, promoting stability of the
rhythms under appropriate conditions
(Marder, 2012). Moreover, some modu-
lators have opposing cellular actions,
which can help to balance inward and out-
ward currents to sustain robust activity
(Harris-Warrick and Johnson, 2010;
Marder, 2012). These and other mecha-
nisms can contribute to stable and robust
performance in the population, despite
significant animal-to-animal variability

Figure 7. Current injections in TTX and oxotremorine. Intracellular recordings of PD and LP are shown. A, Hyperpolarization of
the pacemaker slows down the pyloric rhythm. B, PD depolarization speeds up oscillation. C, LP hyperpolarization has little effect
on the frequency of the PD neurons. D, LP depolarization leads to stronger inhibition of PD, resulting in a slower PD frequency.
Calibration: dashed horizontal bars, �50 mV; vertical bars, 20 mV.

Figure 6. Spike-mediated and graded synaptic strength in oxotremorine and CabTRP1a (Cab) measured across different conditions. A, Comparison of IPSP amplitudes in the PD neuron after
decentralization and in oxotremorine and CabTRP1a (dc-oxo: p � 0.0053; df � 8; dc-CabTRP1a: p � 0.002; df � 8). B, Example traces for the measurement of graded synaptic strength in TTX (first
two traces) and oxotremorine � TTX (bottom two traces). The presynaptic cell (LP) was depolarized from �60 to �20 mV, and the postsynaptic cell (PD) was held at �50 mV. C, Amplitudes of
the graded IPSP in PD and LP for TTX and oxotremorine � TTX (PD TTX-TTX � oxo: p � 0.0839; df � 4; LP TTX-TTX � oxo: p � 0.0015; df � 4). D, Amplitudes of the graded IPSP in PD and LP for
TTX and CabTRP1a � TTX (PD TTX-TTX � CabTRP1a: p � 0.0994; df � 3; LP TTX-TTX � CabTRP1a: p � 0.42; df � 3). Box plots show the median and first and third quartiles of data, and whiskers
extend to the minima/maxima. Each point correlates to the averaged data of one experiment. *p � 0.05 (one-way ANOVA). rec, Recorded; sIPSP, spike-mediated IPSP; stim, stimulated.
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(Goaillard et al., 2009; Grashow et al., 2009, 2010; Hamood and
Marder, 2014, 2015; Hamood et al., 2015).

Many modulators, including oxotremorine, CabTRP1a,
RPCH, proctolin, TNRNFLRFamide, and CCAP, generate robust
pyloric rhythms when applied to STG preparations from which
endogenous modulatory substances have been removed. These
six modulators in particular all activate IMI (Swensen and
Marder, 2000; Gray and Golowasch, 2016; Gray et al., 2017),
although the neuronal targets and the current densities activated
by each substance are different (Swensen and Marder, 2001; Gar-
cia et al., 2015). Thus, although the activation of the pyloric
rhythm by each of these substances benefits from their actions on
the same current, the contribution of each of these substances to
maintaining an ongoing and robust rhythm will be different. One
consequence of this is that the effects of TTX on the rhythms seen
in each of the modulators are different (Fig. 2).

Variable responses to block of the fast Na � current
An insight into the variable effects of TTX on the pyloric rhythm
as a function of the neuromodulator present has come from stud-
ies of the effects of TTX on bursting in the isolated AB neurons in
different modulators (Harris-Warrick and Flamm, 1987; Epstein
and Marder, 1990). In P. interruptus, AB neuron bursting persists
in the presence of TTX and dopamine, but in the presence of
serotonin and octopamine, AB neuron bursting is lost in TTX.
Changes in bath Ca 2� concentration suggested that the Na� and
Ca 2� contributions to the inward current that drives the upswing
of the burst were different in different modulators (Harris-
Warrick and Flamm, 1987). This interpretation was supported by
a computational model (Epstein and Marder, 1990) that shows
that the ratio of the Na� and Ca 2� currents responsible for the
burst inward current could account for the results seen in the
study by Harris-Warrick and Flamm (1987). The mechanism by
which dopamine oscillations are generated is partially understood,
suggesting that dopamine evokes calcium release from intracellular
stores, activating a nonselective calcium current that depolarizes the
AB neuron to initiate oscillations (Kadiri et al., 2011).

In other preparations, rhythmic activity also persists in the
presence of TTX. NMDA can activate oscillatory activity in TTX
in a number of spinal cord and other vertebrate preparations

(Sigvardt et al., 1985; Grillner et al., 1987; Prime et al., 1999;
MacLean and Schmidt, 2001; Bonansco and Buño, 2003). There
is an obvious similarity between the oscillator activation by
NMDA and that produced by the modulators that act on IMI

because the current–voltage curve activated by IMI is similar to
that of the NMDA receptor (Golowasch and Marder, 1992; Sw-
ensen and Marder, 2000; Gray and Golowasch, 2016).

In the crayfish thoracic ganglion, rhythmic and alternating
membrane potential oscillations that persisted in TTX were elic-
ited by oxotremorine (Chrachri and Clarac, 1990) and in Clione
rhythmic alternations thought to be important for locomotion
also persisted in TTX (Arshavsky et al., 1985). Thus, in other
rhythmically active motor networks, alternating activity patterns
can also be generated without Na�-dependent processes. This
may mean that sustaining rhythmic alternation in motor systems
may be sufficiently important that there are multiple mecha-
nisms that can do so.

Neuronal targets of modulators that act on IMI

Figure 9 summarizes the neuronal targets for five of the modula-
tors studied here (Swensen and Marder, 2000, 2001). These data
came from experiments in which modulators were applied to
neurons isolated from descending modulatory inputs and from
their connections with other pyloric neurons. Although each of
the modulators activates the IMI at the end of a second messenger
signaling cascade, they act on their own receptor types. Figure 9A
shows that the AB and LP neurons responded to all five subst-
ances, the PD neuron showed robust responses to only three
substances, and the LPG neurons showed responses to only two
substances. The number of receptors shown in the diagram is an
attempt to qualitatively capture the fact that the strengths of the
responses were also different across cell types. Figure 9B–E shows
the complete set of neuronal targets for four of the substances
that were studied here to help rationalize the differential TTX
sensitivity of the rhythm to the applied substances, despite the
fact that all of these substances activate IMI.

By analogy with the effects of TTX on bursting in a single
neuron, it is plausible that each of the modulators studied here
results in a rhythm that depends differentially on voltage-
dependent Na� currents and spike-mediated synaptic transmis-
sion. Both oxotremorine and CabTRP1a activate the AB, PD, and
LPG neurons. We speculate that, by so doing, they activate the
electrically coupled pyloric pacemaker ensemble sufficiently so
that the pacemaker slow wave can drive the entire circuit with
graded transmission. This is aided by the activation of the LP and
PY neurons, in which IMI enhances their ability to rebound from
inhibition.

Although the phase and cycle frequency of the pyloric rhythm
were conserved in oxotremorine in the presence of TTX, the
frequency of the CabTRP1a rhythm was slower in the presence of
TTX, and RPCH rhythms were highly variable. This demon-
strates that graded synaptic transmission is, in principle, suffi-
cient to establish and maintain a triphasic rhythm with phase
relationships similar to the regular rhythm, but this will occur
only under a specific set of modulatory conditions. Note that
while RPCH activates the AB and LP neurons, it does not act on
the PD, LPG, or PY neurons, so that it is likely that only AB and
LP alternations will be sustained in TTX and RPCH, plausibly
accounting for some of the properties of the RPCH rhythms.

Other modulators that activate IMI were not able to generate
rhythmic activity in the presence of TTX, presumably because
they did not activate the pacemaker oscillators strongly enough

Figure 8. Activity of the pharmacologically isolated pacemaker AB–PD in TTX and either
oxotremorine or CabTRP1a. A, In the presence of oxotremorine, TTX, and PTX, the rhythm in PD
persists. Note the small PD–LP inhibition in the LP traces. B, In CabTRP1a, TTX, and PTX, pace-
maker oscillations persist. Calibration: dashed horizontal bars, �50 mV; vertical bars, 20 mV.
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or evoke sufficient rebound from inhibition in the follower
neurons.

Sustaining rhythms with graded transmission
There appear to be species differences in whether graded trans-
mission alone can sustain the full triphasic pyloric rhythm. In
P. interruptus, dopamine strongly activates the AB neuron
(Marder and Eisen, 1984b; Flamm and Harris-Warrick, 1986b),
and graded transmission is sufficient to maintain the triphasic
rhythm in dopamine and TTX (Raper, 1979; Anderson and
Barker, 1981). However, this is not the case in C. borealis. Given
the fact that dopamine activates several receptors and modulates
a variety of ionic conductances (Harris-Warrick and Johnson,

2010; Krenz et al., 2013), it is perhaps not surprising that this
species difference is seen.

During robust STG activity, it has been estimated that sub-
stantially more transmitter is released as a graded function of the
membrane potential of the presynaptic neurons than is released
by action potentials (Raper, 1979; Graubard et al., 1980; Ross and
Graubard, 1989). Graded synaptic transmission shows depres-
sion, and the response depends on the shape, amplitude, and
frequency of the presynaptic stimulus (Manor et al., 1997; Kvarta
et al., 2012). Because the threshold for graded transmitter release
is quite hyperpolarized (Maynard and Walton, 1975; Manor et
al., 1997) and the slow waves persist for hundreds of milliseconds,
these slow and graded synaptic events result in large and pro-

Figure 9. Schematic overview of STG neuron receptor distribution and circuit targets of different neuromodulators. A, Receptor distribution for five substances onto four pyloric neurons. B–E,
Distribution of oxotremorine (B), CabTRP1a (C), RPCH (D), and proctolin (E) receptors on neurons of the pyloric circuit. The figure is a redrawn summary of data found in the studies by Swensen and
Marder (2000, 2001).
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longed changes in postsynaptic conductance. Of course, spikes
are necessary to convey information from the STG to the muscles
that are driven by the STG motor neurons, but pattern generation
depends primarily on analog signaling and benefits from the
structure of STG neurons (Otopalik et al., 2017a,b).

Modulation and complex dynamics
Many cellular and neuronal processes that act on different time
scales are directly or indirectly affected by neuromodulation. The
modulation of IMI can directly alter burst amplitude and fre-
quency, and these changes can result in changes in synaptic
strength and release, which in turn can influence, for example,
the extent of synaptic depression. So, even if these modulators act
primarily on a single current, the dynamics of the cellular and
synaptic mechanisms that result in a particular circuit output
may all be changed (Harris-Warrick and Marder, 1991; Ayali et
al., 1998; Stein, 2009; Kvarta et al., 2012; Marder et al., 2014;
Nadim and Bucher, 2014). Additionally, some modulators affect
graded and spike-mediated transmission differently (Ayali et al.,
1998). Some of the IMI modulators may not generate a rhythm in
TTX, if graded transmission is preferentially weakened and spike-
mediated transmission is enhanced. Even in a system that does
not rely as heavily as the crustacean STG on graded transmission,
a shifting of this balance might have large implications. Thus, the
challenge for the future will be to understand in detail how all of
the changes in network dynamics arise from the myriad cellular
mechanisms called into play directly and indirectly. This is, of
course, the same challenge that we face in understanding the
dynamics of larger networks, but in larger networks it may be
more difficult to discover the details of all of the targets of a given
modulator and thus to understand, even qualitatively, how mod-
ulation occurs.
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