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In the rhythmically active pyloric circuit of the spiny lobster, the synapse between the lateral pyloric (LP) neuron and pyloric constrictor
(PY) neuron has an inhibitory depressing chemical and an electrical component. To understand how the dynamics of the LP3PY
synapse affect the relative firing times between these two neurons in an ongoing rhythm, we characterized the dynamics of the LP3PY
synapse after a pharmacological block of ongoing activity. When a train of voltage pulses was applied to the voltage-clamped LP neuron,
the inhibitory chemical component of the postsynaptic potential (PSP) in the PY neuron rapidly depressed. Thus, after the first few pulses,
the PSP was either hyperpolarizing or depolarizing, depending on the interpulse duration, with shorter interpulse durations producing
depolarizing PSPs. To characterize the synaptic response during rhythmic activity, we played back prerecorded realistic waveforms in the
voltage-clamped LP neuron. After an initial transient, the resulting PSP in PY was always depolarizing, suggesting that in an ongoing
rhythm, the electrical component of the synapse is dominant. However, our results indicate that the chemical component of the synapse
acts to delay the peak time of the PSP and to reduce its amplitude, and that these effects become more important at slower cycle periods.
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Introduction
Neurons coupled with electrical synapses often form chemical
synapses as well (Michelson and Wong, 1994; Benardo, 1997;
Gibson et al., 1999; Mann-Metzer and Yarom, 1999; Fukuda and
Kosaka, 2000). The composite “mixed synapse” is considered a
single functional unit. Several studies have proposed that mixed
synapses act to synchronize the firing of neurons (Benardo, 1997;
Galarreta and Hestrin, 1999; Tamas et al., 2000) or serve as a
coincidence-detection mechanism of excitatory inputs (Galar-
reta and Hestrin, 2001a). Mixed synapses have also been impli-
cated in neuronal rhythmogenesis (Galarreta and Hestrin,
2001b). In many mixed synapses, the chemical component shows
short-term facilitation or depression, whereas the effect of elec-
trical synapses is less use dependent (Galarreta and Hestrin, 1999;
Gibson et al., 1999; Tamas et al., 2000). Thus, a mixed synapse
might dynamically change its properties in response to a modifi-
cation in the frequency or pattern of activation of the synapse
(Galarreta and Hestrin, 2001b).

We explore this possibility using the rhythmically active pylo-
ric network (frequency, 0.5–2 Hz) of the spiny lobster Panulirus
interruptus. The pyloric rhythm is generated by a pacemaker en-
semble of an anterior burster (AB) and two pyloric dilator (PD)
neurons. The remaining (follower) neurons are coupled to the

pacemaker neurons with electrical and inhibitory chemical syn-
apses. The period and activity phase of pyloric neurons are deter-
mined by the intrinsic properties of these neurons as well as the
dynamics of the synapses among them (Nusbaum and Beenhak-
ker, 2002).

An important property of the pyloric network is that the rel-
ative phase of activity of different neurons in the network is ad-
justed depending on the cycle frequency to maintain a stable
triphasic pattern (Miller and Selverston, 1982). Two classes of
follower neurons, the lateral pyloric (LP) and pyloric constrictor
(PY) neurons, are reciprocally coupled via mixed synapses. In the
transmission of signals from the LP neuron to the PY neuron, the
two components of the mixed synapse have opposite effects.
When the LP neuron bursts, the electrical component promotes
PY neuron activity, whereas the chemical component acts to sup-
press it. Moreover, previous studies have shown that the relative
phase of activity of the LP and PY neurons was well maintained
when the frequency of the pyloric rhythm was altered by external
manipulation (Hooper, 1997a,b).

In this study, we explore the complex interaction between
electrical and inhibitory chemical components in the LP3PY
synapse. We first characterize parameters describing the dynam-
ics of the synapse (amplitude and the extent and time constant of
depression) by suppressing the pyloric activity, voltage clamping
the LP neuron with trains of voltage pulses, and recording the
postsynaptic potential (PSP) in the PY neuron. After determining
the synaptic parameters, we describe the synaptic activity in the
context of the rhythmic pyloric rhythm. This is done by playing
back prerecorded realistic waveforms in the voltage-clamped LP
neuron and recording the PSP. Finally, using correlation analysis,
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we show that the frequency-dependent
properties of the LP3PY mixed synapse
are important in determining the firing
phase of the PY neurons during rhythmic
activity. These results indicate that dy-
namic properties of a mixed synapse can
serve as a mechanism for fine-tuning of
phasing in oscillatory networks.

Materials and Methods
All experiments were done on adult spiny lob-
sters P. interruptus (Don Tomlinson Fisheries,
San Diego, CA).The stomatogastric nervous
system (STNS) was isolated with standard pro-
cedures (Selverston et al., 1976; Harris-Warrick
et al., 1992). The isolated STNS was pinned
down on a Sylgard-coated Petri dish and super-
fused with chilled (16°C) physiological saline
containing the following (in mM): 479 NaCl,
12.9 KCl, 13.7 CaCl2�2 H2O, 10 MgSO4�7 H2O,
3.9 NaSO4�10 H2O, 11.2 Trizma base, and 5.1
maleic acid, pH 7.45.

Pyloric neurons were identified by their
stereotypical axonal projections in identified
nerves using conventional techniques (Selver-
ston et al., 1976; Harris-Warrick et al., 1992).
The pyloric activity was monitored with
stainless-steel wire electrodes from identified
nerves. Extracellular signals were amplified
with a differential AC amplifier (model 1700; A-M systems, Carlsborg,
WA). Intracellular recordings were made by impaling the soma with
sharp microelectrodes filled with 0.6 M K2SO4 plus 20 mM KCl (25–35
M� for identification of neurons and for recording the postsynaptic
neuron) or 3 M KCl (8 –12 M� for current injection in the presynaptic
neuron). All intracellular recordings were done with Axoclamp 2B am-
plifiers (Axon Instruments, Foster City, CA).

Synaptic potentials were measured after abolishing the pyloric activity.
This was done by bath application of 0.1 �M tetrodotoxin (TTX) (Bi-
otium, Hayward, CA) to block both descending inputs to and activity
within the stomatogastric ganglion. As expected, TTX eliminated the
spike-mediated component of the LP3PY synapse. For technical rea-
sons, we measured synaptic transmission in TTX so that presynaptic
release could be precisely controlled. In the pyloric network, an impor-
tant component of synaptic transmission is graded (Graubard et al.,
1980), and oscillatory activity could be produced in the absence of action
potentials (Raper, 1979). Synaptic activity was studied by voltage clamp-
ing the presynaptic neuron using a series of voltage pulses or realistic
waveforms from a holding potential of �60 mV. The postsynaptic re-
sponse was monitored in current-clamp mode. The LP3PY synapse has
both electrical and chemical components. Because there is no known
specific blocker for the electrical coupling in this system, the chemical
component was estimated by subtracting the postsynaptic potential re-
corded after blocking the chemical synapse from that recorded under
control conditions. Such subtraction of voltages presupposes a linear I–V
relationship. Because the amplitude of the recorded PSPs was relatively
small, this subtraction provides a good estimate of the chemical compo-
nent. The chemical synapse was blocked by bath application of 10 �M

picrotoxin (PTX) (Marder and Paupardin-Tritsch, 1978).
Realistic waveforms were constructed by recording voltage traces of

the LP neuron in an ongoing rhythm. To obtain typical LP neuron wave-
forms at different pyloric periods, we injected current into one of the
pacemaker group neurons (AB–PD) to change the period. We chose two
representative cases, recorded from a single experiment, with short (625
msec) and long (1600 msec) periods. For each case, we low-pass filtered
the trace at 10 Hz, divided the trace to single cycles, and averaged these
cycles to construct a unitary waveform. In a quiescent LP neuron, we
repeatedly injected the unitary waveform to stimulate the LP neuron with
a realistic waveform. The same LP neuron waveforms were used in all

experiments. A comparison with LP neuron waveforms recorded from
several experiments shows that these waveforms are representative of the
LP neuron activity (data not shown). Note that the fact that we filter the
waveforms and the filtering caused by the electrotonic structure of the LP
neuron cause the chemical component of the synapse to be underesti-
mated. This point is addressed in the Discussion. Manipulations of traces
(waveform cutting, low-pass filtering, and averaging) were done with a
custom-made program written in LabWindows/CVI (National Instru-
ments, Houston, TX).

All intracellular recordings were digitized at 4 kHz and stored on a
personal computer using a PCI-MIO-16E-1 board (National Instru-
ments) and custom-made recording software written in LabWindows/
CVI (National Instruments). All analyses, such as detection of the peak
time and the amplitude of the postsynaptic response, averaging the syn-
aptic response, calculation of the ratios, digital subtraction of the traces,
and curve fitting, were done by custom-made programs written in Mat-
lab (Mathworks, Natick, MA). Statistical tests were done using SAS pack-
age (SAS Institute, Cary, NC).

Results
Neurons that participate in the pyloric rhythm fire bursts of ac-
tion potentials in three distinct phases. The pacemaker AB and
PD neurons fire in-phase, followed by, after a short delay, a burst
of action potentials in the LP neuron and then followed by, with
some overlap, bursts of action potentials in the PY neurons (Fig.
1A). The period and firing phases of neurons in the pyloric net-
work are determined by the intrinsic properties of these neurons
as well as the dynamics of the synapses among them (Nusbaum
and Beenhakker, 2002). Figure 1B shows the connectivity among
the AB, PD, LP, and PY neurons. In this study, we explore the
interaction between electrical and inhibitory chemical compo-
nents of the mixed synapse between the LP and PY neurons.
Previous studies have shown that the electrical component of this
synapse is rectifying: it allows preferential flow of positive current
from the LP neuron to the PY neuron (Graubard and Hartline,
1987; Johnson et al., 1993). We show that the inhibitory chemical
component of this synapse is strongly depressing and examine

Figure 1. The pyloric network generates a triphasic rhythm. A, Intracellular voltage traces from the pyloric network pacemaker
neuron AB, the LP, and two PY neurons (PY1 and PY2). Bursting activity in the AB neuron is followed by (with a delay) a burst of
action potentials in the LP neuron and by (with some overlap) bursts of action potentials in the PY neurons. B, Circuit diagram
shows the connectivity among the AB, PD, LP, and PY neurons. Stimulating and recording electrodes were used in the LP neuron.
Recording electrodes were used to monitor the PY responses. C, Diagram indicating how the phase of the PY neuron burst onset
was calculated with respect to the LP neuron burst onset during an ongoing pyloric activity. The phase is equal to the time
difference between the two burst onsets divided by the pyloric cycle period.
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the dynamics resulting from the combination of these two
components.

Figure 1C shows how the burst onset phase was calculated for
each PY neuron. The burst onset phase was defined as the time
difference (�T) between the LP neuron burst onset and the PY
neuron burst onset, divided by the ongoing pyloric cycle period
(Pnatural). Finally, we examined dynamics and function of the
LP3PY synapse in a setting closer to that of an ongoing rhythm
by voltage clamping the LP neuron using prerecorded realistic
waveforms and comparing the timing of the PSP with the burst
timing of the postsynaptic PY neuron.

Characterization of the dynamics of the LP3PY synapse with
trains of voltage pulses
To study the dynamic properties of the LP3PY synapse and to
determine the parameters for these dynamics (for example, mag-
nitude of depression and time course of recovery), we first acti-
vated the synapse with trains of voltage pulses and examined the
dynamics of PSP.

Figure 2A is an example showing voltage traces of the LP and
PY neurons under this paradigm. In this example, both the pulse
and the interpulse durations were 400 msec. The top trace shows
the response of the PY neuron under control conditions. The
second trace is the PY response in the presence of PTX and rep-
resents the electrical component of the synapse. The chemical
component of the synapse was approximated by subtracting the
second trace from the first trace (Fig. 2A, third trace, Ctl�PTX).

In control saline, the PY response to the first pulse consisted of
three phases: a brief and small depolarization, a 2 mV hyperpo-
larization that peaked at 60 msec, and a depolarization that was
truncated at the end of the pulse. In subsequent pulses, the mem-
brane potential of the PY neuron was purely depolarizing and
reached steady state near the end of the pulse. The depolarizing
and hyperpolarizing phases of the PY response were attributable
to the electrical and chemical components of the LP and PY syn-
apse, respectively. In PTX, all five pulses in the LP neuron pro-
duced depolarizing responses in the PY neuron, each of which
reached steady-state level after �100 msec. The electrical cou-
pling coefficient for the LP3PY synapses tested (�VPY/�VLP in
PTX) was 0.0469 � 0.0065 (mean � SEM; n � 18).

The chemical component of the synapse approximated by

subtraction (Ctl�PTX) consisted of a 3 mV hyperpolarization in
response to the first pulse, followed by smaller (�0.5 mV) hyper-
polarizations in response to subsequent pulses. The amplitude
difference between the first and subsequent responses indicated
that the chemical component showed strong depression. Note
that the subtraction of the PTX trace from the control trace pro-
duced small transients at the beginning and end of each pulse.
These transients were a result of the fact that the PY response was
faster in PTX than in control.

To examine the dynamics of the LP3PY synapse, we mea-
sured the dependence of the PY neuron PSPs on the durations of
the interpulse intervals (IPIs). In general, the responses to the
fourth and fifth pulses were identical, indicating that the PSP had
reached a stationary state. We thus defined the response to the
fifth pulse as the stationary PSP. Figure 2B shows the stationary
PSP in response to activation of the LP3PY synapse with a train
of voltage pulses for five different interpulse intervals. As we in-
creased the interpulse interval and allowed more time for recov-
ery from depression, the stationary PSP became less depolarizing.
In Figure 2B, the PSP was purely depolarizing when the inter-
pulse interval was �800 msec. However, with longer interpulse
intervals, the PSP had a hyperpolarizing component. As a result,
with longer interpulse intervals, the depolarizing PSP at the end
of the pulse was also smaller.

Figure 2B shows that the negative peak of the PY neuron PSP
disappeared as the interpulse interval was decreased, thus indi-
cating that the synapse could effectively change sign from nega-
tive to positive when the frequency of the presynaptic signal was
increased. The negative component of the PSP typically peaked at
�50 –70 msec after the beginning of the pulse. We thus measured
the amplitude of the PSP at 60 msec as a function of the interpulse
duration (Fig. 2C, open circles). This amplitude showed a signif-
icant change with interpulse duration (one-way ANOVA; n � 18;
p � 0.0001) and changed from positive to negative at an inter-
pulse duration of �4 sec. In several cases, the PSP at 60 msec was
positive (5 of 18 cases) or negative (2 of 18 cases) in sign at all
measured interpulse intervals (data not shown).

The amplitude of the PSP at 60 msec gave us a measure of the
strength of the PSP at the beginning of the pulse only. As a more
general measure of the strength of the PSP, we calculated the
average amplitude of the stationary PSP by integrating the PSP

Figure 2. Postsynaptic potential of PY in response to stimulation of the LP neuron with trains of voltage pulses. A, A train of five 40 mV voltage pulses were injected in the LP neuron. Control (Ctl)
and PTX traces show the voltage response of a PY neuron in controls and in 10 �M picrotoxin. The Ctl�PTX trace shows the chemical component of the LP3 PY synapse obtained by subtracting the
Ctl and PTX traces. B, The voltage response of the PY neuron at the fifth pulse was defined as the stationary PSP. Shown are stationary PSPs for different interpulse durations (400 and 800 msec and
2, 4, and 8 sec). C, Amplitude of the stationary PSP (mean � SEM; n � 18) as a function of the interpulse interval measured at 60 msec from the pulse onset (open circles) and as average
(integral–pulse duration, filled squares). Dotted line denotes 0 mV.
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waveform during the presynaptic pulse and dividing by the pulse
duration. Figure 2C (filled squares) shows these data for a pulse
duration of 400 msec. This plot indicated that the average PSP
also decreased with interpulse duration (one-way ANOVA; n �
18; p � 0.0001) but remained positive at all durations measured.

Figure 2 shows that the LP3PY synapse changed sign as a
function of interpulse interval. These dynamics arose from an
interaction between an electrical and a chemical component. Us-
ing the pulse train paradigm described above, we found that the
amplitude of the PY responses in PTX did not change even at the
shortest interpulse interval (one-way ANOVA; n � 18; p � 0.15)
(Fig. 2A, second trace). This suggested that the electrical compo-
nent does not show synaptic depression or facilitation at the in-
terpulse intervals that we tested. Hence, we focused on character-
izing the frequency dependence of the chemical component.

Activating the synapse with the same voltage step injected at
different interpulse intervals allowed us to quantify the dynamics
of the chemical IPSP (control � PTX) using paired-pulse para-
digm. Figure 3A shows the ratio of the second peak (A2) to the
first peak (A1) of the chemical IPSP (see inset) as a function of the
IPI for pulse durations of 200 and 400 msec (mean � SEM; n �
18). At any IPI, the extent of recovery from depression was
larger for the shorter (200 msec) pulses (two-way ANOVA;
p � 0.0001), indicating that there was more recovery when the
synapse was activated for a shorter duration. However, this
difference was small and probably not functionally significant
under control conditions.

The relationship between recovery and the IPI is a measure of
the time constant of recovery from depression. To quantify this
time constant, in each experiment, we computed the relationship
of recovery and the IPI and fit it with an exponential curve with
time constant �rec. In the example shown in Figure 3B (mean � �
across five trials), �rec was 3.96 sec. The y-intercept of the expo-

nential fit (R0, as indicated by the arrow) shows the extent of
recovery as IPI tends to zero. Thus, Dmax � 1 � R0 is a measure of
the maximum level of depression for trains of pulses of given
duration and amplitude (400 msec and 40 mV, respectively) (Fig.
3B). The exponential fit is given by the following equation:

1 � Dmaxe
�IPI/�rec

Note that Dmax � 0 corresponds to a nondepressing synapse.
Figure 3C is a scatter plot of �rec versus Dmax for 18 PY neurons. As
seen in this figure, both parameters were highly variable for dif-
ferent PY neurons. There was a weak negative correlation be-
tween the two parameters ( y � �4.7x 	 8.5; r � �0.469; p �
0.05; n � 18), indicating that the synapses that depressed more
recovered faster. Surprisingly, there was no correlation between
the peak amplitude of the initial IPSP (Fig. 3A, inset, A1) and �rec,
indicating that stronger synapses did not recover faster or more
slowly (Fig. 3D). There was also no correlation between A1 and
Dmax (data not shown).

Although it has been shown that PY neurons can be divided
into two groups according to their oscillation phase (Hartline
and Gassie, 1979; Eisen and Marder, 1984), we did not observe
any clear division of the time constant and maximum depression
of the measured PSPs into two groups. Rather, these parameters
were continuously distributed.

Correlations between the characteristics of the LP3PY PSP
and the PY burst phase
To investigate the effect of the LP3PY synapse on the activity of
the PY neuron in realistic situations, we measured the correlation
of the PY burst phase during the ongoing pyloric rhythm (Fig.
1C) to several characteristics of the PY neuron PSP (measured
after the rhythm was abolished with TTX). We measured the PY
burst phase in each preparation during the ongoing pyloric
rhythm, before the application of TTX.

Figure 4A,B are scatter plots of the PY burst phase (�T/Pnatural)
versus peak chemical IPSP and maximum electrical EPSP, respec-
tively (see arrows in inset). The PY burst phase did not show any
significant correlation with either parameter, nor was there any cor-
relation between the peak time of the chemical IPSP and the PY
phase (data not shown). In contrast, Figure 4C shows that the ratio of
the peak chemical IPSP to the maximum electrical EPSP was nega-
tively correlated with the PY burst phase ( y � �0.15x � 0.04;
r � �0.72; p � 0.01).

The ratio of the peak chemical IPSP to the maximum electrical
EPSP is a measure of the relative strengths of the chemical and
electrical components of the PSP. This measure, however, does
not take into consideration the relative time courses of these two
components. To account for the kinetics of the two components,
we measured the time at which the first PSP reversed from hyper-
polarizing to depolarizing, because all PY synapses tested
changed sign during the first pulse. We refer to this time as the
zero-cross time (see inset). Figure 4D shows that the PY neuron
phase is strongly correlated with the zero-cross time of the PSP
( y � �0.0009x 	 0.02; r � 0.854; p � 0.001).

The correlations between the PY phase and both the zero-
cross time and the ratio of the peak chemical IPSP to the maxi-
mum electrical EPSP indicated that the relative strength and ki-
netics of the two PSP components could reliably predict the
contribution of the LP neuron to the bursting phase of the PY
neuron. Thus, those PY neurons with a PSP that switched sign at
a later time or had a strong chemical versus electrical component
tended to burst at a later phase.

Figure 3. Recovery and depression of the chemical component of the LP3 PY synapse. A, A
paired-pulse paradigm was used to measure the extent of synaptic recovery as function of
interpulse interval (inset). All presynaptic pulses were 40 mV in amplitude. The peak ratio of the
second chemical IPSP (A2 ) to the first chemical IPSP (A1 ) was plotted as function of IPI for two
different pulse durations (mean � SEM; n � 18; open squares, 200 msec; filled circles, 400
msec). Ctl, Control. B, In each experiment, the ratio A2 /A1 versus IPI was fit with a single
exponential fit. C, Time constant of recovery as function of maximum level of depression
(mean � SEM; n � 18). The solid line represents a linear correlation. D, The time constant of
recovery did not show any correlation with the peak chemical IPSP.
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Traditionally, the firing phase of individual pyloric neurons is
computed with respect to the burst onset of the pacemaker neu-
rons AB and PD. However, in our study, there was no significant
correlation between the parameters of the LP3PY PSP and the
PY burst phase in an ongoing rhythm when measured with re-
spect to the PD neuron (data not shown). This is not surprising,
because the timing between the burst of the PD neuron and the PY
neuron can be influenced by many factors other than the
LP3PY synapse, such as the synapse from the AB neuron and
the PD neuron to the PY neuron (Eisen and Marder, 1984).

Synaptic dynamics in response to the realistic waveforms
Until now, we investigated the properties of the LP3PY synapse
by activating the synapse with square voltage pulses. However,
graded synapses are known to show different responses depend-
ing on the shape of the membrane potential waveform of the
presynaptic cell (Olsen and Calabrese, 1996; Manor et al., 1997;
Simmons, 2002). Hence, to examine the role of the LP3PY syn-
apse in realistic conditions, we studied the dynamics of the syn-
apse by activating it with realistic LP neuron waveforms. Two sets
of realistic waveforms were constructed (see Materials and Meth-
ods) by recording LP neuron voltage traces during slow and fast
pyloric rhythms and low-pass filtering the waveform at 10 Hz
(Fig. 5, top two traces). Only these two waveforms (with the cycle
period indicated) were used in the current study.

After the ongoing rhythm was abolished with bath application
of TTX, 10 repetitions of the resulting waveforms were played
back into the LP neuron in voltage clamp (from a holding poten-
tial of �60 mV) and the PSPs were recorded from the PY neuron.
Each waveform was always applied at the same cycle period (in-
dicated in Fig. 5) that it was recorded. We will refer to this period
as Papplied. Figure 5 (bottom traces) shows an example of the PSPs
recorded from the PY neuron when the LP3PY synapse was
activated with repetitive applications of realistic LP neuron wave-
forms. The initial small peak in the PSPs in response to the short-
period waveform was seen in a few cases and was caused by the
slight delay of the activation of the chemical synapse with respect
to the electrical synapse.

The PSP in response to the first one or
two cycles of the waveform was different in
shape (compared with subsequent cycles)
and occasionally hyperpolarizing (data not
shown). However, after a few cycles of the
waveform, the individual PSPs in response
to each cycle of the realistic waveform were
identical in shape and size and always de-
polarizing. In our analysis, we use the PY
PSPs measured after the fifth cycle of the
realistic waveform.

We examined the role of chemical inhi-
bition by comparing the PSP recorded in
the absence of chemical synapse (marked
PTX) with those recorded under control
conditions. Figure 6A shows an example of
such a comparison for the short-period LP
neuron waveform (Papplied � 625 msec).
Although in both control and PTX, the
PSPs were depolarizing, their peak times
(measured from the peak of the LP neuron
waveform to the peak of the PSP) and peak
amplitudes were different. In PTX, the
peak PSP occurred earlier and was larger,
suggesting that the chemical component of

the synapse acted to delay and decrease the amplitude of the PSP
( p � 0.005; paired t test; n � 9 for both the delay of the peak and
the reduction of the amplitude) (Fig. 6B). Similar results were
obtained with the long-period (Papplied � 1600 msec) LP neuron
waveform (Fig. 6B). When the PSP peak times were normalized
to the respective Papplied, the resulting PSP peak phases showed
that the PSPs under control conditions were closer than those in
PTX (Fig. 6C). This indicated that the chemical component al-
lowed the synapse peak at a similar phase, independent of Papplied.

One of our main hypotheses is that the dynamics of the
LP3PY synapse, measured in the absence of pyloric activity, are

Figure 5. Construction of realistic waveforms. The pyloric frequency was modified by injecting current into the pacemaker
neurons (AB–PD). Typical short-period (625 msec, top left trace) and long-period (1600 msec, top right trace) waveforms were
recorded in the LP neuron and low-pass filtered at 10 Hz to produce smooth unitary waveforms (middle traces). The resulting
waveforms were played back into the voltage-clamped LP neuron (see Materials and Methods), and the postsynaptic potentials
were measured in the PY neuron (bottom traces).

Figure 4. PY burst phase correlates with some dynamic parameters of the LP3 PY synapse.
PY burst phase was measured in the ongoing pyloric rhythm, as the ratio of �T and Pnatural (the
pyloric period). Schematic insets show how these parameters were obtained from PY PSP
responses. The PY burst phase was not correlated with the peak chemical IPSP ( A) or the
maximal electrical EPSP ( B) but was strongly correlated with the ratio of the peak chemical IPSP
to the maximal electrical EPSP ( C) and the zero cross time ( D). Ctl, Control. Solid diagonal lines
are best linear fits.
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important in determining the phasing of the PY neurons during
the natural ongoing pyloric rhythm. A direct examination of this
contribution was not possible, because we recorded the PSP in PY
neurons after blocking rhythmic pyloric activity and playing back
the LP neuron waveform in the voltage-clamped LP neuron.
However, when we compared the peak phase of the PY PSP
(when measured in the absence of activity) with the PY phase in
an ongoing natural pyloric rhythm, we obtained a net correlation,
which supported our hypothesis.

This correlation analysis is shown in Figure 7. Each data point
in B and C corresponds to two phase measurements calculated in
the same preparation. The first measurement was taken at the
beginning of an experiment during a natural, ongoing pyloric
rhythm. At this time, the cycle period and the time difference
between the onset of burst activity in the LP neuron and the PY
neuron were measured. Using these measurements, the PY neu-
ron phase (�T/Pnatural) in the ongoing pyloric rhythm was calcu-
lated. The second measurement was taken after bath application
of TTX, which abolished the pyloric rhythm. At this time, the LP
neuron was voltage clamped with a realistic waveform, applied
with fixed cycle period (Papplied). The postsynaptic potential was

recorded in the PY neuron, and the interval (dt) between the peak
of the PY PSP and the peak of the injected realistic LP neuron
waveform was measured (Fig. 7A). Using these measurements,
the phase of the PY PSP, defined as �T/Papplied, was calculated.

Figure 7B,C shows plots of dt/Papplied versus �T/Pnatural for
two values of Papplied (shown in Fig. 5). Both plots show that the
PSP peak phase was significantly correlated with the PY phase in
the ongoing rhythm (Fig. 7B, y � 0.6x 	 0.01; r � 0.667; p �
0.05; n � 12) (Fig. 7C, y � 0.41x 	 0.07; r � 0.644; p � 0.05; n �
12). These correlations indicate that a later peak in the LP3PY
PSP corresponded to a later burst phase (with respect to the LP
neuron) of the PY neuron in the ongoing rhythm, and that this
relationship held regardless of the cycle period of the applied LP
neuron waveform used to measure the PSP.

Discussion
Coordination between the firing times of different motoneurons
participating in a rhythmic motor behavior is vital for producing
meaningful behavior. When cycle period changes, the intervals
between firing times of motoneurons must be adjusted to main-
tain the basic structure of the pattern. The pyloric circuit in P.

Figure 6. The LP3 PY chemical inhibition decreases the amplitude and delays the peak of the PSP in PY. A, A prerecorded realistic LP neuron waveform was played back in the voltage-clamped
LP neuron and the PY PSP was recorded under control conditions (solid line) and in the presence of 10 �M picrotoxin (dashed line). The example shown is the response to a short-period waveform
(Papplied, 625 msec). Circles and arrows label the PSP peak amplitudes and peak times. Horizontal dotted line is �60 mV. B, The peak amplitude (Amp) and peak time were significantly different
in control and in PTX ( p � 0.005; t test; n � 9) at both periods. C, The data in B normalized to the applied period show that the peak PSPs were closer in phase in control compared with PTX. Ctl,
Control.

Figure 7. Correlation between the phase of the PY PSP and the phase of the PY burst in an ongoing rhythm. A, The phase of the PY PSP was measured as the ratio of the interval between the peak
times of the LP neuron waveform and the PY PSP (dt) to the cycle period (Papplied). Vertical dotted lines denote the peak of the LP waveform and the PY PSP. B, The PY burst phase in the ongoing
rhythm (see Results and legend to Fig. 4) was plotted against the PY PSP phase when the LP neuron was injected with a short-period waveform (Papplied, 625 msec). Also shown is the linear regression
fit. C, Same as B, when the LP neuron was injected with a long-period waveform (Papplied, 1600 msec). Solid diagonal lines in B and C are best linear fits.
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interruptus is an example in which cycle period can change
several-fold, yet the triphasic structure of the rhythm is relatively
well conserved. In this work, we described the temporal dynamics
of a mixed synapse between two members of this network, the LP
and PY neurons, and showed how these complex dynamics may
affect the phasing between the two neurons in response to
changes in cycle period.

The synapse from the LP to the PY neuron consists of an
inhibitory chemical component that shows depression and a
frequency-independent electrical component. We show that
when the LP neuron is activated with low frequencies, the
LP3PY synapse has an initial inhibitory (hyperpolarizing) and a
later excitatory (depolarizing) component. At higher frequencies,
the effect of the LP3PY synapse is always excitatory. To our
knowledge, our study is the first example to show that such a
synapse can reverse its sign as an automatic response to a change
in frequency of the presynaptic neuron.

In this study, we ignored the effects of spike-mediated trans-
mission, whereas in an ongoing rhythm, the LP neuron action
potentials produce both a chemical and an electrical effect on the
PY neurons. In particular, because the electrical PSP caused by
presynaptic action potentials may be highly filtered compared
with the chemical PSP, by using low-pass-filtered realistic wave-
forms, we may underestimate the contribution of the chemical
component. This problem may also be compounded by space-
clamp attenuation of the waveform injected at the soma, because
the chemical (but not electrical) component of transmission fol-
lows a nonlinear input– output relationship. These points do not
obviate the results presented here: even if the chemical compo-
nent of the mixed synapse is under-represented in our protocols,
its history dependence results in a dynamic balance between
chemical and electrical transmission, depending on presynaptic
activity.

The activity phase of PY neurons in an ongoing rhythm
correlates with the balance of electrical and chemical
components of the LP3PY synapse
There are six to eight PY neurons in the pyloric circuit, identified
by their projections to the pyloric muscles and their connectivity
to other pyloric neurons. Previous studies have categorized PY
neurons into two groups, those that fire early or late in the pyloric
cycle (Hartline and Gassie, 1979; Eisen and Marder, 1984). How-
ever, when we computed the firing phase of different PY neurons
with reference to the LP neuron firing time, we did not see two
well defined groups of PY neurons but a continuum of phases. Of
course, we did not record more than two PY neurons in each
preparation, so the variability among preparations may have ob-
scured the phase distinction.

Interestingly, however, we found a correlation between the
characteristics of the isolated LP3PY synapse and the phase of
the PY neuron in an ongoing rhythm. When a single voltage pulse
was injected into the LP neuron, the PSP in the PY neuron
switched from hyperpolarizing (chemical IPSP) to depolarizing
(electrical EPSP) during the pulse. Two characteristics of this
mixed PSP, the zero-cross time and the ratio of the peak of the
chemical IPSP and the maximum electrical EPSP, correlated well
with the bursting phase of the PY neuron. Both characteristics are
determined by many factors, including the relative strengths of
the chemical and electrical synapses and the rates and extent of
depression and recovery of the chemical synapse. However, each
of these components alone did not show any significant correla-
tion with the bursting phase of the PY neuron.

These correlations showed that those PY neurons with a PSP

that switched sign at a later time or had a stronger chemical versus
electrical component tended to burst at a later phase. Hence, the
variability in PY phases that we observed in ongoing pyloric
rhythms could be attributable to differences in the relative
strength of chemical inhibition and electrical excitation. Several
possibilities could explain these differences. For instance, it is
possible that the chemical and electrical components affect the
PY neurons at different morphological sites, or that the electrical
coupling conductance or the dynamics of the chemical compo-
nent vary for different PY neurons.

Because the pyloric rhythm is spontaneously active both in
vivo and in vitro, there is no transient strong influence of the
chemical PSP unless the rhythm is perturbed. Such perturbations
do indeed arrive in the form of episodic activity of the central
pattern generator controlling the cardiac sac rhythm (Thuma and
Hooper, 2003). These perturbations temporarily disrupt the py-
loric rhythm. After each cardiac sac episode (period, 30 sec to
several minutes), it takes the pyloric activity several cycles to
reach a steady rhythmic pattern again. Because of the complexity
of the cardiac sac rhythm, we have not yet studied its effect on
pyloric synapses in detail. It is possible, however, that after a
cardiac sac perturbation, there is a transient strong influence of
the chemical inhibitory component of the LP3PY synapse.

Contribution of the LP3PY synapse to the activity phase of
the PY neurons in an ongoing pyloric rhythm
The ideal way to quantify the synaptic influence of the LP neuron
on the PY neurons is to measure the strength (amplitude) and
dynamics (time-to-peak) of the LP3PY PSP in an ongoing
rhythm. However, because PY neurons receive synaptic inputs
from other neurons and have voltage-gated ionic conductances,
it is difficult to isolate the effect of the LP3PY synapse in an
ongoing rhythm. As a close approximation, we played back pre-
recorded realistic LP neuron waveforms into the voltage-
clamped LP neuron and measured the postsynaptic potential in
the PY neuron. Because our experimental preparation is treated
with TTX, all pyloric neurons are quiescent. Thus, our procedure
ensures that only the LP3PY synapse and no other pyloric syn-
apse are activated. In contrast, in the ongoing natural pyloric
rhythm, other synapses are active and they affect both LP and PY
neurons. These effects are expected to have some contribution on
the phasing of the PY neurons.

When the LP neuron was periodically stimulated with a real-
istic waveform, the LP3PY synapse depolarized the PY neuron.
In the ongoing rhythm, this effect is expected to advance the PY
burst. Yet the chemical component of the synapse is not totally
depressed and acts to delay the burst of the PY neuron and pos-
sibly decrease its amplitude. When the LP neuron was injected
with realistic waveforms of different frequencies, the PY neuron
PSP peaked with some delay (that was larger with larger cycle
period). This effect is attributable to the frequency-dependent
dynamics of the chemical component of the LP3PY synapse.
Thus, if cycle period increases in an ongoing rhythm, it is ex-
pected that the dynamics of the chemical inhibition act to delay
the PY burst.

The interaction of rectifying electrical and depressing
chemical components of the LP3PY synapse facilitates and
then delays the onset of a PY burst
At first sight, having the same presynaptic neuron exert two op-
posing effects on the postsynaptic cell seems puzzling. But do
these two effects occur at the same time? Recall that the electrical
component of the LP3PY synapse is rectifying, such that the LP
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neuron passes current to the PY neuron only during a limited
part of the cycle, when it is at more positive membrane potential
than the PY neuron. Both the LP and PY neurons have oscillatory
membrane potentials with the PY neuron lagging in phase. Thus,
at some point in the cycle, the membrane potential of the LP
neuron falls below that of the PY neuron and the electrical com-
ponent of the synapse disappears. We propose that, in an ongoing
rhythm, the depolarizing effect of the electrical component is
prominent only during the initial stages of the LP burst and is
important to induce the PY burst. In the latter part of the LP
burst, the chemical component of the LP3PY synapse becomes
more significant and acts to fine-tune the burst time of the PY
neuron according to cycle frequency. We are currently investigat-
ing this hypothesis with a computational model.

The mixed LP3PY synapse may help maintain constant
phase between the two neurons
Previous studies have computed the activity phase of different
neurons in the pyloric cycle (Hooper, 1997a,b). In these studies, it
was found that across different cycle frequencies, the LP (as well
as PY) neuron burst onsets did not occur at a fixed phase with
respect to the pacemaker neurons. As cycle frequency was in-
creased from 0.5 to 2.5 Hz, both the LP and the PY neuron bursts
occurred at later phases. Interestingly, however, in this frequency
range, the phase difference between the LP and PY neuron bursts
was nearly constant (Hooper, 1997b). A recent modeling study
suggests that in a simple circuit that consists of an oscillator cou-
pled to a follower with an inhibitory synapse, synaptic depression
is used to keep an approximately constant phase between the
oscillator and the follower as cycle period is changed (Nadim et
al., 2003). The present work suggests that a similar mechanism
could be used to maintain an approximately fixed phase between
the LP and PY neurons across different cycle periods.

Conclusions
We have shown that in an oscillatory network, a mixed synapse
could have significant influences on the activity of the postsyn-
aptic neuron. First, because the chemical component is frequency
dependent and the electrical component is relatively constant,
the total effect depends on the frequency, and in some cases, it can
reverse its sign. Moreover, the combination of the two synaptic
components dynamically affects the shape of the postsynaptic
potential depending on the shape of the presynaptic waveform.
Second, certain parameters describing the dynamics of the syn-
apse correlate with the relative phasing of the presynaptic and
postsynaptic neurons. We propose that, at this synapse, both
excitation and inhibition are required for the normal phasing of
PY neurons, but at different times. The combination of depress-
ing chemical inhibition and rectifying electrical excitation satis-
fies this requirement.
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