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coupling between neurons with similar properties is often studied.
Nonetheless, the role of electrical coupling between neurons with
widely different intrinsic properties also occurs, but is less well
understood. Inspired by the pacemaker group of the crustacean pyloric
network, we developed a multicompartment, conductance-based
model of a small network of intrinsically distinct, electrically coupled
neurons. In the pyloric network, a small intrinsically bursting neuron,
through gap junctions, drives 2 larger, tonically spiking neurons to
reliably burst in-phase with it. Each model neuron has 2 compart-
ments, one responsible for spike generation and the other for produc-
ing a slow, large-amplitude oscillation. We illustrate how these
compartments interact and determine the dynamics of the model
neurons. Our model captures the dynamic oscillation range measured
from the isolated and coupled biological neurons. At the network
level, we explore the range of coupling strengths for which synchro-
nous bursting oscillations are possible. The spatial segregation of
ionic currents significantly enhances the ability of the 2 neurons to
burst synchronously, and the oscillation range of the model pacemaker
network depends not only on the strength of the electrical synapse but
also on the identity of the neuron receiving inputs. We also compare
the activity of the electrically coupled, distinct neurons with that of a
network of coupled identical bursting neurons. For small to moderate
coupling strengths, the network of identical elements, when receiving
asymmetrical inputs, can have a smaller dynamic range of oscillation
than that of its constituent neurons in isolation.

I N T R O D U C T I O N

Cells that are electrically coupled through gap junctions are
found in numerous biological tissues, including nervous sys-
tems of both vertebrates and invertebrates (Bennett 1997;
Dermietzel and Spray 1993). The common role of electrical
coupling among neurons is believed to be synchronization of
their activities (Jefferys 1995; Perez Velazquez and Carlen
2000), although theoretical studies show that electrical cou-
pling can lead to more complex network activity (Chow and
Kopell 2000; Sherman and Rinzel 1992). When the neurons
involved are intrinsically distinct, the behavior of an electri-
cally coupled 2-cell network can be fairly unintuitive (Med-
vedev and Kopell 2001; Wilson and Callaway 2000). A passive
neuron electrically coupled to an oscillatory neuron can have a

nonmonotonic effect on the oscillatory cell frequency as the
coupling strength is increased (Kepler et al. 1990). Electrical
coupling between an oscillatory and a bistable neuron can
result in a wide variety of behaviors, again depending on their
intrinsic properties and the coupling strength (Kopell et al. 1998).

The rhythmically active pyloric network of the crustacean
stomatogastric ganglion (STG) is driven by a pacemaker kernel
consisting of one anterior burster (AB) neuron and 2 pyloric
dilator (PD) neurons that are electrically coupled. The AB
neuron is a small neuron that, when isolated from all local
network interactions, produces rhythmic bursts of action po-
tentials. The PD neurons are larger than the AB neuron and in
isolation they fire tonically. Rhythmic bursting cannot be
typically induced in the PD neurons by externally injected
current (Eisen and Marder 1984; Miller and Selverston 1982).
These neurons also differ in the neurotransmitters they use
(Marder and Eisen 1984b), their response to neuromodulators,
and pre- and postsynaptic targets (Marder and Eisen 1984a). In
the intact network, the AB–PD group reliably produces in-
phase bursts in a wide frequency range that can be altered by
current injection (Ayali and Harris-Warrick 1999; Eisen and
Marder 1984; Hooper 1997; Miller and Selverston 1982).

We developed a model of an electrically coupled AB–PD
pair. To take into account the distinct intrinsic and dynamic
properties of these neurons we used current measurements
from cultured STG neurons of the spiny lobster Panulirus
interruptus (Turrigiano et al. 1995) as a starting point. To tune
the model to capture the dynamic activity of the biological
pacemaker neurons, we used experimental data from the indi-
vidual isolated neurons or the isolated pacemaker group under
the 2 conditions in which they are usually experimentally
studied; that is, in the absence and presence of the descending
neuromodulatory inputs to the STG.

We use this model to illustrate, at the single neuron level,
behaviors that arise from coupling compartments that in isola-
tion are capable of producing very different oscillations. At the
network level we explore the coupling ranges for which an
intrinsically bursting neuron drives a tonic spiking neuron to
burst synchronously with it, and the effect of the compartmen-
tal structure on their ability to synchronize. We conclude by
asking how the dynamical repertoire of an intrinsically bursting
neuron is affected when it is electrically coupled to an identical
neuron or to an intrinsically distinct one.
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M E T H O D S

Experiments

Adult male and female spiny lobsters (Panulirus interruptus),
weighing 400–800 g, were purchased from Don Tomlinson Fisheries
(San Diego, CA) and kept in artificial seawater tanks at 12–15°C until
use. Before dissection, the animals were covered in ice for about 30
min. Standard methods (Harris-Warrick 1992; Selverston et al. 1976)
were used to isolate the stomatogastric nervous system [including the
STG and the esophageal (OG) and the paired commissural (CoG)
ganglia], which was then pinned down in a Sylgard-coated petri dish.
The preparations were superfused with normal saline, 18°C, pH 7.35,
containing (in mM) 12.8 KCl, 479 NaCl, 13.7 CaCl2, 10.0 MgSO4,
3.9 NaSO4, 11.2 Trizma base, and 5.1 maleic acid.

The STG was desheathed to allow penetration of the cell bodies.
Glass microelectrodes pulled using a Flaming–Brown micropipette
puller (Sutter Instruments, Novato, CA) were filled with 0.6 M K2SO4

and 0.02 M KCl (resistance 15–23 M�) for neuron identification and
current injections or backfilled with 5–10% lucifer yellow (in dH2O)
backfilled with 1 M LiCl (resistance 30–50 M�) for photoinactiva-
tion. Identification of the neurons was achieved by matching their
intracellular recordings to extracellular recordings on motor nerves
(Selverston et al. 1976).

On identification, the neurons were isolated by photoinactivating all
neurons that establish synaptic connections onto them. That is, for AB
isolation, the 2 PD and the ventricular dilator (VD) neurons were
inactivated, whereas for PD isolation, the AB, the VD, and the lateral
pyloric (LP) neurons were inactivated. To isolate the AB–PD group,
the VD and LP neurons were inactivated. The complete photoinacti-
vation procedure is outlined in Eisen and Marder (1984), Hooper and
Marder (1987), and Miller and Selverston (1982).

Once isolated, the AB neuron was impaled with 2 electrodes, one
for injecting current and one for recording voltage in current clamp.
The current-injection protocol was carried out using an Axoclamp 2B
amplifier (Axon Instruments, Union City, CA). Single square pulses
(duration 60 s) were injected into the AB neuron with various DC
current levels to shift the baseline membrane potential �70 mV from
rest. For isolated PD neuron experiments, both PD neurons were
impaled with 2 electrodes and current was simultaneously injected
into both neurons using the same protocol as above. For isolated
AB–PD unit experiments, the AB neuron and one PD neuron were
impaled with 2 electrodes each. Descending neuromodulatory inputs
to the STG were reversibly blocked by building a Vaseline well
around the desheathed stomatogastric nerve that was filled with 1 M
sucrose and 10�6 M tetrodotoxin (TTX; Biotium, Hayward, CA).

A Digidata 1332A board was used for data acquisition and current
injection with pClamp 9 software (Axon Instruments). The acquired
data were saved as individual binary files and were analyzed either
with the readscope software (http://stg.rutgers.edu/software/software.
htm) developed in the Nadim laboratory or with scripts on a Linux
platform.

Simulations

Each neuron was modeled with 2 compartments, one representing
the soma, primary neurite, and dendrites (S/N), and the other repre-
senting the axon (A). Each A compartment is responsible for the
production of action potentials. In each compartment the membrane
potential V obeyed the current conservation equation

C
dV

dt
� Iext � Iint � Icoup

where C is the membrane capacitance, Iext is the externally injected
current, Iint is the sum of intrinsic and modulatory currents, and Icoup

is the sum of the axial current (Iaxial) from the adjacent compartment

and (in the case of the S/N compartment) the gap-junctional current
(Igap).

The intrinsic and modulatory currents were based primarily on
experimental data from P. interruptus cultured STG neurons (Turri-
giano et al. 1995).

These currents are described as a product of a maximal conductance
gi, activation mi, and inactivation hi variables, and a driving force
(V � Ei), where Ei is the reversal potential that corresponds to the
particular ion i

Ii � gi m i
pihi

qi�V � Ei�

The exponents pi and qi take integer values between 0 and 4,
depending on the current type. The behavior of the activation and
inactivation variables is described by

�m�V�
dm

dt
� m��V� � m

�h�V�
dh

dt
� h��V� � h

where m� and h� represent the steady-state values, and �m and �h are
the respective time constants. The dependency on voltage and intra-
cellular Ca2� concentration ([Ca2�]) of each of these functions is
given in Table 1. The steady-state activation of IKCa also depends on
[Ca2�] (Table 1). The values of maximal conductances gi are given in
Table 2.

In the S/N compartments, [Ca2�] is governed by

�Ca

d�Ca2�	

dt
� � FICa � �Ca2�	 � Co

where �Ca is the Ca2� buffering time constant, Co is the background
intracellular Ca2� concentration, and the factor F translates the total
Ca2� current ICa (in nA) into an intracellular concentration. The
values of �Ca, F, and Co used in this model are given in Table 2.

The reversal potential ECa for the calcium currents was computed
using the intracellular calcium concentration from the Nernst equa-
tion, assuming an extracellular concentration of 13 mM (Buchholtz et
al. 1992). All other reversal potentials were constant and are given in
Table 2.

In the case of the model AB neuron, the presence of neuromodu-
latory inputs was modeled by adding a fast, noninactivating, voltage-
gated, inward current referred to as the modulatory proctolin current
Iproc (Golowasch et al. 1992; Swensen and Marder 2000). The voltage
dependency and related parameters of the proctolin current are de-
scribed in Tables 1 and 2. Because, in P. interruptus, proctolin has no
effect on the biological PD neuron (Hooper and Marder 1987), we
modeled the presence of neuromodulatory inputs in the PD neuron not
by adding Iproc, but as an increase in the maximal conductance of the
Ca2� currents (Table 2), which have been shown to be targets of
modulation in this neuron (Johnson et al. 2003).

The mathematical description for the axial currents Iaxial and the
gap-junctional currents Igap is the same. For each model neuron the
axial current in the S/N compartment IaxialS/N

is the product of an axial
conductance and the difference of the membrane potential in the A
and S/N compartments

IaxialS/N
� gaxial �VS/N � VA�

Similarly, Igap is the product of a gap-junctional conductance and the
membrane voltage difference of the 2 S/N compartments

IgapPD
� ggap�VS/NPD

� VS/NAB
�

Coupling currents in coupled compartments were symmetrical:
IaxialS/N


 �IaxialA
and IgapPD


 �IgapAB
.

To distinguish between weak bursting and irregular spiking, for
both experimental data and simulation results, bursting was consid-
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ered weak when the amplitude of the slow wave oscillation was
between 2 and 4 mV and either the number of spikes per burst was �3
or the oscillation period was irregular. When the slow wave was �2
mV in amplitude the behavior was labeled as spiking.

Simulations were performed on a PC with the Linux platform using
the network software developed in the Nadim laboratory. We used a
4th-order Runge–Kutta numerical integration method with time steps
of 0.05 and 0.01 ms.

R E S U L T S

The behavior of the AB–PD network in response to
current injection

To tune the qualitative behavior of the model to match that
of the biological network, we used a dynamic perturbation of
the biological AB–PD oscillator after synaptic isolation from
other STG neurons. By injecting different values of constant

DC current into the AB or PD neurons, the activity of these
neurons was changed from quiescent to bursting to tonic firing
in different conditions. We first examined the activity of these
neurons with the neuromodulatory inputs to the STG intact.

A comparison between the behavior of the biological neu-
rons (left traces) and the model (right traces) is shown in Fig.
1. In each panel, the gray background illustrates the traces with
0 current injection, and depolarizing and hyperpolarizing DC
current was injected in increasing amounts. In all cases shown,
the model network mimicked the activity of the biological
neurons.

In the intact network (Fig. 1A), with 0 current injection, the
AB and PD neurons showed in-phase rhythmic bursting activ-
ity. Hyperpolarization of the AB neuron caused the bursting
cycle to slow down and the amplitude of the oscillations to
decrease. With sufficient hyperpolarization, the neurons be-

TABLE 1. Voltage and calcium dependency for the steady-state activation m and inactivation h of the currents

m, h x� �x, ms

INa� m3
1

1 � exp� � �V � 24.7�/5.29	
1.32 �

1.26

1 � exp� � �V � 120�/25	

h
1

1 � exp��V � 48.9�/5.18	
� 0.67

1 � exp� � �V � 62.9�/10	
�

� �1.5 �
1

1 � exp��V � 34.9�/3.6	
�

ICaT m3
1

1 � exp� � �V � 25�/7.2	
55 �

49.5

1 � exp� � �V � 58�/17	

h
1

1 � exp��V � 36�/7	
AB:87.5 �

75

1 � exp� � �V � 50�/16.9	

PD:350 �
300

1 � exp� � �V � 50�/16.9	

ICaS m3
1

1 � exp� � �V � 22�/8.5	
16 �

13.1

1 � exp� � �V � 25.1�/26.4	

INap m3
1

1 � exp� � �V � 26.8�/8.2	
19.8 �

10.7

1 � exp� � �V � 26.5�/8.6	

h
1

1 � exp��V � 48.5�/4.8	
666 �

379

1 � exp� � �V � 33.6�/11.7	

Ih m
1

1 � exp��V � 70�/6	
272 �

1499

1 � exp� � �V � 42.2�/8.73	

IK m4
1

1 � exp� � �V � 14.2�/11.8	
7.2 �

6.4

1 � exp� � �V � 28.3�/19.2	

IKCa m4 AB:� �Ca	

�Ca	 � 30
� 1

1 � exp� � �V � 51�/4	
90.3 �

75.09

1 � exp� � �V � 46�/22.7	

PD:� �Ca	

�Ca	 � 30
� 1

1 � exp� � �V � 51�/8	
IA m3 (AB)

1

1 � exp� � �V � 27�/8.7	
11.6 �

10.4

1 � exp� � �V � 32.9�/15.2	m4 (PD)

h
1

1 � exp��V � 56.9�/4.9	
38.6 �

29.2

1 � exp� � �V � 38.9�/26.5	

Iproc m
1

1 � exp� � �V � 12�/3.05	
0.5

The function was used for both neurons unless indicated.
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came quiescent. Depolarization of the AB neuron increased the
oscillation frequency and decreased its amplitude. The electri-
cally coupled model AB–PD neurons showed behavior similar
to that of the biological neurons (Fig. 1A).

The isolated biological AB neuron always showed bursting
oscillations and showed a similar response with the oscillation
frequency increasing as the depolarization was increased (Fig.
1B, left). However, in contrast with the intact AB–PD network,
the amplitude of oscillations consistently decreased as a func-
tion of injected current. The isolated AB neuron typically did
not exhibit pure tonic firing with large injected DC current.
Instead it produced high-frequency and low-amplitude bursts
of 2–3 action potentials (Fig. 1B, left top trace). The isolated
model AB neuron showed behavior similar to that of the
biological neuron.

In contrast to the isolated AB neuron, isolated biological PD
neurons typically showed only tonic spiking activity (Fig. 1C,
left middle trace) whose frequency increased with injected
current. Injection of negative current silenced this activity. In
some cases (n 
 2 of 5), the isolated PD neuron showed weak
(small-amplitude and irregular) rhythmic bursting activity that
turned into tonic spiking with positive current injection (data
not shown). Again, the model PD neuron (Fig. 1C, right)
showed behavior similar to that of the biological neuron.

Removing the neuromodulatory inputs to the STG drasti-
cally changes the activity of the AB–PD network (Bal et al.
1988; Miller and Selverston 1982; Selverston and Miller
1980). The activity of the AB–PD kernel in the absence of
neuromodulatory inputs is shown in Fig. 2. Without current
injection the biological AB–PD neurons were typically quies-
cent (Fig. 2, bottom left panel, gray) or weakly tonically active
(not shown). Injection of positive DC current caused these
neurons to produce weak bursting oscillations with 1–3 spikes
per burst. The oscillation frequency increased and its amplitude
decreased with injected current. Removal of the modulatory
currents in the model AB and PD neurons (Fig. 2, right)

resulted in a model AB–PD kernel that showed behavior
similar to that of the biological coupled AB–PD neurons.

In the absence of neuromodulatory inputs, the isolated bio-
logical AB neuron was silent (n 
 4 of 5). (In one preparation,
however, small-amplitude oscillations were recorded in the
isolated AB neuron.) Positive current injection produced very
weak bursts with 1–2 spikes per burst (n 
 5, data not shown).
The isolated PD neuron showed tonic activity very similar to
its activity in the presence of neuromodulatory inputs (n 
 3,
data not shown).

Figure 3A shows a qualitative comparison of the waveforms
of the AB neuron when coupled to the PD neurons (thin trace)
and after isolation from the PD neurons (thick trace). The
amplitude and number of spikes/burst were measured in 5
preparations (5 cycles each), and consistent with the data
shown in Fig. 3A, the spike amplitude per burst increased by an
average of 142% (SD 64%), whereas the number of spikes per
burst decreased by an average of 45% (SD 11%). Figure 3B
shows a similar comparison of the waveforms for the model
AB neuron, in isolation (thick trace) and when coupled to the
model PD neuron (thin trace). The model AB neuron showed
a decrease in burst amplitude and increase in period when
coupled to the model PD neuron, as well as an increase in the
burst duration and the number of spikes per burst. These
changes were consistent with the experimental results. These
data show that the amplitude of the AB neuron slow wave is
significantly decreased by its coupling to the PD neurons.

Understanding the network model behavior as a function of
its components

The AB–PD neuron model described in the previous section
has a number of properties. We now describe how these
properties contribute to the behavior of the model, and use
these to make some more general statements about networks in
which nonidentical neurons are electrically coupled.

THE TWO COMPARTMENTS OF THE MODEL NEURONS. There have
been previous models that were inspired by the pyloric pace-
maker neurons, focusing on the effect of electrical coupling on
the frequency of an oscillator to a second neuron that was silent
or tonically active (Kepler et al. 1990), and on the effects on
frequency and burst duration of electrically coupled 2-dimen-
sional oscillators (Abbott et al. 1991; Meunier 1992). These
studies provided valuable insights into the nature of electrical
coupling, but were not meant to reproduce the dynamic behav-
ior of the pyloric pacemaker neurons. To build a biophysically
plausible model that accounted for the specific intrinsic prop-
erties of the individual neurons, we based our model on
voltage-clamp descriptions of the ionic currents in cultured
STG neurons (Turrigiano et al. 1995). We then adjusted the
parameters of the ionic currents, as described later in RESULTS,
to reproduce the behavior of the biological pacemaker neurons,
both in isolation and as a group.

Figure 4A shows a schematic representation of the segrega-
tion of the currents in the 2 compartments in the model
neurons. The currents responsible for action potential genera-
tion were separated from those responsible for the generation
of slow oscillations (approximately 1 Hz; see Fig. 4B) for the
following reasons: 1) Pyloric neurons produce slow-wave volt-
age oscillations in the absence of action potentials (Raper

TABLE 2. Parameter values of the model

AB PD

gi, �S Ei, mV gi, �S Ei, mV

Axon
INa 300 50 1,110 50
IK 52.5 �80 150 �80
IL 0.0018 �60 0.00081 �55
C 1.5 nF 6.0 nF

Soma
ICaT 55.2 22.5 (10)
ICaS 9 60 (54)
INap 2.7 50 4.38 50
Ih 0.054 �20 0.219 �20
IK 1,890 �80 1576.8 �80
IKCa 6,000 �80 251.85 �80
IA 200 �80 39.42 �80
Iproc 570 (0) 0
IL 0.045 �50 0.105 �55
C 9.0 nF 12.0 nF
[Ca] �ca 
 303 ms, F 
 0.418

�M/nA, Co 
 0.5 �M
�ca 
 300 ms, F 
 0.515

�M/nA, Co 
 0.5 �M
Icoup gaxial 
 0.3 �S,

ggap 
 0.75 �S
gaxial 
 1.05 �S,

ggap 
 0.75 �S

The numbers in parentheses denote the absence of modulatory inputs.
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