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Abstract. We modeled a segmental oscillator of the timing network that paces the heartbeat of the leech. This
model represents a network of six heart interneurons that comprise the basic rhythm-generating network within a
single ganglion. This model builds on a previous two cell model (Nadim et al., 1995) by incorporating modifications
of intrinsic and synaptic currents based on the results of a realistic waveform voltage-clamp study (Olsen and
Calabrese, 1996). Due to these modifications, the new model behaves more similarly to the biological system than
the previous model. For example, the slow-wave oscillation of membrane potential that underlies bursting is similar
in form and amplitude to that of the biological system. Furthermore, the new model with its expanded architecture
demonstrates how coordinating interneurons contribute to the oscillations within a single ganglion, in addition to
their role of intersegmental coordination.
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1. Introduction

Rhythmic behaviors such as locomotion, respiration,
feeding, and, in some animals, heartbeat are con-
trolled by oscillatory neuronal networks (Marder and
Calabrese, 1996). Furthermore, wavelike rhythmic be-
haviors are characterized by a temporal phase lag in the
activation of muscles. Classic examples of this type of
behavior are the undulatory swimming movements of
the lamprey, leech, and tadpole and the beating of cray-
fish swimmerets (Grillner, 1999; Brodfuehrer et al.,
1995; Roberts et al., 1998; Mulloney et al., 1998). A
number of experimental and mathematical studies have
investigated the origin of phase lag in the nervous sys-
tems of these animals. For example, in the lamprey
and the crayfish, the underlying neuronal network has
been represented mathematically as a chain of oscil-
lators coupled in a nearest-neighbor fashion (Kopell
and Ermentrout, 1988; Cohen et al., 1992; Skinner

et al., 1997). In a biological system, this mathematical
conceptualization corresponds roughly to a neuronal
network in which local circuits, called segmental os-
cillators, that are independently capable of oscillation
are coupled to one another (Cohen et al., 1992). For ex-
ample, the neuronal network that underlies the beating
of the crayfish swimmerets can be viewed as a chain
of coupled segmental oscillators because an isolated
abdominal ganglion produces rhythmic motor output
similar in period and form to that of the intact network
(Ikeda and Wiersma, 1964; Murchison et al., 1993)
and because coordinated activity is the result of inter-
segmental coupling (Stein, 1971; Paul and Mulloney,
1986; Namba and Mulloney, 1999).

In the neuronal network that paces the heartbeat of
the leech, there are two segmental oscillators, located
in the third and fourth ganglia of the ventral nerve
cord (Peterson, 1983a, 1983b). These segmental os-
cillators are coupled by coordinating interneurons to
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form a timing network (Peterson, 1983b; Masino and
Calabrese, 1999). In this article, as a first step toward
understanding how the timing network functions as a
whole, we have created a computational model of a
segmental oscillator. To allow for a direct compari-
son between the behavior of the model and the bio-
logical system, we modeled the network in a realistic
manner, in which individual identified neurons were
represented as single isopotential electrical compart-
ments with Hodgkin and Huxley type membrane con-
ductances (Hodgkin and Huxley, 1952). This approach
allows us to investigate how oscillatory activity is gen-
erated based on known cellular and synaptic properties.
A previous model of an elemental oscillator, a subset
of a segmental oscillator, consisting of a pair of recip-
rocally inhibitory interneurons, has been of great pre-
dictive value and has been instrumental in the design of
further experiments (Nadim et al., 1995; Olsen et al.,
1995). There are, however, a number of discrepancies
between the behavior of this model and the biological
system: (1) the amplitude of the slow-wave oscillation
of membrane potential underlying bursting is almost
twice as large in the model as in the biological sys-
tem; (2) in the model the membrane potential changes
abruptly at the transition between the inhibited phase
and the bursting phase of an oscillation, whereas the
change is more gradual in the biological system; (3)
relatively small changes in certain model parameters
lead to a mode of operation in which graded synaptic
transmission, rather than spike-mediated, determines
the form and period of the oscillations, although this
mode is observed in the biological system only un-
der altered ionic conditions; (4) the model does not
show overlap in the burst phases of the reciprocally in-
hibitory interneurons; and (5) the model does not reflect
the complete neuronal circuitry found within a single
ganglion because it does not include the coordinating
interneurons. To address some of these discrepancies,
a voltage-clamp study was done in which realistic volt-
age waveforms, similar in amplitude and form to the
voltage excursions of the slow-wave oscillations were
applied (Olsen and Calabrese, 1996). This study pro-
vided more accurate measurements of the kinetics of
some intrinsic and synaptic currents than were provided
by conventional voltage-clamp studies. Here we have
incorporated modifications into the model based on
these new measurements. Specifically, (1) the voltage-
dependence of a persistent Na+ current (IP) was mod-
ified, (2) the modulation of spike-mediated synaptic
transmission by presynaptic membrane potential was

included, and (3) the parameters of graded synaptic
transmission were adjusted to allow the model to match
data from both realistic waveform and conventional
voltage-clamp experiments. Additionally, the voltage
dependence of the K+ currents was shifted in the nega-
tive direction. We show that these modifications result
in a model with robust oscillatory behavior and the
amelioration of the first four discrepancies described
above. In addition, to address the fifth discrepancy, we
have expanded the model to encompass the basic neu-
ronal circuitry of a segmental oscillator. This model
segmental oscillator shows how coordinating interneu-
rons contribute to the generation of oscillations within
a single ganglion.

2. Methods

2.1. Physiological Methods

Leeches (Hirudo medicinalis) were obtained from
Leeches USA (leechesusa.com). Experiments were
conducted with either isolated, single ganglia or chains
of ganglia (head ganglion to the fourth ganglion)
in leech physiological saline (Nicholls and Baylor,
1968). Intracellular records were made as described
previously by Nadim and Calabrese (1997), and ex-
tracellular records were made from the cell bodies of
individual heart interneurons with suction electrodes as
described previously by Olsen and Calabrese (1996).
All tabulated physiological data are from five prepara-
tions in which the activity patterns of heart interneurons
of the second, third, and fourth ganglia were simulta-
neously recorded with extracellular electrodes. Phys-
iological data from the third and fourth ganglia were
combined. Measurements are reported as a mean ±
standard deviation.

2.2. Computational Methods

A single heart interneuron was modeled as an isopoten-
tial compartment with Hodgkin and Huxley type intrin-
sic and synaptic conductances (Hodgkin and Huxley,
1952). The simulations were done with GENESIS
software (Bower and Beeman, 1998). Differential
equations representing the model were integrated with
the exponential Euler method with a time step of 10−4 s.
The equations and parameters of the model are de-
scribed in the Appendix.
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2.3. Data Analysis

The following protocol was used to test effects of
changing the maximal conductance of an intrinsic or
synaptic current on the behavior of the model. For a
given set of trials the same initial conditions were used
in each simulation. After changing a parameter, the
model was run for 100 s of simulation time, which
appeared sufficiently long to allow the system to re-
cover from the perturbing effects of the change. The
simulation was then run for an additional period of
400 s, from which data were analyzed. Data from the
model and the biological system were analyzed using
Matlab, a matrix-based programming language (math-
works.com). Cycle period was measured from the me-
dian spike of one burst to the median spike of the next
burst. The median spike was used rather than the first
or last spike because it yielded the smallest coefficient
of variation. Duty cycle was calculated as the dura-
tion of the burst phase divided by the cycle period and
multiplied by 100. Because the model was run for a
fixed time period, the number of bursts analyzed was
variable. In the data presented in Figs. 4, 5, 8 and 9,
only oscillations that consisted of a burst phase with
normal amplitude spikes and an inhibited phase were
analyzed for cycle period and spike frequency. Other
behaviors could not be analyzed with the same methods
(see Table 1). Variability in cycle period was generally

Table 1. The behavior of an elemental oscillator when the max-
imal conductance of a single current is either 0 or 250% of the
canonical value.

0 250%

ḡSynS Fire at a steady rate Oscillate

ḡSynG Oscillate Oscillate

ḡP Steady (−54.5 mV) Steady (−23.8 mV)

ḡCaS Fire irregularly Oscillate in G-mode

ḡh Oscillate Oscillate

ḡK 2 Steady (−23.5 mV) Hyperpolarize and single spikes
in alternation

ḡL Bistable Steady (−53.2 mV)

Note: The descriptions in the table apply to both neurons. Defini-
tions of some of the terms in the table are explained as follows.
Oscillate: the neurons show alternating oscillations consisting of
a burst phase and an inhibited phase. Steady: the neurons remain at
a stationary potential. Bistable: one neuron fires tonically, while
the other remains inhibited. Hyperpolarize and single spikes in
alternation: the neurons fire tonically with the spikes alternating
back and forth between the two neurons.

the result of small cycle-by-cycle irregularities in the
oscillations rather than transients.

3. Results

3.1. Description of the Biological System

We have studied the neuronal network that controls the
contraction of the two lateral heart tubes that lie longi-
tudinally along the body axis of the leech (Boroffka
and Hamp, 1969). The leech heartbeat is paced by
a timing network, consisting of four pairs of bilater-
ally symmetric heart interneurons (HN cells) located
in the first four midbody ganglia of the ventral nerve
cord (Fig. 1A). The oscillations of the timing network
originate from the activity of neuronal networks lo-
cated in the third and fourth ganglia (Peterson, 1983a,
1983b). When isolated, either of these ganglia can pro-
duce oscillations similar in period and voltage wave-
form to those produced when the nerve cord is intact.
Therefore, these ganglia can be considered to contain
segmental oscillators (Peterson, 1983a). The segmen-
tal oscillators are coupled to each other by heart in-
terneurons that originate in the first and second ganglia
and have axons descending to the third and fourth gan-
glia (Fig. 1A). These neurons will be referred to as
“coordinating neurons.”

The segmental oscillators each contain a pair of heart
interneurons that make reciprocally inhibitory spike-
mediated and graded synapses across the ganglion
midline (Peterson, 1983a). For example, the heart in-
terneuron on the left side of the third ganglion, the
HN(L,3) cell, inhibits its contralateral homologue, the
HN(R,3) cell, and vice versa (Fig. 1A). The heart in-
terneurons are indexed by the side of the ganglion on
which their soma lies and their ganglion of origin. Each
pair of neurons is known as an elemental oscillator.
This designation denotes that this part of the network
is the smallest unit that can produce robust oscillations
under normal conditions. Sharp electrode recordings
indicate that a single, pharmacologically isolated heart
interneuron spikes tonically but does not endogenously
burst in physiological saline (Schmidt and Calabrese,
1992; for altered ionic conditions see Cymbalyuk and
Calabrese, 2000). The neurons of an elemental oscilla-
tor will be referred to as oscillator neurons.

These neurons oscillate in alternation with a pe-
riod of about 10 to 12 s (Krahl and Zerbst-Boroffka,
1983). Thus, an individual neuron periodically makes
a transition from an inhibited phase to a burst phase
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Figure 1. The anatomy and electrical activity of the timing network. A: The timing network lies in the first through fourth midbody ganglia
(G1 to G4). The first and second ganglia are represented with a single outline and the representations of the heart interneurons originating
from these ganglia are combined. Neuron cell bodies are represented by circles, and spike initiation zones distal from the ganglion of origin
are represented by squares. Axons and neuritic processes are represented by lines. Inhibitory chemical synapses are represented by small filled
circles and electrical synapses are represented by resistor symbols. B: The electrical activity of three heart interneurons recorded extracellularly
from a chain of ganglia (head brain to G4). C: A diagram of the elemental and segmental oscillators of the third ganglion.

(Fig. 1B, 2A). Two basic mechanisms have been de-
scribed that could account for this transition (Wang and
Rinzel, 1992; Skinner et al., 1994). The inhibited neu-
ron could “escape” from the inhibition of the bursting
neuron, begin to spike, and thereby inhibit the bursting
neuron. Alternatively, the bursting neuron could “re-
lease” the inhibited neuron from inhibition through a
decay of the inward currents that support its underlying
slow-wave depolarization.

In the leech heartbeat network, the transition
between states appears to be driven primarily by the
escape of the inhibited neuron (Arbas and Calabrese,
1987). This idea was demonstrated experimentally by
injecting hyperpolarizing current into the inhibited
neuron just before its transition to the burst phase
(Arbas and Calabrese, 1987; Nadim et al., 1995). In re-
sponse, the contralateral neuron extends its burst phase
and shows little decline in its baseline membrane po-
tential, indicating that during normal oscillations the

end of the burst phase is not due to the decay of the
underlying slow-wave depolarization. Thus, the transi-
tion is driven by the inhibited neuron, which escapes,
begins to burst, and terminates the ongoing burst of
the contralateral neuron. Although the transition is pri-
marily due to escape, there are also elements of re-
lease. There is a decline in spike frequency during a
burst, causing a decrease in spike-mediated transmis-
sion, allowing the inhibited neuron to escape earlier
(Fig. 2A, B). Also, there is a small decline in the am-
plitude of spike-mediated IPSPs during a burst due to
voltage-dependent modulation (Nicholls and Wallace,
1978a, 1978b; Thompson and Stent, 1976; Olsen and
Calabrese, 1996).

We can view each complete cycle of the underlying
membrane potential, consisting of an inhibited and a
burst phase, as a slow-wave oscillation of membrane
potential (Fig. 2A). In this article, the amplitude of a
slow-wave oscillation was measured as the difference
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Figure 2. Spike frequency varies with the membrane potential of
the underlying slow-wave oscillation. A: The activity of the oscillator
neurons of the third ganglion recorded intracellularly. The dotted
lines indicate −50 mV. B: The instantaneous spike frequency of
five consecutive bursts of an oscillator neuron of the third ganglion
recorded extracellularly. C: The instantaneous spike frequency of five
consecutive bursts of an oscillator neuron of the canonical elemental
oscillator.

between the most hyperpolarized point of the inhib-
ited phase, and the most depolarized undershoot of the
spikes during the burst phase. In the oscillator neurons,
the slow-wave oscillation varies from −55 mV in the
inhibited phase to −40 mV in the burst phase (Olsen
and Calabrese, 1996), with a gradual transition between
the two phases (Fig. 2A).

Typically, during a burst the spike frequency is
roughly proportional to the membrane potential of the
underlying slow-wave (Fig. 2A–2B). At the beginning

of the burst phase, the membrane potential is relatively
hyperpolarized, and the initial instantaneous spike fre-
quency (defined as the inverse of the interval between
the first two spikes) is low. As the slow-wave depolar-
izes, the spike frequency increases to a maximum at
the most depolarized point in the slow-wave (Fig. 2B).
The spike frequency then slowly declines as the mem-
brane potential decays during the remainder of the burst
phase. The spikes at the end of the burst phase over-
lap with the spikes of the contralateral neuron that has
begun its burst phase (Fig. 1B, 2A).

The elemental oscillators in the third and fourth gan-
glia are coupled by coordinating neurons, which make
reciprocally inhibitory synapses with their ipsilateral
oscillator neuron (Fig. 1A; Maranto, 1982; Peterson,
1983a, 1983b). The coordinating interneurons do not
initiate spikes in their ganglion of origin; instead spikes
are initiated at sites in either the third or fourth gan-
glion (Peterson, 1983b). The coordinating neurons
burst in alternation with their ipsilateral oscillator neu-
ron (Fig. 1B). These neurons, however, do not endoge-
nously burst. When released from synaptic inhibition
by hyperpolarizing the ipsilateral oscillator neuron,
these neurons fire tonically (Peterson, 1983a). Thus,
bursting activity results from periodic inhibition from
the ipsilateral elemental oscillator neuron (Fig. 1B).

The segmental oscillators of the third and fourth gan-
glia are similar in their basic architecture; they consist
of an elemental oscillator and the active neurites of co-
ordinating neurons (Fig. 1A). The two segmental oscil-
lators, however, are not identical. The HN(3) cells have
axons that descend to the fourth ganglion where they
form reciprocally inhibitory synapses with the neurites
of coordinating neurons and are electrically coupled
to HN(4) cells (Peterson, 1983b). These neuritic pro-
cesses of the HN(3) cells in the fourth ganglion are
capable of initiating spikes; however, spikes are nor-
mally initiated in the third ganglion (Calabrese, 1980).
In the present article, we have created a model of a
segmental oscillator of the third ganglion (Fig. 1C).
Thus, the model segmental oscillator is a six-cell net-
work, containing an elemental oscillator—HN(L,3)
and HN(R,3)—and the neuritic processes of the coor-
dinating neurons—HN(L,1), HN(L,2), HN(R,1), and
HN(R,2).

3.2. Creating a Model Segmental Oscillator

The creation of a model segmental oscillator was done
in two steps: (1) a model of an elemental oscillator
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was created, and (2) the elemental oscillator model was
expanded into a segmental oscillator model by adding
coordinating neurons. The first step was divided into
two parts: (a) all available voltage-clamp data were
used to constrain the kinetics of the intrinsic and synap-
tic currents, and (b) the model was tuned to display
behaviors similar to those of the biological system by
modifying the maximal conductances of these currents.
We will refer to a model, with a specific set of parame-
ter values, that represents our best attempt at fitting the
experimental data as a canonical model. We created
two canonical models, one of an elemental oscillator
and one of a segmental oscillator. The creation of an
elemental oscillator recapitulates a previous effort by
Nadim et al. (1995) but takes into account new exper-
imental data and associated model modifications. The
model by Nadim et al. (1995) will be referred to as the
“previous model.”

In the model elemental oscillator, each individual
heart interneuron was modeled as a single isopoten-
tial electrical compartment containing nine voltage-
dependent currents. Five inward currents were in-
cluded: a fast Na+ current (INa); a persistent Na+ curr-
ent (IP); a fast, low-threshold Ca2+ current (ICaF); a
slow, low-threshold Ca2+ current (ICaS); and a hyper-
polarization-activated cation current (Ih) (Opdyke and
Calabrese, 1994; Olsen and Calabrese, 1996; Angstadt
and Calabrese, 1989, 1991). Four outward currents
were included: a delayed rectifier-like K+ current
(IK 1); a persistent K+ current (IK 2); a fast, transient K+

current (IKA); and a FMRFamide (Phe-Met-Arg-Phe-
NH2) activated K+ current (IKF) (Simon et al., 1992;
Nadim and Calabrese, 1997). The kinetics, voltage-
dependencies, and reversal potentials of these intrinsic
currents are described in the Appendix. In the canoni-
cal model the maximal conductance of IKF was equal
to 0, to represent an unmodulated state. Of these vari-
ous currents, the only one that was not constrained by
voltage-clamp data was INa. The kinetics of this cur-
rent were contrived to fit the shape of action potentials
recorded in the soma. INa has not been characterized
due to space-clamp difficulties; the spike initiation zone
is located in the primary neurite, which is electrotoni-
cally distant from the soma. Compared to the previous
model, there were two major changes in the voltage-
dependent intrinsic currents: (1) the voltage dependen-
cies of the K+ currents were shifted by −10 mV, and (2)
the voltage dependence of IP was modified. The details
of these changes and their implications for the behav-
ior of the model are discussed below (see Section 3.4,

Major Improvements to the Elemental Oscillator
Model).

There are two types of inhibitory synaptic transmis-
sion between the model elemental oscillator neurons:
graded transmission, which is dependent on the in-
flux of presynaptic Ca2+ through low-threshold Ca2+

channels (Angstadt and Calabrese, 1991); and spike-
mediated transmission, which is dependent on influx
of presynaptic Ca2+ through high-threshold Ca2+ chan-
nels during a spike (Lu et al., 1997). Spike-mediated
inhibition was modeled as a postsynaptic conductance
that is triggered by presynaptic spikes. The parameters
of the conductance were adjusted to fit the rising and
falling time constants of the measured current (Simon
et al., 1994). The kinetics, voltage-dependence, and
reversal potentials of the graded and spike-mediated
synaptic currents are described in the Appendix. The
synaptic properties of the previous model were im-
proved in two ways: (1) voltage-dependent modulation
of spike-mediated synaptic transmission was included,
and (2) parameters of graded synaptic transmission
were adjusted. The details of these changes and their
influence on the behavior of the model are discussed
below (see Section 3.4, Major Improvements to the
Elemental Oscillator Model).

To expand the elemental oscillator model into a
segmental oscillator, the coordinating neurons were
included. In contrast to the neurons of an elemental
oscillator, the intrinsic currents of the coordinating
neurons have not been characterized. In these neu-
rons spikes are initiated in the third and fourth ganglia,
in thin neuritic processes (2 to 3 µm). (Tolbert and
Calabrese, 1985), which are distant from their somata.
Therefore, somatic recordings could not be used to
characterize the currents in the neuritic processes. In
the absence of biophysical data, the model coordinat-
ing neurons were constructed to conform to the ob-
served behaviors of the biological neurons (Peterson,
1983b). They were modeled as single isopotential com-
partments with three voltage-dependent currents: the
fast Na+ current (INa), the delayed rectifier-like K+

current (IK 1), and the persistent K+ current (IK 2). The
kinetics of these currents are identical to the kinetics
used in the model oscillator neurons. The values of
the maximal conductances of these currents and the
reversal potential of the leak current were adjusted
to allow the model neurons to have a similar mean
spike frequency as the biological neurons. When un-
inhibited, the model HN(1) and HN(2) cells spike ton-
ically at 3.8 Hz and 3.7 Hz, respectively (the mean
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frequency of the biological HN(2) cells is 4.4 ± 0.8 Hz,
n = 5).

3.3. The Behavior of the Canonical Elemental
Oscillator

The elemental oscillator model oscillates with a period
and slow-wave oscillation amplitude similar to that of
the biological neurons (cf. Fig. 3, Fig. 2A; Table 2).
As in the biological system, the transition between the
inhibited and the burst phase is primarily due escape of
the inhibited neuron, as determined by the previously
described current injection experiment (see Section 3.1,
Description of the Biological System). The change in
membrane potential during the transition is gradual,
as in the biological system. Also, the model operates
in spike-mediated mode (S-mode), in which spike-
mediated inhibition controls the period and form of the
oscillations, rather than graded transmission (G-mode).
G-mode oscillations are identifiable by a high value
of the inactivation variable of the slow Ca2+ current
(hCaS), signifying little inactivation, and a large ampli-
tude of the graded conductance (Olsen et al., 1995).

In most respects, the spiking behavior of the model is
similar to that of the biological system (Table 2). The

Figure 3. Intrinsic currents and synaptic conductances of the canonical, elemental oscillator model. gSynG is the conductance of the graded
synapse from the left oscillator neuron to the right oscillator neuron. gSynTotal is the sum of the graded and the spike-mediated synaptic
conductances.

burst phases of the two elemental oscillator neurons
overlap, although not as much as the biological neu-
rons. To quantify the overlap, we measured the duty
cycle of the oscillations (Table 2). The duty cycle of
the model is about 51% compared with 57% in the bi-
ological system. Also, in general, the spike frequency
of the model is similar to that of the biological system
(Table 2). One discrepancy between the model and the
biological system is that the initial spike frequency at
the onset of a burst is consistently lower and less vari-
able in the biological system (Fig. 2B–2C; Table 2).

In the model, the ability of the inhibited neuron to
escape from inhibition and, in turn, inhibit the cur-
rently bursting neuron is important for maintaining
oscillatory behavior. The ability to escape is based
mainly on the hyperpolarization-activated cation cur-
rent (Ih). During synaptic inhibition, Ih activates rela-
tively slowly (τm = 1 to 2 s), depolarizing the inhib-
ited neuron, and advancing the transition to the burst
phase. The persistent Na+ current (IP) aids Ih in depo-
larizing the inhibited neuron by increasing in a ram-
plike manner during the inhibited phase (Fig. 3). Un-
like Ih the time constant of IP is fast (τm = 10 ms
over most of the voltage range of an oscillation), and
its buildup is caused by the Ih-induced depolarization
and the decline in synaptic inhibition from the opposite
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Table 2. Summary of the behavior of the oscillator neurons of the biological system and the canonical models.

Biological System Elemental Oscillator Segmental Oscillator

Mean period 10–12 sa 8.6 ± 0.1 s 9.8 ± 0.3 s

Mean duty cycle 57.2 ± 2.9% 50.7 ± 2.3% 50.6 ± 4.8%

Mean spike frequency 11.9 ± 2.1 Hz 12.9 ± 0.6 Hz 12.0 ± 0.7 Hz

Initial spike frequency 4.3 ± 0.7 Hz 12.4 ± 5.9 Hz 12.9 ± 5.2 Hz

Peak spike frequency 17.5 ± 3.2 Hz 17.6 ± 1.0 Hz 16.9 ± 1.1 Hz

Final spike frequency 5.8 ± 1.0 Hz 10.3 ± 0.7 Hz 9.2 ± 1.0 Hz

Isolated spike frequency 7.5 Hzb 7.2 ± 0.1 Hz 7.2 ± 0.1 Hz

Peak of slow-wave −40 mVc −41 mV −41 mV

Trough of slow-wave −55 mVc −59 mV −59 mV

aKrahl and Zerbst-Boroffka (1983).
bNadim et al. (1995).
cOlsen and Calabrese (1996).
Note: The biological data were collected from five preparations, each consisting of a chain of ganglia (head brain
to G4). Because data from HN(3) and HN(4) cells were combined, the reported values are the means ± standard
deviations from 10 cells. The model data were derived from the number of bursts that occurred within 400 s of
simulation time. The initial frequency is the inverse of the interval between the first two spikes of a burst. The peak
frequency is the maximal frequency within a burst. The final frequency is the inverse of the interval between the last
two spikes of a burst. In the biological system, the isolated spike frequency was measured in a preparation bathed
in bicuculline methiodide to block synaptic transmission (Schmidt and Calabrese, 1992). In the model, to simulate
pharmacological isolation, the maximal conductances of the spike-mediated and graded synapses were set to 0.

neuron. At the transition to the burst phase, the mem-
brane potential reaches a critical value and the low-
threshold Ca2+ currents (ICaS and ICaF) become acti-
vated in a regenerative manner (Fig. 3; ICaF not shown).
Once the burst has begun, it is sustained primarily by IP

and ICaS (Ih slowly deactivates but is relatively small,
and ICaF rapidly inactivates).

The amplitude of the slow-wave is determined by
the interplay between the inward and outward currents
(Fig. 3; IK 1 and IKA not shown). The persistent K+ cur-
rent (IK 2) does not inactivate and therefore effectively
opposes the inward currents, limiting the amplitude of
the slow-wave oscillation. The delayed rectifier-like
current (IK 1) acts to repolarize the membrane after
each spike (Hodgkin and Huxley, 1952) and also lim-
its the amplitude of the slow-wave of depolarization
(Nadim et al., 1995). The fast, transient K+ current
(IKA), however, has little effect on the activity of this
system (Olsen et al., 1995).

In the present model, during an oscillation, spike-
mediated synaptic transmission is much greater than
the graded transmission (Fig. 3). The spike-mediated
synaptic conductance integrated over an oscillation is
12-fold greater than the integrated graded conductance.
More important, although spike-mediated transmis-
sion wanes slightly during the inhibited phase due to

voltage-dependent modulation and the decline in spike
frequency, the amplitude of the graded conductance
wanes to nearly 0 by the end of the inhibited phase.
Thus, the synaptic inhibition during the transition to
the burst phase is purely spike-mediated.

3.4. Major Improvements to the Elemental
Oscillator Model

The previous elemental oscillator model (Nadim et al.,
1995) captured essential features of the oscillations but
differed quantitatively from the biological system in
a number of ways (see Section 1, Introduction). The
discrepancies between the model and biological system
have been largely ameliorated in the present model due
to four major improvements.

The first improvement in the model was a change in
the parameters of the persistent Na+ current (IP ). The
voltage-dependence of IP was measured accurately in
a voltage-clamp study that used realistic waveforms
(Olsen and Calabrese, 1996). These measurements re-
vealed that the activation curve of IP is shallower and
broader than initially found with conventional voltage-
clamp methods (Opdyke and Calabrese, 1994). With
these new parameters, IP is active at more negative
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potentials than in the previous model and therefore
is active throughout the entire cycle of an oscillation
(Fig. 3). Also, its activation (mP) builds up more grad-
ually during the inhibited phase and does not jump as
abruptly at the transition to the burst phase. Reflect-
ing these changes, the slow-wave oscillation is smaller
in amplitude and changes more gradually than in the
previous model.

A second improvement to the model was a shift in
the activation, inactivation, and time constant curves of
IK 1, IKA, and IK 2 (no inactivation) by −10 mV. This
shift takes into account the effect of divalent cations,
used in voltage-clamp experiments, on the voltage de-
pendence of the measured currents (Simon et al., 1992;
Hille, 1992). This change results in a reduction in the
amplitude of the slow-wave oscillation because the
K+ currents activate at more hyperpolarized potentials.
Thus, as an inhibited neuron makes the transition to the
burst phase there is more K+ current, in particular IK 2,
available to counteract the inward currents. Although
increasing the maximal K+ conductances achieves a
similar effect, the early activation of a small amount of
K+ current is more effective at damping the regenera-
tive inward currents than the late activation of a large
current.

The new activation curve of IP and the shift in
the voltage dependencies of the K+ currents lead
to a number of improvements in the behavior of
the model. Of particular importance is the change
in the amplitude of the low-threshold Ca2+ currents,
which are very sensitive to the rate of change of
the membrane potential. For example, at the onset of
the inhibited phase the membrane potential is hyper-
polarized enough to cause the removal of inactiva-
tion of ICaS (hCaS = 0.69). As the membrane potential
rises during the inhibited phase, ICaS gradually be-
comes inactivated. At the transition to the burst phase
this inactivation limits the amplitude of ICaS and
therefore the amplitude of the slow-wave oscillation.
In the present model, hCaS is 0.26 at the trans-
ition to the burst phase compared to 0.55 in the pre-
vious model, resulting in a peak ICaS of about 100 pA
compared to 400 pA (Olsen et al., 1995). (The transition
was defined as the point when the activation variable
(mCaS) reaches 0.5.) The value in the present model is
close to the measured peak of the total Ca2+ current
(70 to 80 pA) (Olsen and Calabrese, 1996). The reduc-
tion in low-threshold Ca2+ currents decreases graded
synaptic transmission. For this reason, small parameter
changes do not result in G-mode oscillations.

The third improvement in the model was the addition
of voltage-dependent modulation of spike-mediated
transmission between oscillator neurons. The am-
plitude of inhibitory postsynaptic potentials (IPSPs)
is correlated with the baseline membrane potential
from which the presynaptic spikes arise (Nicholls and
Wallace, 1978a, 1978b; Thompson and Stent, 1976).
Spikes that arise from a depolarized membrane poten-
tial result in large amplitude IPSPs, whereas spikes that
arise from a hyperpolarized potential result in small
amplitude IPSPs. In one experiment, the amplitude of
inhibitory postsynaptic currents was recorded while the
spikes of the presynaptic neuron were monitored extra-
cellularly (Olsen and Calabrese, 1996). The presynap-
tic membrane potential was not known; however, the
spike pattern was consistent with normal bursts. As-
suming normal slow-wave oscillations, the relationship
between presynaptic membrane potential and IPSP
amplitude was fit (see Appendix for equations). This
synaptic modulation is modeled as a voltage-dependent
mechanism. Recent Ca2+ imaging experiments, how-
ever, have demonstrated that synaptic modulation is
correlated with the level of residual presynaptic Ca2+

(Ivanov and Calabrese, 1999). Thus, the dynamics of
synaptic modulation may, in fact, be Ca2+-dependent
rather than voltage-dependent.

The major result of the voltage-dependent modula-
tion is that the initial spikes of a burst cause relatively
small IPSPs, allowing the burst phases of the recipro-
cally inhibitory neurons to overlap (Fig. 3). Consistent
with this finding, the previous model, which did not
include voltage-dependent modulation, did not show
burst phase overlap. As mentioned above, the duty cy-
cle in the present model is, however, less than in the
biological system (see Section 4.5, Future Directions).

The fourth improvement in the model was a mod-
ification of graded synaptic transmission between os-
cillator neurons, which allows the model to fit data
obtained with both realistic waveform and conventional
voltage-clamp experiments (Olsen and Calabrese,
1996; Angstadt and Calabrese, 1991). These two meth-
ods show graded IPSPs with very different amplitudes.
For example, the peak graded synaptic current in re-
sponse to clamping a presynaptic neuron to a realistic
voltage waveform was 30 to 40 pA when the post-
synaptic neuron was held at −40 mV. In contrast, a
step within the same voltage range resulted in a four
fold increase in Ca2+ current and a 20-fold increase
in graded synaptic transmission (Olsen and Calabrese,
1996). This difference occurs because the slow, upward
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voltage-ramp of the realistic waveform, which
simulates the inhibited phase of an oscillation, leads
to the inactivation of presynaptic Ca2+ currents and,
therefore, a decrease in the amplitude of the graded
IPSP.

The previous model successfully replicated data
from experiments with conventional square voltage
steps but underestimated the synaptic response to
realistic waveforms (De Schutter et al., 1993; Nadim
et al., 1995). In the current model, a dynamic, voltage-
dependent threshold, which limits the amount of
presynaptic Ca2+ current that contributes to synaptic
transmission, was modified to allow the model to fit
the amplitude of graded IPSPs elicited by both real-
istic voltage waveforms and square voltage steps (See
Appendix). In general, the behavior of the model with
the new graded synapse is similar to the behavior of
the previous model; graded transmission is weak in
comparison to spike-mediated transmission and wanes
during the inhibited phase.

3.5. The Sensitivity of the Model Elemental
Oscillator to Parameter Changes

A complex model may exhibit the appropriate behav-
ior for only a narrow range of parameters. We address
this concern by characterizing the behaviors that occur
when the maximal conductances of currents are varied,
one at a time, between 0 and 250% of their canonical
value (see Section 2, Methods). For some currents, os-
cillations were not observed over this full range, and
therefore a smaller range was analyzed in terms of cycle
period and spike frequency (see Table 1 for examples
of nonoscillatory behaviors). A second motivation for
this analysis was to gain intuition into how the bio-
logical system may respond to neuromodulators. The
period of the leech heartbeat varies depending on the
modulation state of the neuronal network (Arbas and
Calabrese, 1984). For example, the endogenous neu-
ropeptide FMRFamide reduces the period of the heart-
beat by changing properties of intrinsic and synaptic
currents (Simon et al., 1992, 1994), as well as by caus-
ing the appearance of an additional K+ current (IKF)
(Nadim and Calabrese, 1997).

3.5.1. Synaptic Currents. Increasing the maximal
conductance of the spike-mediated synapse (ḡSynS)
leads to an increase in cycle period (Fig. 4A) because
the bursting neuron prevents the inhibited neuron from
escaping for a longer period of time, even as the spike

frequency declines during a burst. For example, in a
model with a value of ḡSynS equal to 250% of the canon-
ical value, the final frequency at the end of a burst phase
is 7.6 Hz compared to 10.3 Hz in the canonical model.
As ḡSynS is increased the mean spike frequency during
a burst decreases (Fig. 5A) for two reasons. First, as the
burst duration increases and the final spike frequency
of each burst decreases, the mean spike frequency de-
creases. Second, the increase in cycle period leads to
greater inactivation of the Ca2+ currents. For exam-
ple, in the same model, at the transition to the burst
phase, hCaS is 0.21, which is less than in the canoni-
cal model (0.26). This greater inactivation of ICaS leads
to a less depolarized slow-wave and a lower maximal
spike frequency.

In contrast, increasing the maximal conductance of
graded transmission (ḡSynG) results in only a slight
increase in cycle period (Fig. 4A). Because graded
synaptic transmission wanes, the inhibitory graded
synaptic current is negligible at the transition from the
inhibited phase to the burst phase and therefore has lit-
tle ability to directly affect cycle period. As ḡSynG is
increased, the mean spike frequency increases slightly,
explaining the small increase in cycle period (Fig. 5A).
Graded transmission affects spike frequency by hyper-
polarizing the membrane potential during the first half
of the inhibited phase, leading to greater removal of the
inactivation of the low-threshold Ca2+ currents. During
the subsequent burst, there is more Ca2+ current avail-
able, which depolarizes the membrane and increases
spike frequency.

The main function of graded transmission is to com-
plement spike-mediated transmission at the beginning
of the inhibited phase. When graded transmission is
removed from the model, the coefficient of variation of
the cycle period increases by about 3 fold (C.V. in the
canonical model is about 0.01). Because of the voltage-
modulation of spike-mediated transmission, the initial
IPSPs produced by the neuron that has just begun to
burst are small in amplitude. In a model without graded
transmission, occasionally the neuron making the tran-
sition to the burst phase does not effectively inhibit the
contralateral neuron, leading to an erratic spiking pat-
tern at the burst onset. This erratic spiking pattern in
not seen in the biological neurons or in the model that
includes graded transmission.

3.5.2. Intrinsic Currents. An increase in the maximal
conductance of the persistent Na+ current (ḡP ) leads to
an increase in cycle period (Fig. 4B) due to the ability
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Figure 4. The effect of varying the maximal conductances of intrinsic and synaptic currents on the period of the elemental oscillator model.
A: The maximal conductances of the spike-mediated synapse (ḡSynS) and the graded synapse (ḡSynG) were varied. B: The maximal conductances
of the persistent Na+ current (ḡP ), the slow Ca2+ current (ḡCaS), and the hyperpolarization-activated current (ḡh ) were varied. C: The maximal
conductances of persistent K+ current (ḡK 2) and the leak current (ḡL ) and were varied. D: The maximal conductance of the FMRFamide
activated current (ḡKF) was varied.

of IP to support the slow-wave oscillation during the
burst phase. Increasing ḡP results also in an increase in
the peak of the slow-wave oscillation, which leads to an
increase in the mean spike frequency (Fig. 5B). This in-
crease in spike frequency, in turn, results in an increase
in cycle period. Similar lines of reasoning can be used
to explain the effects of changing the maximal conduc-
tances of many of the other currents. Each current has
an effect on the amplitude of the slow-wave oscillation,
leading to a change in spike frequency, which causes a
change in cycle period.

In addition to influencing the slow-wave oscillation
during the burst phase, IP also acts during the inhibited
phase to aid Ih in promoting escape. This ability to
advance the inhibited neuron to the transition to the
burst phase, however, is overshadowed by the effect IP

on the amplitude of the slow-wave. Thus, the net result
of an increase in ḡP is an increase in cycle period.

Increasing the maximal conductance of the slow
Ca2+ current (ḡCaS) results in an almost linear,

monotonic increase in cycle period (Fig. 4B) and mean
spike frequency (Fig. 5B). Compared with IP, oscil-
lations occur over a greater range of values. The in-
creases in period and spike frequency are mediated by
an increase in the peak of the slow-wave oscillation (for
example, when ḡCaS is increased to 240% of the canon-
ical value, the peak of the slow-wave is 5.5 mV more
depolarized than in the canonical model). In addition
to the increase in the peak, the trough of the slow-wave
becomes more hyperpolarized as ḡCaS increases, due to
an increase in graded transmission.

As ḡCaS is increased from 240% to 250% of the
canonical value, the oscillations switch from S-mode to
G-mode and the cycle period becomes shorter (period
= 9.6 s). In G-mode the neurons continue to oscil-
late; however, the inhibition is primarily graded rather
than spike-mediated. Action potentials are present dur-
ing only the first quarter of the burst phase due to
Na+ channel inactivation. (The data points correspond-
ing to ḡCaS at 250% of the canonical value are not
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Figure 5. The effect of varying the maximal conductances of intrinsic and synaptic currents on the mean spike frequency of the elemental
oscillator model. The legend labels are identical to those of Fig. 4.

shown in Figs. 4 and 5 because the spikes were of
variable amplitude, and therefore the oscillations could
not be quantified in the same manner as all other data
points.)

Increasing the maximal conductance of the
hyperpolarization-activated current (ḡh) leads to a
monotonic decrease in cycle period over the full range
of values tested (Fig. 4B). This decrease occurs be-
cause of the ability of Ih to depolarize the inhibited
neuron and advance the transition to the burst phase.
Increasing ḡh also results in an increase in mean spike
frequency (Fig. 5B) for two reasons. First, because the
inhibited neuron escapes earlier, the burst duration is
shorter, leading to higher final and mean spike frequen-
cies. Second, the slow-wave is more depolarized. This
change occurs because the decrease in cycle period al-
lows less time for the low-threshold Ca2+ currents to
become inactivated during the inhibited phase and be-
cause the higher ḡh leads to more Ih during the first half
of the burst phase as it deactivates slowly. Although an
increase in spike frequency generally leads to a longer

cycle period, the ability of Ih to promote the escape of
the inhibited neuron opposes this effect.

The model continues to oscillate in the absence of Ih

(Fig. 4B). In this situation, the activation of IP, which is
permitted by the decline in spike frequency of the burst-
ing neuron, causes the inhibited neuron to escape. Here,
release plays a much greater role than in the canoni-
cal model. The spike frequency at the end of a burst is
8.5 Hz compared to 10.3 Hz in the canonical model.

There are notable differences between the effects of
changing ḡh and ḡP on the behavior of the system other
than their opposing effects on period. First, for a given
change in ḡh , in general, there is a much smaller change
in period than with ḡP (Fig. 4B). Second, oscillations
occur with a wide range of ḡh values, whereas oscilla-
tions cease outside of a relatively narrow range of ḡP

values (Table 2).
An increase in the maximal conductance of the leak

current (ḡL) leads to a decrease in the cycle period
(Fig. 4C) and the spike frequency (Fig. 5C), medi-
ated by a decrease in the amplitude of the slow-wave
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oscillation. Because of its relatively negative reversal
potential (EL = −60 mV), IL counteracts the inward
currents that support the slow-wave underlying each
burst. In many respects IL and IP have opposing ef-
fects. IL hyperpolarizes a neuron, reducing the steady-
state firing frequency; whereas IP depolarizes a neuron,
increasing the steady-state firing frequency. Thus, to-
gether these currents set the steady-state, isolated firing
frequency.

An increase in the maximal conductance of the per-
sistent K+ current (ḡK 2) results in a monotonic decrease
in cycle period (Fig. 4C). In general, an increase in ḡK 2

led to a decrease in the mean spike frequency (Fig. 5C).
IK 2 acts by decreasing the peak of the slow-wave os-
cillation during the burst phase.

The endogenous neuropeptide FMRFamide accel-
erates heartbeat oscillations (Simon et al., 1992). Ini-
tial experimental work demonstrated that FMRFamide
modulates IK 1 and IK 2 currents (Simon et al., 1992) and
spike-mediated synaptic transmission (Simon et al.,
1994). However, mathematical modeling showed that
these changes could not account for the acceleratory
effect of FMRFamide (Nadim and Calabrese, 1997).
Further experimental work uncovered a FMRFamide
activated K+ current (IKF), which has slow acti-
vation/deactivation kinetics and is noninactivating
(Nadim and Calabrese, 1997).

Increasing ḡKF from 0 to 72 nS results in a decrease in
the cycle period (Fig. 4D) and the mean spike frequency
(Fig. 5D). (A dip in spike frequency occurs at ḡKF =
48 nS because the peak of the slow-wave is lower than
in both the canonical model and the model with ḡKF =
72 nS.) IKF can speed the system to a faster period than
can be achieved by changing the maximal conductance
of any of the other currents. For example, an increase in
IL can speed the oscillations to 5.8 s whereas IKF can
speed the oscillations to 3.7 s. In the biological sys-
tem the bath application of 5 × 10−8 M FMRFamide
decreases cycle period from about 8 s to 6 s (Simon
et al., 1992). An important feature of IKF is that its
slow activation/deactivation time constant allows it to
be active throughout the entire cycle of each oscilla-
tion. IKF activates slowly during each burst and deac-
tivates slowly enough after each burst that a baseline
conductance (about one-third of the peak conductance)
is maintained between bursts. Thus, IKF causes greater
hyperpolarization during the inhibited phase, leading
to more activation of Ih and greater removal of inac-
tivation of the Ca2+ currents, making more Ca2+ cur-
rent available during the burst phase. For example, in a

model with ḡK F = 72 nS, hCaS is 0.62 at the transition
to the burst phase, compared to 0.26 in the canonical
model. The resulting increase in Ca2+ current leads to
a 300% increase in the peak value of gSynG compared to
the canonical model, which further helps to hyperpolar-
ize the neurons during the inhibited phase. In this model
the graded transmission has a total integrated synaptic
conductance that is 3.4-fold greater than that of the
spike-mediated transmission. The shift from S-mode
to G-mode occurs approximately as ḡK F is increased
beyond 48 nS (the point at which there is a dip in the
mean spike frequency curve). Below this value the sys-
tem acts in the manner predicted for S-mode oscilla-
tions; a decrease in spike frequency leads to a decrease
in period. Beyond this point, spike frequency becomes
less important as the system enters G-mode.

3.6. The Time Constant of Inactivation of ICaS

and the Maximal Conductance of Ih Determine
the Cycle Period

During a burst the spike frequency slowly declines un-
til it becomes low enough for the inhibited neuron to
escape. Thus, the burst duration is determined by the
slope of the decline in spike frequency and the point
when the inhibited neuron escapes. The decline in spike
frequency is primarily determined by the inactivation
time constant of ICaS. As described above, during the
burst phase the slow-wave is supported primarily by
two currents, IP and ICaS. IP does not inactivate, and
therefore in the unmodulated model (without IKF) the
decline in membrane potential is entirely due to the
slow inactivation of ICaS.

To test the idea that τhCaS controls the burst duration
and therefore cycle period, we varied τhCaS . This was
done by selectively changing the inactivation portion
of the curve without changing the removal of inactiva-
tion portion (parameter d was modified; see Appendix).
In this way we control the inactivation rate during the
burst phase, without changing the removal of inactiva-
tion during the inhibited phase. An increase in τhCaS

led to an almost linear increase in period (Fig. 6A).
Additionally, as the time constant was increased above
the canonical level, the final frequency (defined as the
inverse of the interval between the last two spikes of
a burst) remained relatively constant (Fig. 6A). This
result shows that the burst phase continues until the
spike frequency declines to a critical value; at which
time Ih in the contralateral neuron overcomes synaptic
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Figure 6. The period of the elemental oscillator is influenced by
the time constant of inactivation of the slow Ca2+ current and the
maximal conductance of Ih . A: Increasing the offset of the inacti-
vation portion of the τhCaS leads to a nearly linear increase in cycle
period. As the offset is increased from 0, the final frequency of each
burst is relatively constant. B: An increase in ḡh leads to a decrease
in cycle period and an increase in the final spike frequency of each
burst.

inhibition. As previously described, Ih is the most im-
portant current for escape. Thus, the burst duration
is determined both by the inactivation time constant
of ICaS (Fig. 6A) and the maximal conductance of Ih

(Fig. 6B).
As a corollary to the argument presented above, we

also altered the time constant of activation of Ih . In
this case the activation portion of the curve was var-
ied, while maintaining the deactivation portion constant
(parameter c was shifted by a value, while subtract-
ing the same value from parameter d; see Appendix).
Changing the time constant in this manner resulted in
relatively little change in period (data not shown). Thus,
the time course of activation of Ih does not control the
period of the system.

3.7. The Behavior of the Canonical Segmental
Oscillator Is Qualitatively Similar to That
of the Canonical Elemental Oscillator

The elemental oscillator model (two cells) was ex-
panded into the segmental oscillator model (six cells)
by adding the four coordinating neurons (Fig. 1C).
The behavior of the canonical segmental oscillator
is similar to that of the canonical elemental oscil-
lator. For example, the slow-wave oscillation under-
goes the same change in potential (Table 2). The
main difference is that the cycle period is longer. The
spike-mediated inhibition from the coordinating neu-
rons results in a 14% increase in cycle period (Fig. 7;
Table 2). Unlike spike-mediated transmission between
oscillator neurons, the spike-mediated inhibition from
the coordinating neurons remains relatively constant
because they fire tonically within a burst and be-
cause voltage-dependent modulation was not included
(Fig. 7). Voltage-dependent modulation has not yet
been documented at these synapses.

The increase in cycle period has a number of conse-
quences. First, ICaS decays to lower value by the end
of the burst phase: 39 pA (absolute value) compared to
49 pA in the elemental oscillator. Second, ICaS inacti-
vates more by the end of the inhibited phase, leading
a slightly lower peak current during the burst phase
(112 pA versus 118 pA). Accordingly, the mean, peak,
and final spike frequencies are slightly lower (Table 2).
A lower spike frequency normally leads to a decrease
in cycle period; however, the added inhibition from the
coordinating neurons overcomes this effect.

The oscillations of the segmental oscillator model
are similar to those recorded in the biological system in
terms of the amplitude of the slow-wave and the mean
spike frequency. As with the elemental oscillator, how-
ever, the model neurons begin each burst with a higher
spike frequency than the biological neurons (Table 2).

3.8. The Sensitivity of the Model Segmental
Oscillator to Parameter Changes

The segmental oscillator responds to changes in the
maximal conductances of various intrinsic and synap-
tic currents in a similar manner as the elemental oscil-
lator, indicating that the segmental oscillator operates
with essentially the same mechanisms as the elemental
oscillator. For example, as in the elemental oscillator,
increasing ḡSynS from 100% to 200% of the canonical
value increases the cycle period (Fig. 8A). The increase
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Figure 7. Intrinsic currents and synaptic conductances of the canonical, segmental oscillator model. gSynTotal is the sum of the graded and the
spike-mediated synaptic conductances. gSynC is the conductance of the spike-mediated synapse from HN(R,2) to HN(R,3).

in synaptic transmission allows the spike frequency in
the bursting neuron to decline to a lower final frequency.
As a result, the burst phase is increased in duration,
leading to a longer cycle period. In contrast to the ele-
mental model, increasing ḡSynS beyond 200% does not
lead to an increase in cycle period. At this point, the
final spike frequency has declined to a critical value
(7.4 Hz) where IPSPs no longer summate effectively,
allowing the inhibited neuron to escape.

An increase in the maximal conductance of the
spike-mediated synapse from the coordinating neurons
(ḡSynC ) results in a monotonic increase in cycle period
(Fig. 8A) and a decrease in the mean spike frequency
(Fig. 9A). Thus, the coordinating neuron synapses
have a very similar effect on the system as the spike-
mediated synapses between the oscillator neurons.

With the other parameters, the segmental oscillator
responded to changes in their maximal conductances
with similar changes in period (Fig. 8) and spike fre-
quency (Fig. 9) as the elemental oscillator. Although the
addition of the coordinating neurons leads to a 14% in-
crease in the period of the canonical model, the change
in period was sometimes much more pronounced in
variations of the model. For example, in a model in
which ḡh = 0, the period increase associated with the
addition of the coordinating neurons was 56%.

4. Discussion

We have improved a previous elemental oscillator
model of the leech heartbeat neuronal network (Nadim
et al., 1995) by incorporating new experimental results.
These changes ameliorate a number of discrepancies
between the behavior of the model and the biological
system (see Section 1, Introduction). Also, we have
expanded this model into a segmental oscillator that
includes the entire heartbeat neuronal network within
an isolated third ganglion.

4.1. The Elemental Oscillator Model Behaves More
Realistically Than the Previous Model

The slow-wave oscillation of the model is similar in
amplitude and form to the slow-wave oscillation of the
biological system. As a result, many of the voltage-
dependent currents have amplitudes during an oscil-
lation that are similar to those measured with re-
alistic waveform voltage-clamp methods (Olsen and
Calabrese, 1996). This improvement in the slow-wave
amplitude compared to the previous model is due
to two changes in the intrinsic currents. First, the
voltage-dependence of the persistent Na+ current (IP)
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Figure 8. The effect of varying the maximal conductances of intrinsic and synaptic currents on the period of the segmental oscillator model.
A: The maximal conductances of the spike-mediated synapse between the oscillator neurons (ḡSynS), the graded synapse (ḡSynG) between
the oscillator neurons, and the spike-mediated synapse from the coordinating neurons (ḡSynC ) were varied. B: The maximal conductances of
the persistent Na+ current (ḡP), the slow Ca2+ current (ḡCaS), and the hyperpolarization-activated current (ḡh ) were varied. C: The maximal
conductances of persistent K+ current (ḡK 2) and the leak current (ḡL ) were varied. D: The maximal conductance of the FMRFamide activated
current (ḡKF) was varied.

was modified to reflect measurements made with re-
alistic waveform voltage-clamp methods (Olsen and
Calabrese, 1996). Second, the voltage dependence of
the K+ currents was shifted in the negative direction to
take into account the effect of divalent cations used in
voltage-clamp experiments (Simon et al., 1992; Hille,
1992).

Synaptic currents were also improved in the
new model. Voltage-dependent modulation of spike-
mediated synaptic transmission was included, lead-
ing to an overlap in the burst phases of the recip-
rocally inhibitory oscillator neurons (Nicholls and
Wallace, 1978a, 1978b; Thompson and Stent, 1976;
Olsen and Calabrese, 1996). Additionally, graded
synaptic transmission in the model matches data from
both realistic waveform and conventional voltage-
clamp experiments. This was acheived by adjusting
the parameters that control the amount of presynap-
tic Ca2+ that contributes to graded transmission (Olsen
and Calabrese, 1996; Angstadt and Calabrese, 1991).

4.2. The Model Behavior Varies Continuously Over
a Wide Range of Parameter Values

We found that the system shows robust oscillations
and that changes in the maximal conductances of in-
trinsic and synaptic currents generally lead to gradual
changes in behavior. These changes are usually me-
diated indirectly through a change in spike-mediated
transmission. For example, an increase in ḡP results
in an increase in the depolarization of the slow-wave,
which leads to an increase in spike frequency. This in-
crease in spike frequency, in turn, leads to an increase in
the cycle period because the bursting neuron is able to
prevent the inhibited neuron from escaping for a longer
period of time.

Although the period of the system is influenced by
changes in the maximal conductances of many of the
intrinsic and synaptic currents, the period is ultimately
determined by two parameters: the time constant of in-
activation of ICaS (τhCaS) and the maximal conductance
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Figure 9. The effect of varying the maximal conductances of intrinsic and synaptic currents on the mean spike frequency of the segmental
oscillator model. The legend labels are identical to those of Fig. 8.

of Ih (ḡh). These parameters determine the burst dura-
tion and therefore the cycle period. τhCaS determines the
slope of the decline in spike frequency during a burst,
while ḡh determines the spike frequency at which the
contralateral neuron can escape.

In the previous model of the elemental oscillator
(Nadim et al., 1995), when certain parameter values
were altered the model entered a mode of oscillation in
which graded inhibition was more important for the os-
cillations than spike-mediated inhibition (Olsen et al.,
1995). This mode is not observed in the biological neu-
rons except under conditions of elevated Ca2+ and re-
duced Na+ (Arbas and Calabrese, 1987). The present
model shows oscillations based on spike-mediated in-
hibition over a wider range of parameter values than
the previous model. At extreme values of certain pa-
rameters, however, the model does show oscillations
based on graded transmission. For example, either a
large increase in the maximal conductance of the slow,
low-threshold Ca2+ current (ḡCaS), or the addition of
a FMRFamide activated K+ current (IKF) can lead to
G-mode oscillations.

4.3. The Segmental Oscillator Operates in a Similar
Manner to the Elemental Oscillator

The model elemental oscillator was expanded into a
segmental oscillator by including the coordinating neu-
rons. The coordinating neurons contribute additional
spike-mediated inhibition during the inhibited phase,
thereby increasing the cycle period of the segmental
oscillator compared to that of the elemental oscillator.
The segmental oscillator responded to changes in the
maximal conductances of currents in a similar manner
as the elemental oscillator, indicating that there are no
fundamental changes in the operation of the oscillator.

4.4. Comparison of the Leech Heartbeat Timing
Network to Other Systems

As in the heartbeat timing network of the leech, in both
the swim network of the lamprey and the swim net-
work of the leech, the same neurons that contribute to
the oscillations within a single segment also project to
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neighboring segments and affect the oscillation there as
well. In the leech, the coordinating interneurons act lo-
cally within the third and fourth ganglia but also project
intersegmentally to couple the two segmental oscilla-
tors. Similarly, in the lamprey, interneurons form re-
ciprocally inhibitory synapses within their segment of
origin (Grillner and Wallén, 1980; Grillner et al., 1991)
but also project posteriorly and inhibit contralateral in-
terneurons for about 20 segments (Wadden et al., 1997).
Likewise, in the leech swimming neuronal network,
neurons that form synaptic connections with certain
target neurons within their ganglion of origin generally
also project anteriorly and posteriorly to form connec-
tions with homologous targets in other ganglia (Friesen
and Pearce, 1993). Contrary to these examples, in the
neuronal network that controls the swimmerets of the
crayfish, the coordinating neurons affect the timing of
the motor output of their target ganglia but appear not
to have a direct impact on the rhythm produced in their
home ganglion (Namba and Mulloney, 1999).

4.5. Future Directions

In future work, there are a number of directions in
which to proceed: (1) discrepancies between the model
and the biological system remain to be ameliorated, (2)
assumptions incorporated in the model about the bio-
logical system should be thoroughly tested, and (3) the
model will be expanded to encompass the entire heart-
beat timing network to help understand intersegmental
coordination.

One discrepancy is that bursts begin with a higher
and more variable spike frequency in the model com-
pared to the biological system. In this study each neu-
ron was represented as a single compartment; however,
spiking the behavior of the biological neurons may
be modeled more accurately with a multicompartment
model, which would allow the fast currents that gener-
ate spikes to be separated from slow currents that gen-
erate the slow-wave oscillation. The morphology of an
oscillator neuron consists of a soma, a primary neurite
that gives rise to a number of secondary branches, and
an axon. A study of a neuron which has an analogous
morphology, the AB neuron of the crab stomatogas-
tric ganglion, showed the importance of representing
the primary neurite and the spike initiation zone of the
axon as two spatially distinct compartments (Abbott
and Marder, 1998). In single-compartment models, the
strong depolarization during an action potential dis-
rupts the slow-wave, and the steady depolarization

during the slow-wave prevents the removal of inactiva-
tion of the Na+ current. When the currents responsible
for the slow-wave and spiking are spatially separated,
these problems disappear. For similar reasons, a num-
ber of modeling studies of vertebrate neurons have also
used at least two compartments (Pinsky and Rinzel,
1994; Booth et al., 1997; Schweighofer et al., 1999).

One assumption of the current segmental oscillator
model is that the origin of the oscillations within a
ganglion is the elemental oscillator and that, although
the coordinating neurons influence the cycle period,
they mainly follow the rhythm of the elemental oscil-
lator. There is, however, evidence that the reciprocally
inhibitory network, consisting of a single oscillator
neuron and its ipsilateral coordinating neurons, can
produce oscillations. If a continuous hyperpolarizing
current is injected into an oscillator neuron, the con-
tralateral neuron fires tonically for a period of time
(about 15 to 40 s) but eventually resumes oscillations,
presumably with its ipsilateral coordinating neurons
(Peterson, 1983a; Calabrese et al., 1989). The cycle pe-
riod of this oscillation is greater than the original oscil-
lation (Peterson, 1983a). In a similar experiment, when
an elemental oscillator neuron was acutely ablated us-
ing a photoinactivation method, the contralateral os-
cillator and coordinating neurons continued to burst in
alternation (Peterson, 1983a). Although intriguing, this
evidence is preliminary; therefore, we are conducting
experiments to further quantify these oscillations.

Appendix

An individual neuron is modeled as a single isopoten-
tial compartment with membrane conductances repre-
sented by the Hodgkin and Huxley formalism (Hodgkin
and Huxley, 1952). All values are provided in SI units.

The dynamics of membrane potential (V ) of each
neuron obey

C
dV

dt
= −(INa + IP + ICaF + ICaS + Ih + IK1

+ IK2 + IKA + IKF + IL + ISynG

+ ISynS − Iinject),

where C is total membrane capacitance (5 × 10−10 F),
Iion is an intrinsic voltage-gated current, IL is the leak
current, ISynG is the graded synaptic current, ISynS is
the spike-mediated synaptic current from all presy-
naptic sources, and Iinject is the injected current. Flux
of cations into a neuron through voltage-gated and
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ligand-gated channels is represented by negative cur-
rent, and injected current has the opposite sign conven-
tion. Voltage-gated currents are represented by

INa = ḡNam3
NahNa(V − ENa);

IP = ḡPmP(V − ENa);
ICaF = ḡCaFm2

CaFhCaF(V − ECa),

ICaS = ḡCaSm2
CaShCaS(V − ECa);

IK 1 = ḡK 1m2
K 1hK 1(V − EK );

IK 2 = ḡK 2m2
K 2(V − EK ),

IKA = ḡKAm2
KAhKA(V − EK );

IKF = ḡKFmKF(V − EK );
Ih = ḡhm2

h(V − Eh);
IL = ḡL(V − EL),

where ḡion is the maximal conductance, Eion is the
reversal potential, and m and h are the activation and
inactivation variables respectively. These variables are
governed by the functions:

dmK 2

dt
= f∞(−83, 0.02, V ) − mK 2

τ(200, 0.035, 0.057, 0.043, V )

dmP

dt
= f∞(−120, 0.039, V ) − mP

τ(400, 0.057, 0.01, 0.2, V )

dmNa

dt
= f∞(−150, 0.029, V ) − mNa

0.0001

dhNa

dt
= f∞(500, 0.030, V ) − hNa

τhNa(V )

dmCaF

dt
= f∞(−600, 0.0467, V ) − mCaF

τmCaF(V )

dhCaF

dt
= f∞(350, 0.0555, V ) − hCaF

τ(270, 0.055, 0.06, 0.31, V )

dmCaS

dt
= f∞(−420, 0.0472, V ) − mCaS

τ(−400, 0.0487, 0.005, 0.134, V )

dhCaS

dt
= f∞(360, 0.055, V ) − hCaS

τ(−250, 0.043, 0.2, 5.25, V )

dmK 1

dt
= f∞(−143, 0.021, V ) − mK 1

τ(150, 0.016, 0.001, 0.011, V )

dhK 1

dt
= f∞(111, 0.028, V ) − hK 1

τ(−143, 0.013, 0.5, 0.2, V )

dmKA

dt
= f∞(−130, 0.044, V ) − mKA

τ(200, 0.03, 0.005, 0.011, V )

dhKA

dt
= f∞(160, 0.063, V ) − hKA

τ(−300, 0.055, 0.026, 0.0085, V )

dmKF

dt
= f∞(−100, 0.022, V ) − mKF

τmKF(V )

dmh

dt
= fh∞(V ) − mh

τ(−100, 0.073, 0.7, 1.7, V )

IK 1, IK 2, and IKA are derived from Nadim et al. (1995)
but are shifted by −10 mv. INa, Ih , ICaF, and ICaS are
also derived from Nadim et al. (1995). IKF is derived
from Nadim and Calabrese (1997). IP is derived from
Olsen and Calabrese (1996). The steady-state activa-
tion and inactivation functions are given by the sig-
moidal function

f∞(a, b, V ) = 1

1 + ea(V +b)

except for the steady-state activation of Ih , which is
given by

fh∞(V ) = 1

1 + 2e180(V +0.047) + e500(V +0.047)

The time constant curves are also sigmoidal except for
the inactivation time constant curve of INa, the acti-
vation time constant of IKF, and the activation time
constant curve of ICaF.

τ(a, b, c, d, V ) = c + d

1 + ea(V +b)

τhNa(V ) = 0.004 + 0.006

1 + e500(V +0.028)

+ 0.01

cosh(300(V + 0.027))

τmKF(V ) = 1.5 + 8.0

1 + e−100(V +0.022)

+ −2.2

cosh(100(V + 0.04))

τmCaF(V ) = 0.011 + 0.024

cosh(−330(V + 0.0467))

The graded synaptic current is given by the following
equations, which are identical to those in Nadim et al.
(1995). Some parameters were modified to fit data ob-
tained by Olsen and Calabrese (1996).

ISynG = ḡSynG
P3

C + P3
(V − ESyn),

where C is a constant (C = 10−32 coulombs3). P (cou-
lombs) is governed by the presynaptic Ca2+ currents
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and variable A such that

dP

dt
= ICa − BP,

where B is a buffering rate constant (B = 10 s−1) and

ICa = max(0, −ICaF − ICaS − A).

By convention Ca2+ currents are negative; therefore,
the above equation finds the difference between Ca2+

currents and a dynamic threshold (A). A is given by

dA

dt
= A∞(VPr e) − A

0.2

A∞(VPre) = 10−10

1 + e−100(VPr e+0.02)
,

where VPre is the presynaptic membrane potential.
The total spike-mediated synaptic current in each

postsynaptic neuron consists of the sum of the currents
of synapses indexed i = 1 to N (provided in Table 3).
The index i is defined separately for each postsynaptic
neuron and enumerates the synapses coming from dif-
ferent presynaptic neurons. For an individual synapse
the synaptic conductance is presented as the sum of
the conductance changes resulting from the activation
by a number of presynaptic spike events (s). The latest
spike event is assigned the value 1, and all previous
spike events are incremented by one. Spike events are
detected when the presynaptic voltage (VPr e) crosses

Table 3. Canonical parameters of spike-mediated synapses.

Neuron i = 1 i = 2 i = 3

HN(L,1) HN(L,3) HN(L,4) Not applicable
6 × 10−9, 0.055, 0.01 6 × 10−9, 0.055, 0.01

HN(R,1) HN(R,3) HN(R,4) Not applicable
6 × 10−9, 0.055, 0.01 6 × 10−9, 0.055, 0.01

HN(L,3) HN(L,1) HN(L,2) HN(R,3)
8 × 10−9, 0.011, 0.002 8 × 10−9, 0.011, 0.002 60 × 10−9, 0.011, 0.002

HN(R,3) HN(R,1) HN(R,2) HN(L,3)
8 × 10−9, 0.011, 0.002 8 × 10−9, 0.011, 0.002 60 × 10−9, 0.011, 0.002

HN(L,4) HN(L,1) HN(L,2) HN(R,4)
8 × 10−9, 0.011, 0.002 8 × 10−9, 0.011, 0.002 60 × 10−9, 0.011, 0.002

HN(R,4) HN(R,1) HN(R,2) HN(L,4)
8 × 10−9, 0.011, 0.002 8 × 10−9, 0.011, 0.002 60 × 10−9, 0.011, 0.002

Note: Each postsynaptic neuron receives a number of indexed synapses. For example, the synapse that the HN(L,1) cell
receives from the HN(L,3) cell has an index (i) value of 1. Each synapse is described by three parameters: ḡSynS (S),
τ1 (sec), τ2 (sec). The parameters of the synaptic connections to the HN(2) cells are identical to those for the HN(1)
cells and are therefore not shown.

over a threshold (−0.10 mV) for the first time after a
refractory period (0.010 s) from the latest spike event.
The synaptic current is

ISynS (t, V ) = (V (t) − ESyn)

×
N∑

i=1

∞∑
s=1

Mi ḡSynSi
fSynSi (t − ts),

where ḡSynSi
is the maximal synaptic conductance of

synapse i , ts is the time of a spike event, and Mi is the
modulation variable of the synapse (see below). The
synaptic function is

fSynS (t) = a(e−t/τ1 − e−t/τ2),

where a is a normalization constant chosen so that the
maximal value of fSynS = 1. Thus,

a = 1

e−tpeak/τ1 − e−tpeak/τ2
,

where

tpeak =
τ1τ2 ln

(
τ1
τ2

)

τ1 − τ2

The time constants τ1 and τ2 determine, respectively,
the decay and rise times of the synaptic conduc-
tance (τ1 > τ2). The synaptic function is different
from the one used in Nadim et al. (1995); therefore,
the time constants have been appropriately modified.
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For spike-mediated synapses between oscillator neu-
rons {HN(L,3), HN(R,3), HN(L,4), and HN(R,4)} M is
determined by

dM

dt
= M∞(VPr e) − M

0.2

M∞ = 0.1 + 0.9

1 + e−1000(VPr e+0.04)
.

For all other spike-mediated synapses, M = 1.

• Canonical graded transmission parameters: Each
oscillator neuron {HN(L,3), HN(R,3), HN(L,4),
HN(R,4)} receives a graded synapse from the oppo-
site oscillator neuron that has a maximal conductance
(ḡSynG) of 30 × 10−9 S.

• Canonical intrinsic current parameter values: Rever-
sal potentials are ENa = 0.045 V, ECa = 0.135 V,
EK = −0.07 V, Eh = −0.021 V, ESyn = −0.0625
V, in coordinating neurons {HN(L,1), HN(R,1),
HN(L,2), HN(R,2)} EL = 0.04 V, in oscillator
neurons {HN(L,3), HN(R,3), HN(L,4), HN(R,4)}
EL = − 0.06 V.

• Maximal conductances for the oscillator neurons
{HN(L,3), HN(R,3), HN(L,4), HN(R,4)} are ḡNa =
200 × 10−9 S, ḡP = 7 × 10−9 S, ḡCaF = 5 × 10−9 S,
ḡCaS = 3.2×10−9 S, ḡK 1 = 100×10−9 S, ḡK 2 = 80×
10−9 S, ḡKA = 80×10−9 S, ḡKF = 0 S, ḡh = 4×10−9

S, ḡL = 8 × 10−9 S.
• Maximal conductances for coordinating neurons

{HN(L,1), HN(R,1), HN(L,2), HN(R,2)} are ḡK 1 =
150×10−9 S, ḡK 2 = 75×10−9 S, ḡL = 10×10−9 S.
For HN(L,1) and HN(R,1) ḡNa = 255 × 10−9 S, and
for HN(L,2) and HN(R,2) ḡNa = 250 × 10−9 S.
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