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Tobin, Anne-Elise, Stephen D. Van Hooser, and Ronald L. Cala-
brese. Creation and reduction of a morphologically detailed model of
a leech heart interneuron. J Neurophysiol 96: 2107–2120, 2006. First
published June 7, 2006; doi:10.1152/jn.00026.2006. Conductance-
based neuron models aid in understanding the role intrinsic and
synaptic currents play in producing neuronal activity. Incorporating
morphological detail into a model allows for additional analysis of
nonhomogeneous distributions of active and synaptic conductances,
as well as spatial segregation of electrical events. We developed a
morphologically detailed “Full Model” of a leech heart interneuron
that replicates reasonably well intracellular recordings from these
interneurons. However, it constitutes hundreds of compartments, each
increasing parameter space and simulation time. To reduce the num-
ber of compartments of the Full Model, while preserving conductance
densities and distributions, its compartments were grouped into func-
tional groups that each share identical conductance densities. Each
functional group was sequentially reduced to one or two compart-
ments, preserving surface area, conductance densities, and its contri-
bution to input resistance. As a result, the input resistance and
membrane time constant were preserved. The axial resistances of
several compartments were rescaled to match the amplitude of syn-
aptic currents and low-threshold calcium currents and the shape of
action potentials to those in the Full Model. This reduced model, with
intrinsic conductances, matched the activity of the Full Model for a
variety of simulated current-clamp and voltage-clamp data. Because
surface area and conductance distribution of the functional groups of
the Full Model were maintained, parameter changes introduced into
the reduced model can be directly translated to the Full Model. Thus
our computationally efficient reduced morphology model can be used
as a tool for exploring the parameter space of the Full Model and in
network simulations.

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

Conductance-based models of neurons demonstrate how
membrane conductances shape the electrical activity of a
neuron, and how alterations in membrane conductances, such
as by modulators or transmitters, can alter the activity of a
neuron (see, e.g., DeSchutter and Bower 1994; Goldman et al.
2001; Golowasch et al. 1992; Traub et al. 1991). Additionally,
conductance-based neuron models are used to explore how
neurons contribute to the function of neural networks (see, e.g.,
Prinz et al. 2004; Zhang et al. 2003). In our work, the devel-
opment of a conductance-based, single-compartment model of
an oscillator interneuron of the leech heartbeat pattern gener-
ator has forged an understanding of how membrane conduc-
tances generate the bursting activity of these interneurons
(Cymbalyuk et al. 2002; Hill et al. 2001; Nadim et al. 1995;
Olsen et al. 1995). However, single-compartment models do

not take into account that living neurons have spatial extent
such that different regions of the membrane experience local-
ized membrane potentials and nonhomogeneous distributions
of active and synaptic conductances. Adding morphological
details to a model introduces nonuniform voltage changes and
nonuniform distributions of active and synaptic conductances,
allowing us to explore the spatial segregation of electrical
events such as synaptic potentials, plateau potentials, and
action potentials, and the propagation and attenuation of these
signals. Building on the insights we have gained from the
single-compartment model, our goal was to create a morphol-
ogy-based model of an oscillator heart interneuron to use for
exploring effects of nonhomogeneous distributions of active
and synaptic conductances and for simulations of the heartbeat
pattern generator network. Specifically, we wanted a model
with detailed morphology with which we could study the role
that conductance distributions play in producing the spiking
and bursting activity of a heart interneuron in the heartbeat
pattern generator.

The oscillator heart interneurons are spatially extended (Fig.
1A). From the soma branches the primary neurite, a focus of
electrical activity and synaptic integration, from which issue
many fine processes (secondary neurites) that participate in
generating local electrical signals and serve as sites for both
synaptic input and output. The primary neurite tapers into an
axon that travels to the posterior adjacent ganglion. Our ex-
perimental data indicate that active conductance densities and
synaptic inputs in the heart interneurons are nonhomogeneous
and give rise to spatially segregated electrical events. Photo-
ablation studies have shown that synaptic inputs (and thus
synaptic conductances) seem confined to the distal regions of
the secondary neurites and action potentials are elicited only in
the proximal portion of the axon (Ivanov and Calabrese 1998),
indicating a higher fast voltage-gated Na conductance density.
Not only are the electrical events within a heart interneuron
affected by the spatial segregation of ionic currents and syn-
apses but so also are network functions. For example, multi-
compartment models of coordinating fibers in the heartbeat
timing network indicate that the extended morphology of the
fibers is important for coordinating the activity of the network
(Jezzini et al. 2004).

We created a Full Model of a single leech heart interneuron,
incorporating the detailed morphology and likely active and
synaptic conductance distributions of the interneurons. We
tuned the conductance densities to match intracellular record-
ings from synaptically isolated interneurons. Although the
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benefits of including spatial extent into a neuron model are
obvious, each additional compartment increases the parameters
that need to be tuned and the computation time of the simula-
tion. A neuron model with detailed morphology such as our
Full Model requires hundreds of compartments to avoid dis-
cretization errors associated with approximating a spatially
continuous neuron by a discrete model. Consequently, a single
model simulation becomes frustratingly slow and a network
simulation with tens or more of such neurons becomes nearly
unfeasible (although not impossible with heavy computing
resources; see Traub et al. 1999, 2005). These disadvantages
created the need for a simplified model with relevant morpho-
logical information, but with far fewer compartments that
would allow systematic parameter variation/searches and could
be used in network simulations.

Most simplified-morphology models fall into one of three
categories: 1) the compartment geometries and thus mem-
brane-area–specific properties are somewhat arbitrarily chosen
(such as Davison et al. 2000; Pinsky and Rinzel 1994; Traub et
al. 1991); 2) the compartment geometries are chosen to pre-
serve the axial resistance of a detailed morphology model
(Bush and Sejnowski 1993); or 3) compartment geometries are
chosen to preserve the surface area of a detailed morphology
model, such as the “equivalent cylinder” method developed by
Rall (Burke 2000; Rall 1959, 1964) and expanded on by others
(Agmon-Snir 1995; Burke 2000; Clements and Redman 1989;
Zador et al. 1995). We sought to maintain similarity of the
intrinsic and synaptic conductance distributions between the
detailed and simplified models and thus we chose a method that
preserved surface area. However, we sought a greater simpli-
fication than the equivalent cable techniques that reduce a
branching structure into an unbranched cable. We developed
our own method, similar, in part, to one developed by Destexhe
(2001), to reduce the morphological details of the heart inter-
neurons. We divided the neuron into functional regions corre-
sponding to distinct anatomical and physiological roles. We
reduced all compartments within a functional region to one or
two compartments, with a total reduction of about 900 to nine
compartments. Although the surface area of each functional
region was preserved, we set the axial resistance of each
reduced compartment to preserve that functional region’s con-
tribution to the total neuron input resistance. Next we added
active conductances and adjusted the axial resistances of sev-
eral compartments to improve the similarities of the reduced
model to the Full Model.

The result of our reduction method is a reduced model (the
“Actively Reduced Model”) that reproduces not only the pas-
sive, but also active properties of the morphologically detailed
Full Model. The Actively Reduced Model, with only nine
compartments, runs over 160 times faster than the Full Model,
with 871 compartments, while preserving both the nonhomo-
geneous active and synaptic conductance distribution and the

compartments represented half the Full Model Neurite compartments). Length
and diameter were scaled so that, with passive membrane properties, each
compartment produced the same current load as the compartments it repre-
sented, as measured by somatic current pulses. C: Actively Reduced Model. Its
geometry is based on the Passively Reduced Model, although the Secondary
Neurite and the Synaptic Compartment were rescaled to improve the match of
synaptic current peak amplitude measurements to that in the Full Model.
Dimensions of the Axon were rescaled to better match the action potential
shape to that of the Full Model.
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FIG. 1. Morphologies of compartmental models of an oscillator leech heart
interneuron. A: Full morphology model (subsequently referred to as Full
Model). Anatomically and physiologically distinct regions (functional/transi-
tional regions) are identified here by color: Soma (yellow), Neurite–soma
(turquoise), Neurite (orange), Neurite–axon1 (purple), Neurite–axon2 (pink),
Axon (black), Secondary Neurites (green), and Synaptic Compartments (red).
Approximately 450 �m of the total axon length (944 �m) is shown. B:
Passively Reduced Model. Each compartment had the same surface area as the
set of compartments it represented from the Full Model (each of the 2 Neurite
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spatially segregated electrical events. The Actively Reduced
Model, with its direct morphological mapping to the Full
Model and its decreased simulation time, is an ideal tool for
more expedient tuning and parameter exploration that can then
be directly applied to the morphologically detailed Full Model.

M E T H O D S

Intracellular recordings of heart interneurons

DISSECTION. Leeches (Hirudo medicinalis) were supplied by
Leeches USA (Westbury, NY) and Biopharm (distributed by Carolina
Biological Supply, Burlington, NC) and maintained in artificial pond
water at 15°C. Before dissection, animals were cold anesthetized
(1–4°C). Ganglia from midbody segments 3 and 4 were removed,
individually pinned in petri dishes lined with silicone elastomer
(Sylgard, Dow Corning, Midland, MI), and covered with leech saline.
The saline contained (in mM): 115 NaCl, 4 KCl, 1.8 CaCl2, 10
glucose, and 10 HEPES buffer; pH was adjusted to 7.4 with NaOH.
Immediately before the experiment, the glial sheath was removed with
microscissors or scalpel, then the preparation was superfused contin-
uously with saline (bath volume � 0.5 ml, flow rate � 2 ml/min). All
experiments were performed at room temperature.

ELECTROPHYSIOLOGY. Borosilicate microelectrodes (1 mm OD,
0.75 mm ID) were pulled to sharp tips and filled with 4 M KAC, 20
mM KCl solution, resulting in electrode resistances of 15 to 30 M�.
To decrease capacitance, some electrodes were coated with silicone
elastomer to within about 500 �m of the tip; all intracellular electrode
tips were dipped in dimethyl polysiloxane. Heart interneurons were
identified by their position in the ganglion and by their characteristic
bursting pattern (Fig. 2). Neurons were impaled in leech saline and
only cells with input resistances �60 M�, as measured by a �0.1-nA
pulse, were accepted for experiments. At the end of each experiment,
the bath potential was recorded and only those experiments where it
was within �5 mV of zero were accepted.

DATA ACQUISITION AND ANALYSIS. Current-clamp and voltage-
clamp experiments were performed using an Axoclamp-2A or Axo-

clamp-2B amplifier (Axon Instruments, Union City, CA) operating in
discontinuous current-clamp or discontinuous single-electrode volt-
age-clamp mode with a sample rate of 2.5–2.8 kHz. The electrode
potential was monitored to ensure that it settled during each sample
cycle. Output bandwidth was 0.3 kHz. Voltage-clamp gain was 8 to 20
nA/mV. Clampex software (pClamp 9.0, Axon Instruments) generated
current or voltage waveforms during current-clamp and voltage-clamp
recordings, respectively; all electrophysiology recordings were then
digitized and stored. Time-constant fitting was performed with
Clampfit (pClamp 9.0, Axon Instruments).

In voltage clamp, during hyperpolarizing voltage-ramp protocols,
saline included 2 mM CsCl to block the hyperpolarization-activated
cation current Ih and 0.5 mM bicuculline methiodide (Sigma, St.
Louis, MO) to block synaptic current (Schmidt and Calabrese 1992).
Membrane potential was clamped at �40 mV and linearly ramped to
�85 mV in 1 s, then linearly ramped to �40 mV in 1 s. The
voltage-clamp current corresponding to the descending and ascending
voltage ramps was plotted versus voltage and the current between
�70 and �80 mV, visually assessed to be the most linear portion of
the current, was linearly fit. Input resistance Rin was calculated as the
inverse of the slope of the fit; leak reversal potential ELeak was
estimated as the y-intercept of the fit (zero current). Poor electrode
penetration can yield misleadingly low Rin and less negative ELeak

values, skewing calculated averages. Therefore we did not use aver-
age values but rather chose a representative value from where mea-
surements clustered.

Plotting the voltage-clamp current versus voltage and measuring
the current offset between the hyperpolarizing (charging) and repo-
larizing (discharging) voltage ramps gave twice the capacitative
current. Input capacitance was calculated by dividing capacitative
current by the change in ramp voltage over time. Input capacitance
was also measured by applying �0.1-nA current pulses and fitting the
membrane time constant. Instead of calculating an average value, we
chose a representative value from where measurements clustered;
both protocols yielded similar results.

Spontaneous firing and spike frequency response to injected current
was measured by synaptically isolating heart interneurons in saline
containing 1 mM bicuculline (Cymbalyuk et al. 2002) and injecting
current (sequential 12-s steps, in nA: �0.05, 0.05, �0.1, 0.1, �0.15,
0.15, �0.2, 0.2, with 12 s of 0-nA current between each). The spike
count in the last 5 s of each step was divided by 5 s to calculate spike
frequency. During the current pulse protocol, spontaneous spikes
occurring during no current injection were selected as examples of
spike shapes from isolated living heart interneurons.

Morphologically detailed Full Model of a single
heart interneuron

CONDUCTANCE-BASED COMPARTMENTAL MODELING. The mor-
phology of a heart interneuron was visualized by filling the cell with
Neurobiotin, which was then developed with avidin, similar to meth-
ods described by Gilchrist et al. (1995) and Jaeger (2001). The
geometry of the Full Model was reconstructed using Neurolucida
software (MicroBrightfield) (Fig. 1A). The traced cell was translated
into isopotential compartments (871 total) loosely following an algo-
rithm by Eichler West et al. (1997). In brief, the total electrotonic
length was computed for each branch of neurite and each branch was
then divided into compartments such that the diameter of each
compartment corresponded to the segment of neurite it represented
and the length of each compartment was �0.1�. This meshing
procedure was accomplished using a version of the CVapp utility by
Robert Cannon (University of Edinburgh) that was modified in-house
to mesh and export to the GENESIS neural simulation software
(Bower and Beeman 1998).

The membrane potential Vm in each isopotential compartment is
determined by

FIG. 2. Intracellular recordings from oscillator heart interneurons. A: re-
cordings with sharp microelectrodes of heart interneurons from the left,
HN(L,3), and right, HN(R,3), side of the 3rd midbody ganglion of the leech.
Bilateral pairs are mutually inhibitory and burst in alternation. B: when
synaptically isolated with bicuculline, a single heart interneuron spiked toni-
cally during intracellular recording.
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Cm

dVm

dt
� Iext � Iaxial � �

n

In

where Cm is the membrane capacitance (scaled by surface area), Iext

is the externally injected current, Iaxial is the current from adjacent
compartments, and n enumerates the membrane currents in the com-
partment. Simulations were performed using GENESIS neural simu-
lation software (Bower and Beeman 1998) run with a Linux operating
system on a 2.8-GHz Pentium III PC. The implicit Crank–Nicholson
integration method was used with a time step of 0.1 ms.

COMPARTMENT GROUPS. We grouped the compartments into func-
tional groups based on their anatomical position and physiological
function. All compartments within a functional group were assigned
identical intrinsic and synaptic conductance densities. These func-
tional groups were: Soma, Neurite–soma (Neurite-to-Soma transi-
tion), Neurite, Neurite–axon1 and Neurite–axon2 (Neurite-to-Axon
transition), Axon, Secondary Neurite, and Synaptic Compartments.
Two Neurite–soma and 11 Neurite compartments constitute the pri-
mary neurite process branching directly from the single spherical
Soma compartment (Fig. 1A). Distal to the primary neurite loop, the
neurite process narrows into the Neurite–axon1, Neurite–axon2, and
Axon regions, which were modeled with ten, four, and 132 compart-
ments, respectively. The secondary neurites, smaller processes
branching from the primary neurite, were modeled with 663 Second-
ary Neurite compartments. Synaptic contacts were assigned based on
electron microscopical observations (Tolbert and Calabrese 1985) as
most likely occurring at the most distal portions of the secondary
neurite and were represented by 48 Synaptic Compartments. Geom-
etries of the compartments are given in Table 1; conductance densities
of the compartments are given in Table 2.

MODEL PARAMETERS. Axial resistivity of 250 �cm was chosen
from literature on leech neurons (Fromherz and Müller 1994). Values
for specific membrane resistance Rm, leak reversal potential ELeak,
and specific membrane capacitance Cm were derived from current
pulses and hyperpolarizing voltage ramps in heart interneurons (see
ELECTROPHYSIOLOGY under Intracellular recordings of heart interneu-
rons, above). In the model Rm was hand-fit to match the input
resistance Rin, measured as the amplitude of voltage change during a
simulated current pulse; Cm was set to match the time constant of the
voltage change.

Eight voltage-gated conductances were previously identified in
heart interneurons, all of which were implemented in the model.
Simon et al. (1992) described three outward currents: a fast transient
K current (IKA) and two delayed-rectifier-like K currents: one inacti-
vating (IK1) and one persistent (IK2). Angstadt and Calabrese (1991,
1989) characterized a hyperpolarization-activated inward cation cur-
rent (Ih) and two low-threshold Ca currents: one rapidly inactivating
(ICaF) and one slowly inactivating (ICaS). Two Na currents have been
identified: a low-threshold persistent Na current (IP) (Opdyke and

Calabrese 1994) and a fast Na current involved in spiking. The
inhibitory synaptic transmission between heart interneurons has both
spike-mediated (Simon et al. 1994) and graded components (Angstadt
and Calabrese 1991); only the spike-mediated component was mod-
eled here. These currents are modeled as Hodgkin–Huxley-type con-
ductances (Hodgkin and Huxley 1952). The kinetics, voltage depen-
dencies, and reversal potentials of these conductances were imple-
mented in the model as published in Hill et al. (2001), except the
voltage dependency of activation and inactivation, where applicable,
of IK1, IK2, and IKA are shifted by �10 mV and those of INa are shifted
by �2 mV.

Conductance distributions were assigned to approximate physio-
logical data and to limit parameter space for tuning the model. We
restrict the Soma to only K conductances, the Axon compartments to
only fast Na and K conductances, and the Secondary Neurite com-
partments to K and Ca conductances. Densities of the Synaptic
Compartments are fixed to be identical to those in the Secondary
Neurites, except that they uniquely also contain synaptic conductance.
The transitional compartments—Neurite–soma, Neurite–axon1, and
Neurite–axon2—were designed to smooth the transition between
compartments of abutting functional regions that have different con-
ductance densities. Where we use one transition region, the Neurite–
soma, the conductance densities are the average of those in the Soma
and Neurite. Where we use two transitional regions, the Neurite–
axon1 and Neurite–axon2, we use a 1/3, 2/3 graded average of the
neighboring functional regions, such that (except for the fast Na
conductance) the Neurite–axon1 conductance densities are the sum of
two thirds of those in the Neurite and one third of those in the Axon;
the Neurite–axon2 densities are one third of those in the Neurite and
two thirds of those in the Axon. To set the spike initiation zone, fast
Na conductance density was set as one half of Axon density in the
Neurite, three quarters in Neurite–axon1, and one in Neurite–axon2 to
ensure action potentials initiate in the Neurite–axon2 compartments.
Experimentally, spontaneous action potentials in heart interneurons
are not observed when the area near the proximal axon/distal neurite
is removed by photoablation, thus indicating the region near the
Neurite–axon2 compartments is likely the action potential initiation
zone in heart interneurons, as it is in the model (Ivanov and Calabrese
1998).

R E S U L T S

First we describe the construction and parameterization of a
Full Model of a heart interneuron. Then we describe the
construction of a Reduced Model by an iterative process and
the evaluation of the similarity of the two models by a number
of fit metrics.

TABLE 1. Morphological properties of compartments in the Full Model

Compartment
Number of

Compartments
Average Diameter,

�m
Net Length,

�m
Surface Area,

�m2
Axial Resistance,

M�
Electrotonic

Length

Soma 1 23.00 — 1,661.06 — —
Neurite–soma 2 3.80 29.65 354.14 6.54 0.04
Neurite 11 5.52 183.54 3,400.92 19.18 0.20
Neurite–axon1 10 1.47 47.18 249.94 69.53 0.11
Neurite–axon2 4 1.90 25.19 159.82 22.22 0.05
Axon 132 1.22 943.92 3,914.04 2,019.70 2.22
Secondary Neurite 663 0.76 3,689.03 9,289.57 20,340.21 10.89
Synaptic Compartment 48 0.72 213.22 500.00 1,309.87 0.65

For all model compartments, specific axial resistivity Ra 	 250 �cm, specific membrane resistivity Rm 	 1.6 
 104 �cm2, and specific membrane capacitivity
Cm 	 2.2 �F/cm2. Electrotonic length and surface area are calculated by summing the individual electrotonic lengths and surface areas of all compartments in
a functional group. Axial resistance is calculated using the average diameter and net length of all compartments in the functional group.
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Morphologically detailed Full Model

Based on a Neurolucida image of a dye-filled heart inter-
neuron, we created a model capturing its highly detailed
morphology (Fig. 1A). To set passive parameters, we chose the
specific axial resistance, Ra 	 250 �cm, from the literature
(Fromherz and Müller 1994) and set the specific membrane
resistance, Rm 	 1.6 
 104 �cm2, leak reversal potential,
ELeak 	 �50 mV, and specific membrane capacitance, Cm 	
2.2 �F/cm2, to match empirical data, i.e., a passive input
resistance Rin 	 105 M�, a leak reversal potential ELeak 	
�50 mV, and an input capacitance Cin 	 360 pF, derived from
current pulses and hyperpolarizing voltage ramps in heart
interneurons (see METHODS). Because this model geometry
captures the full branching pattern and spatial extent of the
interneuron, we refer to it as the “Full Model” to distinguish it
from the reduced morphology models (Fig. 1, B and C) we
developed and will discuss in this text.

In addition to leak current (ILeak), which is accommodated in
the present models by Rm and ELeak, eight voltage-gated
conductances, as described in METHODS, were included in the
model. As mentioned above, there is likely a nonhomogeneous
distribution of membrane conductances in heart interneurons.
Initiation of spikes at the distal neurite/proximal axon suggests
a higher concentration of fast Na current in the neurite near the
axon than in the regions near the soma. Synaptic conductances
appear to be distributed at the branched distal ends of the
secondary neurites (Tolbert and Calabrese 1985) and, further-
more, calcium imaging studies suggest low-threshold Ca cur-
rents are denser in these distal regions (Ivanov and Calabrese
2000, 2003). These spatially distinct properties enabled us to
postulate anatomically and functionally distinct regions of the
neuron: the soma, primary neurite, secondary neurites, synaptic
contacts, and the axon. To organize conductance distribution in
the model neuron and to reduce parameter space we grouped
all compartments in the model into functional or transitional
groups, where all compartments within each functional/transi-
tional group were assigned the same conductance densities.
The functional groups correspond to the identified functional
regions of the neuron: Soma, Neurite (corresponding to the
middle part of the primary neurite), Secondary Neurite (corre-
sponding to the secondary neurites), Synaptic Compartments,
and Axon. To roughly approximate linear changes in conduc-
tance distributions between functional regions, we also speci-
fied transitional groups: Neurite–soma (connecting the Soma to

the Neurite), and the Neurite–axon1 and Neurite–axon2 (con-
necting the Neurite with the Axon) (Fig. 1), such that the
conductance densities of each transitional group were assigned
intermediate values of the densities of abutting functional
groups. All the compartments within a functional/transitional
group were assigned the same conductance densities.

We first set conductance densities so that simulated voltage-
clamp protocols produced conductance amplitudes that
matched conductance amplitudes from published voltage-
clamp data, amplitudes from simulated voltage-clamp in the
single-compartment model, or values that represented a com-
promise between the two (Table 3). Because there are no
voltage-clamp data for INa, we initially set the Axon conduc-
tance density of Na to that of the single-compartmental model
of a leech heart interneuron (Hill et al. 2001). We then adjusted
all conductance densities to reproduce voltage-clamp and cur-
rent-clamp data from heart interneurons, focusing on five “fit
metrics,” described below, for comparing the model neuron to
living heart interneurons.

Fit metrics

We chose fit metrics that tested both passive and active
(slow and fast) properties of the model in different functional
regions that were relevant to the activity of the neuron in
isolation and in networks and that were experimentally mea-
surable. Thus we sought metrics that would constrain different
combinations and distributions of conductances. The first fit
metric was to evaluate current during somatic voltage-clamp
ramps (over the range �40 to �90 mV) in leech physiological
saline containing Cs� and bicuculline. Bicuculline blocks syn-
aptic transmission, effectively isolating the neurons (Schmidt
and Calabrese 1992) and Cs� blocks Ih (Angstadt and Cala-
brese 1989) to reveal a linear portion of the voltage-ramp
current that reflects the leak current ILeak; these blocks were
simulated by setting both h and synaptic conductances to 0.
The nonlinear regions of the voltage-ramp current are largely
determined by low-threshold voltage-gated currents, such as IP,
ICaS, ICaF, IK1, IK2, and IKA. The second fit metric was action
potential shape as recorded in the soma, which is determined
primarily by fast high-threshold currents, primarily INa and IK1,
and by capacitance. Low-threshold currents such as IP, ICaS,
ICaF, and IKA shape the baseline membrane potential; the spike
threshold and amplitude are largely dependent on INa and the
afterhyperpolarization is shaped by the potassium currents, IK1,

TABLE 2. Active and synaptic conductance densities for the Full and Actively Reduced Model compartments

Compartment IK1 IK2 IKA INa Ih IP ICaF ICaS

Soma 3.50 2.50 7.30 — — — — —
Neurite–soma 3.50 2.50 7.30 1.85 0.10 0.10 0.12 0.06
Neurite 3.50 2.50 7.30 3.70 0.20 0.19 0.23 0.12
Neurite–axon1 3.50 2.50 7.30 5.55 0.13 0.13 0.15 0.08
Neurite–axon2 3.50 2.50 7.30 7.40 0.07 0.06 0.08 0.04
Axon 3.50 2.50 7.30 7.40 — — — —
Secondary Neurite 3.50 2.50 7.30 — — — 0.23 0.05
Synaptic Compartment 3.50 2.50 7.30 — — — 0.23 0.05

Active conductance densities for the Full and Actively Reduced Model compartments are measured in millisiemens per square centimeter (mS/cm2). The
Neurite–soma conductances are set to be an average of the Soma and Neurite compartments. The Neurite–axon1 has two thirds of the Neurite conductance
densities for Ih, IP, ICaF, and ICaS, whereas Neurite–axon2 has one third. However, Neurite–axon1 has three halves the Neurite conductance density of INa, whereas
Neurite–axon2 and Axon have two times. The Synaptic Compartments have synaptic conductance density of 130 nS/cm2. Passive parameters for all
compartments: specific axial resistivity Ra 	 250 �cm, specific membrane resistivity Rm 	 1.6 
 104 �cm2, specific membrane capacitivity Cm 	 2.2 �F/cm2,
and leak reversal potential ELeak 	 �50 mV.
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IK2, and IKA. The third fit metric was the spike frequency
response to constant injected current in the soma, both hyper-
polarizing and depolarizing. Parameter variation in the single-
compartment heart interneuron model indicates that IP, ICaS,
IK2, and ILeak can all strongly affect the spike frequency (Hill
et al. 2001). The fourth and fifth fit metrics were synaptic
current amplitude and reversal potential as measured in so-
matic voltage clamp. Both are substantially affected by axial
resistance and the balance of voltage-gated currents in the
secondary neurites that affect passive spread and space clamp
during somatic voltage clamp. These five experimentally mea-
surable fit metrics were chosen to provide comprehensive
constraints on conductance densities for tuning the model to
network-relevant activity. Because heart interneurons (soma
diameter � 20 �m) degraded after 10 to 15 min of intracellular
recording, and even faster during bathing in low Ca2� saline or
other pharmacological manipulations, we did not obtain data
for all fit metrics from a single interneuron. Thus we tuned our
model to match typical responses collected from many neu-
rons. Because changing each conductance affected several fit
metrics, tuning the model required an iterative process of
hand-tuning conductance densities and evaluating the match to
the experimental data.

Tuning the morphologically detailed model of the
interneuron to the five fit metrics

We measured the current during hyperpolarizing voltage
ramps (first fit metric) in interneurons bathed in saline with
bicuculline and Cs�. As described in METHODS, passive prop-
erties were set to match those extracted from the linear portion
(between �70 and �80 mV) of the voltage-ramp current from
interneurons; we tuned active conductances to match examples
of the voltage-ramp current, both quantitatively and by eye
(Fig. 3). When using the potassium conductance kinetics as
published in Hill et al. (2001), the current measured in the
model exhibited an outward rectification during the negative-
slope leg of the voltage ramp (not shown), opposite to the
inward rectification seen in experimental data. Adjusting con-
ductance densities did not significantly affect this concavity, so
we shifted the activation curves of the potassium currents (IK1,
IK2, IKA) by �10 mV, corresponding to those implemented in
an earlier version of the single-compartment model of a leech

heart interneuron (Nadim et al. 1995). This shift removed the
outward rectification in the descending leg of voltage ramp but
did not introduce the inward rectification observed experimen-
tally (Fig. 3), which is apparently a result of the deactivation of
IP (Olsen and Calabrese 1996). Additionally, heart interneu-
rons show a pronounced inward current activating at the end of
the depolarizing voltage ramp, arising from low-threshold Ca
currents (ICaS and ICaF) (Olsen and Calabrese 1996). Increasing
the conductance of either low-threshold Ca currents or IP to
ameliorate these flaws in the voltage-ramp current worsened
the match to other fit metrics. Therefore we accepted the
imperfections of fitting the voltage ramps as a compromise to

TABLE 3. Conductance amplitudes measured in the Full Model under somatic voltage clamp

Conductance Name
Initial Values,

nS
Final Values,

nS
Change From Initial

Values
Published Example,

nS
Hill Model,

nS

IK at 250 ms (IK1) 71.0 57.1 �20% 65.7(1) 96.9
IK at 1 s (IK2) 57.4 45.7 �20% 51.3(1) 75.9
IKA 88.3 81.6 �8% 100.0(1) 57.9
Ih 4.5 4.0 �10% 10.1(2) 2.4
IP 3.2 3.8 �19% 5.4(3) 6.2
Peak ICa (ICaF) 5.8 6.7 �15% 4.9(4) 2.2
ICa at 1 s (ICaS) 3.0 4.4 �47% 2.1(4) 2.2

Conductance amplitudes in the Full Model were measured by simulated voltage-clamp experiments, mimicking published methods, to enable comparison
between published examples and simulations. IK2 is estimated by measuring the amplitude of IK at 1 s; IK1 is estimated as the amplitude of IK at 250 ms, minus
the estimated amplitude of IK2. The simulated methods did not necessarily reveal the maximum conductance of each current, and thus the values shown do not
all correspond to the maximum conductance settings. All K conductance densities were initially tuned to match published examples (within error of rounding
conductance densities). The h conductance density was initially chosen as a compromise between the Hill model (Hill et al. 2001) and published examples. Final
values represent the voltage-clamp measurements after tuning the model to the fit metrics. Reversal potentials of model conductances are as follows, denoted
by the ion except for Ih, which is a mixed Na/K conductance: EK 	 �70 mV; Eh 	 �21 mV; ENa 	 45 mV; and ECa 	 135 mV (Hill et al. 2001). References
are: (1) Simon et al. (1992); (2) Angstadt and Calabrese (1989); (3) Opdyke and Calabrese (1994); (4) Angstadt and Calabrese (1991).
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-40 mV
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Full Model
Passively Reduced Model

Actively Reduced Model

Heart Interneuron

FIG. 3. Response to a hyperpolarizing voltage ramp is compared for a
living interneuron and the Full and Reduced Models, in 0 Ca2�, Cs� saline
(neurons) or simulated with Ca and h conductances set to 0 (models). Vm is the
command voltage during somatic voltage clamp. Im is the voltage-clamp
current. Conductance amplitudes in the Full Model (black) were tuned to
match voltage-ramp current to examples from living neurons, such as the one
shown in blue. When the Full Model was reduced and scaled to preserve input
resistance (Passively Reduced Model; red, dashed line), the holding current
changed only slightly. When the Passively Reduced Model was rescaled to
match active properties (Actively Reduced Model; green), the input resistance
decreased slightly, indicated by the steeper ramp current.
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the other fit metrics. The simulated voltage-clamp current of
the Full Model, with the finally chosen parameter set, matched
experimental voltage-ramp currents (Fig. 3), particularly in
holding current and slope in the linear region. Fitting the
hyperpolarizing portion of the ramp current between �70 and
�80 mV yields an input resistance of 128 M� for the Full
Model and 114 M� for the displayed experimental example.

Examples of somatically recorded action potentials (second
fit metric) were chosen from current-clamp experiments (ex-
ample shown in Fig. 4). We adjusted conductance densities to
match experimental data, that is, the amplitude (quantitatively)
and the time course (by eye) of the action potential and its
afterhyperpolarization. In particular, to set action potential
amplitude, we tuned the conductance of INa, and to match the
threshold and time course, we shifted the activation and inac-
tivation curves of INa by �2 mV. The action potential peak of
the Full Model, using the finally chosen parameter set (�7
mV), was within observed variation of action potentials during
tonic spiking in living heart interneurons (experimental exam-
ple: �9 mV; Fig. 4). The repolarization of the action potential
was noticeably slower in all versions of the model than in the
heart interneurons (Fig. 4). Fitting the action potential shape
(amplitudes and time course) strongly influences the spike
frequency response to injected current (third fit metric) by
influencing the action potential’s threshold characteristics. The
model neuron spike frequency matched experimental data well
for zero-current injection (experimental average: 6.6 � 1.2 Hz;
Full Model: 6.2 Hz; Fig. 5). The spike frequency response to
injected current of the Full Model was slightly lower than that
of heart interneurons for the most positive current injections
and did not exhibit a smooth transition between silence and
spiking. Despite this abruptness, the model can fire at low
enough frequency to capture normal bursting activity, where

minimum spike frequency is around 4 Hz (Hill et al. 2001) and
so was judged acceptable.

In heart interneurons, spike-mediated synaptic current
(fourth fit metric) was measured with somatic voltage clamp in
normal physiological saline at a holding potential of �50 mV
and was found to have an average peak of 190.1 � 30.4 pA
(Tobin and Calabrese 2005). The synaptic reversal potential in
heart interneurons (fifth fit metric) was measured most accu-
rately for graded synaptic transmission, using somatic voltage
clamp in 0 Na� saline while K currents were blocked, yielding
a reversal potential of �62.5 mV (Angstadt and Calabrese
1991). We simulated these experimental protocols and set the
model synaptic conductance to produce a current peak ampli-
tude measurement of 190.0 pA (Fig. 6). The synaptic reversal
potential in the Synaptic Compartments was set to the empir-
ically determined value of �62.5 mV. Passive cable properties
and unblocked active membrane conductances (only ICaS and
ICaF remain) could compromise space clamp and therefore alter
somatic measurement of reversal potential. We measured syn-
aptic reversal potential in the model soma near �65 mV,
sufficiently close to the set value of �62.5 mV (Fig. 6). The
similarity between somatically measured and set values indi-
cates reasonably good somatic space clamp of synaptic con-
ductance in the model and that the model neuron is electrically
compact, at least when voltage clamped near �60 mV with
most active conductances blocked.

The parameter set finally chosen for the Full Model (see
Table 2) was the best of those tried in reproducing realistic
activity of a single isolated heart interneuron using the fit
metrics described above. Conductance amplitudes, as mea-
sured by simulated voltage clamp, were within 14% of initially
chosen values, except ICaS, which was increased by 42%
(Table 3). These variations are within experimentally observed
variability, including the increased ICaS conductance (Tobin
and Calabrese 2005).

Through extensive hand-tuning of conductances, we pro-
duced a satisfactory model of a single leech heart interneuron.

100 ms

20 mV

-50 mV

Full Model
Passively Reduced Model

Actively Reduced Model

Heart Interneuron

FIG. 4. Action potential shape is compared for an example of experimental
data from a living heart interneuron and the Full, Passively Reduced, and
Actively Reduced Models. An action potential was recorded in current clamp
(simulated in the models), during synaptic isolation with bicuculline (synaptic
conductances set to 0 in the models). Action potentials were aligned at their
peaks for comparison. Conductance amplitudes in the Full Model (black) were
tuned to match experimental examples such as the one shown in blue. When
the Full Model was reduced and scaled to preserve input resistance (Passively
Reduced Model), the afterhyperpolarization became shallower (red, dashed
line). To better match the action potential to that of the Full Model, the axial
resistance of the Axon compartment was reduced to produce the Actively
Scaled Model (green line).
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FIG. 5. Spike frequency response to somatic current injections is measured
in the living heart interneurons, the Full Model, and the Actively Reduced
Model during synaptic isolation by bicuculline (synaptic conductance set to 0
in the models). To measure the steady-state response, spike frequency was
calculated for the last 5 s of a 12-s current injection (simulated in the models).
Conductance amplitudes of the Full Model (black) were tuned to approximate
the spike frequency response of the living neurons (blue). Spike frequency
profile was maintained after the model was reduced and rescaled (Actively
Reduced Model) to preserve active properties (green).
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Based on this morphologically detailed Full Model, we sought
to create a more computationally efficient reduced model for
further parameter searches and for use in network simulations.
The structure of our Full Model with functional and transitional
compartment types, each with uniform conductance densities,
lends itself to reducing compartment number while preserving
the compartment types so that the reduced model can be
mapped onto the Full Model.

Passively Reduced Model of a single leech heart interneuron

In developing a reduced model, we first sought to decrease
the simulation time by reducing the number of compartments.
For a reduced model and the Full Model to share parameter
settings (conductance densities and distributions), we reasoned
that it would be necessary to preserve the surface area of each

functional/transitional region. Several reduction methods have
been developed that preserve surface area and focus on reduc-
ing complex branching structures into a cablelike series of
compartments (Burke 2000; Clements and Redman 1989; Rall
1959, 1964). However, we desired an even more drastic reduc-
tion, representing the entire Secondary Neurite structure by
only one or two compartments and the already cablelike axon
by a single compartment. Destexhe (2001) developed a method
of reducing a complex branching structure to three compart-
ments, while maintaining surface area, passive somatic voltage
response to injected current, and somatodendritic attenuation
of the somatic response. We began our reduction using similar
methods by reducing all compartments within each functional/
transitional region into one representative, reduced compart-
ment with the same total length and surface area as those of the
set of compartments it represents. As with Destexhe’s method,
the axial resistances of the reduced compartments were chosen
to fit passive voltage responses to somatically injected current.
Instead of simultaneously fitting all axial resistances, however,
we chose a sequential process, combining each functional/
transitional set of compartments into one compartment and
scaling the axial resistance of that compartment before reduc-
ing the next functional/transitional set of compartments. In this
fashion, we ensured that each axial resistance was appropri-
ately set.

We started by reducing the 132 Axon compartments into a
single, reduced Axon compartment with the same diameter and
length as the average diameter and total summed length of the
132 full Axon compartments. These dimensions were chosen
to match the surface area between the reduced compartment
and the compartments it represented in the Full Model. Con-
ceptually, this reduced compartment was equivalent to sepa-
rating the entire membrane area of the Axon from the rest of
the model by a large resistor, with resistance equal to the total
summed axial resistance of the entire 485 �m of the Axon
length. This substitution was reflected in an increase in total
neuron input resistance from 105 to 114 M� (Fig. 7). To
preserve the total neuron input resistance, we reduced the axial
resistance (by hand) of the reduced Axon compartment until
the total neuron input resistance, as measured by current pulses
in the soma, matched the input resistance of the Full Model
with the full Axon (105 M�). Any further reduction of axial
resistance reduced the total neuron input resistance �105 M�.
The resulting axial resistance was 0.145 times the total
summed axial resistance of the Full Model Axon. Scaling the
axial resistance of a compartment is equivalent to scaling the
length and diameter, with the constraint of constant surface
area. Axial resistances of compartments are calculated using a
global axial resistivity value Ra, in units of ohm centimeters
(�cm), scaled by the length l and diameter d of each compart-
ment as follows

Axial resistance � 4lRa/��d2�

To maintain the convention of using a global axial resistivity
for all compartments in the model, we scaled the length and
diameter of the Axon compartment, such that the new dimen-
sions maintain surface area and produce the scaled value of
axial resistance. The dimensions are given in Table 4 and
shown in Fig. 1B.

Using the same method, we sequentially reduced all com-
partments of each functional/transitional region into a single

FIG. 6. Reversal potential and peak amplitude of the synaptic current are
measured in simulated somatic voltage clamp with all Na, K, and h conduc-
tances set to 0, mimicking experiments in 0 Na� saline with K currents
partially blocked (Angstadt and Calabrese 1991). In all models, synaptic
reversal potentials were set to the empirically measured value of �62.5 mV;
however, imperfect space clamp can distort somatic measurements of synaptic
currents. A: in the Full Model, reversal potential was measured near �65 mV.
In accordance with experimental data, synaptic conductance was set such that
peak synaptic current was measured to be 190 pA. B: when the Full Model was
reduced and scaled to preserve input resistance (the Passively Reduced Model),
the measured synaptic reversal potential remained near �65 mV, but the
measured peak synaptic current decreased to 55 pA. C: the first step in
producing the Actively Reduced Model from the Passively Reduced Model
was to rescale the axial resistances of the Secondary Neurite by 0.8 and the
Synaptic Compartment by 0.2, increasing the measured peak synaptic current
to 186 pA, similar to the Full Model. Measured reversal potential was near
�65 mV, as in the Full Model.
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reduced compartment (except for the Neurite which was di-
vided into two equivalent compartments; see following text),
initially with the same length, average diameter, and total
surface area of the represented compartments. The axial resis-
tance of the reduced compartment was then scaled to preserve
somatically measured input resistance and the geometry of the
compartment was adjusted appropriately. For example, the four
Neurite–axon2 compartments were reduced to one. Model
input resistance did not change measurably and thus no axial
resistance scaling was required. In contrast, reducing the 10
Neurite–axon1 compartments and then the 2 Neurite–soma
compartments required scaling the axial resistances by 0.22
and 0.953, respectively.

The highly branched secondary neurite structure did not
permit the same sequential reduction of the Secondary Neurite
and Synaptic Compartments as we used for the cablelike
Neurite–axon and Axon sections. We first removed all 48

Synaptic Compartments and measured an input resistance of
108 M�. The 663 Secondary Neurite compartments were
reduced to one compartment, whose axial resistance was scaled
by 0.0004 to preserve the 108 M� input resistance correspond-
ing to the Synaptic Compartment–less model. Then, we added
a reduced Synaptic Compartment, whose axial resistance was
scaled to produce an input resistance of 105 M� corresponding
to the Full Model. Finally, the 11 Neurite compartments were
reduced to two equal compartments to allow the Secondary
Neurite compartment to branch from between these two Neu-
rite compartments. The axial resistance of the Neurite com-
partments was scaled by 1.28 to maintain input resistance of
105 M�.

All compartments of the Full Model were represented in the
reduced model, maintaining the surface area of each func-
tional/transitional region and somatically measured input re-
sistance. In addition, the membrane time constant was pre-
served; �m of the Full Model was 32.4 ms, whereas �m of the
reduced model was 31.9 ms, only a 1.5% decrease. Because the
compartment reduction and scaling were done to preserve
passive responses, we refer to this model geometry as the
“Passively Reduced Model” (Fig. 1B).

Actively Reduced Model of a single leech heart interneuron

We applied the active and synaptic conductances densities
from the Full Model to the Passively Reduced Model and
compared the Full and Passively Reduced Models in simulated
voltage-clamp and current-clamp conditions. We compared the
output of the models according to the fit metrics we used for
tuning the Full Model: voltage-clamp current during hyperpo-
larizing voltage ramps, action potential shape, spike frequency
response to injected current, and synaptic current amplitude
and reversal potential.

The Passively Reduced Model replicated the Full Model
well for hyperpolarizing voltage ramps (Fig. 3), spike fre-
quency response to injected current (Fig. 5), and synaptic
current reversal potential (Fig. 6). The synaptic current ampli-
tude and the action potential shape, however, did not match.
Synaptic current peak amplitude is 190.0 pA in the Full Model,
but only 55.3 pA in the Passively Reduced Model (Fig. 6), and
the action potentials had shallower afterhyperpolarization po-
tentials than occur in the Full Model (Fig. 4). There could be
several explanations why synaptic currents [i.e., inhibitory
postsynaptic currents (IPSCs)] and action potentials were par-
ticularly distorted by the morphological reduction. The axial

Full Model
Full Model with reduced unscaled Axon
Full Model with reduced, scaled Axon

100 ms

1 mV

0.05 nA

-50 mV

Actively Reduced Model
Im

Vm

FIG. 7. Input resistance (Rin) and membrane time constant (�m) are mea-
sured with a �0.05-nA current pulse (500 ms) injected into the soma com-
partment of passive models (all active conductances are set to 0). A portion of
the current-clamp record has been removed (wavy lines) to visually expand the
charging curve. Full Model membrane resistance and capacitance were set to
match experimental data, such that Rin 	 105 M�, �m 	 32.4 ms (black).
When the Axon compartments of the Full Model were reduced to a single
compartment, preserving surface area and length, Rin 	 114 M�, �m 	 32.4
ms (purple). Axial resistance of the reduced Axon compartment was scaled to
preserve the input resistance of the Full Model, such that Rin 	 105 M�, �m 	
31.7 ms (red, dashed). After all compartments of the Full Model were
sequentially reduced and scaled to preserve input resistance (Passively Re-
duced Model), Rin 	 105 M�, �m 	 31.9 ms (data not shown). When the
Passively Reduced Model was rescaled to better reproduce active properties
(Actively Reduced Model) Rin 	 99 M�, �m 	 33.5 ms (green).

TABLE 4. Morphological properties of compartments in the Passively Reduced Model

Compartment
Number of

Compartments
Diameter,

�m
Net Length,

�m
Surface Area,

�m2

Axial
Resistance,

M�
Electrotonic

Length

Soma 1 23.00 — 1,661.06 0.40 —
Neurite–soma 1 3.81 29.58 353.88 6.49 0.04
Neurite 2 5.43 199.28 3,397.76 21.52 0.21
Neurite–axon1 1 2.79 28.49 249.59 11.66 0.04
Neurite–axon2 1 2.38 14.76 110.30 8.30 0.02
Axon 1 2.51 495.90 3,908.30 250.68 0.78
Secondary Neurite 1 10.85 272.62 9,287.75 7.38 0.21
Synaptic Compartment 1 1.39 114.39 499.25 188.54 0.24

For all model compartments, specific axial resistivity Ra 	 250 �cm, specific membrane resistivity Rm 	 1.6 
 104 �cm2, and specific membrane capacitivity
Cm 	 2.2 �F/cm2. A small branch (50 �m2 surface area) was excluded from the Neurite–axon2 compartments of the Full Model during the reduction.
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resistances of the Passively Reduced Model were scaled to
preserve input resistance measurements, but somatic input
resistance was relatively insensitive to changes in the axial
resistance of particularly distal compartments in the Passively
Reduced Model. For example, when the Full Model Axon was
collapsed to a single compartment, the total input resistance of
the model became 114 M�. To restore the input resistance to
105 M�, a decrease of only 8%, the axial resistance of the
Axon was decreased by 85%. Because large variations in axial
resistance produced only small variations on total input resis-
tance, matching input resistance within roughly 1% may not
have been a sufficiently strict constraint on axial resistances of
particularly distal compartments. Additionally, because the
action potentials are initiated in the Neurite–axon transitional
compartments, and conduct through the Neurite and Neurite–
soma to the soma with attenuation and altered time course
resulting from the progressive decrease in INa density, their
shape, as measured in the soma, may be particularly altered by
the axial resistance settings. Moreover, synaptic events and
action potentials may be particularly affected because of the
severe morphological distortion of the compartments where
these events originate. Additionally, the distal-to-proximal re-
duction sequence matched the current load of distal regions on
proximal ones, but not of proximal regions on distal ones,
where synaptic events and action potentials are initiated. We
reasoned that the Passively Reduced Model would better rep-
licate the Full Model active properties if the axial resistances of
the Secondary Neurite, Synaptic Compartments, and Axon
were rescaled with a focus on improving the synaptic currents
(IPSCs) and action potentials.

To reduce attenuation of the synaptic current, we started by
rescaling the axial resistances of the Secondary Neurite and
Synaptic Compartments. Because much of the Ca current in the
model is concentrated in the Secondary Neurite and Synaptic
Compartments, we monitored whether rescaling the axial re-
sistances of these compartments would affect the Ca current
waveform, measured by simulated somatic voltage clamp. The
peak Ca current of the Passively Reduced model was slightly
greater than that of the Full Model, but decreasing the axial
resistances of the Secondary Neurite and Synaptic Compart-
ments improved the match between the two models (Fig. 8).
Rescaling the Secondary Neurite axial resistance by 0.8 and the
Synaptic Compartment axial resistance by 0.2 produced the
best match of Ca current waveforms (matched by eye),
whereas by increasing synaptic current amplitude to 185.8 pA,
the result was 2.2% less than that of the Full Model value
(Fig. 6).

To produce action potentials more similar to those of the
Full Model, we scaled the axial resistance of the Axon by 0.03.
We arrived at this value as a compromise between fitting the
trough of the afterhyperpolarization potential and the rise of the
membrane potential before the spike. Further reduction of the
Axon axial resistance brought the membrane potential 50 ms
before the spike closer to that of the Full Model but also made
the afterhyperpolarization potential too hyperpolarized. The
resulting model morphology, with rescaled axial resistances of
the Secondary Neurite, Synaptic Compartment, and Axon, is
referred to as the “Actively Reduced Model” (Fig. 1C; Table
5). Because the Passively Reduced Model was developed to
have identical input resistance to that of the Full Model,
rescaling the axial resistances to produce the Actively Reduced

Model decreased input resistance to 99 M�, 5.7% less than the
Full Model input resistance (Fig. 7, green line).

Finally, we compared the Actively Reduced Model to the
Full Model for our five fit metrics. As mentioned above, the
Actively Reduced Model has a lower input resistance than that
of the Full Model, resulting in a steeper current waveform
during hyperpolarizing voltage ramps in voltage clamp (Fig.
3), although the differences are slight and satisfactorily within
experimentally observed variability. Because action potential
shape was a determining factor in developing the Actively
Reduced Model, the action potential was similar to that of the
Full Model and the living heart interneurons except that all the
model action potentials repolarized more slowly (Fig. 4). The
spike frequency response to injected current of the Actively
Reduced Model is similar to that of the Full Model, deviating
at most by 6.3% at 0.2-nA current injection (Fig. 5). Although
the synaptic current amplitude decreased slightly when the
Axon compartment was rescaled, likely as a result of increas-
ing the effect of the Axon as a current sink, the final current
peak amplitude of the Actively Reduced Model, 182.3 pA,

0 nA

-60 mV

0 mV

200 pA

200 ms

Full Model
Passively Reduced Model
Passively Reduced Model, Secondary Neurite and 
Synaptic Compartment rescaled 
Actively Reduced Model

peak ICa

ICa at 1 s

FIG. 8. Ca currents (ICa) are compared for the Full and Reduced Models to
aid in rescaling the Secondary Neurite and Synaptic Compartment. Somatic
voltage clamp was simulated with all voltage-gated currents blocked, except
for low-threshold Ca currents, mimicking experiments in 0 Na� saline with K
currents partially blocked (Angstadt and Calabrese 1991). A portion of the
voltage-clamp current has been removed (straight lines) to visually expand the
peak current. Full Model ICaF (indicated by the peak ICa) and ICaS (indicated by
ICa at 1 s) were tuned first to be close to published values and then to match
the Full Model voltage-clamp and current-clamp recordings for the fit metrics
(black). When the Full Model was reduced and scaled to preserve input
resistance (the Passively Reduced Model; red, dashed line), the peak ICa

increased slightly. Next, the Secondary Neurite and Synaptic Compartment
axial resistances were rescaled by 0.8 and 0.2, respectively (light blue, dashed
line), to match the ICa waveform and synaptic current amplitude (see Fig. 6) of
the Full Model. When the axial resistance of the Axon was rescaled, producing
the Actively Reduced Model, the ICa waveform decreased slightly (light
green).
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represents an only 4.0% decrease from that of the Full Model,
190 pA. In addition, the measured reversal potential of the
synaptic current was similar in both the Full and Actively
Reduced Models, near �65 mV (Fig. 6).

In all chosen fit metrics, the Actively Reduced Model
satisfactorily matched the Full Model. Thus we consider the
Actively Reduced Model a useful representation of the Full
Model for network simulations where we can sacrifice some
morphological detail for computational efficiency. Moreover, it
can be used in parameter searches for various activity regimes,
such as endogenous bursting of which the oscillator heart
interneurons are capable (Cymbalyuk et al. 2002). The results
of these searches can be systematically mapped back onto the
Full Model to help locate similar activity regimes. The com-
putational efficiency gains are substantial: for example, our
simulation computer required 29 cpu seconds to simulate 1 s of
activity in the Full Model (871 compartments and nine active
conductances totaling 5,772 simulated conductances), but only
0.18 cpu seconds for the Actively Reduced Model (nine com-
partments and nine active conductances totaling 62 simulated
conductances).

D I S C U S S I O N

To explore how conductance distribution influences the
electrical activity of heart interneurons, we developed a de-
tailed morphology model, the Full Model (Fig. 1A). To reduce
parameter space for tuning, we identified the functional regions
of the interneuron (Soma, Neurite, Axon, Secondary Neurite,
and Synaptic Compartment), as well as several transitional
regions (Neurite–soma, Neurite–axon1, and Neurite–axon2),
and required homogeneous conductance densities in each of
these regions. We tuned conductance densities to produce a
realistic heart interneuron model with detailed morphology. To
enhance computational efficiency for parameter variations and
network simulations, we simplified the morphological com-
plexity, thereby reducing nearly 900 compartments to nine.
Our method, although similar to that developed by Destexhe
(2001), reduces sections of the Full Model individually and
sequentially, to ensure a unique match between the current load
of each section of the Full Model and that of the corresponding
reduced compartment. Additionally, our method readjusts the
reduced model to match the active properties of the Full
Model. As a result, we achieve two models whose passive and
active properties are closely matched, but whose different
computational efficiencies and levels of morphological detail
make each uniquely suited for different uses.

Choice of fitness criteria

We first assigned values to the active conductances based on
available somatic voltage-clamp data (Table 3). Further tuning

of the Full Model and the subsequent reduced models was
directed by fitness criteria (fit metrics), largely based on pas-
sive properties, synaptic currents, and spiking activity (see
Figs. 3–6), and the choice of these metrics ultimately deter-
mines the utility of the model as experimental and theoretical
tool. First and foremost, our choice of fitness metrics was
dictated by measures that are experimentally feasible and
replicable in our system. Morphological models definitely
benefit greatly from recordings at multiple points within a
neuron’s extended structure (Keren et al. 2005); however, this
technique is not currently feasible in heart interneurons, so we
were constrained to metrics obtainable from somatic record-
ings. Fitness criteria were also chosen because they were
relevant to the cell activity and tested the spatial distribution of
conductances. For example, synaptic input and spike initiation
are distributed distally within the heart interneuron structure
and thus synaptic reversal potential and spike amplitude/shape
and spike frequency response to injected current constrain both
passive properties and active conductance distribution choices.
These metrics led to substantial changes from the initial tuning
to somatic voltage-clamp data (Table 3). Given the expected
two- to fourfold range of active conductances, as observed in a
variety of neuronal networks (Golowasch et al. 2002; Schulz et
al. 2006; Swensen and Bean 2005), these final tuned values fall
acceptably close to the exemplars provided from the literature
(Table 3).

Characteristics of the Full Model of a leech
heart interneuron

The tuning process and the final conductance distribution set
chosen (Table 2) provide some insights into the electrotonic
structure and spiking activity of heart interneurons. The neu-
rons are relatively compact to synaptic inputs (somatically
measured synaptic reversal potential differs by only a few
millivolts from that set in the distal synaptic compartments).
As might be expected by their role in regulating excitability,
outward currents dominate in all compartments. The neurite is
the focus of subthreshold inward currents (Ih, IP, ICaS) that
drive spiking activity and it is poised to receive synaptic
current from the secondary neurites and feed current to the
spike initiation site in the Neurite–axon2. Spiking activity is
well captured in the model with realistic somatically recorded
spike amplitudes and realistic spontaneous spike frequency.
Spike initiation occurs in the Neurite–axon2 region and both
the peak of the action potential and the trough of the afterhy-
perpolarization potential attenuated dramatically from the ini-
tiation zone to the somatic recording site (data not shown).
Although the spike frequency response to injected current in
the model captures the near linearity observed over a large

TABLE 5. Morphological properties of compartments in the Actively Reduced Model

Compartment
Number of

Compartments
Diameter,

�m
Length,

�m
Surface Area,

�m2
Axial Resistance,

M�
Electrotonic

Length

Axon 1 8.09 154.09 3,914.29 7.50 0.14
Secondary Neurite 1 11.68 253.07 9,281.39 5.91 0.19
Synaptic Compartment 1 2.38 66.89 499.88 37.61 0.11

For all model compartments, specific axial resistivity Ra 	 250 �cm, specific membrane resistivity Rm 	 1.6 
 104 �cm2, and specific membrane capacitivity
Cm 	 2.2 �F/cm2. The properties of the Soma, Neurite–soma, Neurite, Neurite–axon1, and Neurite–axon2 compartments are the same as in the Passively
Reduced Model.
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range of currents, the transition to spiking is more abrupt than
that observed in the living neurons and may indicate that the
model does not capture the proper dynamics of this transition
(Rinzel and Ermentrout 1998). This discrepancy may not be a
major concern, however, because the model is capable of firing
at low frequency (about 3 Hz, Fig. 5A) and the normal bursting
activity of heart interneurons [about 4-Hz minimum intraburst
spike frequency and about 12-Hz average intraburst spike
frequency (Hill et al. 2001)] may not require exact capture of
the transition to spiking. Nevertheless, a reevaluation of the
kinetics of INa in the model may be warranted (Naundorf et al.
2006).

A multistep method for reducing the Full Model

Our multistep reduction method was facilitated by designing
the Full Model using functional/transitional regions (Fig. 1A),
which were constrained to have homogeneous conductance
densities within each region. The functional regions corre-
spond to areas we determined to be anatomically and physio-
logically distinct: soma, neurite, secondary neurite, synaptic
contacts, and axon. Within each region, active and synaptic
conductance densities are uniform but differ from region to
region, reflecting experimentally determined differences and
presumed function. Such distinctions would be specific to the
cell type and model goals. For example, Destexhe (2001),
seeking to describe synaptic integration within a passive den-
dritic tree, divided a pyramidal cell into the three regions of
soma/proximal dendrites, basal dendrites, and apical dendrites
(including distal ends of basal dendrites). Nonhomogeneous
conductance densities are often distributed in an approximately
linearly changing fashion (Bekkers 2000; Hoffman et al. 1997;
Korngreen and Sakmann 2000; Magee 1999; Stuart and
Hausser 1994). In our models, transition compartments, with
intermediate conductance densities (see METHODS) link func-
tional regions with widely different active conductances. They
roughly approximate linear changes in conductance densities
and roughly match impedances to prevent reflection of propa-
gating signals. Because the conductance densities in the tran-
sition regions are constrained by the conductance densities in
abutting compartments, these compartments do not add to the
parameter space of the model.

Creation of the Passively Reduced Model

In the first reduction step, we collapsed the compartments of
each functional/transitional region of the Full Model into a
single reduced compartment (two for the Neurite). We matched
the current load of each reduced compartment to that of the
represented functional/transitional regions in the Full Model by
rescaling the axial resistance. We chose the initial length of
each reduced compartment to be equal to the summed length of
the compartments it represented. In his reduction procedure,
Destexhe (2001) chose each reduced compartment to have the
typical length of the portion of the dendrite it represented. The
end results of these two approaches are similar because the
axial resistances, and thus the lengths of the compartments,
were rescaled to match passive properties. The methods differ,
however, in that Destexhe’s method (Destexhe 2001) fits the
voltage decay of a somatic current pulse with distance from the
soma, whereas our method relies on maintaining each func-

tional region’s contribution to the neuron’s input resistance, as
measured at the soma. Additionally, his method uses an algo-
rithm to fit all axial resistances simultaneously, whereas we
hand-fit each axial resistance sequentially. Compartments were
reduced sequentially to avoid the possibility of nonunique
solutions because the voltage spread to one compartment is
affected by the axial resistances of other compartments in the
model. Nonunique solutions may be particularly problematic in
a model with more compartments, such as our nine-compart-
ment model, as opposed to Destexhe’s three-compartment
model (Destexhe 2001). By sequential reduction we ensure that
each reduced compartment matches the current load of the
compartments it represents before reducing the next set of
compartments. Thus because the current load is proportional to
axial resistance, there is a unique value of axial resistance to
match the current load of each set of compartments.

The reduction order may influence the axial resistances
chosen for the compartments. We chose a distal-to-proximal
sequence because we were assaying the current load on the
soma and, in this way, the compartments being reduced were
receiving current through nonreduced compartments. This does
not necessarily preserve the current load in the reverse order
(of proximal compartments on distal ones), but our subsequent
readjustment, during formation of the Actively Reduced
Model, to preserve attenuation of synaptic inputs and axon
potential shape, likely improves the current load of proximal
compartments on the distal compartments where these events
are initiated, albeit at some cost to accurate representation of
the current load on the soma as seen in the 5.7% decrease in Rin
(Fig. 7).

Although the simplicity of our method allows for easy
hand-fitting of axial resistances, the passive reduction method
could be automated by a program that sequentially calculates
surface area of each functional group, replaces functional
groups of compartments with a reduced compartment of equiv-
alent surface area, and adjusts the axial resistance with an
automated bisection method to preserve the neuron input re-
sistance.

Creation of the Actively Reduced Model

In the second reduction step, we applied the conductance
densities from the Full Model to the Passively Reduced Mod-
els. We matched the active properties of the Passively Reduced
Model to those of the Full Model by rescaling axial resistances,
producing the Actively Reduced Model. This rescaling is in
part necessary to correct the biases introduced into the model
by the distal-to-proximal sequential nature of the passive re-
duction so that the effective load of proximal compartments on
more distal ones is taken into account for events such as spikes
and IPSPs that are generated in distal compartments. The
resultant model is thus a compromise between one that faith-
fully reproduces events generated proximally (e.g., soma cur-
rent injection) and those generated distally (spikes and IPSPs).

The electrotonic structure of a compartment can affect the
activity in all other compartments by affecting its current load
on those compartments. Thus rescaling the axial resistances of
more than one compartment in the Passively Reduced Model
presents a circular process. For example, after rescaling the
axial resistance of the Secondary Neurite and Synaptic Com-
partments of the Passively Reduced Model to match measured
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Ca currents (Fig. 8) and synaptic current amplitude (Fig. 6), we
then had to rescale the axial resistance of the Axon to improve
the match of the action potential shape to that of the Full
Model. Rescaling the Axon decreased the amplitudes of the
measured synaptic current (data not shown) and the Ca current
waveform (Fig. 8). In our case, the changes in synaptic and Ca
currents were small enough that we did not rescale any com-
partments, although this potential problem highlights the need
to recheck all metrics after all compartments are rescaled.

An automated process such as that discussed above for the
passive reduction could be extended to fit axial resistances to
match fit metrics, starting with the axial resistance values
obtained during passive reduction. Or, potentially, axial resis-
tances could be chosen to best fit neuron input resistance and
active properties simultaneously. Our emphasis here—which is
unique to our approach—is to use sequential reduction to avoid
nonunique solutions and, for neuron models with active struc-
tures such as axons and active dendrites, to include active
properties in addition to passive properties in fitting the re-
duced model geometry.

Although previous methods have been developed to simplify
neuronal morphology, such as Rall’s equivalent cable method
(Agmon-Snir 1995; Burke 2000; Clements and Redman 1989;
Rall 1959, 1964; Zador et al. 1995), all such solutions, to our
knowledge, are not applicable to structures with active con-
ductances in which the electrotonic structure of the neuron is a
function of voltage and time, not simply surface area and
distance. The method we propose here, although necessarily
empirical and approximate, is applicable to any neuronal struc-
ture with any set of conductances.

Future of our model

We have succeeded in tuning the Full Model to the intra-
cellularly recorded voltage-clamp data and tonic spiking char-
acteristics from synaptically isolated leech heart interneurons.
Future applications of this model for analysis of normal cellu-
lar and network activity may require adjustment of some
conductance densities that are likely critical for endogenous
and half-center bursting, such as ICaS, Ih, ISyn, ELeak, and Rm
(Cymbalyuk et al. 2002; Hill et al. 2001) that are not as
constrained during tonic spiking activity. Because the Actively
Reduced Model is more computationally efficient, we will use
it for exploring the parameter space in which endogenous
bursting and bursting in a half-center occur.

Having two similar models with different levels of morpho-
logical detail allows us to choose the appropriate model based
on the question we wish to pursue. The Full Model was
constructed to investigate how morphology and intrinsic and
synaptic conductance distributions affect cellular and network
activity. However, it is a difficult tool to wield because it is
computationally demanding. The Actively Reduced Model is
most appropriate for studies where morphological detail can be
sacrificed for computational efficiency, such as network sim-
ulations, for extensive tuning, and exploring parameter space.
Because the morphology and intrinsic and synaptic electrical
properties of the two models are directly interchangeable,
information gained from one can be applied to the other,
providing us with a comprehensive tool for understanding the
effect of intrinsic and synaptic conductance distributions on the
activity of leech heart interneurons.
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