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Abstract
Sound localization is a fundamental sensory function of a wide variety of animals. The inter-

aural time difference (ITD), an important cue for sound localization, is computed in the audi-

tory brainstem. In our previous modeling study, we introduced a two-compartment Hodgkin-

Huxley type model to investigate how cellular and synaptic specializations may contribute

to precise ITD computation of the barn owl's auditory coincidence detector neuron. Although

our model successfully reproduced fundamental physiological properties observed in vivo,
it was unsuitable for mathematical analyses and large scale simulations because of a num-

ber of nonlinear variables. In the present study, we reduce our former model into three types

of conductance-based integrate-and-fire (IF) models. We test their electrophysiological

properties using data from published in vivo and in vitro studies. Their robustness to param-

eter changes and computational efficiencies are also examined. Our numerical results sug-

gest that the single-compartment active IF model is superior to other reduced models in

terms of physiological reproducibility and computational performance. This model will allow

future theoretical studies that use more rigorous mathematical analysis and network

simulations.

Introduction
Sound localization, or the ability to find the location of a sound source, is one of the fundamen-
tal functions of the auditory system. The interaural time difference (ITD), which is the differ-
ence in arrival timing of acoustic waves at the two ears, is an important cue for azimuthal
sound localization (see [1–4] for reviews). In mammals, ITD is computed in the medial superi-
or olive (MSO), where inputs from the bilateral cochlear nuclei converge [5–8]. In birds and
reptiles, binaural neurons in the third order auditory station, nucleus laminaris (NL), show
sensitivity to ITDs [9–12]. Recent advances in electrophysiological recording techniques in
vivo allow us to examine how binaural synaptic inputs are computed in these neurons [13,14].
Since MSO and NL neurons sense precise timing of synaptic inputs to change their spike rates,
they are often called auditory coincidence detectors.

Conductance-based Hodgkin-Huxley-type (HH) models have been widely used for investi-
gating biophysical mechanisms of ITD coding in auditory coincidence detector neurons [15–
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21]. These modeling studies have revealed that finely-tuned synaptic and cellular properties are
essential for precise ITD computation. The HH-type model is useful to study detailed biophysi-
cal effects of channel kinetics, but it requires a large computational power [22]. Furthermore,
mathematically rigorous analysis of HH-type models is generally difficult due to the large num-
ber of parameters and nonlinearities. To circumvent these difficulties, more abstract integrate-
and-fire (IF) models with fewer parameters were also used in previous theoretical studies of
sound localization [19,23–25], although the biophysical basis of the IF model is much weaker
than the HHmodel [22,26]. Combining the strengths of the both models, Svirskis and Rinzel
[27] introduced an IF model with low-voltage-activated potassium (KLVA) conductance to
study how KLVA channels contribute in the detection of weak signals in the model
MSO neuron.

In our previous studies, we used HH-type two-compartment models that mimicked physio-
logical characteristics of the barn owl's NL neuron [13,28,29]. Although our models were able
to explain the roles of various biophysical factors in ITD computation, it was still unclear
which model features were essential for binaural sound information processing. Thus, in the
present study, we reduce our two-compartment NL model into three simplified models and
compare simulation results with available physiological data. The main goal of this study is to
find a minimal NL neuron model that reproduces known fundamental electrophysiological
properties related to ITD coding. Numerical efficiency and reliability of the models are
also examined.

Materials and Methods

Model construction
Anatomical [30,31] and physiological [13] evidence show that spikes in an avian NL neuron
are initiated at a remote site from the cell body, presumably at the first node of Ranvier. Our
previous NL neuron model [28,29] consisted of two compartments (Fig 1A). The somatic com-
partment receives synaptic inputs, whereas the nodal compartment serves as a spike generator.
We refer to this model as the "Active Na"model, because action potentials are generated by
the Na conductance in the nodal compartment. In this study, we reduced the active Na model
in three steps. First, active conductances in the nodal compartment were replaced with a
thresholding unit (shown by Θ in Fig 1E1; see next section for equations). Active and passive
properties of the soma remain unchanged between these two models. This reduced model was
named "Two-compartment active IF"model. The word "active" indicates that the model re-
serves low-voltage-activated (KLVA) conductance in the soma.

As the second step, we replaced the entire nodal compartment and the axon with a single
thresholding unit in the soma (Fig 1F1; see below for equations). This new model was labeled
as "Single-compartment active IF model". This model can also be regarded as a simple expan-
sion of the "Non-spiking"NL model (Fig 1B), which was introduced in our previous research
to study subthreshold membrane responses [13,32].

As the last step, we dropped the KLVA conductance from the soma and obtained the "Sin-
gle-compartment passive IF"model (Fig 1G1). Similar models to this passive IF model (with
slightly different membrane parameters) were already used in previous theoretical studies of
sound localization [23,24].

Two-compartment active IF model. The two-compartment active IF model consists of
the cell body (soma) and the node, which are connected with an axonal resistance (Fig 1E1).
The membrane potentials of the soma (Vsoma) and node (Vnode) obey the standard membrane
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Fig 1. NLmodels. (A) Circuit of the conductance-based two-compartment HH-type "active Na" model [13,29]. The somatic compartment contains leak and
KLVA currents whereas the nodal compartment has high voltage activated potassium (KHVA) and Na currents (required for spike generation) in addition to leak
and KLVA. (B) Circuit of the "non-spiking" conductance-based single-compartment model with leak and KLVA currents. This model was designed for
simulating subthreshold membrane responses [13,32]. (C) Membrane impedance of the somatic compartment of the active Na model. (D) Membrane
impedance of the nodal compartment of the active Na model. (C-D) In the "RC only" and "RC + KLVA" conditions, gaxon was fixed to zero (i.e., no axonal
current) to isolate the compartment. In the "RC only" and "RC + axon" conditions, gKLVA of the compartment was fixed to zero. Membrane potential was fixed
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equations:

Csoma

d
dt
VsomaðtÞ ¼ Isoma

leak þ IKLVA þ Isoma
axon þ Isyn þ Iext

and

Cnode

d
dt
VnodeðtÞ ¼ Inodeleak þ Inodeaxon þ IIF;

where Csoma and Cnode are the membrane capacitances,

Isoma
leak ¼ gsoma

leak ðEL � VsomaÞ and Inodeleak ¼ gnodeleak ðEL � VnodeÞ

are the leak currents,

IKLVA ¼ �gKLVA dðVsoma; tÞðEK � VsomaÞ

is the KLVA current,

Isoma
axon ¼ �Inodeaxon ¼ gaxonðVnode � VsomaÞ

is the axonal current,

Isyn ¼ gsynðEsyn � VsomaÞ

is the synaptic input to the soma, IIF is the current induced by the IF thresholding unit (defined
below), and Iext is the external stimulus current (set to zero by default). The activation variable
d(V,t) of the KLVA conductance in the soma obeys the first-order differential equation:

d
dt
dðV ; tÞ ¼ dðV ; tÞ � d1ðVÞ

tdðVÞ :

The KLVA kinetics was taken from a previous slice study [33]:

tdðVÞ ¼ QðT1�T0Þ=10
10 =ðadðVÞ þ bdðVÞÞ;

d1ðVÞ ¼ adðVÞ=ðadðVÞ þ bdðVÞÞ;

adðVÞ ¼ 0:20expððV þ 60Þ=21:8Þ;

bdðVÞ ¼ 0:17expð�ðV þ 60Þ=14Þ;

with Q10 = 2.5, T0 = 23 oC, T1 = 40 oC. The unit for αd and βd is 1/ms.
Parameter values are the same as our previous active Na model [29] and summarized in

Table 1. The KLVA conductance in the soma was unchanged between the active Na model and
the active IF model, because it plays an essential role in characterizing the membrane imped-
ance (Fig 1C). The KLVA conductance in the node, however, was eliminated from the present
active IF model, because it has only limited effects on the nodal membrane impedance, which
is dominated by the axonal conductance (Fig 1D).

at -61 mV. (E1-3) Two-compartment active IF model: (E1) circuit diagram, (E2) average spike shape at the soma, and (E3) membrane responses to DC step
current injection. Spike amplitude H = 9.7 mV. Half-amplitude spike width W = 0.3 ms. (F1-3) Single-compartment active IF model: (F1) circuit diagram, (F2)
average spike shape, and (F3) membrane responses to DC step current injection. Spike amplitude H = 9.8 mV. Half-amplitude spike width W = 0.3 ms. (G1-3)
Single-compartment active IF model: (G1) circuit diagram, (G2) average spike shape, and (G3) membrane responses to DC step current injection. Spike
amplitude H = 9.8 mV. Half-amplitude spike width W = 0.3 ms. (E1, F1, G1)Θ denotes the IF spike generator. (E3, F3, G3) Holding potential = -60 mV.

doi:10.1371/journal.pone.0122796.g001
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The current from the thresholding unit consists of two parts: IIF = Iconst + Ispike. The first
term corresponds to the constant opening of ion channels in the nodal compartment. The sec-
ond term Ispike denotes the spike-associated transient current: when the nodal membrane po-
tential Vnode crosses the threshold Vθ at time t = Tθ, a spike current Ispike(t-Tθ) is initiated. The
spike current is modeled as a sum of two exponential functions:

IspikeðtÞ ¼ A1expð�t=t1Þ þ A2expð�t=t2Þ ðfor t � 0Þ; ¼ 0 ðfor t < 0Þ:

We chose exponential functions because they enable exact calculation at discrete time steps
[34]. Once the membrane potential reaches the threshold Vθ, the threshold-crossing detector
will be in an absolute refractory period of Tref. Namely, Vθ =1 for Tθ < t< Tθ+Tref. See
Table 2 for the default parameter values of the thresholding unit, which were fixed throughout
our series of simulations unless otherwise stated.

Single-compartment active IF model. In the single-compartment IF model, the spike-ini-
tiating node of the two-compartment model together with the axonal resistance was reduced
into a thresholding unit in the soma (Fig 1F1), while other ionic conductances of the soma were
unchanged. The membrane potential of the soma (Vsoma) satisfies the equation:

Csoma

d
dt
VsomaðtÞ ¼ Isoma

leak þ IKLVA þ Isyn þ IIF þ Iext:

The current from the IF unit is the same as in the two compartment model: IIF = Iconst +
Ispike. The equations and parameter values for Csoma, Isoma

leak , IKLVA, Isyn, Iconst, and Iext are the

Table 2. Default parameter values for the thresholding unit of the three reducedmodels.

Parameter 2-comp active IF 1-comp active IF 1-comp passive IF

Iconst 200 pA 200 pA 200 pA

A1 4000 pA 3500 pA 4000 pA

A2 3000 pA 3000 pA 4000 pA

τ1 0.02 ms 0.02 ms 0.02 ms

τ2 0.20 ms 0.20 ms 0.20 ms

Vθ -56.7 mV -58.3 mV -58.6 mV

Tref 0.9 ms 0.9 ms 0.9 ms

These parameters were fixed throughout our simulations unless otherwise stated.

doi:10.1371/journal.pone.0122796.t002

Table 1. Default parameter values for the membrane dynamics of the three reducedmodels.

Parameter 2-comp active IF 1-comp active IF 1-comp passive IF

Csoma 24 pF 24 pF 24 pF

gsoma
leak 48 nS 48 nS 240 nS

�g�KLVA 192 nS 192 nS —-

Cnode 0.2 pF —- —-

gnode
leak 2 nS —- —-

gaxon 117.8 nS —- —-

Esyn 0 mV 0 mV 0 mV

EL -60 mV -60 mV -60 mV

EK -75 mV -75 mV —-

These parameters were fixed throughout our simulations.

doi:10.1371/journal.pone.0122796.t001
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same as those in the two-compartment active IF model introduced above (see Table 1 for pa-
rameters). Thus the subthreshold membrane property is essentially identical to that of the two-
compartment model.

The spike initiation mechanism is similarly defined. When the membrane potential Vsoma

reaches the threshold Vθ at time t = Tθ, a spike current Ispike(t-Tθ) is injected. Note that, in the
single-compartment model, spike currents are applied directly to the soma. The spike current
Ispike(t) is similarly defined as above with a set of slightly different parameters. The definition
of the absolute refractory period Tref was the same as that of the two-compartment model (see
Table 2 for parameters).

Single-compartment passive IF model. By replacing the active KLVA conductance with
passive leak conductance, we obtain the single-compartment passive IF mode (Fig 1G1). The
membrane potential of the soma (Vsoma) obeys the passive equation:

Csoma

d
dt
VsomaðtÞ ¼ Isoma

leak þ Isyn þ IIF þ Iext:

The equations and parameter values for Csoma, Isoma
leak , Isyn, Iconst, and Iext are the same as those

in the above-defined models except for the leak conductance gsoma
leak . The definitions for thresh-

olding and spike initiation were also the same as in the single-compartment active IF model.
Membrane and threshold parameters. We used the same parameter sets for the soma of

the active IF models (Table 1) as used for our previous active Na model [29]. With the parame-
ters shown in Table 1, somatic membrane resistance at -61 mV was 4.4 MO (membrane time
constant: ~0.1 ms), which was comparable to the electrophysiological data from the owl NL
[13]. In the passive IF model, the somatic leak conductance was increased so as to keep the
membrane resistance. Parameters for the spike-associated current (Table 2) were determined
so that simulated spike waveforms resembled what was observed in vivo [13]. To date, there is
no report available that systematically studied the voltage threshold Vθ and the refractory peri-
od Tref of owl NL neurons. We determined the threshold of each model (Table 2) to make the
"modulation depth" (defined later) of the simulated spike rates close to maximum. The refrac-
tory period was fixed to 0.9 ms. Possible effects of varying these parameters will be examined in
Results.

Synaptic inputs. An NL neuron receives phase-locked inputs from converging axons of
nucleus magnocellularis (NM) neurons on ipsi- and contralateral sides [9]. We used the same
modeling procedure that was introduced in our previous study [11,32]. Briefly, phase-locked
spikes of NM axons were modeled as an inhomogeneous Poisson process, whose intensity
function λ(t) is periodic with the tonal stimulus frequency fstim. The degree of phase-locking
was measured as vector strength [5], which was analytically related to the intensity function λ
(t) [32]. Presynaptic spikes (modeled as delta functions) from each side were processed by a lin-
ear synaptic filter:

aðtÞ ¼ Haðt=taÞexpð1� t=taÞ ðt � 0Þ; ¼ 0 ðt < 0Þ

to obtain synaptic conductances gipsi(t) and gcontra(t). We assumed that all inputs from each
side are locked to the same phase at the same frequency, and thus the ITD only affects the rela-
tive phase δ of the model inputs from the two sides:

gsynðtÞ ¼ gipsiðtÞ þ gcontraðt þ d=2pfstimÞ:

We used the same input parameters as in our previous modeling study [29,32]: fstim = 4000
(Hz), average intensity λ0 = 500 Hz [35], vector strength r = 0.6 [36], number of NM inputs
from each side M = 150 fibers [37], half amplitude width of the unitary synaptic input Wα (=
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2.446 τα) = 0.1 ms, amplitude of unitary synaptic input Hα = 1.3 nS. All synaptic inputs were
assumed to converge onto the somatic compartment, because the owl's mid-to-high frequency
NL neurons have only short and stubby dendrites [37].

Model evaluation
In order to evaluate the physiological reproducibility of the model neurons, we compare model
outputs with published electrophysiological data. We examined spike waveforms, response
types to step current injections, and spike rate modulations to simulated binaural inputs. To
evaluate the numerical properties of the models, we examined their robustness to parameter
changes and computational efficiency. For comparing membrane potential traces (Fig 2) we
used the same data set from our previous in vivo intracellular recording study of the barn owl's
NL [13].

Spike shape. For the calculation of average spike shapes (Fig 1E2, 1F2 and 1G2), we applied
noise synaptic input to the model neurons. Random presynaptic inputs were modeled as
non-phase-locked spike sequences (i.e., homogeneous Poisson process with an intensity λ0 of
500 Hz and a number M of 300 fibers), and were convolved with the synaptic filter α(t) to ob-
tain a simulated synaptic input gsyn(t). Spikes are aligned to the threshold crossing point and
then averaged. 1500 spikes were estimated to obtain an average spike waveform. Data from our
previous in vivo intracellular recording [13] were used as a reference (typical values: spike
amplitude = 4–13 mV, spike width = 0.3–0.5 ms).

Response to step currents. In order to see the model membrane response to step current
injection Istep (Fig 1E3, 1F3, and 1G3), we hold the membrane potential of each model at
-60 mV by a constant current Ibase, and additionally applied step currents of varied amplitudes:
Iext = Ibase + Istep. The model response was classified as "no spike" when the current injection
did not induce an action potential. The response was categorized as "phasic spiking" when
only a single spike at the onset of the step current was observed. The response was referred to
as "tonic spiking" when repetitive spikes occurred during the step current injection. We exam-
ined whether the model neurons show a phasic-spiking property as is typical in auditory coin-
cidence detectors (e.g., [38]).

Responses to binaural inputs and rate-phase difference curve. We changed the phase
difference δ of the bilateral model inputs (see above for definition) and calculated traces (Fig 2)
and a rate-phase difference curve (Fig 3A1, 3B1, and 3C1) for each reduced model. The maxi-
mum spike rate is called the "in-phase rate", because it is attained when δ was zero or integer
multiples of 2π [29]. The minimum rate, obtained with δ = (2N+1)π (N = 0, ±1,. . .), was re-
ferred to as the "out-of-phase" rate. Note that the simulated in-phase rate corresponds to the
spiking rate with a "favorable ITD" in physiological experiments, whereas the out-of-phase rate
is comparable to the rate with an "unfavorable ITD" [13]. Discharge rates of owls' NL neurons
for favorable and unfavorable ITDs were systematically measured by Peña et al. [35]. Based on
their results, we defined the "typical discharge range" as 79–522 spikes/sec, which was derived
from the "mean-SD" of the discharge rate for unfavorable ITD and "mean+SD" for favorable
ITD. We used this typical discharge range as a criterion to evaluate the binaural responses of
the models, and targeted to fit in this range when determining the thresholding parameters.

Robustness to parameter changes. To examine the robustness to changes in thresholding
parameters, we changed the threshold Vθ and the refractory period Tref of each IF model
around the default values. We tested whether the in-phase and out-of-phase rates were within
the typical discharge range. We additionally tested whether the "modulation depth" (defined as
the difference between the in-phase and out-of-phase rates) exceeded our criterion of 180
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Fig 2. Membrane potential traces. (A) In vivo intracellular recording from a barn owl's NL neuron (data taken
from [13]). Tonal stimulus at the best frequency (3600 Hz) was presented to the both ears by changing ITDs.
(B) Simulated membrane potential of the two-compartment active IF model. (C) Simulated membrane
potential of the single-compartment active IF model. (D) Simulated membrane potential of the single-
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spikes/sec, which is derived from the spike rate changes between favorable and unfavorable
ITDs [35].

Numerical efficiency and reliability. As in our previous studies [28,29,32], we used the
explicit (forward) Euler method for the numerical integration of the model equations. We var-
ied the time step Δt from 0.1 μs to 30.0 μs. To examine the model efficiency, we calculated an
average integration time of ten 1-second traces (i.e., 10 s in total) for each model. To test the
numerical reliability, we compared simulated membrane potentials with different values of Δt.
A numerical result was regarded as "unreliable" when the maximum discrepancy in the simu-
lated potential differed by more than 0.5 mV from the potential calculated with the smallest
time step of Δt = 0.1 μs. Note that this unreliability usually occurs at each spike initiation (see
Fig 4). Numerical algorithms were implemented in D [39] and simulations were performed on
a desktop computer (Dell Precision T1700) with 64 bit Windows 7 Professional Operating Sys-
tem, Intel Xeon CPU E3-1270 v3 (4 core, 3.5 GHz), and a 16 GB memory.

Results

Basic properties of reduced models
As introduced in Materials and Methods, we stepwise reduced the active Na model (Fig 1A)
into three simpler models: the two-compartment active IF model (Fig 1E1), the single-compart-
ment active IF model (Fig 1F1), and the single-compartment passive IF model (Fig 1G1). Using
a similar approach as Svirskis and Rinzel [27], spike generating conductances in the active
models were replaced by a threshold-crossing detector, while the KLVA conductance of the cell
body was kept intact. The values for KLVA and leak conductances were chosen so that the mem-
brane resistance matched previous in vivomeasurements [13].

Spike shapes of the reduced models are shown in Fig 1E2, 1F2 and 1G2. We selected the pa-
rameters for spike-associated currents Ispike so that the simulated spike amplitude (9.7–9.8 mV)
and half-peak width (0.3 ms) of all three models corresponded to in vivo recording data [13].
For the passive model, a small effect of the refractory period was seen in the spike trace (arrow in
Fig 1G2), which was not evident for the active models.

Due to the large KLVA conductance [40], the active models showed phasic spiking to step
current injections (Fig 1E3 and 1F3), as was found in auditory brainstem neurons in vitro
(chicken NL [41]; chicken NM [33,42]; mammalian MSO and octopus cells [38]). As shown
previously [40,43], removing the KLVA current resulted in the lack of phasic spiking mode with
a direct transition from no spike to tonic spiking (Fig 1G3).

Binaural phase-coding
Our previous in vivo intracellular recordings from owls NL [13] showed that phase-locked syn-
aptic input induces an oscillating membrane potential. The oscillation amplitude depends on
ITD (Fig 2A; see [13] for detailed discussion). Similar oscillations were found in the non-spik-
ing model (Fig 1B; see [29,32] for theoretical examinations). All three reduced models, which
have similar subthreshold response properties to the non-spiking model, also show these oscil-
lations (Fig 2B–2D). The amplitude of the oscillation was maximal for δ = 0 (i.e., binaural in-
puts arrive in-phase) and minimal for δ = π (i.e., binaural inputs arrive out-of-phase) [29,32].

compartment passive IF model. (B-D) Simulated binaural inputs are injected to the model neurons (see
Materials and Methods for detail). "In-phase" means that the oscillation peaks of both inputs coincide resulted
in the largest oscillation amplitudes. "Out-of-phase" means that the oscillating bilateral synaptic inputs are
cancelled with each other to minimize the signal component at fstim = 4000 Hz [29].

doi:10.1371/journal.pone.0122796.g002
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Spikes in auditory coincidence detector neurons are in general small at the cell body (gerbil
MSO [44]; chicken NL [31]; owl NL [13]) probably because the actual spike initiation site is lo-
cated away from the soma [28,30]. Reflecting this property, both measured (Fig 2A) and

Fig 3. Spiking properties of the reducedmodels. (A1-3) Two-compartment active IF model. (B1-3) Single-compartment active IF model. (C1-3) Single-
compartment passive IF model. First row (A1,B1,C1): simulated spike rates plotted against the phase difference δ of the bilateral inputs. Peaks appear at δ = 0
or ±2π (in-phase rate) whereas troughs appear at ±π (out-of-phase rate). Second row (A2,B2,C2): simulated spike rates plotted against the threshold of the IF
unit. Refractory period was fixed to 0.9 (ms). Modulation depth (gray lines) is defined as the difference between the in-phase and out-of-phase rates (black
lines). Dotted lines show the criterion of 180 spikes/sec for the modulation depth. Third row (A3,B3,C3): simulated spike rates plotted against the length of the
refractory period. Threshold was fixed to (A3) -56.7, (B3) -58.3, and (C3) -58.6 mV, respectively. Shaded area of each panel in the first and third rows shows
the range of typical discharge rates of the owl's NL neuron (see Materials and Methods for the definition).

doi:10.1371/journal.pone.0122796.g003
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simulated (Fig 2B–2D) waveforms showed sinusoidal oscillations at the falling phase of spikes.
It should be noted that, in the single compartment models, the spike current mimics the back-
propagating spikes from the spike initiation site.

We changed the relative timing of ipsi- and contralateral inputs and calculated the spike
rates of the model neurons. The maximum (in-phase) and minimum (out-of-phase) spike
rates of the two active models were within the typical discharge rates of 79–522 spikes/sec (gray
areas of Fig 3A1 and 3B1; see Materials and Methods for the definition) derived from previous
owl NL recordings in vivo [35]. The single compartment passive IF model, however, showed a
steeper rate-phase difference curve with the in-phase rate exceeding the typical range (Fig 3C1).

Effect of parameter changes
In order to examine the parameter dependence of the model, we varied the parameter values of
the thresholding unit (Fig 3A2, 3B2 and 3C2). First we varied the threshold Vθ. Both the in-
phase and out-of-phase rates decreased with increasing threshold (Fig 3A2 and 3B2, black
lines). The spike modulation depth, which was defined as the difference between the in-phase
and out-of-phase rates, showed a mild peak around the default threshold of the active models
(Fig 3A2 and 3B2, gray lines). This qualitative tendency was observed in all the reduced models,
but the single-compartment passive IF model was most strongly affected by threshold changes,
showing steepest changes in the modulation depth (Fig 3C2). The range of thresholds for

Fig 4. Model efficiency and reliability. (A) Relative integration time of the active Na (upward triangles), two-compartment active IF (downward triangles),
single-compartment active IF (circles), non-spiking (diamonds), and single-compartment passive IF (squares) models. Single-compartment active IF model
with Δt = 10.0 μs (small arrow) was used as the reference point (i.e., relative integration time = 1.0). Open symbols denote numerical unreliability with
corresponding panels indicated by the small letters. (B) Unreliability of the two-compartment active IF model. A large time step (Δt = 3 μs, thin black line)
leads to an erroneous oscillation in the nodal potential induced by spike currents. Inset shows a magnified view of the spike-induced unreliability, which does
not occur with a sufficiently small time step (e.g., Δt = 1 μs, gray line). (C) Unreliability of the single-compartment active IF model. Too large a time step
(Δt = 20 μs in this example) leads to an imprecise computation of the somatic shape. (D) Unreliability of the single-compartment passive IF model. Too large
a time step (Δt = 20 μs in this example) leads to an imprecise computation of the spike shape. Small arrows in C and D show the timings when the simulated
traces with Δt = 20 μs started to diverge from the traces with Δt = 1 μs by more than 0.5 mV.

doi:10.1371/journal.pone.0122796.g004
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which the modulation depth exceeds our criterion of 180 spikes/sec was very similar for all the
models (about 2.2 mV).

Next we changed the absolutely refractory period Tref (Fig 3A3, 3B3 and 3C3). The length of
the refractory period generally affects the maximum spike rate of an IF model (e.g., [45]). Since
owls' NL neurons sometimes show discharge rates exceeding 600 spikes/sec [9] or even higher
[13], we restricted the value of Tref below 1.6 ms. When the refractory period exceeded 0.8 ms,
it affected only moderately the in-phase-rate of the two-compartment IF model and almost
negligibly the out-of-rate rate (Fig 3A3). If the period was shortened below 0.6 ms, both rates
rapidly blew up to an unreasonable range. The refractory effect was even milder for the single-
compartment active model (Fig 3B3). The out-of-phase spike rate of the passive model, howev-
er, was more sensitive to refractory periods than the other two active models (Fig 3C3). For ex-
ample, varying Tref from 0.8 to 1.6 ms lead to changes in the in-phase rate of 172, 124, and 310
spikes/sec in two-compartment active, single-compartment active, and single-compartment
passive models, respectively.

Efficiency and reliability
In order to examine the numerical efficiency of the models, we calculated their relative integra-
tion times (Fig 4A). The two-compartment active IF model can be computed roughly three
times faster than the active Na model, because of its much smaller number of active currents.
The allowable time step Δt for the two-compartment active IF model, below which numerical
calculation was reliable, was ten times larger than that for the active Na model. For Δt� 3 μs,
numerical results show oscillations at the spike initiation leading to a computational unreliabil-
ity (Fig 4B; see Materials and Methods for the definition of the reliability).

Numerical integration of the single-compartment active IF model was about 10% faster
than the two-compartment model (Fig 4A). A substantially larger time step Δt than the two-
compartment model was accepted, because the single-compartment model lacks the node
which is small and more vulnerable to spike-induced currents. The maximum allowable time
step was about 15 μs. Exceeding this criterion resulted in unreliable calculation of spike wave-
forms (Fig 4C). The computational efficiency of the passive IF model was roughly three times
better than the other two active models and the non-spiking model (Fig 4A). However, the
maximum time step, which was determined by the reliability of the numerical calculation (Fig
4D), was similar to that of the single-compartment active IF model.

Comparison of three reduced models
Starting from the active Na model (Fig 1A), we constructed three reduced models step-by-step.
The two-compartment active IF model (Fig 1E1) and the single-compartment active IF model
(Fig 1F1) showed similar physiological properties to previous experimental results. The single-
compartment active IF model was slightly more robust to parameter changes, and allowed five
times larger time step with a subtly better computational speed. Our results are summarized in
Table 3.

The active KLVA conductance was found to reduce low frequency components of the input
[28,32] and to promote coincidence detection [16,40]. Since the single-compartment passive IF
model (Fig 1G1) lacks this conductance, its response properties differed substantially from the
two active models. Changes in inputs (Fig 3C1) and parameters (Fig 3C2 and 3C3) more severe-
ly affect the coding property of the passive IF model.

In conclusion, we suggest the single-compartment active IF model as the minimal conduc-
tance-based model that satisfies fundamental electrophysiological properties of auditory coin-
cidence detectors and that showed the best robustness to threshold parameter changes.
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Discussion

Technical limitations
In any neuronal modeling, there is always a compromise between specification and abstraction
[26]. In this study we focused on finding the minimal configuration required for simulating
known physiological functions of the owl's coincidence detector neuron. We introduced three
different IF models that were reduced from the HH-type conductance based model. Despite its
name "integrate", an IF model with a very short time constant behaves not like an integrator
but rather like a coincidence detector [46]. As far as we tested, the single-compartment active
IF model showed the best results in terms of physiological reproducibility and computational
performance. The active KLVA conductance in our models contributed in stabilizing the model
responses to parameter changes.

Because we replaced Na conductance with a thresholding unit, the reduced IF models do
not show Na-related phenomena such as an improvement of small signal detection [16,27]. Re-
ducing the number of parameters, however, may allow for more rigorous mathematical treat-
ments (e.g., analysis on IF models receiving periodic inputs [24,47–50]; two-dimensional
phase-plane analysis [19,27]). Applying these mathematical techniques to our simplified mod-
els will be a future research subject.

Implementation of a neuronal model always requires a careful selection of the time step Δt,
because it affects the numerical accuracy. Reduced models generally allow larger time steps
(Fig 4A). The single-compartment active IF model was compatible with a maximum time step
of 15 μs, when the explicit Euler method was used. Our previous study suggested that, to quan-
tify phase-locking, the sampling frequency should be at least 10 (ideally 20) times larger than
the locking frequency [51]. Therefore, a time step of 10–15 μs would be the lowest precision al-
lowed for systems like the owls' auditory brainstem, which shows phase-locking up to about 8
kHz [36]. Nevertheless, if a larger time step is required, an implicit or exponential method may
need to be considered [52].

Possible applications
Our simulations showed that it is not always necessary to include all active ionic currents (such
as fast Na and delayed rectifier K) to properly simulate auditory coincidence detector neurons.
This suggests that functional roles of various ion channels (e.g., [53]) may be separately investi-
gated by restricting the number of ion channels combined with the IF-based model. Further
physiological investigations would be necessary for evaluating the applicability of the reduced
models for these purposes.

Because of the computational portability, IF models were often used for simulating a net-
work of neurons (e.g., [54–56]). In the auditory brainstem of mammals and birds, a huge

Table 3. Summary of tested physiological reproducibility and computational performance of the three reducedmodels.

Property 2-comp active IF 1-comp active IF 1-comp passive IF

Simulated waveform OK (Figs 1E2 and 2B) OK (Figs 1F2 and 2C) OK (Figs 1G2 and 2D)

Phasic spiking Yes (Fig 1E3) Yes (Fig 1F3) No (Fig 1G3)

Phase coding OK (Fig 3A1) OK (Fig 3B1) Too steep (Fig 3C1)

Threshold change Relatively robust (Fig 3A2) Relatively robust (Fig 3B2) Relatively sensitive (Fig 3C2)

Refractory period change Relatively robust (Fig 3A3) Most robust (Fig 3B3) Relatively sensitive (Fig 3C3)

Maximum allowable time step (Fig 4A) 2 μs 15 μs 15 μs

Corresponding figures are indicated in brackets.

doi:10.1371/journal.pone.0122796.t003
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extracellular field potential called the neurophonic is observed [57,58]. The amplitude of the
neurophonic often exceeds 1 mV, but its functional significance (if any) is mostly unknown.
Our reduced models may be useful for examining these collective effects of a large number of
brainstem neurons. For such cases, the two-compartment active IF model, which showed less
computational performance than the single-compartment model, might also be of some use,
because the shape of a neuron affects the formation of the extracellular potential [58,59].

Both in birds and mammals, the auditory brainstem response (ABR) has been widely used
as non-invasive diagnostic and research tools. Various auditory stations differentially contrib-
ute to the peaks of ABR waveforms [60,61], but how the underlying neural activity is related to
the formation of ABR remains to be investigated. Future studies using a network of simplified
brainstem neuron models may contribute in identifying the mechanisms of these sound-in-
duced electric responses.

In summary, our results suggest that a single-compartment active IF model with relatively
small number of parameters can simulate auditory coincidence detectors that sense submillise-
cond differences of binaural inputs. Our reduced models would serve as a useful tool for a theo-
retical investigation on the collective functions of these neurons.

Acknowledgments
The authors thank Catherine E. Carr for stimulating discussion.

Author Contributions
Conceived and designed the experiments: GA KF JK. Performed the experiments: GA. Ana-
lyzed the data: GA. Contributed reagents/materials/analysis tools: GA KF. Wrote the paper:
GA KF JK.

References
1. Konishi M. Listening with two ears. Sci Am. 1993; 268: 66–73. PMID: 8446882

2. Joris P, Yin TCT. A matter of time: internal delays in binaural processing. Trends Neurosci. 2007; 30:
70–78. PMID: 17188761

3. Grothe B, Pecka M, McAlpine D. Mechanisms of sound localization in mammals. Physiol Rev. 2010;
90: 983–1012. doi: 10.1152/physrev.00026.2009 PMID: 20664077

4. Ashida G, Carr CE. Sound localization: Jeffress and beyond. Curr Opin Neurobiol. 2011; 21: 745–751.
doi: 10.1016/j.conb.2011.05.008 PMID: 21646012

5. Goldberg JM, Brown PB. Response of binaural neurons of dog superior olivary complex to dichotic
tonal stimuli: Some physiological mechanisms of sound localization. J Neurophysiol. 1969; 32: 613–
636. PMID: 5810617

6. Yin TCT, Chan, JCK. Interaural time sensitivity in medial superior olive of cat. J Neurophysiol. 1990;
64: 465–488. PMID: 2213127

7. Brand A, Behrend O, Marquardt T, McAlpine D, Grothe B. Precise inhibition is essential for microsec-
ond interaural time difference coding. Nature. 2002; 417: 543–547. PMID: 12037566

8. Pecka M, Brand A, Behrend O, Grothe B. Interaural time difference processing in the mammalian medi-
al superior olive: the role of glycinergic inhibition. J Neurosci. 2008; 28: 6914–6925. doi: 10.1523/
JNEUROSCI.1660-08.2008 PMID: 18596166

9. Carr CE, Konishi M. A circuit for detection of interaural time differences in the brain stem of the barn
owl. J Neurosci. 1990; 10: 3227–3246. PMID: 2213141

10. Klump GM. Sound Localization in Birds. In: Dooling et al. editors. Comparative Hearing: Birds and Rep-
tiles. New York: Springer; 2000. pp 249–307.

11. Köppl C, Carr CE. Maps of interaural time difference in the chicken’s brainstem nucleus laminaris. Biol
Cybern. 2008; 98: 541–559. doi: 10.1007/s00422-008-0220-6 PMID: 18491165

12. Carr CE, Soares D, Smolders J, Simon JZ. Detection of interaural time differences in the alligator. J
Neurosci. 2009; 29: 7978–7982. doi: 10.1523/JNEUROSCI.6154-08.2009 PMID: 19553438

Minimal Auditory Coincidence Detector Model

PLOS ONE | DOI:10.1371/journal.pone.0122796 April 6, 2015 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/8446882
http://www.ncbi.nlm.nih.gov/pubmed/17188761
http://dx.doi.org/10.1152/physrev.00026.2009
http://www.ncbi.nlm.nih.gov/pubmed/20664077
http://dx.doi.org/10.1016/j.conb.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21646012
http://www.ncbi.nlm.nih.gov/pubmed/5810617
http://www.ncbi.nlm.nih.gov/pubmed/2213127
http://www.ncbi.nlm.nih.gov/pubmed/12037566
http://dx.doi.org/10.1523/JNEUROSCI.1660-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1660-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18596166
http://www.ncbi.nlm.nih.gov/pubmed/2213141
http://dx.doi.org/10.1007/s00422-008-0220-6
http://www.ncbi.nlm.nih.gov/pubmed/18491165
http://dx.doi.org/10.1523/JNEUROSCI.6154-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19553438


www.manaraa.com

13. Funabiki K, Ashida G, Konishi M. Computation of interaural time difference in the owl’s coincidence de-
tector neurons. J Neurosci. 2011; 31: 15245–15256. doi: 10.1523/JNEUROSCI.2127-11.2011 PMID:
22031870

14. van der Heijden M, Lorteije JA, Plauška A, Roberts MT, Golding NL, Borst JGG. Directional hearing by
linear summation of binaural inputs at the medial superior olive. Neuron. 2013; 78: 936–48. doi: 10.
1016/j.neuron.2013.04.028 PMID: 23764292

15. Brughera AR, Stutmen ER, Carney LH, Colburn HS. A model with excitation and inhibition for cells in
the medial superior olive. Aud Neurosci. 1996; 2: 219–233. PMID: 9160626

16. Svirskis G, Kotak V, Sanes DH, Rinzel J. Enhancement of signal-to-noise ratio and phase locking for
small inputs by a low-threshold outward current in auditory neurons. J Neurosci. 2002; 22: 11019–
11025. PMID: 12486197

17. Grau-Serrat V, Carr CE, Simon JZ. Modeling coincidence detection in nucleus laminaris. Biol Cybern.
2003; 89: 388–396. PMID: 14669019

18. Zhou Y, Carney LH, Colburn HS. A model for interaural time difference sensitivity in the medial superior
olive: interaction of excitatory and inhibitory synaptic inputs, channel dynamics, and cellular morpholo-
gy. J Neurosci. 2005; 25: 3046–3058. PMID: 15788761

19. Dodla R, Svirskis G, Rinzel J. Well-timed, brief inhibition can promote spiking: postinhibitory facilitation.
J Neurophysiol. 2006; 95: 2664–2677. PMID: 16551843

20. Mathews PJ, Jercog PE, Rinzel J, Scott LL, Golding NL. Control of submillisecond synaptic timing in
binaural coincidence detectors by KV1 channels. Nature Neurosci. 2010; 13: 601–611. doi: 10.1038/
nn.2530 PMID: 20364143

21. Khurana S, RemmeMWH, Rinzel J, Golding NL. Dynamic interaction of Ih and IK-LVA during trains of
synaptic potential in principal neurons of the medial superior olive. J Neurosci. 2011; 31: 8936–8947.
doi: 10.1523/JNEUROSCI.1079-11.2011 PMID: 21677177

22. Izhikevich EM. Which model to use for cortical spiking neurons? IEEE Trans Neural Netw. 2004; 15:
1063–1070. PMID: 15484883

23. Gerstner W, Kempter R, van Hemmen JL, Wagner H. A neuronal learning rule for sub-millisecond tem-
poral coding. Nature. 1996; 383: 76–78. PMID: 8779718

24. Kempter R, Gerstner W, van Hemmen JL, Wagner H. Extracting oscillations: neuronal coincidence de-
tection with noisy periodic spike input. Neural Comput. 1998; 10: 1987–2017. PMID: 9804669

25. Fischer BJ, Steinberg LJ, Fontaine B, Brette R, Peña JL. Effect of instantaneous frequency glides on
interaural time difference processing by auditory coincidence detectors. Proc Natl Acad Sci. 2011;
108: 18138–18143. doi: 10.1073/pnas.1108921108 PMID: 22006305

26. Herz AVM, Gollisch T, Machens CK, Jaeger D. Modeling single-neuron dynamics and computations: a
balance of detail and abstraction. Science. 2006; 314: 80–85. PMID: 17023649

27. Svirskis G, Rinzel J. Influence of subthreshold nonlinearities on signal-to-noise ratio and timing preci-
sion for small signals in neurons: minimal model analysis. Network: Comput Neural Syst. 2003; 14:
137–150.

28. Ashida G, Abe K, Funabiki K., Konishi M. Passive soma facilitates submillisecond coincidence detec-
tion in the owl's auditory system. J Neurophysiol. 2007; 97: 2267–82. PMID: 17135480

29. Ashida G, Funabiki K, Carr CE. Biophysical basis of the sound analogue membrane potential that un-
derlies coincidence detection in the barn owl. Front Comput Neurosci. 2013; 7: 102. doi: 10.3389/
fncom.2013.00102 PMID: 24265615

30. Carr CE, Boudreau RE. An axon with a myelinated initial segment in the bird auditory system. Brain
Res. 1993; 628: 330–334. PMID: 8313166

31. Kuba H, Ishii TM, Ohmori H. Axonal site of spike initiation enhances auditory coincidence detection. Na-
ture. 2006; 444: 1069–1072. PMID: 17136099

32. Ashida G, Funabiki K, Carr CE. Theoretical foundations of the sound analogue membrane potential
that underlies coincidence detection in the barn owl. Front Comput Neurosci. 2013; 7: 151. doi: 10.
3389/fncom.2013.00151 PMID: 24265616

33. Rathouz M, Trussell LO. Characterization of outward currents in neurons of the avian nucleus magno-
cellularis. J Neurophysiol. 1998; 80: 2824–2835. PMID: 9862887

34. Rotter S, Diesmann M. Exact digital simulation of time-invariant linear systems with applications to neu-
ronal modeling. Biol Cybern. 1999; 81: 381–402. PMID: 10592015

35. Peña JL, Viete S, Albeck Y, Konishi M. Tolerance to sound intensity of binaural coincidence detection
in the nucleus laminaris of the owl. J Neurosci. 1996; 16: 7046–7054. PMID: 8824340

36. Köppl C. Phase locking to high frequencies in the auditory nerve and cochlear nucleus magnocellularis
of the barn owl, Tyto alba. J Neurosci. 1997; 17: 3312–3321. PMID: 9096164

Minimal Auditory Coincidence Detector Model

PLOS ONE | DOI:10.1371/journal.pone.0122796 April 6, 2015 15 / 16

http://dx.doi.org/10.1523/JNEUROSCI.2127-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22031870
http://dx.doi.org/10.1016/j.neuron.2013.04.028
http://dx.doi.org/10.1016/j.neuron.2013.04.028
http://www.ncbi.nlm.nih.gov/pubmed/23764292
http://www.ncbi.nlm.nih.gov/pubmed/9160626
http://www.ncbi.nlm.nih.gov/pubmed/12486197
http://www.ncbi.nlm.nih.gov/pubmed/14669019
http://www.ncbi.nlm.nih.gov/pubmed/15788761
http://www.ncbi.nlm.nih.gov/pubmed/16551843
http://dx.doi.org/10.1038/nn.2530
http://dx.doi.org/10.1038/nn.2530
http://www.ncbi.nlm.nih.gov/pubmed/20364143
http://dx.doi.org/10.1523/JNEUROSCI.1079-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21677177
http://www.ncbi.nlm.nih.gov/pubmed/15484883
http://www.ncbi.nlm.nih.gov/pubmed/8779718
http://www.ncbi.nlm.nih.gov/pubmed/9804669
http://dx.doi.org/10.1073/pnas.1108921108
http://www.ncbi.nlm.nih.gov/pubmed/22006305
http://www.ncbi.nlm.nih.gov/pubmed/17023649
http://www.ncbi.nlm.nih.gov/pubmed/17135480
http://dx.doi.org/10.3389/fncom.2013.00102
http://dx.doi.org/10.3389/fncom.2013.00102
http://www.ncbi.nlm.nih.gov/pubmed/24265615
http://www.ncbi.nlm.nih.gov/pubmed/8313166
http://www.ncbi.nlm.nih.gov/pubmed/17136099
http://dx.doi.org/10.3389/fncom.2013.00151
http://dx.doi.org/10.3389/fncom.2013.00151
http://www.ncbi.nlm.nih.gov/pubmed/24265616
http://www.ncbi.nlm.nih.gov/pubmed/9862887
http://www.ncbi.nlm.nih.gov/pubmed/10592015
http://www.ncbi.nlm.nih.gov/pubmed/8824340
http://www.ncbi.nlm.nih.gov/pubmed/9096164


www.manaraa.com

37. Carr CE, Boudreau RE. Organization of the nucleus magnocellularis and the nucleus laminaris in the
barn owl: encoding and measuring interaural time differences. J Comp Neurol. 1993; 334: 337–355.
PMID: 8376623

38. Golding NL, Oertel D. Synaptic integration in dendrites: exceptional need for speed. J Physiol. 2012;
590: 5563–5569. doi: 10.1113/jphysiol.2012.229328 PMID: 22930273

39. Alexandrescu A. The D programming language. Boston, MA: Addison-Wesley; 2010.

40. Rothman JS, Manis PB. The roles potassium currents play in regulating the electrical activity of ventral
cochlear nucleus neurons. J Neurophysiol. 2003; 89: 3097–3113. PMID: 12783953

41. Reyes AD, Rubel EW, Spain WJ. In vitro analysis of optimal stimuli for phase-locking and time-delayed
modulation of firing in avian nucleus laminaris neurons. J Neurosci. 1996; 16: 993–1007. PMID:
8558268

42. Reyes AD, Rubel EW, Spain WJ. Membrane properties underlying the firing of neurons in the avian co-
chlear nucleus. J Neurosci. 1994; 14: 5352–5364. PMID: 8083740

43. Gai Y, Doiron B, Kotak V, Rinzel J. Noise-gated encoding of slow inputs by auditory brainstem neurons
with a low-threshold K+ current. J Neurophysiol. 2009; 102: 3447–3460. doi: 10.1152/jn.00538.2009
PMID: 19812289

44. Scott LL, Mathews PJ, Golding NL. Posthearing developmental refinement of temporal processing in
principal neurons of the medial superior olive. J Neurosci. 2005; 25: 7887–7895. PMID: 16135745

45. Gerstner W, Kistler W. Spiking Neuron Models. Cambridge UK: Cambridge University Press; 2002.

46. Bugmann G. Summation and multiplication: two distinct operation domains of leaky integrate-and-fire
neurons. Network. 1991; 2: 489–509.

47. Keener JP, Hoppensteadt FC, Rinzel J. Integrate-and-fire models of nerve membrane response to os-
cillatory input. SIAM J Appl Math, 1981; 41: 503–517.

48. Fourcaud-Trocmé F, Hansel D, van Vreeswijk C, Brunel N. How spike generation mechanisms deter-
mine the neuronal response to fluctuating inputs. J Neurosci, 2003; 23: 11628–11640. PMID:
14684865

49. Gedeon T, Holzer M. Phase locking in integrate-and-fire models with refractory periods and modulation.
J Math Biol. 2004; 49: 577–603. PMID: 15565447

50. Burkitt AN. A review of the integrate-and-fire neuron model: II. Inhomogeneous synaptic input and net-
work properties. Biol Cybern. 2006; 95: 97–112. PMID: 16821035

51. Ashida G, Carr CE. Effect of sampling frequency on the measurement of phase-locked action poten-
tials. Front Cell Neurosci. 2010; 4: 100.

52. Börgers C, Nectow AR. Exponential time differencing for Hodgkin-Huxley-like ODEs. SIAM J Sci Com-
put. 2013; 35: B623–B643. PMID: 24058276

53. Johnston J, Forsythe ID, Kopp-Scheinpflug C. Going native: voltage-gated potassium channels control-
ling neuronal excitability J Physiol. 2010; 588: 3187–3200. doi: 10.1113/jphysiol.2010.191973 PMID:
20519310

54. Golomb D, Ermentrout GB. Continuous and lurching traveling pulses in neuronal networks with delay
and spatially decaying connectivity. Proc Natl Acad Sci. 1999; 96: 13480–13485. PMID: 10557346

55. Brunel N. Dynamics of sparsely connected networks of excitatory and inhibitory spiking neurons. J
Comput Neurosci. 2000; 8: 183–208. PMID: 10809012

56. Aviel Y, Mehring C, Abeles M, Horn D. On embedding synfire chains in a balanced network. Neural
Comput. 2003; 15: 1321–1340. PMID: 12816575

57. Kuokkanen PT, Wagner H, Ashida G, Carr CE, Kempter R. On the origin of the extracellular field poten-
tial in nucleus laminaris of the barn owl (Tyto alba). J Neurophysiol. 2010; 104: 2274–2290. doi: 10.
1152/jn.00395.2010 PMID: 20685926

58. Mc Laughlin M, Verschooten E, Joris PX. Oscillatory dipoles as a source of phase shifts in field poten-
tials in the mammalian auditory brainstem. J Neurosci. 2010; 30: 13472–13487. doi: 10.1523/
JNEUROSCI.0294-10.2010 PMID: 20926673

59. Gold C, Henze DA, Koch C, Buzsáki G. On the origin of the extracellular action potential waveform: a
modeling study. J Neurophysiol. 2006; 95: 3113–3128. PMID: 16467426

60. Boettcher FA. Presbyacusis and the auditory brainstem response. J Speech Lang Hear Res. 2002; 45:
1249–1261. PMID: 12546491

61. Lucas JR, Freeberg TM, Krishnan A, Long GR. A comparative study of avian auditory brainstem re-
sponses: correlations with phylogeny and vocal complexity, and seasonal effects. J Comp Physiol A.
2002; 188: 981–992. PMID: 12471495

Minimal Auditory Coincidence Detector Model

PLOS ONE | DOI:10.1371/journal.pone.0122796 April 6, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/8376623
http://dx.doi.org/10.1113/jphysiol.2012.229328
http://www.ncbi.nlm.nih.gov/pubmed/22930273
http://www.ncbi.nlm.nih.gov/pubmed/12783953
http://www.ncbi.nlm.nih.gov/pubmed/8558268
http://www.ncbi.nlm.nih.gov/pubmed/8083740
http://dx.doi.org/10.1152/jn.00538.2009
http://www.ncbi.nlm.nih.gov/pubmed/19812289
http://www.ncbi.nlm.nih.gov/pubmed/16135745
http://www.ncbi.nlm.nih.gov/pubmed/14684865
http://www.ncbi.nlm.nih.gov/pubmed/15565447
http://www.ncbi.nlm.nih.gov/pubmed/16821035
http://www.ncbi.nlm.nih.gov/pubmed/24058276
http://dx.doi.org/10.1113/jphysiol.2010.191973
http://www.ncbi.nlm.nih.gov/pubmed/20519310
http://www.ncbi.nlm.nih.gov/pubmed/10557346
http://www.ncbi.nlm.nih.gov/pubmed/10809012
http://www.ncbi.nlm.nih.gov/pubmed/12816575
http://dx.doi.org/10.1152/jn.00395.2010
http://dx.doi.org/10.1152/jn.00395.2010
http://www.ncbi.nlm.nih.gov/pubmed/20685926
http://dx.doi.org/10.1523/JNEUROSCI.0294-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0294-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20926673
http://www.ncbi.nlm.nih.gov/pubmed/16467426
http://www.ncbi.nlm.nih.gov/pubmed/12546491
http://www.ncbi.nlm.nih.gov/pubmed/12471495


www.manaraa.com

© 2015 Ashida et al. This is an open access article distributed under the terms
of the Creative Commons Attribution License:

http://creativecommons.org/licenses/by/4.0/ (the “License”), which permits
unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited Notwithstanding the ProQuest Terms
and Conditions, you may use this content in accordance with the terms of the

License.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


