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A model was developed that simulates the binaural response properties of low-frequency inferior
colliculus (IC) neurons in response to several types of stimuli. The model incorporates existing
models for auditory-nerve fibers, bushy cells in the cochlear nucleus, and cells in medial superior
olive (MSO). The IC model neuron receives two inputs, one excitatory from an ipsilateral MSO
model cell and one inhibitory from a contralateral MSO model cell. The membrane potential of the
IC model neuronand the other model neurgnis described by Hodgkin—Huxley type equations.
Responses of IC neurons are simulated for pure-tone stimuli, binaural beat stimuli, interaural
phase-modulated tones, single binaural clicks, and pairs of binaural clicks. The simulation results
show most of the observed properties of IC discharge patterns, including the bimodal and unimodal
interaural time differencélTD) functions, sensitivities to direction and rate of change of ITD,
ITD-dependent echo suppression, and early and late inhibitions in response to clicks. This study
demonstrates that these response properties can be generated by a simple model incorporating
ITD-dependent excitation and inhibition from binaural neurons. 1898 Acoustical Society of
America.[S0001-49668)00501-3

PACS numbers: 43.64.Bt, 43.66.FRDF]

INTRODUCTION from bushy cell models which are in turn driven by the
auditory-nerve fiber model of Carn€$993. All of these IC

The inferior colliculus(IC) is a critical structure for the  models restrict binaural interaction to a single neural level;
integration of ascending monaural and binaural pathways. lence they are unable to describe some of the data that re-
is an obligatory station for all major pathways from the quire a hierarchy of binaural neurons to interpret.
lower auditory brain stentsee review by Oliver and Huerta, The objective of this study was to build an explicit com-
1999. However, it is still not clear how these afferents in- tational model that simulates diverse responses of cells in
teract with each other and what processing is conductefl,e |c. The modeling approach in this study has emphasized
within the IC. Neural modeling of the auditory pathway is o physiological basis of the model and its components.

USEfﬁl N provllt_jr:ng ? zettfer undderstatr;]dlngtof tr;_e nel:rona}lsmce an abstract model which functionally simulates the re-
mechanisms. This study Tocused on the interaction o exCI'sponses of neurons would constrain its physiological realism,
tation and inhibition in the low-frequency region of the IC.

There have been many studies of the monaural and bins_uch a generic model was not employed in this study. The IC

aural responses of the central nucleus of théKGwada and mod_el presentgd in this paper incorporates a model of
X T i auditory-nerve fibergCarney, 1998 models of globular and

Yin, 1983; Yin and Kuwada, 19833, b; Kuwadaal, 1984, spherical bushy cell§Rothmanet al, 1993; Joriset al

1987, 1989; Yinet al,, 1986, 1987; Carney and Yin, 1989; b y ? ’ ?

Spitzer and Semple, 1991, 1993; Litovsky and Yin, 1993}%9%. ar;]d a mo‘if' of l\/IfSO ‘;]e”sBrugher?et a(;" I199@_
1994: Yin, 1994; Fitzpatricket al, 1995. However, little € discharge patterns of €ach component model neuron are

modeling has been done so far with the goal of describing aﬁompaFiblg V‘_’ith available physiological data. The IC neuron
available data, even though there are a few models simulafiod€! is similar to the models of bushy cells and MSO cells.
ing specific aspects of the dat8ujakuet al, 1981; Colburn Specmcally: _|t is a smgle-_compartment neuron with a mem-
and Ibrahim, 1993; Brugherat al, 1996. The lack of an brane speplfled .by capacitance gpd condgctances for several
inclusive model is partly due to the fact that the responses dfannels including voltage-sensitivelodgkin and Huxley,

the IC neurons show considerable variety and it is hard td952 and ligand-gated excitatory and inhibitory channels
describe all the data with a single model. The models ofEccles, 1963 The IC model neuron is excited by a binaural
Sujakuet al. (1981 and Colburn and Ibrahiril993 derive (MSO) model neuron which is sensitive to interaural time
their input discharge patterns from mathematically generateélifferences(ITDs) and is inhibited by anothgiMSO) model
patterns of action potentials simulating the discharges opeuron with similar discharge properties as the excitatory
monaural nuclei from each side. Another, more physiologicabinaural neuron.

model, such as the model of the medial superior olM&O) The responses of IC neurons that are simulated include
by Brugheraet al. (1996 which simulates click responses of the responses to tone stim@¥in and Kuwada, 1983abin-
MSO and IC neurons, derives the input discharge patternaural beat stimuli(Yin and Kuwada, 1983a interaural
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1PS CONTRA tatory inputs from model spherical bushy c&®BC), which
have convergent inputs from model auditory-nerve fibers.
For some simulations, the MSO model neurons also re-
ceive inhibitory inputs from onset cells, which are presum-
ably relayed from globular bushy cell&BC9 in the an-
teroventral cochlear nuclei&VCN) via the medial nucleus
of the trapezoid bodyMNTB) and the lateral nucleus of the
trapezoid bodyLNTB) (Smithet al, 1991; Cant and Hyson,
1992. The discharge patterns at each stage of the model
above the auditory-nerve level are derived from the dis-
charge times of the previous stage. Note that the inhibitory
inputs from onset cells to the MSO model neuron are only
relevant for the simulation of the responses to transient
FIG. 1. Structure of the IC model, which incorporated models of peripheralstimuli. Since these inhibitory inputs are assumed to be onset
e AL oo et s ot o st o 15 (Brugheract l, 199, the inibiion from these net
f:l;rltleyf)ln other words, it was modeled as a relay of its input with a 1-ms rpns only lasts a few milliseconds after th,e ohset of stimula-
delay. The SBC and onset model cells were driven by auditory-nerve fibelON and the presence of these cells has little influence on the
models. Excitatory synapses are marked by*and inhibitory synapses by ~ responses of the model neurons one second after the onset of
e the stimulus, which is the beginning of the window for sus-
tained responses to long-duration stimuli.
phase-modulated stimulSpitzer and Semple, 199%inau- The bushy cells, MSO cells, and IC cells are modeled
ral clicks (Carney and Yin, 1989 and pairs of binaural with single-compartment Hodgkin—Huxley—Eccles models
clicks (Litovsky and Yin, 1993, 1994; Fitzpatriclet al, (Hodgkin and Huxley, 1952; Eccles, 1964imilar to the
1995. A detailed description of these data is given where thebushy cell model in Rothmaat al. (1993. This membrane
physiological data are compared with simulation results. ltmodel incorporates a nonlinear conductance as observed in
will be seen that the sensitivity of IC neurons to dynamicallybushy cells of the AVCNManis and Marx, 1991and prin-
changing ITDs cannot be described by this model. A modi<ipal cells of the MSQSmith, 1995. The primary reason for
fied IC model which has a different membrane equation anélso using it for the IC cells in this study is the availability of
which can describe these data is presented in the accompédre Rothmaret al. (1993 model in the literature. This model
nying paperCaiet al, 1998. In the present paper, the abili- accurately reproduced bushy cell membrane characteristics
ties of the simpler IC model to describe the physiologicalobserved in real bushy cells by Manis and Mdt991),
data are demonstrated. Oertel (1983, 1985 and Wu and Oerte(1984. Although
there is no conclusive evidence for the existence of the low-
threshold potassium channels in IC neurons, nonlinear mem-
brane characteristics associated with this channel have been
A. Description of the model observed in some IC cellferuzzi and Oliver, 1995We

The structure of the model is based on anatomical angelieve that other simpler membrane models would generate
physiological evidence but with some simplifications. The Icess(;ar}uallydt?e f’r?mli res:ItT as the Rothrehal. (1993
model neuron is driven by an ipsilateral MSO model neuror "0U€! Used for the I model neuron.
and inhibited by a contralateral MSO model neuron via an
inhibitory interneuron, presumed to be within the dorsalB. Auditory nerve model

nucleus of the lateral lemniscd®NLL) (Fig. 1). This struc- .
ture is based on the facts that the MSO provides tonotopical The auditory nervéAN) model of Carney(1993 was

projections ipsilaterally to the IGHenkel and Spangler, Used to generate the discharge patterns of AN fibers in re-

1983 and that the DNLL provides tonotopical GABAergic Szfgrieetteorsbxt;;ﬁn:f;;:n;s It?]r:)%_edtr:et?% st(lzmiul Igl'g BModeI
projections contralaterally to the IC that are presumed to b y j

inhibitory (Adams and Mugnaini, 1984; Shneider , he rate function, which described the average arrival rate of

1088, 1993 Since the MSO projects to the DNLL ipsilater- the nonhomogeneous Poisson process, was slightly modified

ally and tonotopically with synaptic endings associated WithSO that it closely matched the one used by Rothreal.
y pically ynap 9 (1993. The rate function is expressed as:

excitatory transmitterdGlendenninget al, 1981; Henkel
and Spangler, 1983the model can be further simplified by R(t)=S(t)[1—coe” U Ra/So— ¢ e (-t Ra)/s1]
having the contralateral MSO send inhibitory inputs directly X U(t—t—Ry) o
to the IC. Although the DNLL receives many of the same 1AM
inputs as the IC, to simplify the model we made the assumpwhere S(t) is the synapse output, is the time of the most
tion that the DNLL mirrored the activity of the MSO on its recent discharge, anR, is the absolute refractoriness of
ipsilateral side. Therefore the input to the IC model neuron ir0.75 ms. The functioni(t) represents the unit step function.
this study consists of two binaural neurons, one from theAn initial settling time of 15 ms was added to the AN model
ipsilateral MSO and the other from the contralateral MSO.to reduce the effects of parameter initialization. Also, the
The two MSO model neurons in turn receive binaural exci-time of the first action potential was set at the beginning of

6 Onset cells 6 Onset cells

I. METHODS
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the settling period rather than at the beginning of the stimu¢1996), in which the differential equation for the MSO mem-

lus. brane potential was the same as that in the bushy cell model
of Rothmanet al. (1993 [shown in Eg.(2)]. The MSO
C. Bushy cell model model neurons received excitatory inputs from SBCs on both

. ] sides unless otherwise indicated. For simulations of transient

The responses of bushy cells, including the SBCs andmyji, they also received inhibitory inputs from onset cells
the GBCs, were simulated using the Rothn&ral. (1993  on one or both sides. The onset inhibition is presumably
model, which is based on the assumption that the soma of they;; GBCs in the AVCN via the nuclei of the trapezoid
bushy cell is uniform and adendrltlc._ The model membranqjody; GBCs are characterized by primarylike-with-notch or
cpntamed three voltage-dep(_er_lde_nt ion cha}m(maléast SO-  onset-L responseSmith and Rhode, 1987both types are
dium channel, a delayed-rectifierlike potassium channel, angnset dominated. The effects of the sustained response are
a low-threshold potassium chanpeland a voltage- ot explored in this study. Based on the assumption that the
independent leakage channel. The membrane potential Waghiral part of the medial nucleus of the trapezoid body
determined by the currents of these channels as well as tho?@lNTB) is a faithful relay of the GBCs in the AVCN, the
of the excitatory and inhibitory synaptic inputs. The differ- input patterns of the MSO were taken directly from the dis-
ential equation describing the change in membrane potenti@harge times of model SBCs and GBCs. There were four

Vis possible input types to each MSO model neuron. They were
dv ipsilateral SBC, ipsilateral GBC, contralateral SBC, and con-

C 4t T Ge(V—E) +Gk(V—Ex) +Gna(V~Ena) tralateral GBC. The parameters of each input type included
the number of projecting neurons, the synaptic strength, the

+GL(V—E)+G|(V-E)+Ge(V—Eg)=l gy, 2 time constant, and the delay of arrival of the input. For each

gf the four input types, the number of projecting neurons was
siX, unless otherwise indicated. The synaptic strength of the
excitation was 2.5 nS, except in the simulation of responses
{0 pairs of binaural clicks, for which the synaptic strength
was 2.0 nSwhich gave a sharper click ITD functipnThe

ime constant for excitation was the same as used for model
ushy cells, i.e., 0.1 ms. The difference in the delay of arrival
between two excitatory inputs determined the characteristic
delay (CD) of the model neuron. A positive CD indicated
that the excitatory inputs from the SBCs on the contralateral
u(t=to). ) side of that neuron were delayed. The parameters of the in-
hibitory inputs were adjusted to fit different data and will be
Bescribed later.

The CD of the ipsilateral MSO model neuron in our

) ) simulation was either 10Qws or zero, indicating that the

~ The model SBCs had 25 inputs from model AN fibers yndel neuron was most sensitive to sounds coming from the
with characteristic frequencie€F9 of approximately 500  contralateral sidéwhen 100us) or the midline(when zerd.
Hz. The maximum conductance of each input was 7 nSyhe CDs of the contralateral MSO model neuron were varied
which gave the bushy cells a primarylike peristimulus timego two purposes: first, to systematically study their effects
(PST) histogram with high synchronization index to tone gp the |TD functions of the IC model neurofia the simu-
burst stimuli at CFJoris et al, 1994. None of the model |ation of the responses to tone stimuiind second, to fit
bushy cells received inhibitory inputs. _ different properties of the physiological daja the simula-

~ The “onset” cells received inputs from 16 AN fibers o of the responses to pairs of binaural clickBirect com-
with CFs evenly distributed between 350 and 650 Hz. Eacrﬂ)arisons between the responses of MSO model neurons and

input had asubthresholdsynaptic strength of 4.0 nS. These physiological data are provided in Brughegal. (1996.
cells showed both an onset response and a low sustained

response to a tone burst. Since they were included in thg |c model

model only in the simulations of the responses to transient . . . ]
stimuli, in which case the low sustained part of the response  BOth linear and nonlinear current-voltage relationships
did not play an important role, the model was equivalent tg?@ve been observed in IC neurofBeruzzi and Oliver,
having inhibition from onset cells when it was considered for1999- Due to the small number of samples, no correlation
the responses to both transient and sustained stimuli. R€&N be made between the morphology of the neurons and

sponses of model SBCs and onset cells are illustrated i1 current-voltage functions. There was no compelling
Brugheraet al. (1996. reason as to what type of membrane equation should be used

in the IC model. For simplicity, the Rothmaat al. (1993
model was used for the IC model neuron. The differential
equation describing the membrane potential was the same as
The MSO model neurons in this study had the samehat for the MSO model neurons and model bushy délts
structure as the MSO model developed by Brughetral.  (2)]. The excitatory synaptic conductance function was al-

whereC is membrane capacitance. The conductances of th
low-threshold slow potassium channébg), sodium chan-
nel (Gyp and delayed-rectifierlike potassium chann@kj
were described by Hodgkin—Huxley-type equations as i
Rothmanet al. (1993.

The time course of the excitatory synaptic conductanc
was described by the following alpha function with a time
constantr,, of 0.1 ms:

to

t—t, t
GE(t_tO):GEmaX T exgl-— -
ex ex

The conductance starts to increase when an input action p
tential arrives at timet, and reaches its maximum value
Gg, at timety+ 7ey-

D. MSO model
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ways an alpha function as described in Eg), whereas the gave some examples of the interaural phase differéifia)
inhibitory conductance function was a linear summation offunctions of IC neurons in response to tone stinfihleir Fig.
an alpha function and an exponential function, i.e., 3). Some of the IPD functions have a single peak in one
t—t, t—t cycle, wh.ile some others show a biqual shape. Bimodal
G'inputT._ ex;{l— : IPD fgnchons have not been obs.erved in MSO neurons.
inh Tinh Figure 2 shows the IPD function of some IC model neu-
F{ t—t,
expg —
input Tinh

Gi(t—tg)=

rons. The tone stimuli in our simulations were 65-dB sine

+1.5G,, ) u(t—to), (4 waves with a duration of three seconds. The frequency of the

tone was 500 Hz. For each ITD, only one sweep of the
whereG, _ is the synaptic strength of the inhibitory input. stimulus was presented and the response rate was calculated
The function described in Eq4) ensures that the inhibition from the number of discharges during the last two seconds of
increases rapidly at onset and decays slowly, unlike the alphidie stimulus. The range of ITDs, from2 to +2 ms with
function alone which builds up slowly before it reaches thesteps of 0.1 ms, represented two cycles of the ITD function
peak. The rapid onset and slow decay of inhibitory postsynfor a tone frequency of 500 Hz. The IPD function was ob-
aptic potential have been observed in MSO céBsnith, tained by averaging the ITD functions over both cycles and
1995. converting the horizontal axis from time to phase.

The inhibitory input to the IC was always delayed by 1 The model parameters for tone stimuli, including ipsilat-
ms because of the longer pathway to the IC and the extraral and contralateral MSO and IC model neurons, are listed
synapselomitted herg at the DNLL. This delay would not in Table I. The synaptic strength and time constant of the
change the model results in any significant w@gi, unpub-  inhibitory input to the IC were systematically varied. Three
lished observation The inhibitory synaptic strength and combinations of these two parameters representing weak,
time constant of the IC were either systematically studied moderate, and strong inhibition are listed in Table Il. The
the simulations of the responses to sustained stjroulvar-  excitatory synaptic strength from the ipsilateral MSO model
ied to fit the physiological datéin the simulations of the neuron to the IC model neuron was chosen such that an input
responses to transient stimulDetailed parameter specifica- discharge from the ipsilateral MSO would generate an output

tions are provided in later sections. discharge in the IC over the full range of its discharge rates
in the ITD function, when inhibition was absent. The CD of
F. Stimulus generation and simulation data analysis the ipsilateral MSO neuron was 1Q, and the CD of the

. . — . contralateral MSO neuron was set at four different values:
Five kinds of stimuli were generated: long-duration tone
g g — 60, 50, 150, and 40@s. These values were chosen based

stimuli, binaural beat stimuli, interaural phase-modulated .
0,
stimuli, single binaural clicks, and pairs of binaural clicks. on the fact that mog©3%) of the CDs of MSO neurons in a

These stimuli are described in detail in later sections wher&3t ar€ distributed between 0 arat00 w.s, corresponding to

the physiological data and simulation results are comparecf.t'muII in the contralateral sound fiein and Chan, 1990

The analyses of simulation results replicated those used i}{ery few MSO heurons rgspond preferer)t|ally to sound
physiological experiments. All simulations were run on Sili- coming from the ipsilateral side, corresponding to a negative

con Graphics workstations using C under the IRIX operatin D.

system. The four panels of Fig. 2 correspond to four different

CDs of the contralateral MSO model neuron. For each CD,
Il RESULTS in the case of weak inhibitiofsolid curve, the IPD function
of the IC model neuron was almost the same as that of the

A. Responses to pure-tone stimuli ipsilateral MSO. The inhibition from the contralateral MSO

Responses of IC neurons to both binaural and monaurd¥@s not st_ron_g _e_nough to affect the ITD sensitivity of the IC.
tone stimuli have been reported for physiological studies'Vhen the inhibition became stronger, however, the contralat-
Binaural tone stimuli are used to study the ITD functions at®ral inhibition reshaped the IPD function of the IC. The re-
various stimulus frequencies, including tones at CF and offPonse rate of the I1C model neuron at a certain ITD de-
CF (Yin and Kuwada, 1983b Monaural tone stimuli are Pended on the interaction of the excitation and the inhibition.
used to study the phase locking of neurdKswadaet al, ~ Note that the relation between the output response rate and
1984. In this section, simulations of these binaural and mon1he excitatory and inhibitory input rates of the IC was non-

aural response properties related to tone stimuli are prdinéar. The peak of the ITD function was more likely to be
sented. affected by inhibition than the trough, because at a high re-

sponse rate the interspike interval of the input firing was
short. An inhibitory conductance change during a short pe-
The ITD function describes the relationship between reriod of time might be sufficiently long to inhibit the neuronal
sponse rate and interaural time difference. The ITD functionslischarge at the time of the next excitatory input firing. The
from MSO neurons obtained from tone stimulus are usualljjower the excitatory input discharge rate, the less it would be
approximately sinusoidal with a frequency equal to stimulusaffected by the inhibition.
frequency (Yin and Chan, 1990; Goldberg and Brown, The CD of the contralateral MSO affected the ITD-
1969. The tone ITD functions from IC neurons, however, tuning of the IC such that excitations interacted with differ-
show wide variations in shape. Yin and Kuwa@83a  ent levels of inhibition over the IPD range, and therefore

1. Tone ITD functions

478  J. Acoust. Soc. Am., Vol. 103, No. 1, January 1998 Cai et al.: IC binaural model with inhibitory inputs 478



240 240
200 200
-] o
= =
§ 160 § 160
(?\n 120 % 120
.*2 weak —— %
& 80 moderate --- & 80
strong ----
40 40
0 0
C D
240 240
200 200
=) )
= =
§ 160 § 160
Q@ L4
2 120 2 120
.“‘..i weak —— AE‘.
7] 80 moderate ———- 80
strong ----
40 40
O 0 " 1 L | 1
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
IPD IPD

FIG. 2. IPD functions of IC model neurons when the inhibitions to the IC were “weak,” “moderate,” and “strong.” The three IPD functions in each panel
from top to bottom represent “weak{’solid), “moderate” (long dashes and “strong” (short dashesinhibition. The CDs of the contralateral MSO model
neuron were—60 us (A), 50 us (B), 150 us (C), and 400us (D). Input parameters of the IC model neurons are given in Tables | and II.

influenced the shape of the IPD function of IC. A given setcies, i.e., 400, 500, and 600 Hz, were simulated with stimu-
of parameters, e.g., those for moderate inhibition, may resulus intensity and duration the same as those in previous
in either single-peakeftontralateral CD of 150 and 4Q@s,  simulations. Figure 3 shows the ITD functions of the ipsilat-
Fig. 2C) and (D)] or double-peakedcontralateral CD of eral MSO and IC model neurons at the three frequencies.
—60 and 50us, Fig. 2A) and(B)] IPD functions. The CD of the ipsilateral MSO was 1Q@s, whereas that of
the contralateral MSO was 5@s. Each ITD function of the
ipsilateral MSO model neurdfiFig. 3(A)] was a sinusoidlike
The effects of stimulus frequency on the ITD functions function with a frequency equal to stimulus frequency. By
of IC neurons have been studied physiologically by Yin andvisual inspection, these curves showed a common peak at the
Kuwada(1983h. They plotted the ITD functions at different CD of the model neuron, which was 1@@. The relationship
frequencies on a common axis and found that for some cellbetween the mean interaural phase of the response and the
the ITD functions showed peaks or troughs at a common CDstimulus frequency was linear. The ITD functions of the IC
The ITD functions of the IC model neurons at three frequenimodel neuron with weak inhibition showed a similar prop-

2. Changing stimulus frequency

TABLE I. Model parameters for tone stimuli. The two MSO model neurons receive only excitatory inputs. The
“C"” or “I" indicates that the inputs come from the contralateral si¢€C” ) or the ipsilateral sidé€“I” ) with

respect to the neuron that receives the inputs. The dash, —, represents “not applicable.”
_ IC
Ipsilateral MSO Contralateral MSO

Parameters exc exc exc inh
Number of projecting neurons (®,) 6(C,I) 1(1) 1(C)
Synaptic strengttinS) 25 25 25 varied!
Time constanfms) 0.1 0.1 0.1 variet
CD of MSO (us) 100 50 — —
Delay of arrival(ms) 0 0 0 1

&The parameter values are given in Table II.

PNote that the CD of the contralateral MSO cell was systematically varied in the simulation of the responses to
500-Hz tone stimuli.
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TABLE II. Inhibitory input parameters to the IC in the cases of “weak,”

“moderate,” and “strong” inhibition. 0.8 ' ' ' '
§ 2508 —~—
Weak Moderate Strong g 160§ -
=
Synaptic strength 6 nS 8 nS 10 nS .g 07t 1
Time constant 2ms 3.5ms 10 ms N
.g |
% [ — +
erty, although the peak of the ITD function at 400 Hz was g 067 1
affected. The ITD functions of the IC model neurons with @ , ) , ,

moderate and strong inhibition, however, did not have a peak
at a common ITD. In fact, with strong inhibition, the ITD

functions have a common minimum and appear similar to th&IG. 4. Synchronization index of ipsilateral MSO and IC model neurons
response of excitatory-inhibitory cells in the L§®uwada  Wwith different inhibitions. The excitatory synaptic strengths were 25 and 16

et al, 1997. It was also found that an ITD function with a nS. The IC model neurons with weak, moderate, and strong inhibition are

. . . represented by ICw, ICm, and ICs, respectively. The CD of the ipsilateral
single peak for some frequencies may be bimodal for SOMgso was 100us, whereas that of the contralateral MSO was/&0 Pa-

other frequencies, such as the IC model neuron with modetameters of the IC model neurons are given in Tables | and Il. The synchro-
ate inhibition. The ITD function of this model neuron was hization index was the average of those obtained from monaural stimuli to
unimodal at 600 Hz. whereas the ITD functions were bimO-eaCh side. The stimulus was a 500-Hz monaural tone with a duration of 3 s.
dal at 500 and 400 Hz.

MSO ICw ICm ICs

sample of a uniform distribution. If for a histogramnR?
>13.8, wheren is the number of discharges afdis the
The phase locking of IC model neurons in response teynchronization index, the probability that the histogram is a
500-Hz monaural tone stimuli was characterized by the synsample of a uniform distribution is 0.001.

chronization indexJohnson, 1980 The period histogram of The synchronization indices obtained from monaural
the responses during the 1&ss of the 3-sstimulus duration  stimulation of each side were averaged. Figure 4 shows the
was used for these calculations. The significance of the symrmean synchronization index for the ipsilateral MSO model
chronization index was evaluated by the Rayleigh criteriomeuron and for IC model neurons with weak, moderate, and
(Mardia, 1972, which tests whether the histogram was astrong inhibition. For these model neurons, the CD of the

3. Phase locking to monaural stimuli

A B
Ipsilateral MSO IC with weak inhibition
320
240
o 240 o
= [=]
8 S 160
L Q
2 160 ]
Q (]
% 500Hz — =
S g0 400Hz --- & 80
600Hz ----
0 0
C D
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g 160 £ 80
3 3
2 2 60
& 500hz — &
& 80 400hz --- B 40
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FIG. 3. Frequency dependence of ITD functions of ipsilateral MSO and IC model neurons with different strengths of inhibition. The CD of the ipsilateral
MSO was 100us, whereas that of the contralateral MSO was&0 Input parameters of the IC model neurons are given in Tables | and II.

480  J. Acoust. Soc. Am., Vol. 103, No. 1, January 1998 Cai et al.: IC binaural model with inhibitory inputs 480



ipsilateral MSO was 10Qus and that of the contralateral (E), and (F), or bimodal as in Fig. &) and (D)], the dy-
MSO was 50us. Two values of the excitatory synaptic namic and static IPD functions were always consistent or
strength were studied, i.e., 25 and 16 nS. The synchronizaverlapping.

tion index of the IC model neuron was slightly lower than Most IC neurons have approximately the same response
that of the ipsilateral MSO model neuron in each caseto the two directions of dynamic phase changjke the
Weaker excitation(16 n9 resulted in a larger decrease in above model neurohsHowever, a small number of cells in
synchronization index. Physiological data show that most, ithe IC exhibited sensitivity to the sign of the beat frequency
not all, MSO neurons show phase lockifigin and Chan, (Yin and Kuwada, 1983a In addition, there were some
1990; however, only a small number of low-frequency IC other cells sensitive to the absolute value of the beat fre-
neurons phase lock to monaural stim(li8% in Kuwada quency or the rate of interaural phase chafigie and Ku-

et al, 1984. For those which do phase lock, the synchroni-wada, 1983p The IC model with a long inhibitory time
zation index is low. The model failed in simulating these constant was capable of describing this phenomenon. A long

physiological responses. time constant for the inhibition had an effect similar to a
low-pass filter, which made it possible for excitatory input at
B. Responses to binaural beat stimuli one moment to interact with inhibitory input at a previous

time. The long-lasting inhibition resulted in a shift of the

For the tonal stimuli ri ve, the IPD i n-
or the tonal stimuli described above, the S ©o maximum inhibition in the PST histogram. Therefore the

stant over the duration of the stimulus. The IPD function ) I . .
obtained from the tone responses is thus referred to as t aximum inhibition occurred at different IPDs for different
static IPD function. For other types of tonal stimuli, such as irections or rates of the binaural beat stimuli. For a dynamic

the binaural beat stimuli, the IPD dynamically changes ovelp_hase c_hange In one_d|r_ect|on, if the strong inhibition coin-
the time course of the stimuli. The IPD function convertedCIde with strong excitation, the response of the IC neuron

from the PST histograms in response to such stimuli is rel/as weak at some IPDs. If in the other direction, strong

ferred to as the dynamic IPD function. In this section themhibition happened to coincide with weak excitation, the IC

responses of IC model neurons to binaural beat stimuli arge" still received lstrong excitation during part of the cycle
reported. and responded vigorously at the same IPDs. Therefore the

The binaural beat stimulus involves two tones with model IC neuron responded differently to different directions

slightly different frequencies presented simultaneously ancfi)f th: blnzuial beat stimuli _at al gtlvgn |_r:;c]eralljral p.h?fs.'t
separately to the two ears. The larger the difference, or beat mot N tneLljr(t)_n V\:as:[hsTwL:c?he Wld Ia ong inhi IIZ'OryS
frequency, the faster the IPD changes over time. The sign me constant, rélative to that ot the model neurons in Fig. .

the beat frequency determines the direction of motion of the . dgtailed parameters are listed in Taple lll. The inh?bit.or.y

perceived sound. Our convention is that a positive beat fre§yn‘:’}pt'c str_?_rk]]gth. was kept at 6fr_1$r,].g_s. in the \/3vgak 'n?_'r? -

guency indicates that the higher-frequency tone is delivere on'case. 1he t|_me constant ot infi |t|onlwas ms. The
taxcnatory synaptic strength to the IC was increased from 25

to the contralateral ear. A comparison between dynamic an .
static IPD functions has been provided by Yin and Kuwadj[joegsfpeijgnocgtam a reasonable response rate at a favorable

(19833g; the dynamic functions are sharper than the stati Fi 6 sh th  thi del ¢
ones(their Fig. 3. Note that the dynamic functions go to \gure © Snows the responses ot this modet neuron to a
-Hz binaural beat stimulus and to a 5-Hz beat stimulus in

zero at some troughs while the static ones do not. Eve th directi Th h d ¢ t
though these functions are normalized to their maximum reDOtN CIrections. The neuron showed a stronger response 1o

sponse rates, normalization does not affect zero rate. the 1-Hz beat than to the 5-Hz beat. When the binaural beat

In our simulations, the frequencies of the tones deliverem#.“.aquency was 5 Hz, both excitatory.and inh?bitpr.y_ input
to the two sides were 500 and 501 Hgbeat irings were repeated every 200 ms. Since the inhibition had

frequency=+1 Hz), unless otherwise indicated. The dura- a long time constant, inhibition built up from cycle to cycle

tion of the stimulus was 8 s, repeated every 8.5 s for fivéc:;Ut equtatlllgg d'dh not. The Seuron did ncltl catch up(;/wgh the
presentations. The PST histograms during the 7as of the ynamic change -and consequently responded very

stimulus were averaged to get the dynamic IPD functions‘.’veakly' If the inhibition were not so strong, a stronger re-
ponse to the 5-Hz binaural-beat stimulus would have been

The parameters of the IC model were identical to those used
in the simulation of the responses to tone stinable | seen. In response to the 1-Hz beat frequency, the model neu-

with the CD of the contralateral MSO model neuron fixed at™" responded better to the motion of sound in the direction
50 us toward the ipsilateral eginegative beat frequengy

Binaural beat stimuli were presented in both directions The curre_nt model could only _S|mulate neurons that re-
for each simulation. Figure 5 shows the result of the sam pond more vigorously to slower binaural beats than to faster

three model neurons as in FigB. The dynamic IPD func- e.ats. However, some IC cells show the onOSit? property
tions obtained from the binaural beat stimul(shown as (Yin and Kuwada, 1983aOther processes must be involved

barg are plotted along with the static IPD functions from in those neurons.
tones(solid curve$. The left column shows the responses in
one direction(positive beat frequengyand the right column
shows those in the opposite directignegative beat fre- The interaural phase-modulatétPM) stimulus is an-
guency. For these three inhibitory levels, no matter what theother type of tonal stimuli in which the IPD is varying over
shapes of IPD functions wefanimodal as in Fig. @), (B),  the duration of stimuli. It is different from the binaural beat

C. Response to interaural phase-modulated stimuli
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FIG. 5. Dynamic IPD functiongbarg of IC model neurons obtained from binaural beat stimuli along with the static IPD fundgofid curve$ obtained
from tone stimuli. The beat frequency and the inhibition level to the IC are shown at the top of each panel. Parameters of the IC model neurons are given in

Tables | and 1.

stimulus in that two tones of the same average frequency are Spitzer and Sempl€1993 used triangular interaural
delivered to the two ears. However, the phase of one of thehase-modulated tones in studies of IC cells in anesthetized
sine waves is modulated by a triangular wave. When a coneats and gerbils. The static IPD functions of IC neurons were
stant phase offset is included in one of the tone waveformssompared with the IPD arcs obtained from IPM stimuli over
the direction, the range, and the center position of the appapartially overlapping IPD ranges. The majority of units
(about 94% showed a systematic relationship between the

ent sound movement can be manipulated.

TABLE IIl. Parameters of the IC model neuron simulating directional sensitive neurons for binaural beat
stimuli. The two MSO model neurons receive only excitatory inputs. The “C” or “I" represents that the inputs
come from contralateral sidéC” ) or ipsilateral sidg"1” ) with respect to the neuron that receives the inputs.
The dash, —, represents “not applicable.” Parameter values chosen specifically for this simulation are shown

in italics.
) IC
Ipsilateral MSO Contralateral MSO

Parameters exc exc exc inh
Number of projecting neurons (®,) 6(C,I) 1) 1(C)
Synaptic strengtlinS 25 25 40 6
Time constanfms) 0.1 0.1 0.1 30
CD of MSO (us) 100 50 — —
Delay of arrival(ms) 0 0 0 1
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FIG. 6. IPD functions of a direction- and rate-sensitive IC model neuron. The model neuron responded more vigorously when the rate of binaural beat was
slow and/or when the direction of the beat was towards the ipsilaterghegative beat frequencie®arameters of the IC model neurons are given in Table
M.

IPD function obtained from IPM and that from pure tones.tom panels was also contributed by the long time constant of
Motion of IPD toward the peak of the function is associatedinhibitory input in addition to the latency. Except for the
with increased discharge probability and motion toward theshift, the response profiles of IPM stimuli and the static-
trough is associated with decreased discharge probabilitphase tones were identical. Although the IPD profiles for
Within each IPD range, the IPD function is consistentlyboth directions were not plotted on a common axis, they
sharpened by the dynamics of IREX. their Fig. 8. were still comparable since they all followed the static func-
Binaural tones of 65 dB SPL with triangular modulated tion, which was the same for both directions. When these
interaural phase were applied in the simulation. The carrietPD profiles were plotted with the IPD functions obtained
frequency of both tones was set to the CF of the modefrom the binaural beat stimuli at a beat frequency of 1 Hz
neuron, i.e., 500 Hz. The modulation frequency was 2 HzZnot shown, it was clear that these functions were perfectly
and the modulation depth was 90° such that the phaseverlapping.
changed at the same rate as for a binaural beat stimulus with In the above sections, the simulation results of the re-
a beat frequency of 1 Hz. The duration of the stimulus wasponses of IC model neurons to long-duration tonal stimuli
10 s, and it was repeated four times. The PST histograms afere demonstrated. In the following sections, the responses
the last 9 s were averaged and converted to an IPD functiorf IC model neurons to transient stimuli will be described,
Figure 7 shows the IPD functions of three model neu-including single binaural clicks and pairs of binaural clicks.
rons, with “weak,” “moderate,” and “strong” inhibition,
in response to IPM stimul{dashed curvgsand constant-
phase toneésolid curve$. The parameters of the model neu-
rons are given in Table I. Arrows on the top of each curve  The responses of IC neurons to clicks with interaural
indicate the range and direction of the IPD change. Eacllelays were studied by Carney and Yi©£89. Simulations
panel shows the profiles for half the cycle of IPD, i.e., theare presented below for comparison to the neuron of which
IPD change in one direction. Curves on the left column corthe responses are shown in Fig. 8. Although ipsilaterally
respond to increasing IPD, while those on the right corredriven neurons such as this one are not the major types of
spond to decreasing IPD. In contrast to the physiologicaheurons in the IC, this neuron possesses some features com-
data obtained by Spitzer and Sempl993, the response mon to the click responses of many IC neurons: sensitivity to
profiles for overlapping IPDs were continuous in both direc-short ITDs; late, long-lasting inhibitions; and early, short-
tions. The IPD arcs could be superimposed to form a conlasting inhibitions(Carney and Yin, 1989
tinuous IPD function, which resembled the static function. A° To model this particular neuron, the structure of IC
very small shift of the dynamic IPD functions toward the models in this study(Fig. 1) was simplified in two ways.
direction of IPD variation was associated with the latency offirst, the ipsilateral MSO neuron received inhibitory input
the responses of IC neurons. The shift observed in the botnly from the contralateral onset cells. This unbalanced in-

D. Responses to single binaural clicks
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FIG. 7. Comparison of the IPD functions of three model neurons with “weak inhibitig&) and (B)], “moderate inhibition” [(C) and(D)], and “strong

inhibition” [(E) and(F)], obtained from IPM stimulidashed curvesThe solid curves are the static IPD functions obtained from 3-s tone stimuli. Arrows on

the top show the range and direction of IPD change in IPM stimuli. The rate of IPD change was 360°/s. Parameters of the IC model neurons are given in
Tables | and 1.

hibition resulted in the asymmetric monaural responses othe AVCN via the nuclei of the trapezoid bodgmithet al,
the MSO model neuron itself and hence the IC model neu1991; Cant and Hyson, 19925BCs have thicker axons than
ron. Second, the contralateral MSO model neuron receive8BCs and the synaptic connections between GBCs and cells
excitation only from the SBCs on its ipsilateral side. In thisin MNTB are securdFinlayson and Caspary, 1989 here-
case, only the contralateral stimul(sith respect to the IC fore it is possible that the contralateral inhibitory inputs ar-
model neuroh could trigger the contralateral MSO and rive earlier than those from the SBCs. For the ipsilateral
hence caused the long-lasting inhibition to the IC. Empiri-MSO model neuron, inhibitory inputs arrived 3 ms earlier
cally, about 18% of MSO neurons have been observed athan the excitatory inputs from both sides. The value of 3 ms
monaural cell§Yin and Chan, 1990 Note that the asymme- was chosen based on the observati@arney and Yin, 1989
try in model structure was required for some cells such as théhat at small negative ITDs, the response to the leading
one in Fig. 8. For other cells which showed approximatelysilateral monauralclick is suppressed by the laggirigon-
symmetric responses, a symmetric structure, which includesalateral monaural click when the ITD is as large as
all pathways in Fig. 1, could be used. A model neuron with—2.8 ms(Fig. 8). The synaptic strength and time constant of
no inputs from one side is an extreme case of weak inputthe inhibition to the IC were 40 nS and 5 ms, respectively.
from that side. The click stimulus used in this study was a 108-
The parameters used for this model neuron are listed ipulse. The intensity of the binaural clicks was 55 dB peak-
Table IV. The excitatory input parameters to the two MSOequivalent SPL, unless otherwise indicated. Fifty repetitions
model neurons were identical to those of the previous simuef single binaural click stimuli were presented every 150 ms.
lation, except that the contralateral MSO model neuron reThe range of interaural time differences, or the delay be-
ceived excitatory inputs only from its ipsilateral side. It wastween the two monaural clicks, was extended frerh0 ms
assumed that the inhibitory inputs are relayed from GBCs irto 30 ms.
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FIG. 8. Response of an IC neuron with early and late inhibition. Estimated best frequency was 2(8 kRate-level curves of monaural click®8) Click
ITD function at 70 dB.(C) Dot rasters for responses to 70-dB clicks with varied ITI. Click ITD functions at various contralateral intensities when
ipsilateral intensity was fixed at 70 dBFrom Carney and Yir{1989), their Figs. 6C, D, E and Fig. 8C. Reprinted with permission.

1. Rate-level curves excitation driven by both the spontaneous response of ipsi-

The rate-level curves of the model neuron for monaurafateral SBCs and the stimulus-evoked response of the con-
click stimuli are plotted in Fig. @). The IC model neuron tralateral SBQS. For ipsilateral _monaural stimu!i, the_ re-
did not respond to contralateral stimuli except at low levelsSPONSe rate increased monotonically when the intensity of
At a high level, since the inhibition from the contralateral the stimulus was increased up to 75 dB. The model IC neu-
onset cells arrived earlier at the ipsilateral MSO model neufon responded to ipsilateral stimuli because the inhibition
ron than the excitation from the SBCs, the ipsilateral MSOfrom the onset cells was too weak to suppress the response of
model neuron and hence the IC model neuron did not rethe ipsilateral MSO model neuron. The slight decrease of
spond to the stimulus. At levels lower than 45 dB, the inhi-response rate at 90 and 105 dB was due to the ringing of
bition to the ipsilateral MSO model neuron from the con- model auditory-nerve fibers, which reduced the synchroniza-
tralateral onset cells was not strong enough to suppress thin of the first spike in the respon¢€ai, 1997.
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TABLE IV. Parameters of the IC model neuron simulating click response of neuron ID 86191-11 in Carney and
Yin (1989 (also shown in Fig. B The parameters that are different from Table | are represented in italics. “C”
represents input from the contralateral side of a certain neuron, and “I"” represents input from the ipsilateral
side of a neuron.

Ipsilateral MSO IC
Contralateral MSO

Parameters exc inh exc exc inh
Number of projecting neurons (6,)) 6(C) 6(1) 1(1) 1(C)
Synaptic strengttinS) 25 3.0 25 25 40
Time constanfms) 0.1 2 0.1 0.1 5
CD of MSO (us) 0 — _ _
Delay of arrival(ms) 0 -3 0 0 1

2. ITD functions respond to the contralateral monaural click at 55 dB, the

The ITD function of this model neuron for ipsilateral discharge probability at large ITDs was the same as that to
and contralateral clicks at 55 dB SPL is shown in Figg)o  the ipsilateral click alone, which was about 0.9.
(solid curve. When the clicks from the two sides were pre- A comparison of the ITD function of the IC model neu-
sented simultaneouslyzero ITD), the model neuron re- ron with that of the ipsilateral MSO ce{lCai, 1997 indi-
sponded with 1 spike/stimulus. The model neuron demoncated that the low discharge rates of the IC model neuron at
strated ITD sensitivity at small ITDs. When the stimulus to|TDs between 2 and 11 ms were caused by the inhibition
the contralateral side was delivered shortly after the stimulu§rom the contralateral MSO neuron. At these ITDs, the re-
to the ipsilateral sid¢lTDs around—2 ms), the response of sponse of the IC model was remarkably suppressed. The
the model neuron to the ipsilateral stimulus was suppressedSO model cell, however, showed a clear cyclic dependence
due to the early inhibition to the ipsilateral MSO model neu-of response rate on ITD with a frequency equal to the CF
ron. For large ITDs in either direction, the neuron responded500 H2 and the peak response probabilities between 1 and
to each click separately. Since the model neuron did no0.8. The trough rates increased with ITD until they reached
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FIG. 9. Response of the IC model neuron simulating click responses of neuron ID 861@&rhey and Yin, 1989%hown in Fig. 8(A) Rate-level curves

of monaural responsefB) Click ITD functions of IC model neuron for two contralateral stimulus levels. Solid curve: ipsilateral 55 dB SPL and contralateral
55 dB SPL. Dashed curve: ipsilateral 55 dB SPL and contralateral 75 dB(SPand(D) dot-raster plots of the responses for ITDs betweehand 19 ms

with 1-ms steps. Ipsilateral stimulus intensity was 55 dB in both plots. Contralateral stimulus intensity was 5&§Brid 75 dB in(D). Parameters of the

IC model neuron are given in Table IV.
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TABLE V. Parameters of an IC model neuron simulating ITD-dependent echo suppression. This neuron
showed stronger suppression when the leading click had an ITD that elicited a strong response. Parameters

shown in italics are those critical for the simulation of data. The dash, —, represents “not applicable.”
Ipsilateral MSO Contralateral MSO IC
Parameters exc inh exc inh exc inh
Number of projecting neurons (6,]) 6(C,l) 6(C,I) 6(C,I) 1) 1(C)
Synaptic strengthinS) 2.0 7.0 2.0 4 25 30
Time constanfms) 0.1 4 0.1 2 0.1 20
CD of MSO (us) 0 0 — —
Delay of arrival(ms) 0 0 0 0 0 1

around 0.9. The peaks of the MSO response rate were seenkn Responses to pairs of binaural clicks
the response of the IC model cell, since the inhibition at this

stimulus intensity was not strong enough to overcome th(?ni
excitation from the ipsilateral MSO. E

The responses of IC cells to pairs of dichotic clicks that
mic the stimulus used to observe the precedence effect
ave been studied in physiological experiments. The prece-
ence effect, sometimes called the law of the first wavefront,

:}egmg [fvt\wlown_lg F'gd ?g’)] sh;)ws th_e tdlscha;ge tl;nis at refers to the psychophysical observation that the first stimu-
S between an ms for an intéger step ot 1 MS. ¢ i, 5 pair of stimuli dominates the perceived location of

This plot basically indicates the same things as the ITD func;[he ; oo L

. S o o pair, when the pair is closely spaced in tiidauert,
tt')on hshovt\)/n n F'g'f ). The early |nh||_lr)|t|on was _|rnhd|c|ated 1983. Recent physiological studies have explored this phe-
: yh_tb.e. a senc_edg resdpgnsEs at a;: D Cﬁgj' q elate  omenon by using pairs of binaural click stimgliitovsky
inhibition was indicated by the weak resporitawer dots at and Yin, 1993, 1994; Fitzpatrickt al, 1995. When a pair

ITDs between 1 and 12 ms. of binaural clicks is presented to the two ears with a short
interclick delay(ICD), the response of an IC neuron to the
lagging stimulus is suppressed. When the ICD is increased,
The effects of stimulus intensity on the ITD function of the response to the lagging stimulus recovgitovsky and
IC neurons were studied both in physiological de@arney  yin, 1993, 1994; Fitzpatriclet al, 1995. The amount of
and Yin, 1989 [reprinted in Fig. 8D)] and in simulation  suppression depends on the ITD of the leading stimulus. In
[Fig. AB), dashed curve In the simulation, the ipsilateral some neurons, a leading stimulus with an ITD that evokes a
level was fixed at 55 dB SPL while the contralateral |eve|strong response’eferred to as strong |T):]1as stronger sup-
was either 55 dB or 75 dB SPL. pressive effect than that with an ITD that evokes a weak
Note that the dashed ITD function was shifted to the |eﬂrespon5éreferred to as weak |TD in other neurons, a lead-
of the solid curve and its peak near zero ITD was narrowering stimulus with a weak ITD has a Stronger suppressive
When the stimulus intensity was higher, the first action poeffect than a leading stimulus with a strong ITDitovsky
tentials of the SBCs were evoked with a shorter latency. Theind Yin, 1993, 1994; Fitzpatrickt al, 1995.
effect was similar to having a more positive ITD. The nar-  Responses to 20 repetitions of pairs of binaural clicks
rowness of the peak near zero ITD was caused by the highgfere simulated with 150 ms between each pair. The range of
synchronization of the first action potentials at 75 dB SPL.|CDs was between 1 and 70 ms. The technique used to count
Since the probability of discharge of the contralateral MSOthe number of discharges in response to the leading and lag-
model neuron was larger when the stimulus intensity wagjing clicks was the same as that used in the physiological
higher, a stronger suppression was observed at large ITDs tudies (Litovsky and Yin, 1993, 1994; Fitzpatrickt al.,
the 75-dB case. However, it was interesting to note that thqgga Specifica”y, the number of Spikes in response to each
duration of the suppression was not so prolonged as waglick was counted in a window with a fixed duration, which
observed in the physiological datef. Fig. 8. Also, the re-  \as determined by the observation of the PST histogram or
covery of the lagging response was not gradual as in th@ot-raster plot(If the windows for the leading and lagging
physiological data. Two factors contributed to these observastimuli overlapped, the number of spikes in response to the
tions. First, there was onlgneinhibitory input to the model  |eading stimulus was set to the average number of spikes
IC neuron and the maximum number of inhibitory spikeswhen the stimulus was given alone. Then, the number of
triggered by each click wasne so the time of arrival and spikes in response to the lagging click was calculated by

the strength of the inhibition was approximately the same insybtracting this average number from the total number of
both levels, except for a small latency shift caused by thepikes in the overlapping windoyv.

difference in intensity. Second, the inhibitory conductance ) ] ) _

function was a deterministic function driven by each inhibi- 1- Léading stimulus with strong ITD more suppressive

tory input action potential. The dot raster of the response in  The model IC neuron received inputs from the ipsilateral
the 75-dB case is shown in Fig([®). A comparison between and contralateral MSO model neurons with both CDs equal
the dot raster plots in Fig.(€) and(D) indicated that the late to zero. Detailed parameters of the IC and MSO model neu-
inhibition was stronger in the 75-dB case because of theons in this case are listed in Table V. The excitatory input
complete lack of responses at ITDs between 1 and 10 ms. parameters of the IC model were identical to those described

The dot-raster plot of the responses of the IC mode

3. Changing contralateral stimulus level
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FIG. 10. Response of two model IC neurons to pairs of binaural clicks. For the model neuron with responses shown in up|dearenetsrs are given in
Table V), a leading stimulus with an ITD that elicited a strong respdiasstrong ITD was more suppressive. For the model neuron with responses shown
in lower panelgparameters are given in Table)ya leading stimulus with an ITD that elicited a weak respdiaseeak ITD was more suppressivéd) and

(C) click ITD functions. The plus sigii“ +" ) indicates the strong ITDO us) and the minus sigii‘ —" ) indicates the weak ITD-{900us). Using these
notations, conditions for paired binaural clicks are indicated in paigland(D) as follows: “+/+" indicates that the strong ITD valu@® us) was used for

both the leading and the lagging clicks, ane-/+" indicates that the weak ITD {900 us) was used for the leading click and the strong IDus) was
used for the lagging click.

in Table I. The input parameters of the ipsilateral MSO neuwhen the stimulus was delivered alofiitzpatrick et al,
ron were chosen such that its ITD function showed a maxi1995. In the “+/+" case, the response of the model neuron
mal response of approximately 1 spike/stimul(as around to the lagging click was suppressed for as long as 40 ms. In
zero ITD) and a minimal response of approximately no dis-the “—/+" case, on the other hand, the response to the
chargeqat an ITD of —900 us). The parameters of the con- lagging click was recovered 15 ms after the leading click.
tralateral MSO neuron were chosen so that the response rates A comparison between the recovery curves of the model
at 0 and 90Qus differed by at least 50%. Other choices of theneuron[Fig. 10B)] and real IC neurons indicated that the
parameters did not change the essential properties of thecovery of real neurons was more gradual. This difference
simulation results as long as the ITD sensitivities of the twomay be due to the facts that the IC model neuron received
MSO neurons were preserved. only one inhibitory input and that this inhibition had a fixed
The click ITD function of the IC model neuron in Fig. synaptic strength and time constant. It is suggested that IC
10(A) shows a peak around zero ITD and troughs arotidd  neurons may receive multiple inputs and/or that the amount
and —1 ms. The absence of peaks:aR ms was due to the of inhibitory neurotransmitter released varies from trial to
inhibitions from onset cells to the ipsilateral MSO model trial.
neuron. Based on this ITD function, the strong ITD was
chosen at zero and the weak ITD-aB00us. As in physi-
ological studies, in order to study the effects of the leading?- Léading stimulus with a weak ITD more
stimulus on the suppression of the response to the |aggmﬁuppre351ve
stimulus, the lagging stimulus was always at the strong ITD  To simulate the IC neurons for which a leading stimulus
of the cell whereas the leading ITD could be at either thewith a weak ITD was more suppressive, a different CD of the
strong or the weak ITD. The former case was represented bgontralateral MSO model neuron was chosen. Detailed infor-
“ +/+" and the latter case by */+" in Fig. 10. mation on model parameters is given in Table VI. Note that
The recovery curves in Fig. 1B) illustrate the re- the parameters for the ipsilateral MSO and IC model neurons
sponses of the model neuron to lagging stimuli at variousvere the same as in above simulation. The contralateral
interclick delays for both “+/+” and “ —/+" cases. The MSO neuron had a CD of 90@s. Although this CD was out
responses to lagging stimuli were normalized by dividing theof the physiologically related ITD range for cats, this value
number of discharges by the average number of dischargegas used simply to illustrate the possibility for prominent
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TABLE VI. Parameters of an IC model neuron simulating ITD-dependent echo suppression. This neuron
showed stronger suppression when the leading click had an ITD that elicited a weak response. Parameters

shown in italics are those critical for the simulation of data. The dashes, —, represent “not applicable.”
Ipsilateral MSO Contralateral MSO IC

Parameters exc inh exc inh exc inh

Number of projecting neurons (®,) 6(C,l) 6(C,l) 6(C,I) (1) 1(C)

Synaptic strengthinS) 2.0 7.0 2.0 1 25 30

Time constanfms) 0.1 4 0.1 2 0.1 20

CD of MSO (us) 0 900 — —

Delay of arrival(ms) 0 0 0 0 0 1

effects with parameters similar to those used for other simueycle. The double-peaked ITD functions have been observed
lations here. A MSO model neuron of CF of 1000 Hz with from IC neurons but have not been observed in MSO neu-
CD at 400us would have given a similar result. rons (Yin, personal communication These observations
Figure 1@C) shows the click ITD function of the model suggest that the bimodal function is associated with the con-
neuron. Since the inhibitory input to the IC was delayed by lvergence of auditory pathways on the IC.
ms, the inhibitory MSO model neuron did not affect the click Based on the simulation results, the shape of ITD func-
ITD function of the IC at small interaural delays. Thereforetions depends on the interaction between the excitation and
the ITD function in Fig. 1QC) is identical to that in Fig. inhibition to the IC at given ITDs. Therefore the stimulus
10(A). As noted above, the strong ITD was chosen at zerdrequency or the CD of either of the MSO model neurons
and the weak ITD at-900us. The same stimuli were pre- could affect the ITD sensitivity of the IC model neuron. The
sented and the same methods were employed to generate asithulation of the ITD functions of IC model neurons at three
analyze the simulation results. The recovery curves ardifferent stimulus frequencies showed that an ITD function
shown in Fig. 10D). It is clear that this neuron showed the which was unimodal at some frequencies could be bimodal
opposite result to that in Fig. 1B). For this model neuron, at other frequencies. Consistent with the model prediction, a
the responses to the lagging stimulus in the/%” case  neuron showing this property is illustrated in Yin and Ku-
were more strongly suppressed than those #/+" case. wada(1983a, their Fig. 3, neuron 78145-3
The suppression lasted tens of milliseconds even when the
neuron did not respond to the leading stimulus. Like the

model neuron with responses shown in the upper panels of ch stic del d oh f functi
Fig. 10, this model neuron recovered from the suppressiof- Caracteristic delay and phase-frequency function

more abruptly than real IC neurons. The concept of “characteristic delay” was introduced
by Roseet al. (1966. They found that the ITD functions at
IIl. DISCUSSION different frequencies appeared to have a peak or trough at a

The Hodgkin—Huxley type model for the IC neurons in common delay, which is referred to as the characteristic de-

this paper received an excitatory and an inhibitory input fromlay' In our simulations, ITD functions with a single peak
hap Y yinp could be obtained with either weak inhibition or strong inhi-

MSO model neurons. This simple structure is not necessariI%. ;
- o i . ition from the contralateral MSO model neuron. In the case
a realistic description of the anatomy; however, it has the

ability to describe a variety of physiological data from the of weak or absent inhibition, the peak in the ITD function
y y of phy 9 orresponds to the characteristic delay of the neuron, as in

IC, including the responses to pure tones, binaural be%ile MSO model neuron. In these cells, a common peak can

stimuli, interaural phase-modulated stimuli, single binaural . . .
: . : ) . be observed for different stimulus frequencies. In the case of
clicks, and pairs of binaural clicks. An abstract model, which C X )
strong inhibition, however, the peak in the ITD function may

functionally simulates the excitatory and inhibitory effects o_f not correspond to a CD in this sense because the peak re-

the inputs, would be able to give similar results. Physiologi- . .
N sponse may not happen at the same ITD for different stimu-
cal models seem to be more appropriate in this study based.. . . o
ation frequencies. In this case, the minima occur at a com-

?rg(;zgtigarflonale for the modeling approach stated in the Infnon ITD. A response of this type in the IC might be

interpreted as the result of excitatory-inhibitory inputs from
A. Responses to sustained stimuli the LSO; however, these modeling results indicate that the
same response pattern can occur due to inhibition from the
contralateral MSO.

The ITD sensitivity of IC neurons has been studied ex- A quantitative measurement of the CD was introduced
tensively. It was found that more than 80% of low-frequencyby Yin and Kuwada(1983h. They explored the concept of
IC neurons were sensitive to interaural de(dn and Ku-  characteristic delay in great detail both with physiological
wada, 1984 These neurons show cyclic responses at thexperiments and with computer simulations. They plotted the
stimulating frequency. Two types of ITD functions were mean interaural phase of the response against the stimulating
generated in our simulations. One had only one maximum ifrequency and found that for the 201 runs on 82 phase-
a cycle and the other, more unusual, had two peaks in ongensitive IC neurons, about 60% were identified as having a

1. ITD sensitivities

489  J. Acoust. Soc. Am., Vol. 103, No. 1, January 1998 Cai et al.: IC binaural model with inhibitory inputs 489



CD at an acceptable significance level, meaning that the ranits the responses to IPM stimuli were overlapping for
lationship of phase and frequency is linear. overlapping IPD range$Spitzer and Semple, 1982Their

If phase-frequency functions of IC model neurons in thisresults suggest that the SOC initially encodes instantaneous
study were plotted with a denser sampling frequency, weéPD, while further processing in the IC provides the depen-
believe that both linear and nonlinear functions would resultdence on the time course of IPD.
When the inhibition from the contralateral MSO model neu- In the IC model presented in this paper, there was no
ron was weak or absent, the response of the IC model nheuranechanism incorporated that was influenced by the history
basically followed that of the ipsilateral MSO model neuronof the response. It is not surprising that the current model
and showed a linear phase-frequency plot for the frequenciedoes not describe the nonoverlapping IPD arcs in response to
near its CF. When the inhibition from the contralateral MSOIPM stimuli. An extension of this model with an adaptation
was strong enough to affect the ITD-tuning of the IC, themechanism, presented in the accompanying paper, is able to
phase-frequency function was not generally linear, sincalescribe the effects of dynamic phaszai et al,, 1997.
there was no common peak for these ITD functions. The
peak of the ITD function of the IC model neuron dependedB R . I

. ) . B. Responses to transient stimuli

not only on the stimulus frequency but also on the interaction
between two MSO model neurons. Consistent with this preq. Graguainess of recovery
diction, neuron 79151-6 in Fig. 6 of Yin and Kuwada
(1983h showed bimodal ITD functions at several stimulus
frequencies and its phase-frequency function was nonlinea

When pairs of binaural clicks are presented at short in-
Ferstimulus delays, the number of discharges of IC neurons
evoked by the lagging stimulus is smaller than that evoked
by the lagging stimulus alone. As the interclick delay gets
3. Phase locking longer, the response to the lagging stimulus recoveits-

Phase locking is an important feature for neurons revsky and Yin, 1993, 1994; Fitzpatriost al, 1995. The re-
sponsible for ITD encoding. Although many low-frequency covery can be also observed in the responses to single bin-
IC neurons are sensitive to interaural delay, only a smalfural clicks at a large ITDCarney and Yin, 1989 The
percent of them phase lock to monaural stinfalbout 18%  comparison of the recovery of IC neurons with that of the
in 82 neurons in Yin and Kuwadd 984]. For those which model neuron indicated that the recovery of real neurons is
do phase lock, the synchronization index is low. The synimore gradual than that of the model neuron. This observation
chronization index of the IC model neuron to monauralsuggests that a single IC neuron receives inhibition from
stimuli showed a slight decrease relative to that of the MSOnultiple sources. Since the stellate cells in the IC have den-
model neurons. The slight decrease in the degree of phaskites extended across the fibrodendritic laminae, each of
locking resulted partly from the inhibitory input to the IC them may receive inputs from more than one population of
model neurons. The decrease of the synchronization indeXynaptic endinggOliver and Morest, 1984 Even though the
was proportional to the strength of inhibition. Since the in-dendritic field of disk-shaped cells is confined in a very nar-
hibition to the IC was not perfectly phase locked, it made the’'ow range(about 50um), these cells also receive large num-
membrane potential more random. Hence the inhibition nobers of synaptic inputs on both dendrites and, in some cases,
only changed the probability of firing at a certain time, butcell bodies(Oliver and Morest, 1984; Oliver, 1987; Shnei-
also changed the exact time of firing of the neuron. derman and Oliver, 1989In addition, most, if not all, IC

A possible mechanism for the decrease of phase lockingeurons send collaterals to nearby neurdiver and
in actual IC neurons is that IC neurons receive multiple in-Huerta, 1992 The effects of these synaptic inputs are not
puts. A cell that is driven by several inputs which are phaselear; however, they may affect the response of IC neurons,
locked to different phases will be phase locked at a lowetncluding the recovery to the lagging stimulus.
degree than each of its inputs. In addition, the phase locking
qf the model cell i:_; glso influenced by its membrane_properz Onset inhibition to the IC
ties. In any case, it is clear that the current model with only

one excitatory and one inhibitory input cannot describe the e found that the inhibitory inputs to the IC model in
dramatic decrease in phase locking of the IC. the simulation of the responses to sustained stimuli had to be

much weaker to describe the data than those in the simula-
tion of the responses to transient stimuli. If the parameters of
the inhibition from the contralateral MSO were made strong
In binaural beat stimuli and interaural phase-modulatedenough to cause tens of milliseconds of silence of the model
tones, the interaural time differences change as a function afeuron at stimulus onset, the sustained response of the model
time. The sensitivity of IC neurons to these dynamic temponeuron to a long-duration tone would be eliminated. The
ral features was first systematically studied by Spitzer andame issue has been discussed in Brugbesah (1996. The
Semple(1993. The nonoverlapping IPD arcs in response tocoexistence of strong inhibition at stimulus onset and sus-
IPM stimuli are consistent with the binaural beat data of thetained response to an ongoing stimuli@arney and Yin,
IC (Yin and Kuwada, 1983a; Spitzer and Semple, 1991 1989 indicates that IC neurons may receive strong onset
which showed the sharpening effect of a dynamically elicitednhibition in addition to the sustained inhibition. Many IC
response. Spitzer and Semple used the same time-varyimgurons with onset inhibition were reported in Kuwaadaal.
IPD stimuli on gerbil SOC neurons and found that for most(1989.

4. Sensitivity to dynamic temporal features
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There are several possible causes for this phenomenoonoexistence of strong onset inhibition and sustained re-
First, IC neurons may receive onset inhibition in addition tosponses to long-duration stimuli, unless inhibitory inputs
the inhibition from DNLL. This inhibition may come from were provided to the IC by onset neurofSee the related
monaural nuclei or interneurons inside the IC. The projecdiscussion by Brugheret al. (1996.] Finally, this IC model
tions from the VNLL to the IC are apparently glycinergic, did not show sharpened dynamic IPD functions.
suggesting that cells in the VNLL act as inhibitory interneu-
rons between the octopus cells in the cochlear nucleus angel Comparison with a functional model with lateral
the IC (Adams and Wenthold, 19871t is possible that IC inhibition
neurons receive onset inhibition from octopus cells directly  gasides the physiological models developed for the IC,
via VNLL (Adams and Wenthold, 1987Second, the DNLL  fnctional models for psychophysicgsuch as cross-
may not be a faithful relay of the MSO on its ipsilateral side. corelation modelshave been developed for several decades
Some neurons in the DNLL responded to binaural tones Withee the review by Colburn, 1998\mong those models, the
only onset responses or onset responses followed by wegkndemann(1986a, b model incorporated a dynamic lateral
sustained responsgBruggeet al, 1970 depending on in- jyhibition mechanism and monaural channels that provided
teraural disparities. Third, some neurons in the contralatergh s to the interaural cross-correlation function. These ex-
MSO might be onset cells. The lack of any report of onsetgnsjons allow the model to provide a basis for the prece-
cells in the MSO might be related to the lack of recording of yence effect. When there are coincidences at one value of
the responses of MSO neurons to transient stimuli, which igtp  the model generates inhibitions to the coincidences at
due to the strong field potential within the MS@uinan  giher values of ITD. Hence the Lindemann model predicts
et al, 1972. Further physiological experiments are needednat minimum echo suppression happens when the leading

to clarify these possibilities. stimulus and lagging stimulus come from the same location
and maximum suppression happens when the leading stimu-

C. Comparisons with other models lus and lagging stimulus are lateral to each other in space.
Psychophysical evidence also suggésts the basis of very

1. Comparison with the MSO model little data) (Boerger, 1965that echo suppression is stronger

Since the IC model in this study incorporated MSOWwhen sources are widely separated. This relationship only
models to provide inputs, the responses of the MSO modetartially describes the data observed in physiol@gsovsky
neurons to each stimulus were obtained. Therefore it wagnd Yin, 1993, 1994; Fitzpatrickt al, 1995. The Linde-
convenient to compare the MSO model and the IC model irmann model cannot predict the data in which suppression
this study. can be strongest when both the leading and lagging stimuli

The MSO model showed a cyclic ITD function when a come from the same source. The physiological model de-
pure-tone stimulus was presented. In response to binaurafribed in this paper with excitation and inhibition coming
click stimuli, the MSO model cell with inhibitory inputs also from independent sources described both psychophysical and
showed early and/or late inhibition. The asymmetry of re-physiological data.
sponses with positive and negative interaural delay depended
on the asymmetry of the inhibitory inputs to the neuron. ThelV. CONCLUSIONS
smgle_ MSO cell model d'd .”Ot show bimodal ITD functions, Simulation results revealed that the IC model with ipsi-
d]rect|on and rate sensitivities, ITD-dep_endent echo SUPPTC35teral excitation and contralateral inhibition from ITD-
sion, and sharpened dynamic IPD functions. Therefore it WaZensitive neurons showed unimodal and bimodal ITD func-

hot "fll_(:]eq?gte azal model ftordC(_eIIsﬂ;rl the IC. ist tions, rate and direction sensitivities to binaural beat stimuli,
€ model presented In tiS paper-was consis enéarly and late inhibition in response to binaural clicks, and

with a larger set of observed IC behavior. In addition to - : :
. : . ITD-d dent ech t f bin-
properties demonstrated by the MSO model, it showed bimo- ependent €cho Suppression In response fo pairs ot bin

i . . e aural clicks. With the current model structure and membrane
dal IPD functions with some choices of the inhibitory param-
eters from the contralateral MSO. It also showed sensitivity
to the direction and the speed of the binaural beat stimulug
when the contralateral inhibition lasted for a long tibens

of milliseconds. In response to pairs of binaural clicks, the
model neuron showed ITD-dependent echo suppression. Th

ITD-dependence was determined by the characteristic del

unction, the model did not show sensitivity to dynamic tem-
oral features or sharpened dynamic IPD functions in re-
ponse to binaural beat stimuli and interaural phase-
modulated stimuli. It also did not show gradual recovery
curves in response to transient stimuli and the dramatic de-
Lease of phase locking to monaural tone stimuli. In order to
Bhow some of these features, mechanisms such as adaptation

of the |_nh|b|tory MSO model neuron. (Caiet al, 1997 and a more complex model structure were
Neither of these models described the gradual recovery .. ded

of the response to a lagging transient stimulus when two
stimuli are applied one after another with a short delay. It
was suggested that this gradual recovery may reflect the fac
that IC neurons may receive multiple inhibitory and excita- This work was supported by NIH Grant No. RO1-
tory inputs. The variability of the synaptic characteristics andDC00100 (H.S.C) and NIH Grant No. R29-DC01641
the response probability of these sources might also contriblL.H.C.) from the National Institute of Deafness and other
ute to the gradual recovery. The model did not show theCommunication Disorders, NIH.
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