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1 Introduction

The cochlear nucleus (CN), the first processingcenterin the auditorycentralner-
voussystem,consistsof diverseneuronal typesthat differ in their patterns of tem-
poral responseto shorttonebursts(Blackburn andSachs1989). Several functional
modelshave beenproposedandhave demonstratedsomedegreeof successin sim-
ulating the temporal responsepatternsof CN neurons (Arle andKim 1991; Banks
andSachs1991; Hewitt andMeddis1993; Cai, WalshandMcGee1997; Levy and
Kipke 1997; ErikssonandRobert1999). Thosemodels,however, involve solving
systemsof differential equations basedon the Hodgkin-Huxley equation(Hodgkin
andHuxley 1952) andtherefore tendto have complex structuresandmany parame-
ters(typically

�
10). A simplemodel with relatively few parameterswouldbeuseful

notonly for future implementationin a large-scalecomputersimulation,but alsofor
estimatingtheunderlying mechanismsgenerating the responseof CN neurons to a
varietyof complex sounds,suchasvocalizations.In this paper, we proposea model
thatrepresentsthesynaptictransductionmechanismsandmembranepropertieswith
stochasticprocesses.Themodelis expressedwith only eightparameters. By fitting
appropriateparametervalues,themodelcansuccessfullysimulatevarioustemporal
responsetypesfound in theanteroventralCN (AVCN), suchastheprimary-like(with
or withoutnotch),thechopper (regular andirregular), andtheonsettypes,aswell as
thedegree of phase-lockingandresponselatencies.

2 Model

Theinputto themodel is atrainof discretepulsesthatsimulatesinputsfrom multiple
auditory nerve fibers(ANFs).Thearrival time of the � th pulsein thetrain of pulses
from the � th ANF input is denotedby �	��
 . Thepost-synaptic potential (PSP)of aCN
neuron at time � is modeledby:
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whereN( 8:9 � ) is the total number of input pulses,and �	) is random jitter from
thenormal distribution with a mean;<) anda variance =>) � (�	)@?BA ;<)DCE=F) � ). The
valuesof ;<) and =>) , respectively, determine the responselatency andthedegreeof
phase-lockingof theCN neurons.TheGH� ( 8JI � ) is thetimeconstantof aPSPelicited
by a singleinput pulse.The & � is a coefficient of synapticstrengththatdetermines
themagnitudeof PSPelicitedby asinglepulseinput. A positive & � indicatesthatthe
input is excitatory, anda negative & � thatit is inhibitory.

Theoutput K at time � is representedby,

K 
 ���*� L
��
 ���NM�PO 
RQ CRST� and K 
 �VUW���YX for �VU18[Z ��'(�	\+CR�V]4C

X otherwisê
(2)

The output of the modeledneuron is a train of all-or-none (1 or 0) actionpo-
tentialswith unit amplitudes.Action potentialsof themodel aregeneratedwhenthe
membranepotential

�
crossesa threshold O . ThethresholdO is a random variable

from a uniform distribution in therange from
Q

to S . Themodeledneuron doesnot
generateaspikeduring therefractory periodafterthepreviousspike.Refractorype-
riod �	\ is modeledby a random variablefrom a normal distribution with a mean;<\
andavariance=F\ � (�	\@?_A ;<\/CE=>\ � ).

3 Methods of evaluation

Figure1 shows classificationresultsfor actualAVCN units (Blackburn andSachs
1989). Themodelwasevaluated with respectto its ability to reproducethetemporal
responsepatterns in Fig. 1 andphase-locking properties of actualAVCN units.As
in physiological experiments(Blackburn andSachs1989), two stimulusdurations
wereusedin this study:shorttonebursts(STBs)of 25 msdurationwith 1.6msrise
andfall times;andlong tonebursts(LTBs) of 400msdurationwith 10 msriseand
fall times.Post-stimulustimehistograms(PSTHs)andfirst-spikelatency histograms
werecomputedbasedon 200presentationsof theSTBsat thebestfrequency (BF),
and were representedwith 0.2 ms time bins. In evaluating PSTHs,the BF of the
modeled CN neuron wasfixed at 4.8 kHz. All simulations wererun at a sampling
rateof 48 kHz.

3.1 Inputs to the modeled CN neurons

Inputs of the modeled CN neuron, i.e., discretepulse trains, were simulatedre-
sponsesof ANFs at the BF of the modeledCN neuron, producedby an auditory
peripheral model (Maki, Akagi andHirota 1998). Temporal responsepatterns and
phase-locking propertiesof simulatedAN responsesusedasinputsto the modeled
CN neuronsareshown in Figs.2(a)and2(b), respectively.
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Fig. 1. Classificationschemeproposedby Blackburn andSachsfor categorizingAVCN units
(Blackburn andSachs1989).Graphs(lefthand column) depictmajor PSTHcategoriesfrom
whichdefinedpopulationsarerefined.“Primary-like” PSTHsresemblethoseof auditorynerve
fibers(ANFs). “Onset” PSTHshave a sharppeakat stimulusonset,followed by little or no
sustainedactivity. Units are placedin the “onset” limb only if their sustainedratesare `
25 spikes/s.“Chopper”PSTHshave regularly spacedpeaks of dischargewhoseperiodis not
relatedto the stimulusfrequency. Responsetypesdiscardedin the study of Blackburn and
Sachs(*) werealsoexcludedin presentstudy.
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Fig. 2. Temporalresponsepatternsandphase-locking propertiesof inputsto theCN model.
(a) PSTHsof simulatedANF for five stimuluslevels (20, 30, 35, 40 and50 dB). PSTHsare
representedwith 0.2-mstime bins.(b) Synchronizationindex (Goldberg andBrown 1969) of
simulatedAN firing asa functionof BF.

In Fig. 2(a), PSTHscalculatedfrom the simulatedANF firing show temporal
propertiessimilar to actualANFs (Johnson1980). That is, thereis an initial rapid
increaseof firing rateat theresponseonset,which stronglydepends on thestimulus
level, followed by a sustaineddischarge at a lower spike rate during stimulation.
The simulatedANF responsesshow that the degree of phase-locking to BF tones
decreasesgradually with BF in the range from 0.1 to 1.5 - 2.0 kHz, andthendrops
sharplyto reachthenoiselevel above 5.0 - 6.0 kHz. This tendancy is alsoobserved
in actualANFs (Johnson1980).
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4 Results

We adjustedtheparametersof theCN modelandselectedtheCN modelinputs (i.e.,
simulatedAN responsesin Fig. 2) so that theCN model simulatesthe tenkinds of
responsepatternsin Fig. 1. Theparametervaluesusedin this studyaresummarized
in Table1.

Table1. Theparameterof theCN modelfor simulatingeachresponsetype.“N” showsthetotal
numberof simulatedAN inputs.“dB” indicatesthestimulussoundlevel. Importantparameter
boundariesfor differentiatingtheresponsetypesareindicatedby vertical lines.

Type Pri Pri PN Onset Onset Onset ChS Ch S ChT ChT
(Fig.) (3A) (3B) (3C) (3D) (3E) (3F) (3G) (3H) (3I) (3J)a � 1 1 1 1 1 1 1 1 1 16 � ([value]b �dcfe>g ) 6.7 6.7 4.8 6.7 4.8 4.8 11 25 66 50h  (s) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005i  ([value]b �dcfe>j s) 5 5 4 5 5 4 17 14 16 15h>k ([value]b �dcfe>l s) 8 8 12 15 16 30 18 21 13 16i k ([value]b h>k s) 0.050 0.025 0.025 0.025 0.003 0.230 0.025 0.025 0.025 0.040m

([value]b �nc�e>g ) 5.38 7.69 2.81 3.09 2.13 0.90 12.9 18.0 243 153o ([value]b �ncfe>g ) 0.84 1.00 0.17 2.75 0.49 0.57 2.29 18.0 96.0 33.3�
30 30 30 50 50 65 50 30 50 30

dB 20 30 50 50 50 50 50 45 40 40

4.1 Response types

The simulationresultsfor the CN model areshown in Figs. 3(A)-(J). Comparable
physiologicaldataareshown in Figs.3(a)-(j). All theresponsesof themodelmeetthe
classificationrequirementsof thedecisiontreein Fig. 1. Themodeled andactualPri
unitsbothhaveabroaddistributionof first-spikelatency, in contrastto otherresponse
types,whichshow arestricteddistribution [(A) and(a), (B) and(b)]. PSTHsof both
modeled andactualPN unitsshow a firing notchaftertheinitial responsepeak[(C)
and(c)]. The threemodeled Onsetunits shown in (D), (E) and(F) differ in pattern
after the initial responsepeakasfound in actualOnsetunits [(d), (e), and(f)]. That
is, theunit in (D) showsessentiallynofiring ( p 25spikes/s)aftertheonsetresponse;
the unit in (E) shows slight sustainedfiring (

�
25 spikes/sand p 100 spikes/s);the

unit shown in (F) hasa firing notchat around 6 ms.The datain (G)-(J) and(g)-(j)
indicatethat PSTHsof the two Ch S andtwo Ch T units modeledagreewith the
physiologicaldatain thenumberof regularspacedpeaksfor thefirst 10msafterthe
responseonset.The modeledandthe actualCh S unit in (G) and(g) have a mean
inter-spike interval (ISI) thatis nearlyconstantthroughout theentireresponseto the
STB [(G’) and(g’)]. Similar to theactualCh T unit in (i), themodeledCh T unit in
(I) hasa meanISI that stabilizesafter the initial transient response[(I’) ]. Both the
actualCh T andCh Sunitsin (h) and(j) havea meanISI thatincreasesmore or less
linearlywith timefor thefirst 15msof theresponseto STB.Thedifferencebetween
thesetwo units is in theaverage CV (Young, Robert andShofner1988, seecaption
of Fig. 3) between15-20 ms after the responseonset,i.e., the Ch T unit haslarger
average CV thantheCh S unit. Thesecharacteristicsarealsofound in themodeled
Ch T andChS unitsin (H) and(J).
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Fig. 3. Temporalpropertiesof modeledandactualCN units’ responsesto STBs.(Model) Data
from themodel.(Physiol.)Physiologicaldataredrawn from theoriginalpaper(Blackburnand
Sachs1989).Responsetypesareindicatedat right bottomin eachPSTHfigure.First-spike
latency histograms(1st) areshown in the insets.The time scalefor the first-spike latency is
the sameas that for PSTH. (G’)-(J’), (g’)-(j’) The q and r respectively indicatethe mean
andstandarddeviation of inter-spike interval of spike datashown above (PSTH)(regularity
analysis;Young,et al 1988). CV is calculatedby dividing r by q (Young,et al 1988).

4.2 Phase-locking properties

Thesynchronizationindex (Goldberg andBrown 1969) calculatedfor individual re-
sponsetypesof themodel in responseto aBF toneareplottedasa functionof BF in
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Fig. 4(a)and(b), wherethelinesindicateleast-squaresfits to actualPri andPNunits
data,andactualChS andChT unitsdata,respectively (Blackburn andSachs1989).
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Fig. 4. Synchronizationindex of modeled responsesasa functionof BF. Dotsrepresentdata
from themodel.Lines in (a) and(b) indicatesecond-order polynomial functionsfit to actual
primary-like(PriandPN)andchopper(ChSandChT) unitsdata,respectively, by useof least-
squares(BlackburnandSachs1989).As in thecaseof thephysiological data,calculationsfor
themodelwerebasedon theentireresponse(10-400ms)to a 400-mslong toneburst.

Thepatternof theBF dependency of thephase-lockingfor theactualPri andPN
units resemble thosefor the ANFs [seeFig. 2(b)] in the fall-off of synchronization
with increasingfrequency between1 and 5 kHz. The degree of phase-locking of
actualCh T andCh S units falls morerapidly asa functionof BF thandoesthatof
thePri andPN units,approachingthenoiselevel for BF s 1.5-2.5kHz. Thephase-
locking degree of thetwo modeledprimary-like units(Pri andPN) andtwo chopper
units(ChSandChT) closelyfollowsthepolynomialcurvefit to thedegreeof phase-
locking in actualCN units.Similarly to the actualOnsetunits, the modeled Onset
unitsshow a phase-lockingability resemblingthatof thePri andPN units.

5 Discussion

Weexamined theeightparametersof theCN model andtwo parametersof themodel
inputsshown in Table1, andfound thatonly five of themarerelevant for differen-
tiating the responsetypes.Thetwo chopper (Ch S andCh T) unitsmodeledneeda
largertime constant of thePSPs(GH� ) thanPri, PN andOnsetunits.ThemodeledCh
T unitshavehigher firing thresholds(

Q
andS ) thanthemodeled Ch S units.Conse-

quently, themodeledChT unitsshow moreirregular dischargethanthemodeled Ch
Sunits.Parametervaluesfor thetwo primary-likeunits(Pri andPN)andOnsetunits
aresimilar, except thatOnsetunitsreceivea relatively largernumber of inputsfrom
the simulatedANFs (parameter A ) andhave a slightly higherfiring threshold (

Q
)

thantheprimary-like units.Thevaluesof parameter= ) determine thedecaycurves
of phase-locking in Fig. 4. For a larger valueof = ) , the ability of the modeledCN
neuronsto phase-lock to BF tonesfallsmorerapidlyasa function of BF.
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6 Conclusion

We proposedacomputationalmodel thatfunctionallymodels thefiring mechanisms
of CN neurons.Themodel consistsof eightparameters.We comparedtheresponses
of themodelwith physiologicaldatafrom theAVCN (Blackburn andSachs1989),
and found that the model could successfullysimulateall temporal response types
in term of the PSTHs,the degreeof phase-locking, andspike latencies.Sincethe
assumptions adoptedaresimpleandarenot specificto CN neurons, the proposed
modelcanbeeasilyextendedto modelneuronsin higher-level auditory nuclei.
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