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1 Introduction

The cochlea nuclets (CN), the first processingcenterin the auditory centralner
voussystem,consistsof diverse neurmal typesthatdiffer in their patterrs of tem-
poralrespomseto shorttone bursts(Blackbum and Sachs1989). Several functional
modelshave beenpropcsedandhave demamstratedsomedegree of successn sim-
ulating the tempaal resporse patternsof CN neuras (Arle andKim 1991, Banks
andSachsl991; Hewitt andMeddis1993 Cai, WalshandMcGee1997; Levy and
Kipke 1997 Erikssonand Robert1999. Thosemodels,however, involve solving
systemsof differential equdions basedon the Hodgkin-Huxley equation(Hodgkin
andHuxley 1952 andtherefoe tendto have complex structuresandmary parane-
ters(typicdly > 10). A simplemocel with relatively few parameteswould beusefu
notonly for future implementationin alarge-scalecomputersimulation,but alsofor
estimatingthe underlying mechaismsgeneating the respoise of CN neurmsto a
variety of complex soundssuchasvocalizationslin this paperwe proposea modé
thatrepresentghe synaptictransdetion mechanismsndmemliyanepropertieswith
stochastigprocessesThe modelis expressedwith only eightparametes. By fitting
appr@riate parametewalues the modelcansuccessfullysimulatevarious tempora
respoisetypesfound in theanteraventralCN (AVCN), suchastheprimary-lik e (with
or withoutnotch),thechopper (regular andirregular), andtheonsettypes,aswell as
thedegree of phase-laking andrespoiselatencies.

2 Mod€

Theinputto themockl is atrain of discretepulseghatsimulatesnputsfrom multiple

auditoy nene fibers(ANFs). Thearrival time of the jth pulsein the train of pulses
from theith ANF inputis dendedby ¢;;. Thepost-synatic poteriial (PSP)of aCN

neuro attime ¢ is modeledby:



N
V=) Y ailt—te—ty)e UTterta)/m 1)

i=1 {jlti+t.<t}

whereN(e ZT) is the total nunber of input pulses,andt,. is randon jitter from
the nomal distribution with ameany.. andavariarceo.? (t. ~ N (pe, 0.%)). The
valuesof n. ando,., respectiely, determire the respmselateny andthe degreeof
phase-lokingof theCN neuons.Ther; (€ R ™) isthetime constanbf aPSPelicited
by a singleinput pulse.The q; is a coeficient of synapticstrengththat determires
themagrtudeof PSPelicitedby a singlepulseinput. A positive ¢; indicateshatthe
inputis excitatay, anda negative a; thatit is inhibitory.
TheoutputS attimet is representedy,
S(t) = {(1) V(t) é Ula, ) and S(t') = 0fort’ € [t — t,., 1], @
othewise

The output of the modeledneura is a train of all-or-none (1 or 0) action po-
tentialswith unit amgitudes.Action potentialsof the model aregeneatedwhenthe
membanepotentialV crossesathreshdéd U. ThethresholdU is arancdbm variable
from a uniform distribution in therange from « to 5. Themodeledneuon doesnot
geneateaspike during therefractay periodafterthe previous spike. Refractorype-
riod ¢, is modeledby a randm variablefrom a nomal distribution with a meang,
andavariances,? (t, ~ N (pr, 0,2)).

3 Methods of evaluation

Figure 1 shaws classificationresultsfor actualAVCN units (Blacklbum and Sachs
1989. Themodelwasevaluatel with respecto its ability to repraducethetempora

respoise patterrs in Fig. 1 and phase-lockg propeties of actualAVCN units. As

in physidogical expeliments(Blackturn and Sachs1989), two stimulusdurations
wereusedin this study:shorttonebursts(STBs)of 25 msdurationwith 1.6 msrise

andfall times;andlong tonebursts(LTBs) of 400 msdurationwith 10 msrise and
fall times.Post-stimulugime histograns (PSTHs)andfirst-spike lateng histograns

werecomputedbasedon 200 presetationsof the STBsat the bestfrequeny (BF),

and were representedwith 0.2 mstime bins. In evaluating PSTHSs,the BF of the

modelel CN neuon wasfixed at 4.8 kHz. All simulatiors wererun at a sampling
rateof 48 kHz.

3.1 Inputstothe modeled CN neurons

Inputs of the modeled CN neura, i.e., discretepulse trains, were simulatedre-
sponseof ANFs at the BF of the modeledCN neurm, producedby an auditay
peripteral mockel (Maki, Akagi and Hirota 1998. Tempaal respoise patterrs and
phase-laking propertiesof simulatedAN responsesisedasinputsto the moceled
CN neurmsareshowvn in Figs.2(a)and2(b), respectiely.
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Fig. 1. Classificatiorschemeproposedy Blackburn andSachdgor cateyorizing AVCN units
(Blacklurn and Sachs1989). Graphs(lefthand column) depictmajor PSTH cateyoriesfrom
whichdefinedpopuationsarerefined.“Primary-like” PSTHsresemblehoseof auditorynene
fibers (ANFs). “Onset” PSTHshave a sharppeakat stimulusonset,followed by little or no
sustainedactiity. Units are placedin the “onset” limb only if their sustainedratesare <
25 spikes/s."Chopper”PSTHshave regularly spaceceals of dischage whoseperiodis not
relatedto the stimulusfrequeng. Responseypesdiscardedn the study of Blackburn and
Sachgq*) werealsoexcludedin presenstudy
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Fig. 2. Temporalresponsepatternsand phase-lockig propertiesof inputsto the CN model.
(a) PSTHsof simulatedANF for five stimuluslevels (20, 30, 35,40 and50 dB). PSTHsare
representeavith 0.2-mstime bins. (b) Synchronizatiorindex (Goldbeg andBrown 1969 of
simulatedAN firing asa functionof BF.

In Fig. 2(a) PSTHscalculatedfrom the simulatedANF firing shav tempora
propertiessimilar to actualANFs (Johrson 1980. Thatis, thereis aninitial rapid
increaseof firing rateatthe respmseonsetwhich stronglydepend on the stimulus
level, followed by a sustaineddischage at a lower spike rate during stimulation.
The simulatedANF responseshow that the degree of phase-lgking to BF tones
decreasegradully with BF in therange from 0.1to 1.5- 2.0 kHz, andthendrops
sharplyto reachthe noiselevel abore 5.0- 6.0 kHz. This tendamy is alsoobsened
in actualANFs (Johnsorl1980).



4 Resaults

We adjustedhe paranetersof the CN modelandselectedhe CN modelinptuts (i.e.,
simulatedAN response Fig. 2) sothatthe CN modé simulatesthe tenkinds of

respoisepatterndn Fig. 1. The parameteraluesusedin this studyaresummaized
in Tablel.

Tablel. Theparameteof theCN modelfor simulatingeachresponseype.“N” shavsthetotal
numberof simulatedAN inputs.“dB” indicateshe stimulussoundevel. Importantparameter
boundariesfor differentiatingtheresponséypesareindicatedby verticallines.

Type Pri Pri PN  Onset Onset Onset ChS ChS ChT ChT

(Fig.) BA) (BB) (8C) (BD) (BEF) (BF) (B3G) @EH) @ ()
a; 1 1 1 1 1 1 1 1 1 1
7: (value]x10=%) | 6.7 6.7 4.8 6.7 4.8 48 | 11 25 | 66 50
e (3) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
o. (value]x10~°s)| 5 5 4 5 5 4 ] 17 14 16 15
ur (valuelx10~%s)| 8 8 12 15 16 30 18 21 13 16
o, (valuelxu,.s) | 0.050 0.025 0.025 0.025 0.0038 0.230 0.025 0.025 0.025 0.040
3 ([value]x10~°) 538 769 281 309 213 090 | 129 180 | 243 153
a ([value]x10~°) 0.84 1.00 017 275 049 057 | 229 180 | 96.0 333
N [ 30 30 30 | 50 50 65 | 50 30 50 30
dB [ 20 30 | 50 | 50 50 50 | 50 45 40 40

4.1 Responsetypes

The simulationresultsfor the CN model are shovn in Figs. 3(A)-(J). Compaable
physiologicaldataareshonvnin Figs.3(a)(j). All theresponsesf themodel meetthe
classificatiorrequrementsof thedecisiontreein Fig. 1. Themodelel andactualPri
unitsbothhave abroaddistribution of first-spike lateng, in contrasto otherrespoise
types,which show arestricteddistribution[(A) and(a), (B) and(b)]. PSTHsof both
modela andactualPN units show a firing notchaftertheinitial respmsepeak|(C)
and(c)]. Thethreemodded Onsetunits shavn in (D), (E) and(F) differ in pattern
aftertheinitial resporse peakasfound in actualOnsetunits[(d), (e),and(f)]. That
is, theunitin (D) shavs essentiallynofiring (< 25 spikes/s)aftertheonsetresporse;
the unit in (E) shows slight sustainediring (>25 spikes/sand <100 spikes/s);the
unit shovn in (F) hasa firing notchat arourd 6 ms. The datain (G)-(J) and(g)-(j)
indicatethat PSTHsof the two Ch S andtwo Ch T units modeledagreewith the
physiologicaldatain the numkber of regularspaceceakdor thefirst 10 msafterthe
resporse onset.The modeledandthe actualCh S unit in (G) and(g) have a mean
inter-spike interval (1S1) thatis nearlyconstanthroughaut the entireresporseto the
STB[(G’) and(g’)]. Similarto theactualCh T unitin (i), themodeledCh T unitin
() hasa meanlSlI that stabilizesafter the initial transiem respomse[(I') ]. Both the
actualCh T andCh Sunitsin (h) and(j) have ameaniSI thatincreasesnore or less
linearly with time for thefirst 15 msof theresponséo STB. Thedifferencebetween
thesetwo unitsis in the average CV (Young, Robet and Shoher 1988 seecaption
of Fig. 3) betweenl5-20 ms afterthe responsenset,i.e., the Ch T unit haslarger
averag CV thanthe Ch S unit. Thesecharacteristicarealsofound in the moceled
ChT andCh Sunitsin (H) and(J).
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Fig. 3. Temporalpropertieof modeledandactualCN units’ responseto STBs.(Modd) Data
from themodel.(Physiol.)Physiologicabataredravn from the original papenBlackburn and
Sachs1989).Responsgypesareindicatedat right bottomin eachPSTHfigure. First-spile
lateng histogramgq1st) areshavn in the insets.The time scalefor the first-spike lateny is
the sameasthat for PSTH. (G)-(J'), (9")-(’) The x ando respectiely indicatethe mean
and standarddeviation of inter-spike intenval of spike datashavn above (PSTH) (regularity
analysis;Young,et al 1988. CV is calculatedby dividing o by i (Young,et al 1988.

4.2 Phase-locking properties

Thesynchpnizationindex (Goldberg andBrown 1969) calculatedor individual re-
sponsdypesof themockl in resporseto a BF toneareplottedasa function of BF in

5



Fig. 4(a)and(b), wherethelinesindicateleast-squagsfits to actualPri andPN units
data,andactualCh SandCh T unitsdata,respectiely (Blacklum andSachs1989.
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Fig. 4. Synchronizatiorindex of modded responsessa function of BF. Dotsrepresentlata
from themodel.Linesin (a) and(b) indicatesecond-ordepolynamial functionsfit to actual
primary-like (PriandPN)andchoppel(Ch SandChT) unitsdata respectiely, by useof least-
squaregBlacklurn andSachsl989).As in the caseof thephysiolodcal data,calculationsor
themodelwerebasedn the entirerespoise(10-40 ms)to a 400-mslong toneburst.

The patternof the BF depemleng of the phase-lockingfor theactualPri andPN
units resemke thosefor the ANFs [seeFig. 2(b)] in thefall-off of synchraization
with increasingfrequeng/ betweenl and 5 kHz. The degree of phase-laking of
actualCh T andCh S unitsfalls morerapidy asa function of BF thandoesthat of
the PriandPN units,apprachingthe noiselevel for BF > 1.5-2.5kHz. The phase-
locking degree of thetwo modeledprimary-lik e units (Pri andPN) andtwo chopper
units(Ch SandChT) closelyfollowsthepolynomial curvefit to thedegres of phase-
locking in actualCN units. Similarly to the actualOnsetunits, the modela Onset
unitsshowv a phase-laking ability resemblinghatof the Pri andPN units.

5 Discussion

We examinal theeightparanetersof the CN model andtwo paranetersof themodd

inputsshavn in Table 1, andfound thatonly five of themarerelevant for differen-

tiating the resporsetypes.The two chogper (Ch S andCh T) units moceledneeda
largertime constan of the PSPY7;) thanPri, PN andOnsetunits. The modeledCh

T unitshave highe firing threstolds (« and3) thanthe modded Ch S units.Conse-
quenly, themodeledCh T unitsshav moreirregular dischage thanthemodelal Ch

Sunits.Parameteraluesfor thetwo primarylik e units (PriandPN) andOnsetunits
aresimilar, except thatOnsetunitsreceive arelatively largernumker of inputsfrom

the simulatedANFs (paraneter N) and have a slightly higherfiring threshdd («)

thanthe primary-lik e units. The valuesof parameter . deternine the decaycurves

of phase-loclng in Fig. 4. For a larger value of .., the ability of the modeledCN

neurmsto phase-lak to BF tonesfalls morerapidly asa function of BF.



6 Conclusion

We proposeda computationalmodel thatfunctionally modds thefiring mechaisms
of CN neuons.Themockl consistof eightparaneters. We comparedtherespomses
of the modelwith physiologicaldatafrom the AVCN (Blackburn andSachs1989),

and found that the model could successfullysimulateall tempoal resporse types
in term of the PSTHSs,the degree of phase-loclng, and spike latencies.Sincethe
assumption adoptedare simple and are not specificto CN neurms, the proposed
modelcanbeeasilyexterdedto modelneuonsin higher-level auditay nuclei.
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