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Zusammenfassung

Die meisten Neuronen im Zentralnervensystem
integrieren die Aktivit2t vieler anderer Neur
auditorischen Hirnstamm, kann eine solcbhbheKor
Prazisionwernrh®°eiemzel ne Eing2nge unterschwell i
dann entstehen, wenn mehrere Eing2nge i1innerfhk
gleichzeitig eintreffe@ ob(ukdo?irnez i dBeunszcdheztiedrkl teino |
Cochl eariskern ( CN) erhal ten @drdo Gte |l d& 9 o enm
Endknd@ypdre HC°rnervenfasern (ANFs) und | eiten
Pr2ziasni oni naur al e i Zni ealudtirtu kwvtewreeHi emst dendne GBC
mehreren Endkn°pfen kontaktiert, die in ihrer
bis zum Zehnfachen zwischen dem &ukweBtehangd
wurde nicht wadref arischt Gr° Cenheterogenitat die
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1.1 ntroducti on

Hearing dependd& emc adienngp oafa h, spectral, and
sou.nfd support accurate perception and sound
transmitted with high theaentntyl §3odnethdirey pedi p
brainstem plays a critical role in this proce

wi t h-mslbbi secon(dloprriesci& ivoaon der Hei jden, 2019;

The auditory system relies particularly on pr
signals unf,ahd maery pemeeptual tasks, such as
perception, daepéndecmnnaddmpit he ftciomihth @N)rh en U dlrest
statiomenft rahesysdgimobyl ar bushyraeébi (IGBYSs
auditory n(eANFRsof ither snedi al nucl eus of the tr
provides precisellyi naumea( S midi hbeit | onl1l9 ®8; Jor i
201.8)GBCs receive multiple | arge.endbombhsi of t E
t hnreumber aonfd wshiazcep subEBpint 0 al ¢.44 oavle Mehre2 Of2BBnNct i o
consequences of thisGBGCput plnet emrod geveldiétr wliefho mm e
t hstsudy ehaw med erogeneity in the di starfifbeucttiso

GBC encoding andieltdwa nins lhis bt ehtpasroy.e s s

1. Muditory system overview

Nat ur al sounds vary over multiple time scal e:
content, and they spahWean wdtd eaAd.yuaandiGc Jsa gaoa | ¢
described at two temporal scales: the rapid f|
of the waveform, and the sl ower amplitude en\

intensityTlhe® enudi metrrya nssytsttreechneat uné@asti on poten
(APsdbnveyed ptabrraddulgel nst em. Aonacrmhgvatylsese featur e:
precision is crucial: spatial hearing relies
mi cr os ecGrnodishe et al ., 2010;aBdugpeeahepenatept
on accurate encoding of rapi d (fShuacnrucant i etnsali.r

Rosen, . 19%Unseserfvineg t empor al i nformation in



fundament al I n complex acoustic environments.

Frotmhe periphery, sound is funneled by the pin
(Pickl esThels%e82pressure oscillabheomeddl ®sampl
i mpedance )Imattche ngval iwinred(é vwtrdfo vtehment of t he
footplate at the oval window dr i wehsi icah pred alsre
at the routhadi rwicnedlolws. convert t hesreecneepcthoarn ipcoatle
l eading to glutamat e ,r eMhei acshe tatce itvpaetirees|l sgaapgs e
( SGNsHudspet. A hre2iNdgfjsax ons otfr aSnGNmsi)t t hese sign
I n vivo recordings from ANFs reveal pshiamsiel aro
phapesitions within each syywclhe omnfi ztah @ osnmiiidmu Ir
frequencies (up to a few<kiklkdber pwHisdrie dhimalhler
frequewbeéeesstfioneturedbetkismgnchronitziaglimme rp e
amplitude envelope (typica(Pygl mems&tRuasdélelw, h
Yin, 1992; Versteegh et al ., 2011; Heeringa e

Semicircular canals
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\ — Oval window
; —— Vestibular nerve
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On entering tANeEbfarosatCélimpnf ohm ascending ani
brancdiestirnitglhet r synaptic ter minal s Taesecoesnsd i thhge
branch pmpaopnéwgitlsent@r oveathheéear (AVUCINwehuesr e as t h
descendi ngobtrabhwessp er oventr al tPoMcOONbipd hendol s a:
earDRYcFelust e etl naMéaretcioxc®hd)ear( QM) v Bas al

(@]
o
(@]
>

neuron cl asses Hiencpeutv;e admbroeschty hAeNe Iwhsi c(hBGse)pr e s
aprincispabpetinal i zed for( Caempo rCeelr tperl e c i2s0ilo0n;
Manis, 2014; Joris & Trus.galkl yr 20Db8atn débeim id dnaptuet!
resi smancmemi ze electrotonic filtering ,awhd cshhor
toget hdraramred buofbsHerlnpdenhsebrlapi d meméds an@shes e
mechanpsomote!l i abl e s pii i d-jwi tain®ir eetsagoewr i pher al t

i nf or mdtsiemn 19%6t9;allorils994; Cao & Oertel, 2011
BCG8axaemrovide 1input to the binaur al nucl ei

|l ocal i(BZSatiitthnet al ., 1998Théesei sau&l Eiuasel pbar?2
olivary complex (SOC), which comprises the me
olive (LSO), MNTB, and supeTwoo rprpoacreasocsleisv aurnyd enr
| ocali zati on i n:tthhee caozmpnuuthahtei toanp ftoafh et i me di f f el
interaural |l evel differ emaxiemhy Ul E®shy ilntDesgraatei

excitation with contralate(d&injnh002fti Gnotbeaeyv
| TDs arwet ecd mpn MSO, which recei v@Nt ofgaestth eg x cwi
temporally precise iahdbt hemubwaltews| dfhet IMINTIBr a
(Hassfurth.lefEDadnd 12000Must b-eiésismabed wieslhbl
remain reliable eveOKiompepi &§yEady|j rbpaméntar ant
& Zwi cker, 1984, KeiDmevn &t rEenagrh n h & chleei0n2 refberr a i onr
col li(dyhal amaucsi 1 geni(cMGBa)t anhdeod iyt or iythecgorr a teex
these s$ioggelpserategpt g o nwemady Fo g . 2)
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BCs i nvGMemprise two pxGBCsi psapdecrliacsaslesbushy ce
Both receive axosomat  AdNBenduul hdheofr Haelpditf com
number and morphol ogy: GBCs fmoa ¢ éeineddb wtal bl sa rtgheat
t yplilcya s mawhleSiR@Gs are contact ikd alsgei nedabl velBlpsl ao g e
et al ., 2005; Yu & Goodr i@BCp r200jledc;t Spprierdooumienta |



contral ater al MNT B, wher e (gtiment faxrom omak yce g «
principal MNTB neurons special )zemi rfoour etapald,
Smith et al ., 1998; Fel my T& iSsc hpnaetghgweanybmigrmgeewv i, d
excitatoryhdMNT®B,e which delivers precisely ti
inhibiti,a®0t &BAMIONVt r a l nucl eus of ( YNHLS)patnarl alr
et al ., 1985; Kuwabara & Zook, 19920)SBntist h e

preserve the timing of ANF spikes and provide

nucl ei such as the MSO and LSO (Fig. 3) . Thr
precisely timed inhibitory countedpart i tyg e
output critically constrains birmiauriasle ccoonndp uttiam
(Joris et al., 1994; P. X. Joris et al ., 19914
MSO
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GBC
CN

/O\

MS\‘
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The enskhlrwel xcitatory, gledtiamatperggilsa nsqypnta [Ccs ecsu |
GBCd,ominated by fas(Gl ANBAGtedAdpt owsth compar a
contriibrutmatnur ¢ Bardil maanlgham et al ., 1998, Wa n g
201.These prompaGBE&Esgt eserve temporal supegdinttiynd
the precise encodiomgiaft etnitmiwng hcuens s requirer
number and size of ad eefrfse gtarmpge esnysit uvlelmnggt h and
potentially shifting -ttihnei nbga | parneccei shieotnw eaennd srpaitk
therefore examined how the distribution of ex

bal ance at the first central synapse.

1.2 GBCé&xcitatory convergence

Il n the VCN, the two mMaBE®EBPs i acd p &BGds Isasesl e sata
GBCs are |l ocated in theFraoatdabdndV@Nongatheheé
posteroventral4gdhows itome |IFa gatrieons of the maj
and provides anatomical | eoreccrmatirbkes ofvoerr ail d e natrirfe
i's broadly conser v(eQs taacproofsfs &maNmnraeNsste,t 0l 989 1R u bG
2011; Godfrey et al ., 2016)
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1. 2Molr phol ogy and synaptic specializations of

GBCshofwatures associated with (pRyeucgios e& tFeerkped rea
Spirou et.B&li.n, getm@&sm!|l|l ow input-10@QiMpetandesh?®r
membr ane ti me Qo ms§tfaanot set( Oal5t,og2o0Bbe&j) with th
dendsitt hese properties shorten EPSPs and [
preci se nsipgigknep atr ed tGBCSBE@ss,migmii fliocwaenrt liynput r e s
and shorter (UmagcemsExénttsaz®2%) i nput i s domir
Hel d (Fi gwhi5ch bdartjain multiple presynaptic a
postsynaptic densities a(tNi ctloé & o maa li.naBH imsy mb r
arrangement enables | arge, fast, and rehiabl e
filtering, -BugebrtyngphkeghNincali a& iVWanl msnl eGB Cs2 0
2007; Cao & .Oertel, 2010)
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02dzi2yad RSYy20S AYKAOAAZREUSDWYHNBGA RRFOBABNISRSAEBRS
ThendbGBGynapses provide powerful and synchr
i nput resistance and short membr ane time con
i ntegrat i onprwinmmodtoewsp thhiegtpsiey e (tWamign g& Mani s, 200
al ., BR®&9gd on their morphologicalGB&edabhophegs
temporal precision than SBJ{sJournidse retc oanip.a,r alb9l 9e4
2019; Jing.lent rads. pomRDL5t)o0 s ound,atGBnCepyirg esepew kaet se.
At |l ow to mid frequencies, their discharges p
At hi gher carrier f-s terquicetnwcriee s | o oMkhierge datner i o
synchronize to the sl ower ampl ucudatieone!l ope

intensity over ti me. I n both cases, this pre

signal to downstrsédmrbenaural .ci 1604t Cao et
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1. 2El2ectrophysiological signatures and identif

The morphol ogical and synaptic specializatio
el ectrophysi ol dgicuwrtr esnfBdg)6a tfoimeesf ew APs @FEi g.
the onset of supratchurrasemal d whegxaekla®misSzBiOsg usua

singlaend@dP9how a pronounced voltagemsdgadtleldi byg

conduc(&aceet al ., 2007.] nCa@Bv@&@s yOrirstlaebhlpy i2@dly
| i-kiemlot ch peristimulus time histogram (PSTHs)
l'i ke RPSMHE h et al ., 1909Ri;g.TygA)X. et al ., 2012)
A B
- G £
somv | \
L L 1nA|
50 ms

CAIJdENBVS ALYy AaS LAHgsS NgRaIY?2 T OKESEYW dzfOdz2d® .12 g2y St SDY { ./
I LINEXASE t {¢l LIJggSNYyod .2g2Y NI@EKABYDI O 2{DSly R
a2RAUSR{TNRAXNE &iGo6l 6 It BOMNDPLIKEaA2f 2TA0FE OKI N} OGS
RSLEEFINATAY3 OdzNNByild Aya2SOe2ysy aK26AYyFIR2PYEt aNAE 3
St AOAKBRISOIBIZE | NA T A y.32 OINNB{yalY defy @B OB &NMB y i ¢

1. 2Co3nvergence and heterogeneity of endbul b ir

GBCs r eicnepiuvtend Ir toempd lesut lhbat di fadrmed nu{mbsaw®idn cat
an@Bl1l2 monuski g.(Sp)jrou et al ., 206Bncépilrroygeet t a
typically contain Imomrgeracqdadiolles zadnveesesspatbdersd bul b

size differences translate into different EPS



( Ni col & Wal msl ey, 200 2; S%tra ledrmaent, &I1022; 2 BP-
2023)onsequentl vy, whet her a GBC reachdsmpuhbre
coincianedincet he strength of inpséevebahaegpuotd t
arriving together can drive a spike, but one

when the other i nputsddme swdhhaek eomngeponenlty alsi g
consider when anal yzing synaptict iqttregmaqatth o e
di stribution rather than a single mean value

weak inputs determines.spike timing and relia

-
.

67 um? 52

e | 40 pym?2
Hm 46 um? 42 um?
CAIUEN® 5 NBO2yaiNWzOe2yad 2F SyRoddA def 23 $§ Sd RY I SOIA WL
GKS alyYS OStt FyR @FNE YI NUGRRESR Alyy R Afl 1SopS twSR 20/& NI
60! {! SaxRMNURRYIANRdz i | f ®X HnaHO

1. 2.mplications for temporal coding
For temporparliwammlkdi sgggests that variability in
act idweiptewdeptession, could place GBCs along a

ti mangate/ envel pWengeé&dWdbani s, -FOO0&dmdang 28 00y



et al .Whem2mByslubtphireespot g arrive within a shor:

(¢

aspivkiet h-mblubi second precision, preserving the

(7))

ubsequent bi naufrhdr icsomptar abons 1994 | ndoaaged
variability in synapt i cpossttrseymgatipit edcd ehs erschto | cdhlt a
or two ehdbpkhksnit threshoduwdxcacas scngkeintwiet hg t
neurfamm pure coincidence mbaiececiwhonoht eswake sa cma
either by coincident summation of multiple su
inpuspirou et sthde,p en0d2ed)c ec coinn cniedaernt i nput dec
arevekl over a br oadaerr irvaatad fiogie gitnepatitieme sdii.kpee r s
Il n contrast ,i nppaurtes € raiicfina riadieatheecet it empanmdal ,pbaedci s
adreduftiedi Mdgirriantge pr ol on(@kdr isgd ientul alt.i-omiL @danya
00.9)

N

These considerations motivate focusing on ho\
converging endbul bs onto a single GBC. Di ffer
for spike initiation. @uaretnigftyi inga rttileeriafidirge t e
for understanding how tempor al i nformati-on i ¢

GBC synapse.

1.3 I nhibitory control at GBCs

1. 3Solurces of i nhi biti on

I n addition to st r ArMNde nedxbcuiltbast,o rGB Qlsr irveec fefrircvoam i n
withi@Nthri(gXi e5)& Mani s, 2013b; Campagnol a &
202.MDstell ate c-bhhd gFrgcwnédegi c neurons, br oac
providi#figequessy inhibition onto GBCAnatnhetrhe
recently identified glycsBhetbateinebkblrpepronid
within the AVCN; howeBE€rnhihiet iromomemaibug i oas
(Campagnola & Mani s, 200P4 0 g0 dwpDsGeNGt @aimsi bAa0 ]
attributed to verticalne (dnudbtehen| poean{iMahi smelh

& Campagnol Bast20id8hi bi ti on in the adul't AV CI



gl yciner gi cme d@AaBtAeedr gdownrtrrenbtlusgt ea mi n(oXi ef r& cNMa roir
2013b, 2013a; Net BiG,h heaweavier,, 290 bydclideenreagi ecnolr @
sl bw thanprinnmé mebnisndi ctahiennhgi btihtaotr y dte tmeer nionuer ck
by receptor and synaptic propef(Xiesé&r dMahes, tE
Extrinsic inhi iCiNoawe imeeairt sr & po rtthe€dO sitna psoof nie est
1997; Xie & . Maaiirs,prédvdal)l)endce candrgatsitst wmyyar e

further considered here.
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1. 3Ki2netics -apdmsdHdgnamics

Evokedi bitory cuvYECHantes sSlInowtehre tehvaonk e d n debxuclibt a
particul ar$gCeXiideshhtMamResedddB bsphowe de @t dilad d

gl yci n@Sdhisxcvtear-gpeéckifmeBiGcsreceive sl owly deca
whereatelll ate cells receive faster tdrehpieidteinan

speci al(iXa et i&oM™Mani s, 2013b)

Consistent with this, measspemeab 8 € #®B Gmotuhsaet V
outl ast spontaneous EPSCs by an order of magn
shapes excitability over a wider temporal win

(Campagnola &. Manis, 2014)

I n g8B6i he sl ow dedayutdeft ¢ A@@C ddiutmarayt i on i n b
vivo and i n ViKtureon zred c certd ianlg.s, 2 0.1Flo,G BNBe, r | d icrhe cet
measurements of i nhi dietrawr yWdykrageatemad 4 aabn de .s Honr tt
lr ec®dedr o kleRISCs from i dendqudneldf S&B ksj narhd c b |t
i mpl emerctoemdl uict hamgperimenéegsamine how inhibitdi

excitation

1. 3Fudnctional effects on temporal coding
Studi es odne m®»BIGs rated that i nhi bition enhance:
spi-tkieme jitter andriatreapewducibil ity and sp

sceneKsi ne & R¢i¢bsamen, 20MdbdelKiengheared jalxt acé@lll

i $B€ indicate that I nhibition el evarn tsr aihees e f
| evel fUnderonsese conditions, spi kes are pr ¢
ti med ERKSRnzel et al ., 2011)

Il n sumB&riynt e gfraasitxco somat i ¢ we x ¢i tsd toiwd ry n hdiefciatyii an
proviadinmgr ow i nt etggwagproens svi ppadomw ySttiolme,dtti me Uk ¢
remai 4 i kporworv,iad ipm e c i g esromit Ipluit be an@amd al c Oothput at |
et al ., 1994, Grothe et aCl ar i20LiOng Jmowsh &t gr

strengt hs of converigd ngnteengrbautl ebd i wiptuht si nhi bi



under sttamed i GBRC. out put

1.4 Research gap and approach

Sevesaludi esheomBRproceshsawmegy represented excit
homogen®mousxampbBamgul ti pl el wediegntittm gaissu menar i zi n
excitation with a stsbegpreRB&@€Bnchbasaestand high
( Rot hman et al ., 19093; Rudni cki & . HeHmomesrvte,r |,
anatomical recossbsuoantomas &Heowrogeneity in |
converging oti Spisionglg mbder 20 @13t) m g a shéoehs hwi ese d

heterogeneity interacts with inhibition to sh
This thesis kadawlegagewitthle t hree gui ding quest.

Excitatory heldtoewr odgoeense itthye vari ati on of excita
souddiven firing of GBCs across different aco
preci stsopni,kef irreslti abilitypfamaduemrsel e faoll cwi

sound coding?

Mor phobagegd valDoddeooal ubsaleachen excitatory inp
ar e basemor pihodeorgiyv ed endbul b si ze di stribu

reconst rruacthieanpgtahraanmeotnr i ¢ s2assumpti on

Ef fect of Whnrehniobmbtiwmoendh e-ddbuéb excit aitn hinhi thioo

shape temporal cadiwvgni mesponsesnadf GBCs?

To answer these quecdlilonsonduaatsendc ewhwllaemp r ec
GBCs. Excitatory and inhibitory inputs were d
EPSC and | PSC weawefeddrtinsy ealpypr oach was appropri
the injection depreadleinst synaypolitcagenductances
thereby closely mi mi ckidfge narumalry symaapput at
di stribution of excitatory i n-pomedst desgt hbuyt
derived from ewhdHdwl Isysiazppg i ¢ ki netics and reve
I then added inhibitieanampliict pdheg sanod ofi gatdl ki



spontaneous 1 nhi bmitnoirnyiozaec d-u v u lit éyfd o roew stt@iondui lnugs ¢
was guanosi hbeee compl ementary readoutspi k(i)
probability, |l atency, jitter), (.Tempeualt aprmedi

and rateecediaspes¥88d Cl, and crlrl Narormpiamr ivgiotnts

As a compl emen,itDalGy Appmhdaam established-adap
detection model usstnrge ntghteh sdainset rii hpat ons and
bet ween model and recordings was wused to ass

i nteracti rhgetwirtong egnnepuwiftyf i ci ent to reproduce t h

Together, this desawtnpumaprseltah @ o n npd € sGE@sat i
heterogeneity in converging akichmhdy doow i mpuat

modi fies that mapping.



2 .Al ms

Synaptic convergence and the diversity of i n
shape the computational strategies of neur on
auditory brainstem, GBCs in the CN receawvy mu
considerably in number and size even among i
structur al heterogeneity raises questions of
GBC encoding, particularly tempormamll psyeengelb
which are critical for accurate sound |l ocaliz

acoustic environments.
This question was addressed in two interconne

The first part focuses on quantifying the im
sound encoding. |Lcseilnlg cionnaMuiztir@onroveetcolredi ngs and
modeling (devel opedyoiumgc Maldaykbdtn atni ey Dii dmgt i C
mani pul ated the degree of input strength wvari

GBC responses to both pure ifmorma |l andedsi(BWAMI dd

I n the sexmrpdepadandemttar mi ned i nhi bwatso riyn ccoornpdourca
antthe excitatory wtirmulriep ead ehdld vit ioioimasa sbensdsl ul at

GBC responses

Together, these two experimental parts ai med
converging excitatory inputs and their intera

strategies of GBCs.



3. Mat eramd sMet hods

3.Kley resources table
Table 1. List of key resources
Reagern Desi gna Source l denti fif Addi ti
type referen I nf or mg
(speci ¢
resour
Chemic cy TM5 Jacksorn Cat #0Y6 814 5mg/ ml
compou|l conjug{l mmunoReg§g
drug Streptg Labor at
Chemic Bi ocyt Sig#adri Cat #B4 2 ¢ 0. 2%
compou
drug
Soft wa Matl al The Mat hfRRI D: SCR_ ( Ver si ¢
al gor i R20211
Softwa GraphP GraphPa RRI D: SCR_( Versio
al gor i Prism Soft war
Softwa l gor H Wavemet nRRID: SCR_( Versio
al gor i
Soft wa Fiji https:/ /RRI D: SCR_(
al gor i
Soft wa pCl amg Mol ecul|] RRI D: SCR_(Ver si on
al gor i Devi c e
Softwa MultiC Mol ecul|RRI D: SCR_(Ver si on
al gori 7008B Device
Comman ¢
3.A2ni mal
Al | ani mal procedures were conducted in

(TSchG A4)
t he

Depart ment

and the

of

Hu man

European

Medi ci

Uni on Di

ne,

rective

UnMeersesnegy

accor

2 |



ungui c)uloaft ubsot h sexes between postnatal days F

grohbpused under -Aostahdghtd/ dark cycle with ur

and water. All measures were taken to minimizc¢
ay potenti al pain or distress.
3.Bcute brain slice preparation

Foll owing rapidatdlecapagattah slices (200 Om)
made with a vibrating microtomd,c@lewauan WT1I2
cerebrospinal fluid (aCSF) containing (in mM)
NaH2PO4, 25 NaH€®®3, 3ilhoygiltuclo, 2 sodium pyruva
continuously bubbl ed wianhd 5 i QRaH anTed4d AT 6l I0Qe S
then incubated in standard recording smanudti on
MgGlwere changemiM &aond 112 mM, res#&ctmimeA&a)n dX 70 r
transferred to a recording chamber wi t487AChe s

for rechlirldisnaglsuti ons were prepEEHEEmM n ultrapur

3.Bl ectrophysiology

For el ectrophysiology experiments, slices wel
recording aCSF at physiAgl agidc alh etne nepoenrt a tnwroeu s(l
recording solution (a@%K) S5WalKCOahedatwiet bf 9% %L Om
recording chamber and per fcuosnitorno |il neldeatwtvbehraea i tae
temperature €edmtBr,olWaerrnefTdA nstruments), and t
monitored throughout the experiamemrti.gliNteamoose
(Axi oskop 2 PFS ptlhues ,miZceriossscope was eqluRpPppe&E, wi
DAG®MI)T, 10x avad-ierBBexr si ons Opbpepetti veAp o hRIloamat
1@/ 10Wj ecti vApWcPRFFramat 63x/ 1. 0, Zei ss)

Borosilicate gl asS€PoRplil%mam; eSci(EBadSOFEr pdl ¢ e d
a universal electrodestpuimeat sy DMB, aX adMBPparr esi



who-t el | vol t agvdicoetlela mpur reemd odmdnpct ance cl amp
when filled with an intracellP0GKuceonbuejo0c:
ethygbgéngeol t et,ralac eHERES,cid. 05 CacCl 2, 5 Na2ph
0. 3 NaGTP, and DP3&wse beredgtdvintahCsGl uco-bas ed

intracellular sol uti on-Gdarctoaniartieng &@ihrg gnE)€:lo | 1 1
tetraaceticlOaciHEPES,etra®t hyl ammoni TBQA ),hl oF i
Na2phosphocreatine, 4 M@GABPnd 00 D2 alHP, I @X
CNQX OMO or NBOD) anhd AP wéebNe i nbhleededdimg sol
(aCSF) t AMBPA/okc&ki nat e and -m¢MDAt ecdcextcart at or

transmission, respectively

Recordings were performed using an Axon Mul ti
Data acqui siti onalwapsa sisielatt ®erl®e k Hat and di gi ti z
samplimnw trbatge 1 4d48A interface (Mol ecul &d an@vi c
and condoktampceecor dd nrgesst itrhge merhdr ane potent
arouveh@d mV betrweytsmppl ying a smal |l hBorliddigneg bcaulrarr
and pipette capaciwearnec ec hneecukterdal arzdt adpust ed

accurate amdnembrane potenti al meaper emeAk s

recordings were car rtieentp eorugtt3®A&Esphysi ol ogi cal

Recordings were targeted to GBCs, which were
with a pronounced -vollt ager samgt i ol avinp | e( i i ) s o1

entry zone in cauda-li RéCHNenadmdtfici mpripheohwpagy.

3.%t i mulus Templ at e

3.55ilmul ating aufdiibbearput ner ve

To si muFsstped KAMQg lamnpgli vy @2d0,1t8h ever siaommi obr yheperi
mod el dev Blraxed(2l@L.&)Gi ven ®tANaespgeabhedel y resel
t hose obser(vweed sitreegat 2t al ., 2011; Huet,let a

utilized the model configured specifically fo

Based on previous findings indicating that G



spontaneouslay a$@Ng bg pman,, 1991; Wang et ,hbl .,

sel eanser”d of 70 smymoax/l FdfR&M r act ory periods we

mi

dpoint of the model 6s default parameter r an

(absolute: 0.45 ms, relative: 0.5125 ms).

An

atomi cal evidence indicathNF vcaonvaebrigiingy amt

GBCs, ranging fr eln2 afpipbreorxsia manilénd ycbed rtsq Epi cat se

al
i n
Gi
pr
ch
t h

co

C 2005; Spirodalkitngalt hi s20war)i abliclhiotsye iamt
termedi ate conver genGRGi ¢hel hpsAMBIfF abmngOe a

ven the narrow frequency selectivity of GE
opert iFe(sRhoofdeAN& Smi tah|] Mo&8&) ed AN inputs we.l
aracteristic frequeneyon(eCRk)t.i nbupleis N Btihosatl@Hy eodf
e stimulus tone fr egnuoednuclyat eadn d( AIMOr sammldi tsu

rresponded to the carrier frequency.

. BSi2mul ating inhibitory input

hi bitorGBCisnpwetre tcomsidéedng that neurons pr
GRCso receive direcANExcThatehygbenhopuy $pol
re generat ed ANrnoond difrh et ilkegmen pa b h.iWengys si mpl i f
sumpthanedtdoen sl ow kinetics of | P nQusmea rodi st |
hi bitory inputs. Undeaf ftehcetsiex €clogn da ot hi socn sc, o ni dnt
the fine timindittimpapgitkent ridishisethraesky | it sav
terpneiddrcog Anhaitso ciacveelatand physni alirmcdgi c atl e €
at each BC typically receives inhibitory i
ti mate of approximatéMagnil8 &nEBampaglephennadf
ow kinetics of I nhi(bXiitei od& Matnitshe 2BA 3dy n aNes
hi bitory inputs teoadndtocéwaemartaedmetniteog iamp aomti
ecviasrei atiimopwst imumbeel edthed, a representative
puts per GBC, consistent with the number ch

mpari son between excitatory and inhibitory



Tomi ni mione ¢ i nhupi poirprbtuol,Mhiiaduududt idncetal | 'y
experimentabsrgeatdtenhi biStRoegpri hpet| bwber boan
ISGN,s specifica(lLybéBmapj k&gs9s)

3.5Mo3deling synaptic input wvariation
Synamtpiuda ivagni atdehi ned as t heé)osft atnléEslgondevi at

i nput amplitudes da;vi-ded Ty styltsgiermameaam!| | y var

i npsutr e wetrtres dr aaGa nfnrtaom i sd e f b o ésthodnfipe a)and scal e

par am@ot éb)By using these settingsFsylnagpemnpeortat e
amplitudes across 3 OUlewvel sawoif ginegmuux arviaadti iadn ,or
g ; hi gh wap)iTahteieosnu,| t i ng dihsetisreipluat iaonp | otfivie d § s ¢
mat ches the histomdmggpansr ®dbgervaported from

esti maSpeisrou etToalconf2Zo2n8)t he bi onybigndhalgsoe !l e
i mpl emented synaptic strength distr(iSputrioansthb

2023)

3. 5Gedner at isrygratptd ¢ cotne@mplt ane

Sti mtlewsnducpanadisgm | | ust r.atAlecdo uisnt,ipru rget it9owleis
SAM tpansesi ndi cated | pwerae hp ee&$padd itpeerrty phery mo

to generate spike trains from 10 ANFs.



Acoustic stimulus A —

|
Auditory nerve model ANF1  _LULIRLIL i (il
ANF2 L LIt 0 LU mrrrmwrme
ANF3 L I LLOULome o v oeenmes wre
i I 1T
Simulated conductance ANF 10
ANF 2 ANF 1
ANF 3
ANF 10
£
z2
Zs | |
®
ANF #
Neuronal response 20 mv [ M
20 ms

CAIINBKSHW a0 2F O2yRdzOGF yOS! OR A bIO& a ¥ oztlA 4 2 ¥ S NIE NLIR.
'y !'bC Y2RSt (2 aAavydzZ LGS aLA1S GNXrAya FTNRBY wmn !'bC
ISYSNIGS aeylLlO O2yRdzOGFYyOS 41 3STF2N¥Ya 6A0GK RAOGSN
OINBYROEABK @FNAlFoa2y 62Nl y3aSO0d® ¢KS D./ NBaLRyaSsS i
G2t GF3S GNIOS&a AffdaAINIGS NBLNBaSyil o @S y28dviialJdkif & Sdza
0KS BaNE OF 4ST {!a &doYIWROSRAMNBDPsISR G(KS al YSs

Fot hexcitaompygnemtapti c c otna@mp It & traer &Os 0 wer e

generated by <convol vk spgi kkehet rsaimusl awedh ABN st
wavef,whmch was modeled with an alpha fun@oi or
mani pul ate | npuampH @ tt eurdeeg edwiesi bésys, b gthoe ditnfse pr e d e |

i npdutstri buti ons: no variation (v=0, all equal
(v=1)TheOtotapresented the |inearFswummat henawové

i nput strength kept constant. between input va

Fot he i niciomptoqreyepat i ¢ conductance ' empl anteer et

generated by ocomudlaviemg i tnthe bwittolr ya i saippeitt e d tryap
wavef,whmch was model ed with a fbet.a3 fnisn caridona -

20.5 oms ained from, myandecorpdiingusdeorddisntg i bat it



predehomed §viEON ailnlpaotfe tuhnei fTchreid)t ot apr esent ed
' i near summatiomi d©off talrly aopiut s

To further evaluate t mgmdd ebil nocga rcpadr aptleadu ssiybn a pi |
di stributions based on (®&Smpatromi cdal Bwec o R@di289 e n
GBCs were selected from the dataset: GBC21, |
detection mechanism (coef fdicmielogyfme fli u mr vaat i ah
condition), and GBCl8L;modkarsaymtaertii ze di nkhye gmiax
represmwnwhi g vaaoadmd)itdndg®.) To all ow direct ¢ omg
these anatomicallnfmguratateds, nphée oédmbeut of

was standardized to eight for both conditions

—o— v=04

—.- v=1
—0—GBC21
—o0—GBC18L
]
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CAIaMB {8yl L0 AylLdzi aGdNBy3aIdK RAAGNAOdza2yd RSNAGS
O2yRAB2NMMEIDE AT SR aeyl L0 aGNBYy3IGK LINRUfS& | NB &aK26
{ LIANR da nS¥io 0D f /b m 00f dzS0 SEKAOAGA NBfloa@Ste dzyATFT2NY
Y2RSN}YGS AyLWzi S NARlFaz2y YR O2yaraidcsSyid 6AGK O2AyC
d0SSLISNI RSOFe Ay AyLzi aNINByDdek &% &S ReRRESHFNY & IBEEDS (
C2NJ) O2YLI NBAR2FR RRRSNAOdzm2ya NB 20SNI I MRWAIKR YA
O2y RMa 'Y Ingkn 00sKS RI AaKSR o6f IO NE R ¢ By ND ZINRAERS P20 R A oK2A)
GSNB y2NXIfA]l SRyE@2! SCIKY LOZAASFHINI O2yaradsSyd 02 YLl
Il n this approach, synaptic i nput amplitudes
measurement sapposeaedbslubASAepradgwiadi ng a biolog
alternative to t hei ptrreidledti enck da ngralmmaud A&ASwdr i at

the endbabbmal i zed tospgpenefatescapung factors

to a stereotypical EPSC wavy@f owmreSyheaepttcompa:

the procedure described above for the excitat
anatomi cal variability whil e mai ntaining co

established for the excitatory component.

3.5Cbnductanckemgl ampnt ati on

Cmmductance clamp experiments -weaeecaetupepdbaue¢
approach deYang betd adlySpe20ibyrally, I used cCcuUs
provide-#rbadXuy runni ng8(owa vieGQWeR rRrcos , Lake Oswi
dedi cat ed sl avleh ec osnhpauvtee ¢ o mpma reirt ocroendt | amuskaudsil g/i
ti me membrane @foteatondedh®®@BE®@3IGT oanaqai siaridon
(National I nstrument-8)2@oinmeet eacei @Nat BNICa |

Pr-geenerated synaptic coendaictiCatnfcren e viefOoir bnjst or vy
were <created on a master computer and-titmansr
synaptic(excrg€ atpanyd i nHODbi)twery then computed
recorded membr(@nPanpdttemed i abrresponding synapt

(excifwat parnyd i n K b i)t oarcyc o rOchimn gl & w:



NO) O O O W W O W W

Wi twh nmaw( Kuenzel etanal ., YX®AGMi | enkovil et &
Kuenzel etFal .ex2®&rliSment s using only excitato
omi ttedal dihdeateelnt s were injected back into tF

clamp electrode used for recording.

3. Boshtoc i dentification of GBCs

To i dent iffiyl Ibedc@GBGsn after recordings, slices
di sh anidd%ipaedafor mal celeyaée ghPFAY 4AC. Fol |l ov
were rinsed six times for 5 minutes each in P
in 0. 3%-1T0r0 tionf PRREESB0 per meabi lize the tissue.
i ncubawietdh -cGwnj% ugated streptavildio®4, (5JGgkml

| mmunoRe saetarrconom t emper afduirleutfeodr i2n 5t hheo uUPFBsS T.

slices were rinsed again (6 I 5 min in PBST,
water). Al i ncelpat iwer earchrwash oOtut in the d
avoid blebBchahby, slices were mount dlognd Moiuart
medium (Cat#18606, Polysciences, Inc.) and im

using a 101 (0.3 NA) driymmnendsi@an6dbj éadat dv NA)

wavel eatgtél7 nm.

3.GBC Model

This model , origi DalGoby Asmpdaeamestend |l Byes a <co
mechani sm based on temporally aligned excitat
3. 7Gllobul ar bushy <cell mo d e |

Computational modeling of GBC responses was p¢

counting model "™ désashibdadepr @alni ghIBY nodel , e



spi ke from aFesvonddhtads AMpl|l i fied rectafkRggl ar

13) . The duration (W) of this rectangle r ema
amplitude (A) varied across the 10 inputs bas
These individual postsynaptic responsesl!l were
integrated input v(t). The model generated an

t hresdi{gl.d Fol |l owi ng an output spi keef,r atchteo rnyo dpeel

(R) during which no further spikes could be t

The adaptive threshold consistedf)ds=dttalt. cThea
static cdsmpaosn efnitxed at 1, so that postsynapt.i
normalized to this static i nput dodt ¢ s hcahladh.g e
according to the todo/dt )-doptplut + aBp Aihteu e )T) Ti(sd t
constant and S is thEeAshirkeaagdth dDHe,aqgqhepd ait ion
of u(t) was designed to mimic, i n a simplifi
adaptive mechani sms-t hne®8ICo!l dukh a@aBBanmevd s and
from other CN neurons. This adaptive threshol
poorly synchronized inputs, preverrtiigndg .t fodm f
spi ke generation mechanism i mplemented in the
produce spike time jitter. To simulate this i
a uniform di sOt.r6i bmst,i ova sofaddd.ed ti oni nige dhi sumos
was based on the spik¢etohaet ehcypgtl€@z aalm@3o mampdir e

resulted in a mean increase in response | aten
3. 7TMoz2d e | parameters and validation
I n addition to the input variation described

free parTaanbfeer Shé¢ defTaaubl2te vahuvue)ys Wwol @mnniti all
such that t he modelt osner estpiomuwsleis rteos epmbrimgd t h
conduc-thamp experi menhatmddelciomd imemsul ts wer e
not critically depend onDrt hiGoo Apeatdslfanti pal layn
these parameter values aro@ndr itghhet dced lawnhnt) .v aE

instance” with a unique par amet-teane ognbii mualta toin



only those i nsta#dcekse erxehsipbointsiensg @BC def i ned by
adopted for further testing with AM sound sti

Table 2: ModelThpat @amat emsimber of parameter

148x8x8x8 = 57 ,344. The default pBrgs:k7&8 valu
Par ameter Defaul t Ranges te
(mean) | npuA ¢ 0. 36 0.26 1T 0.52
l nput durWti g 0.7 0.2 1 1.6
Refractory Rpe| 1.7 0.8 1 2.2
Adaptati o8 st 0.9 0.2 1 1.6
Adaptation ti nle 1.1 0.3 1 2.4

The adoption <criterwyiexpaer me mtasledobsn@kyat i(dans
spont aneoustOr atsepiokfesl/os) at € 2dr svendyate >150 (
strength >0.8 for 350 HzsttathaldrsitvdadiOrag s @ing & ¢
and onset spike probabilityn>0.1%5 afdarn t3 20Q H=A
near the onset of the 3500 Hz t-on¥ietwlbs codx & RiL N
spi king pattern, characterized by a sharp pes
activity), foll owed bds at lsemedvtachaedyspok elRigg .t e &,
1A2/)D1 Specific criteria for PLN responses we
3 ms after the onset pemikni nfbMm rtetaesnidrtedRSWaHB® %
the sttatdyg spi ke rate; (6) a second peak in t
be below 600 spikes/ s; (- 3mst haef taevre rtahgee sstpiinkuel u
of thessaneadppi ke rate; and (8) a second not
hi gher than 50%t atfe tdhpi lsd eaatye. The | ast crit
PLNype PSTHs f-rymech®pHeTr



3.Bxperiment al aeasiaqmal ggrsd sd

3.8Dalt a anal ysi s

Al | data analyses wer ewrpetvitAdolr Al ds airsii pptgs c(UMA Toln
Mat hWor ks). APs were identified by-20ppidW i rEgacda
detected event was Ssubsequently verified thr
accuracy andenamav&pptie. ti ming was defined us
ti me poinAP oFi reiacdh rates were calcalaked aedgd
spontaneous condeivtoikoends . f iStiinngulrust es pweflened mg
analysis windows al i(@@h@asff otro peuaceh tsotniemurleucsor d i
PSTH recordings, and 400 mshifler s®PAMtracmewomrudsi mg
determined fwiotmhawednitody slt50mu)Tat iqguunantg i fy re
reliability, onset probabilities were evaluat
spi ke within a fixed window of 1.5 ms foll owi
aggregating spi ke ofl260epencfesiodhesmtoiscsallO®dudi t or
a bin @wimMgThheofneuron's -abckitygy perpbdse audito
pure tolAM amgnal s, was measured usiGog db,r gc
and Brown Ad®&i6O)onally, spike timing precisiaor
was assessed via the correlation index (Cl),
shuffledraetograms across stimuldserirgepet. &l on
For SAM muheur onal encoding of the stimulus
nor mal i z-edr celoasi on measure (Corr Nor m). Speci
bet ween the stimulus envelope and the corresp
adj ust ment for the neur on'ess clratbeenfcTye,b nbha seeed aan
Keine et.alCorrRoté&é) values range from O to 1,
indicates an unmodul ated neuronal riesdgiomatee tH

firing artaktee sti mul us envel ope.

3.85t2ati stical analysis

|l ndi vi dual GBC cencoirdenmeged ewdeats abmmlleoPatal ar

summarized and prissemtdead dasdemdarnt i on (SD) unl €



Statistical compari sons firnovmod ivwicduusablm es & tetestbse me a
effects of stimulus con@andeque natnldy niadsy wtit $ \savra
carried ouwawsi @agedatwad es IABOCVYAhPad Prism 8 (
Soft war eh)o.c Paasitr wi se comparisons were adjuste
Bonferroni( Bomfrercrtamih, sigd86fi cance threshold
t hroughout. Sample sizes were informed by va
rel evant( Mitl edikesi I et al ., 2NDO0 7s;t aKtuiesntziecl a le tmea

used tdetperreni ne sample sizes prior to data col



4 Resul t s

4 . Mal i dation of Conductance Clamp | mpl e
To investigate how synaptic input v a@BiCast,i on
empl oyed a ecdnadwpc taapnpcreoach t hat all ows contr ol

inhi bitory synapetmpd ad €ochuwdatcamane e cl amp provi

approxi mation of synaptic inputs compared to
injected currend meamsmledaone pbeewcgeil &al and the i
As il |l u&t glAt é&tdhe nmaster syst ee wla scplaasnepd rfeocro rwdl
and stimulus control, while the slave system

real time. The membameieompaodea@dnthy adn (Axmn Mul tic
(Mol ecul arGibreemmi d¢ehse) dynami c nature of this pro
tempor al precision and sctlabmpl istyys toefm tbheef od ®n ¢

hypotdesiven experiments.
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2F | 02y RdzO0 |+ OSSO D f WL HEK tzBRD 2 NIR NFFFANRYISFK G KS Y ad
NBalLlR2yaAroftsS F2NJ Y2YAG2NRy3a GKS YSYONIyYyS LR ai%yol f
RAIAGEFE 0! k50 AYUSNFIFIOSP ¢KS atl @S O02YLzi SNI O2y oy
ol aSR 20/ SIRNBIRY I LIe O 02y RdzOGF yOS GSYLX I (%& # ydR ChKKS

NEadzZ oyd OdzZNNByl Aad (KbBYYyIORYBDSHNEERO (G KWNE 8K @S RIAVAF
YySdzZNRY @Al GKS alyYS St SOGNRRSE Of2aray3d GKS FSSRoI ¢



Ay2aS0Ooa2ya INB LISNF2NYSR dzaAydERAIBRAYEOTEE VX Y DRX AR 0L
YSYONI yS LRGSYyoslfT L@W5/Y ReyHYHEO SGWdL YILO DOHEMMEiy S ONB
FNRY | ./ RdAdNAYIOO2YR&OII yBS NBEeB 0yAY | Oe2y LIR(GSyae
SELISNX ®SeBIOHi SR OdzZNNBy G 02Nl y3ISo FyR GKS (KS2NBa Ol
YR (y26y O2yRdzOil yGbtr2 8 &2 2 9B ADKE @RS RB/NEHYYS 842
GASE 2F | NBLINBaSyidals@gS aS3avySyid KAIKEAIKGaA | avlf
To assess sylutsemd fciodhdluicttyance templ ates ident.i
mysynaptic variation experiments (see Materia
and recorded both thaBhewmanalher d@snfpoencsteesd) (cur

simultaneously. A representative example of ¢t

waveform iBiglBoivn i n

Theihcal cul ated a theo®@etixabycapplentngriale 1 ecc
potenti al to the known condulcdsmintg tlrimpl aékc
obtained the current!l ®w,edidoct®dw b® OQhni@i t h

md @ all owing a direct comp &Orviesd Oy wnghandneas
O in Fig. elda€i minkwamr al | wa v,enfhd rcrh sthdespies t h e
systpamnedigae cul ated the cuomewmct dmslkeat enamd emen
potentHHawever, cl oser inspectisomevvtahsighghtt e
of fset betweenFitthte itimwsoett r aces (

To quantifysysiematficaltl,y lanalyzed the alignn
current trace and t heSpehceioftieada fckayhe rctualrleyn ts hir fat
relative to the other in steps of 0.01 ms (o
computed the cor rbeeltameieonn tchoeesfef iTdwek hith @t @®e n

these tw@ tr@Qces O )was utscedc al c ®blDatod tthei
poi nt wi se.Adnofnfge rtehnecsed aghi #t slata popnodut¢hfed 04
hi ghest correlation coefficient (0.9942) and

temporal alignment bFRitgveelh2 the two traces (



1.000 - 0.204
5
5 0.995- |
% 0.15
S 0.990-
]
2 0.9854
©
o 0.054
50.980—
o
0.975- 0.00-
I 1 1 1 1 I 1 I 1 1
0 2 4 6 8 0 2 4 6 8
Datapoint shift Datapoint shift

CAJddmNBIZEw o FTe@AYy3d GKS GSYLERNIt 20aSiG 0SG6SSy SELISNRAY
61/@NNBt I a2y 02SYOASYyld 06Si6SSy (GKS SELSNRYSyiGlt Oc
Fdzy Oe 2y 27F (RS IINERiAIYAID A KIAKDWODBP oh y Sy ai Na- (108SLJas I eam nank A{D SIR
RFEGF LJ2A Yol OLIGND FayiRILBIRD RSOAL a2y o6{50 2F (GKS LRAYy(GsA
RFEGF LRAyda ondnn Yaov 8AStRSR (GKS KAEKPGEI OfRNGI 4
0Sad GSYLRNYt FEtAIYyYSYyd o0SG6SSy GKS Gg2 GNI OSao

To further assess the congsriesgeatceyd otfhitshiasn albyss
di fferent synaptic stimulus conditions (high,
Hz , 1 kHz, and 3.5 kHz) in two additional GB (
alignment <consi stsehntflty odc dOu rOrde dnsagt céhar acteri z

coefficient SD(@madd Isei mp ImaMe.nt ar y

| mportantly, the observed system | atency of a
fraction (<10%) of the membraneB®i na cO@shast
ms( Cao et .alTher2é@foor)e, thi s mini mal del ay i s wu
i ntegration or spimgeorndund nbga pp eecx @ hbenme aatds u | a
and the measured current closely matched apar
faithful ¢enmnuduwcetnanc®dakenr stiognet her, t hestheanal
conductaamp system reliably darnwyhadt ker atoenldy ctt 6

waveforms with negligible temporal | ag



4 . 12Zmpact of ExcitatorGB@Enpodi Wgri ati on

4. 2SylInaptnipauMar i atnicane as e skFi GBRag e Reudtuc gesmpor al
Precision

To investigate how variatiiommug piun PyGBIst itwea en |
sel edtoed recordi ngesd@addrn ¢cihregdl tamat omi c al crit
el ectrophysi ol(dgigc aA2 BfA@B8Cs8r ey pically respond

current injections with onlwatatéeeno®Beor (&i Qe

A1 A2

B 1 inputvariation B 2 IO|M|1
' no 3 medium 3 high i
400 - 1.0 p<0.01
F|ﬂ? p<0.001 7 I_i
0D _ - ™1 <0001 < 0.8 Bt
=0 (g ree T2 Boo T
P uq o A o 8 0.6+ @B
© 200+ e | i @ - :
= | ik }V] S 0.4-
= ind 8 3 -
i 100~ 1 = | > 0.2+
0- n=15 0- S
1 1 | 1 | |
350 Hz 1000 Hz 3500 Hz 350 Hz 1000 Hz 3500 Hz
Stimulus frequency Stimulus frequency

CAIdsNBLWONBI 4S8R 48yF Ll O AyLlzi OFNRIGAtAGE SYKEyOS.
610 D./ ARSYoVUDNBRYZLBEEEORD 8o IymVWOl 2@y AYEIS 2F |
At A0S aK29Mly@ASTESRAROR sy SHWRt @Y AIUD I NI PBASs 2F GKS
(KS GeLAOIt D./ Y PRANYIK2EZRE A GaAMK REYRNRE SE® D. /  UN



O2yRAe2Yy&d t2LdzZ o2y RIFEGIE o0y ' mp0 aK2¢ GKFG KAIK
mannn FYR opnn 11T ® . 2ELX2Ga NBLNB&ASY(d YSRAI§WO I YR
Ly Lddzii @I NRI o Aif AGQRA WH RIMDIEAA A K2 BB +{ | ylLfe&aAra AyRAO
AYONBI aAy3a &yl L0 OFENARIOAfAGEYT SAaLISOALfTte G f2
{Glo&daOlf I ylfe&aAryd sREBINABRNBEOISBRAK . 2y TSNNRYA 02

Ifirst generated spi ke AtNtsaiims rfersgnemss (e p-iad com &2e0r0g
stimul.i (10 repetitions per frequency) at 350C
auditory per(iBrhuecrey emo da@h e s e 0flrBegquenci es wer e
ranges wiHserehAMit -tobushgphd8856 Hz and 1 kHz)
(3.5 kHz) beyond the typc&kahguppser ({Wahi i exto f al|
201.7)SubsequenkFtslpyi,k et hter aANNns wer e rconewnadlavégdg wie
EPSC wavefor ms t o create synapeec MebhBDhhed an
conductempéweres then directly injteotmeasuwnrte t
membr pomeé entiT@al systematically assess the linfl.a
mani pul ated the distribution of syRsaptgecnesrtateil
three disti:thot vaaotdlittiiomnput sineduam; vifviEasOPDod)

andi gh vé&rvi eFil@n (

Firistt waal yzed how variations in synaptic inp
rates ofncGR@sed i nput wvariation significant]l
response-t ooe psiriemul i at (1 kHz:ano 39KE#3 kRHiz ons .=
hi gh var ilaft85nHz, p<0.00h, comntFlast, at 350 H:
variation (v = 1) Il ed t o (anor evdaurcitaiNbdiBo nHn= a293e9r h

vari at RRP9 Hz, pFixhx3A).101,

Nexltexami ned how input variation influenced
guantified as vector strength (VS), -hBockmmgnt
periodi cGestdmetg & .Bhewrsull1%6Udemonstrlacekdi mgphb
at stimulus frequencies of 350 Hz and 1 kHz,
synaptic input variati on-lsoicgkninfgi caarctulrya crye dauc e
1 kHZ50 Hz: no Vvi@rio&2t iven Hhi @& &12i a pKiog.@PI110 .

indicating a decreaskdenme gh@bpartalv apgrieadii 0inon.n



rates but reducedTaoagenploelae se@rfeicmdi mgs suggest
variation medoifaft elsetawetemadeenhanci ng neur onal
tempor al precision, highlighting its potenti:

under di fferent acoustic conditions.

4. 2Hi2g hrepuMar i aBhioornt enlest &R c Y nlzu te desnepso Jiatl t e r

To fuguandirowyi nput variability affects differe
sust afiineildn g pi keweempigetieowat asd mid aitre dr ANponse t
kHz gwme stimulus (2@di céepet bbmeh-Is pd Kiveg et
al ., .201SMHs were then constructed from both
experimentally r echoirgde,dl 4GB@awpionigrpinklyes RPSTH i n t
i nput and-l ekipinle mah yPSTH iBloa@&RCsr omi nent onset
only the GBC PSTH i ncl udpersi oaro weoar by s t(ePdeg tf f (ea
1966; Rhode & Smith, 1986)

The reaeswletad ed that increasicnagusseydsagni €i caputr
in spike probabilitynoduwarniga ttNiBoen0 8=n sOs.t9 7hh @he v ¢
0. No. 02, p<0.Ri0Ogl.,1) In4=BL®, contrast, both sustain

rates were signisfuisdarntnleyW :i moN28asldza tison h3 gé4 v
13R30 Hz, p<0.001; spont aNlé&o Hx: vrsa ‘hargiNd tviaarn a
Hz, p<bBi Q0ZB#A B



A1 simulated AN input B10nsetspike C1

- p<0.001 15 4
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2yasSi NB3DR/y&WSE 9EF YL S NBaLRyasSa 2F !'b AyLdzi |-
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NBaLI2Yy&aS F2fift268R o0& FRIFLGIe2y (2 ID.f/2oNMa HzEaSa Y



O2yRAoaz2ya 2F f2p 606fdS0 YR KAIK 02N} y3IS0 AyLdzi o
AyAolt 2yase BB LBYRISY ®Sa (GKS adzaidlAySR UNXRy3a £ S
LINR LISNBGROS t 6 b . mY ¢KS LINPoloAfAGEe 2F 3ISYySNIey3
B NRFOATAGROYX YIONBNBISE®R . &2y LI O AyLMzi @I NX EHonatt A G @
Ya myEiSiT . HO YR ALRYEWY SXdd OONRFARAYLIDR22¢ . a 0Ip] S
I MY wl 230KSING 1E@MEBE o YAYy3 | ONRPa&d mMp NBLISsaz2ya F2Nf
Ay Ldzi @FNARFOAfAGE@® LYONBFASR OFNARIFoAfAGe mMIVARE G2
flraGSyoOe Aa aK2NISN 6V¥ meIEES NJAG SN FooaAifl AyiRd: NIRS GRSIZEAD o
AYONBIF&Sa 6AGK INBIFGSNI AyLidzi O NBREAX Rii&Z oA FBDIlAs
YSRAI yaSNJyd® NbytiS NI} y3ISa oLvwoS sA0GK 6KAaA|{SNE SEGS

YSI adzZNBYSy daod { iwlaa NBHIS | {ISBR0 ar ST aldENS&ES R bthaa &
As shown in Fig. 14Cl1l, higsei kienpat evwatl ieat bon
torial alignment cwanmpiaa teido nwTi itidwan d ehttefi @ema@.  was g u
meadwifgi-spt ke | atempy keand ititest (|l atency SD).
vari ati oh hfeiesdpuickeed Inaot evnacryi a(t N0Oo.n0 8= n8s. 1v2s . hi gh
3.0N6.09 ms,Fipg0.D4C2) whihfete-sphkeepbivagi ati on
NO. 02 ms vs. hi gWo.voa inast,i BongQ=. MAIL,3) .

Taken todhefsieedi, ngs i ndicate that | nwidedacsrieenags sy
onset response pr oebsabsitlaiitnye da nads ewehlalincas spont
Mor eover, i nput wvariability reduces onset res

precision and reliability

4. 2l.n3put Variation Enhances Fi r i-nmogd uRaatee dl r ackn

The resul tsofe ot pmwleat i oinn ®Wto ww ahrvitodr tssit ohi gt e
precision, whereas high i npNexAMsti aauil on wenlka

more closely reflect the structuyrcehaafacreatrurzal

tempor al envel,;ape felswscetnuatailonfsor speech perce
environmefVah Tasesl | et al ., 1987; Drullmaboet
ANE a@lNneur ons, envel opeai ncpoodrirtmagneg pli ay st r acki ng

patterns and conveying i nf o(rJnoartiiso neta b®@IB.C,s c2ni



i mporctoannttr i but ors to,emweinlypdaroepcedi s g onset
strong temp(arli sf i&eVYiTihy rled 22 )e , to assess wh
variability affects neantwaditngnudtcr,atGBgl a s sypnodesre

across multiple mowleurleata cogu ifrreedquenci es

If igenher at ed sHsnpilkaet etdr 8AiNns dri ven by tAlMe tAoNFe
modéBruce et wabk. uts@dd&8nerate spike traiFRs fr
responding to SAM tones. Sti mulii consisted of
modul ated by envelope frequenci eselo3df k2Hz0 cHazr,r
frequency was selected as a balance between
envel opel opchka sneg , typicall y20o0clkcHiz r icim@ rhadibacrei
frequenc(yJofriibser& Yi n, 1992; Rhoderd &pGaekeinbal g
i mposedlebyYy kHz simulation sampling-loakengFunpt
envel opes typically dec(dmreiss a& , hiag,med®EAh)uad]l
25 dB wWaRkL selteoctemsur e precise tempor al enc
frequencies of 200, 600, and 2000 Hz were sp
range of envieolcokkpengphaabsie i ti es prAdBi(dFusisy nahat
1990; Rhode & Gretembermrodi9®i4ng comprehensi ve

processing capabilities across a broad freque

Using dédeisgnedt bt smsMmtdgmati cally wvaried syn
di stributions to test how input variability a
firing rates Fof shomaetatceedaANmModul ati on <corre
envelbPipge. (15cAdnsi stent witSmiitm wi Bo atcihhmadinngd4 938
199.2)I njection of tbepeatcewnad u&GBLBsceunder di f 1
conditions (no, medi um, and high) reveéFed. di
15A2ZThe PKs in FisphowdbrA@w, -eovekkbkdpfgoagakari ati on
condiitnidoincating higher tempor al precision. By

tightly aligneidn thoi gthh ev aernivaetlioopne condi ti ons

Increasing synaptic input wvariation significal
tested modul at(668 Hreqoend@ws dtzi ors . = h8 3 hN var i
33 Hz, p<OFO0Ql,)lBH¥DbMvVversely, the temporal fid



a signidriedm®d0 dHz: no v alli &t7i ovrs .= h0 .gh7N0adOBat i

p<0. 0L, ,15BRdreaducegpor al preci sion. Similar
(Cl'), which quantifies the consistency of spil
decreased with hi(@bBheér Hznpobo v al0i &t7i ors .= h1 .gh8 v
1 NP8 05, pki0g0O0.15BBYWever, the gMEINmMeasmentngn

alignmenspokei nbeervals with tHe ogtiismeltusamagd L
significantly enhanced, especi 200 Hzat nloowanm i r
0.®MN9.18 vs. highNOafjapKiOn.0pTdBeA Al uate how GE
rates tracked t heécaltduldudtuesd etnhves-¢ roopriergd lait 2 edh ( rCa
bet ween the stimulus enveNopaebladGod rE@BEMf I gn
i mproved with increasing i nput vaariioant ifa2e)dupeanrct
Hz: no var if0t.i0o2n v=s .0 .h84gh NWDa 0ilgt ip&kidDgH A5 Fhi s
highlights that hi gher I npadi vgarcapaont nbafan:«

envel ope representation.

Taken t dggtslgenra,pt i ¢ i nput variability -wWami _g S
precision and stronger tracking of envel-ope |
ti mi ngoftfr Rldese findings suggest that Fddidheoer
GBCs may dirsaviedict byy processi ne,f fb aleanmneiemg ttel
precision for encoding fine structure and i m

through higher firing rates.
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4. 2l.mlpact of I nput Variation is Consistent wit

To test whether the effects of input variatio
under physi ol obiinepalle nteondkdieidt bows$ , Hel d si ze di st
from mouse ANFs con(ve®epigrionug eat@ytaoh pGB @O BHuod mv ar
mor phol ogical tdata eanpe at xsd Repdleslebhtaitzeedi s
were settecapproxi matrebly ouwmsalfngehdti e dhd Gvhar i at i on
condi (GBLC2sLl aQv33) and &GBCTYS®), (veseecMevalBdgs)

employing theseldwostdnaitmedudy mapt,i ¢c i nput var
realistic |Iimits and examined the resulting c
The anatomically synaptic variations produced

t one stsi muihmatri butedTharhidghl vayghawerdanr eanad
firing rates at 1 kHz and 3.5 kHz dowmplar echedo L
vari atiN@® #z9&s. hi ghN3vlarHizat ipord . ®i0#2) I THEAS 18,
wasignificantly decreased under the hisgh muadni
(350 Hz: medi um NOarOilatvisan ni gh.A&¥68®1 ,at pkiOg .0 0116 B)
Analysis of onset responses f wrptikeer I(lae eddalye d
medi um varNOatlizoms= v4ds . hi gfho .v2alr inast,i pngQ= VaBEIB)8

i ncrefwisspt ke jitter undelr khHzg:h mendpiud m viér ri 0as ti ioa
ms VvsS. hi gh vNOr.i0a3t inosn, Ed <§0.)3M66EDs e resul ts sugg:e
capacity of input wvariation to shape GBC outy

mor phol ogriocgaeln eniettye among synaptic inputs.
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heterogeneity in GBC endbulb inputs <critical
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4. 2Ef5f ects of i nput variation arecwehtiti nmgpmod e

To investigate whether these experi menttal ob
ascertainisef pthegrialrynptét omDahtesGo cdsghli dped a
computational model for GBC, which was first

the presdmMtshsdadet dhis 2node) generates an o

summed inputs exceed an adaptive threshdl d. T
trains identical i tnhowixipeeae mesndagd ,i n nitcdodei puommda,t i anrn
6highdé input variati onBi §B#&)r.o sNo taa bcloynt itnhueo unso dse

the key experimaenhalasf endiedgdFiirdi8B)g arnadt erse d(uc
tempor al precision wiRih#8Q)i.g hrehri si mrspuwgtg evsa rsi a thiaa
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sufficient t o expl ain t he ex pelrli menmal lay i o
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4. Bnhi bitory MoGBudEantcioan ngf under Excit
Vari ati on

| 8BCs, in vivedstaudiaesoushdwal |y evoked glycin
spi kes in-depshdemot wsdntoheer ,EPSP rising sl ope,
EPSP®&AP transition. By suppressing poorly ti me
phase | ocking, effecti(WKaleymzper owitdiang ,g a&i0On 1¢ o rk
2015; Kei ne .Bitr eaclt. ,f u2nOclt6i)o n a | eviden&G8Cbkoin sir

comparati vBBY dSmarlsuedi ng GBCs npud c&CM editgd lylca tnee

and dor sal CN tuberculoventBGshremeshrows,jnl BSC
anatomi cal reconstructions ((Xiper & Mensse, | 201 E
Spirou et. al., 2023)

BecabwdGBCs and SBCs receive | arge aAXNoFssmmat i c
suppormi Isluibsecolad kedmwhegt her i nhibitiorfiirnn@B
ratammal ogous Tboa8B€sess thobhsar qgqudes/toikeBISCs i n GBC
by anal yampnlg atutbeemp or a l dynami cs. Subsewareant | vy
usedgeneild athé bi t ory condard ainrctee g reantpheeatt kst ant e
cl amp pardati gmenabl encbwt d hdee ti enrt rir |mgd ii teayt ndarg@yit we e
i nput variability and inhibition modul ates G

complex auditory stimul:.

4. 3Eslt abl i shi ng nkx diittatoinomal ance by Titrating

To assess hewaipGBsG brietsipbbnn e @ 6 i, btrhaet eidn hi bi t ory cc

strengeproduce failureinawbsecovmapamnalsl. e |tho pr e
ofSBCs, inhibitory inputs were shown tod4%ubst a
of sevotked GSItQRIUD.ixAAYi | i ng ABduerliincgi tonagnoi ng st
(Nerlich et al ., 2.0 1At Keeu gnle telt e sael . f, i n2d0iln6g)s w

they provide a reasonable referemdbhe bfidroregsthiarh

early auditory processing.

Ear liiteirv o avhidt rion recordings from SBOsw heweod



dynamics of Xi ahi&b iMaina rs , 2013b;.l Kuedeeaeli et edl
recorded evowkaed HIsPSFWNWs20.,5vhmgh falls within t
reported (8 medentXsnocu s& Mandamsd 204h3rmygeMNdrn lli ch e
al ., )280f4gpsting that inhibitory inputs to GBC
their (Xutep &t Mani s, 2013b.; Kuenzel et al., 201

Ini t ieaxlcliyt,at ory synaptic conductamcienhtidmpgloatye s
conductance of vtaor ifaibnide tahmep |baluadrece strength |
i nhi bitory ¢&umgéhset esssa mteh &AtP Ffi ag9A). lr e r at e (

This approaxhoabtswed how static | evels of in
across conditions of varying excitatory inpu
constant i nhi bi t iAdrmrsu ncdeeu | dt yspupcparlesesx ci t at ory

generated inhibitor y htaewgpal lad el iwk @ Ilhy tahehiseawe a
whil e preservinhtemponalledidettityg the inhibi

assessing how excitatoryinhpbttvani abi ehapet &

Thexcitatory conductanteneempil mtleat foomom( Po0d eH
kHzwer e umsddr both no and high synalphtei cp riontpouctc
was as in other experiments, extended by i nde
stepke inhibitory input (Fig. 19A). By gradua
conductance, GBC firing rateisedeancaisemglutacy ars
(Fi g. 19C) . To determine thehbabdmdiceidon,nhi bme
inhi bitory conductance strength (as a percen:

achi e wee dtuice n

Under high i nput wvahibBttony eostdtuvongece was r
same | evel of dwhmpreasianias condition across

19COne plausible explanation for these findin;

number of strong excitatory inputs can domin
spi king even in the presence of inhibist arry c
more | ikely to reach threshold on their own,
ef f.ecltn contrast, in the no variation conditic

entire excitatory drive iIs more easily attenu
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Furthermore, the 350 Hz sti multa@ X @int arteogruyi r rea
suppress firing by 50% compar eddetpoe n3d.e5n tk Hzi,f fi

in the balance between excitation and inhibidt

The fredapeacdent di fference may be attributed
of excitatory inputs at | ower frequenlcaceki.n@At

(J

o

ris et, awhi,chl9®Mdgmotes tempor al summat i or
potential s ( EPSPspo,ssi bttt esgpsiikreg gtelmeer at i on wi |
wi ndows. To counteract this synchronized exc
guired. AedBp bd-tkeHzk i ndyi sapnedE R @RIsi miutmmat i on an
increastatyimpact of iTrhleiskei tfiioammdi ngs suggest t hat
dul ation depends not only on the strength o

shaped by both input variability and stimulus

Based on the titratChontobertvaehdcipbtramornyyl 98onduct
required to reduce firing by ~50% was -2v0a% i ed
across comai aivoemsl) .i ntrodependemnctongdat aotahteer s,
i nhi bitarby Ese=t tOi.nlg f or subsequentc eikiprei rArgh®n2t0s .
across <cell s, providing a constant operating

frequency affect GBC responses

4. 3SyZnaptic I nput Variation PreservesBdltancledp
l nhi bition

To investigate how variations in synaptic 1infy
bal anced inhibilempy otclmel dscamediusc, tt @mepé wit €ls 100

repetitions.
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