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corticalneurongo sensorystimuli within their receptivebeldscanbe
profoundlyalteredby the stimuluscontext.In visual and somatosen-
sory cortex, contextualinteractionshavebeenshownto changesign
from facilitation to suppressionlependingon stimulusstrength Con-
textual modulationof high-contraststimuli tendsto be suppressive,
butfor low-contrasistimuli tendsto befacilitative. This trade-offmay
optimize contextualintegrationby cortical cells and has beensug-
gestedto be a generalfeatureof cortical processingbut it remains
unknownwhethera similar phenomenoroccursin auditory cortex.
Herewe usedwholecell andsingle-unitrecordinggo investigatehow
contextualinteractionsin auditory cortical neuronsdependon the
relative intensity of maskerand probestimuli in a two-tonestimulus
paradigm.We testedthe hypothesisthat relatively low-level probes
shouldshowfacilitation, whereagelatively high-level probesshould
showsuppressionWe foundthatcontextuainteractionsvereprimar-
ily suppressivecrossall probelevels, and that relatively low-level
probeswere subjectto strongersuppressiorthan high-level probes.
Theseresultswere virtually identical for spiking and subthreshold
responsesThis suggestshat, unlike visual cortical neuronsauditory
corticalneuronsshowmaximalsuppressiomatherthanfacilitation for
relatively weak stimuli.

INTRODUCTION

Contextual interactionsare a general feature of cortical
sensoryinformation processingStimuli presentedutsidethe
classicakeceptivebeldcanmodulatethe responséo stimuli at
the centerof the receptivepbeldin visual, somatosensorand
auditory cortical neurons(Allman et al. 1985; Brosch and
Schreinerl997; Calford and Semple1995; Nelsonand Frost
1978; Phillips and Cynader1985; Reale and Brugge 2000;
Simons1985;Zhangetal. 2005).Thesecontextuainteractions
include both suppressiomndfacilitation andmay be involved
in perceptualgroupingeffectssuchas bgure-groundegmen-
tation,contourcompletion forward masking,andotheraspects
of visualor auditorysceneanalysis(Albright andStoner2002;
Micheyl et al. 2007). In studiesof visual cortex, centerand
surroundstimuli areusually (but not always)presentesgimul-
taneously,and cortical contributionscan be isolatedwith the
useof orientedstimuli. In studiesof auditory cortex, central
contributionsaretypically isolatedwith the useof a sequential
two-tone (forward masking)paradigmin which the prsttone
(termedthe maskey modulatesheresponséo the secondone
(termedthe probg. Sequentialpresentatiorof surroundand
centralstimuli canalsoproducefacilitation andsuppressiotn
visualcortexandsomatosensorgortex(Lorenceatetal. 2001;
Simons1985) as well as enhancedr reducedsensitivity in

visual and auditory psychophysicalktudies (Oberfeld 2007;
Polatand Sagi2006; Tadinet al. 2006; WatsonandNachmias
1977). This raisesthe possibility that contextualinteractions,
whethersimultaneousr sequentialmay be a generalcortical
phenomenonthat sharesimportant featuresacross sensory
modalities.

In primaryvisual cortexandprimary somatosensorgortex,
context-dependenenhancementnd suppressionappearto
dependon the relative level (or contrast)of the probe(Levitt
andLund 1997;Mooreetal. 1999;Polatet al. 1998; Sengpiel
etal. 1997; Toth et al. 1996). For high-level or high-contrast
probes,contextualstimuli tendto causesuppressionkor low-
level or low-contrastprobes,contextualstimuli causefacilita-
tion. This cross-ovebetweerfacilitative andsuppressiveon-
textual interactionsmay optimize the tradeoff betweensensi-
tivity and specibcitydependingon the reliability of sensory
informationand hasbeensuggestedo be a generalfeatureof
corticaldynamicgMooreetal. 1999).In auditorypsychophys-
ics, similarly, forwardmaskersiecreas¢he perceivedoudness
of the probewhenthe probeis higherin level thanthe masker,
but increasethe perceivedloudnessof the probe when the
probeis lower in level thanthe masker(Galambostal. 1972;
Oberfeld 2007). This raisesthe questionof whetherauditory
cortical neuronslike visual and somatosensorgortical neu-
rons, exhibit a similar cross-overbetweenfacilitation and
suppressiordependingon the relative level of the probe.In
primary auditorycortex,however,contextuainteractionshave
generallybeenstudiedat only a singleprobelevel (Broschand
Schreiner2000,1997; Calford and Semple1995; Malone and
Semple2001; Shammaand Symmesl985; Sutteret al. 1999).
It is thereforeunknownwhethertherelativeintensityof masker
and probestimuli regulatesvhethercontextualinteractionsin
auditory cortical neuronsare facilitative or suppressive.

Severalinesof evidencesuggesthatcontextuainteractions
may be mediatedby the subthresholdreceptive beldNthe
regionoverwhich stimuli canevokesubthresholgostsynaptic
potentialsNwhichextendsbeyondthe classicalreceptivebeld
debnedy spikingresponsegBringuieretal. 1999;Kaur etal.
2004). Imaging and intracellular recordingsin visual and
somatosensoryortex have shown that subthresholdinputs,
including both excitatoryandinhibitory inputs,canbe evoked
from outsidethe classicalreceptivebeldandmay be mediated
by intracorticallong rangehorizontalconnectionsn combina-
tion with localinhibitory circuits (Bringuieretal. 1999;Hirsch
andGilbert 1991;Horikawaetal. 1997;Kaur etal. 2004;Toth
et al. 1996). The cross-ovelbetweenfacilitation and suppres-
sion,dependingn probelevel, hasthereforebeensuggestedo
refecta shift in the balanceof excitation and inhibition in
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cortical networks (Polat et al. 1998). At low probe levels,
surroundstimuli may primarily evokedepolarizatiorvia exci-
tatory horizontal connectionswithout being able to activate
localinhibition. High-levelprobesmayrecruitlocal inhibition,
which canthenbefurtherdrivenby horizontalconnectionsand
may havegreateiinf3uencehanthe excitationfrom thosesame
connectiongSomerset al. 1998).Alternatively, if the balance
of excitationand inhibition is different betweenfeedforward
andfeedbackcircuits (ShaoandBurkhalter1996),a shift from
facilitation to suppressiorcould arise from a shift from the
dominanceof feedbackinputsto feedforwardinputs. In the
auditory system suppressiveffectsfrom outsidethe classical
receptive beld are seenfrom the cochlear nucleusto the
auditorycortex.The suppressioseenin auditorycortexcould
therefore be inherited from lower levels or could involve
further synapticprocessingn the cortex.However,contextual
interactionsatthelevel of thesubthresholdeceptivebeldhave
not beenwell characterizedn auditory cortex,andit remains
unknown how excitatory and inhibitory subthresholdnputs
contributeto facilitation and suppressiorf spiking responses
(Ojima and Murakami 2002; Tai and Zador 2001; Wehr and
Zador2005).

Here we used whole cell and single-unit (extracellular)
recordingsto investigatehow contextualinteractionsin audi-
tory corticalneuronsglependn therelativeintensityof masker
and probe stimuli in a two-tone stimulus paradigm.We hy-
pothesizedhat in auditory cortex, the dependencef contex-
tual interactionson probe level would be similar to that
observedn visual and somatosensorgortex. Specibcallywe
testedthe prediction that relatively low-level probesshould
showfacilitation, whereasrelatively high-level probesshould
showsuppressionWe found that contextualinteractionswere
primarily suppressivacrossll probelevelsandthatrelatively
low-level probeswere subjectto strongersuppressiorthan
high-level probes.Theseresults were virtually identical for
spiking and subthresholdesponsesThis suggestghat, unlike
visual or somatosensorycortical neurons,auditory cortical
neuronsshowmaximalsuppressiomatherthanfacilitation for
relatively weak stimuli.

METHODS
Physiology

We recordedfrom the left primary auditory cortex of 29 anesthe-
tized (30 mg/kg ketamine, 0.24 mg/kg medetomidine)rats aged
19D40 dayspostnatal(meanage: 26 days).All proceduresverein
strict accordancevith the National Institutesof Health guidelinesas
approvedby the University of OregonAnimal Careand Use Com-
mittee. Recordingswvere madefrom primary auditory cortex (A1) as
determinedy the frequency-amplitudéuning propertiesof cellsand
local beldpotentials We recordedrom all subpialdepthg(mean:397
I'm, range: 140D800 ! m, as determinedfrom micromanipulator
travel). For single-unitrecordings,we usedthe cell-attachedpatch
method(DeWeesetal. 2003),which providesexcellentsolation.For
whole cell recordingswe usedstandardblind patch-clampmethods
(Wehr and Zador 2003). Internal solution contained,in mM, 140
K-gluconate, 10 HEPES, 2 MgCl,, 0.05 CaClL, 4 MgATP, 0.4
NaGTP,10 Na,Phosphocreatingnd10 BAPTA, pH 7.25,diluted to
290 mosM. Cell-attachedand whole cell recordingswere madein
currentclamp(l ! 0) modeusingan Axopatch200b ampliber.

1617

Stimuli

We presente@5-mspuretoneswith 2-ms10D90%cosine-squared
ramps,samplingrateof 200kHz, usinga 24-bit Lynx22 soundcarda
StaxSRM-717driver and SR-303speakerin free-peldconbguration
(speaketocatedl15 cm lateralto, andfacing, the contralaterakar)in
a sound-isolationchamberwith anechoic surface treatment. This
systemwas calibratedusing a Bruel and Kjaer 2670 microphone
positionedwhere the ear would be without the animal present.We
initially characterized¢haracteristidrequencyandthresholdfor each
cell, typically usinga pseudorandomlinterleavedarrayof toneswith
16 frequenciedogarithmically spacedfrom 1 to 40 kHz, and seven
levelsfrom 0to 80dB. We useOdB@o indicateOdBSPLGhroughout.
We debnedcharacteristidrequency(CF) asthe frequencyat which
spikes(for cell-attachedecordings)or synapticpotentials(for whole
cellrecordingsouldbereliably evokedatthelowestintensity,which
we in turn debPnedasthreshold Cellswithout a clear CF (dueto poor
tuning or responsivenessyere not includedin this report. We used
two different two-tone (forward masking)stimulusdesigns one that
useda wide rangeof maskerfrequenciesandanotherthatuseda wide
rangeof probelevels.1) The brsttwo-tonestimulususedmaskersof
16 bxedfrequenciedogarithmically spacedrom 1 to 40 kHz, and5
bxedlevelsfrom 0 to 80 dB. The maskerwas followed by a probe
with onset80, 125, or 200 ms after maskeronset. We set probe
frequencyto the characteristiérequencyfor the cell, andselectedwo
probelevels: one low level, " 10©20dB abovethreshold,and one
high level, typically 80 dB or (for strongly nonmonotoniccells) the
highestlevel that evokeda robustresponseAll masker-probeom-
binationswere pseudorandomlynterleaved2) The secondtwo-tone
stimulusconsistedof a single maskerfrequency,at CF, anda single
probefrequency,also at CF, but had sevenbxed maskerand probe
levelsfrom O to 80 dB. For both two-tonestimulusdesignswe used
a 500-msinter-stimulusinterval (betweenthe end of eachprobeand
the onsetof the next masker),and we presenteda minimum of 10
repetitionsof eachmasker-probeombinatioraswell as10repetitions
of eachprobetonein isolation.

Analysis

Because we used multiple recording technologies and stimulus de-
signs, we briey summarize here the numbers of cells recorded under
different conditions. Our sample consisted of 73 cells of which 18 were
whole cell recordings and 55 were single-unit recordings. Of the whole
cell recordings, we used the two-probe-level stimulus in 14 cells and
the seven-probe-level stimulus in 7 cells (and both in 3 cells). Of the
single-unit recordings, we used the two-probe-level stimulusin 31 cells
and the seven-probe-level stimulusin 46 cells (and both in 22 cells). For
our andysis of spiking responses, we pooled whole cell and single-unit
recordings, producing a sample of 45 cells for the two-probe-level
stimulus and 53 cells for the seven-probe-level stimulus.

We extractedspike times from whole cell and single-unitrecord-
ings by high-passpltering and thresholding.We digitally removed
spikesfrom wholecell recordingdo isolatesubthresholdesponseby
clipping spikes at a Pxed threshold of 20 mV above the mean
membranepotential (averagedacrossthe entire recording)and then
low-passbpltering at 100 Hz. This providesa reasonablestimateof
the subthresholdmembranepotential response uncontaminatedy
spikes (Azouz and Gray 1999; Carandini and Ferster 2000) (see Fig. 1 for
an exampleof raw and subthresholdraces).We quantibPedspiking
responsesising the spike countin a window following tone onset
(matchedto responsdatencyanddurationfor eachcell). We quanti-
Ped spontaneou$ring ratesusing the spike countin a window of
matchedduration prior to tone onset. We quantibeddepolarizing
subthresholdesponsedy measuringpeakmembranepotentialin a
similarly dePnedvindow (relativeto the Orestingddmembranepoten-
tial measuredduring a baselineperiod 40D50ms prior to stimulus
onsetandaveragedicrossan entirestimulusprotocol). We quantibed
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probe
alone

masker:
2.1kHz, 80dB

masker:
7.2kHz, 80dB

probe:
6kHz, 80dB

10mV
100ms

Fic. 1. Examplesof spiking and subthresholdesponseso 2-tonestimuli.
The 1sttone(red)is termedthe maskerandthefollowing tone(blue)is termed
the probe. Spike countsfor both single-unitand whole cell recordingswere
measuredn time windowsfollowing the masker(red region)andprobe(blue
region).In whole cell recordingswe alsoisolatedsubthresholdesponsedy
digitally removingspikes(red and blue traces)and measuringpeakdepolar-
izationin the sametime windows.Insetshowsthe subthresholdesponsgwith
spikes removed)to the probe in isolation, averagedacrosstrials. Masker
frequencyand level were varied, whereasprobe frequencywas pPxed at the
characteristidfrequencyof the cell (here 6 kHz) and presentedat different
levels. Note that the 2.1-kHz maskerevokeda large responsebut causedno
suppressionthe 7.2-kHz masker|[closer to characteristicfrequency (CF)]
evokeda weak responsebut causedtotal suppressionToneswere 25 ms in
duration;intervalbetweermaskemnsetandprobeonsetwas80 msfor thisand
all subsequenipgures.

tone-evokedhyperpolarizationby measuringminimum membrane
potentialfor isolatedtoneresponsegglativeto rest,in a bxedwindow
0D350ms after tone onset.We quantiPedsuppressivébandwidthas
thecontiguousregionin which spikingresponsesverereducecbelow
a criterion of spontaneouspike count # 20% of peak spike count
(Sutterand Schreinerl991; Sutteret al. 1999).

We quantiPedcontextualmodulationwith a measure(contextual
modulationindex, CMI) debnedas

. Rusp# Re
Rusp$ Re

whereRy,. p is the responsdeither spike countor peakdepolariza
tion) to the probefollowing a masker,andR;, is the responsdeither
spikecountor peakdepolarizationjo the probepresentedh isolation.
This measurevariesfrom $ 1 (completesuppressiono # 1 (maximal
facilitation) andhasa valueof 0 whenthe maskethasno effecton the
probe. This measures well behavedfor nonnegativeresponse$ut
can be ill-conditioned for negativeresponsesSpike countswere by
debnitionalwaysnonnegativeput in rare casesspontaneousnem-
branepotentialBuctuationcausechegativepeakdepolarizationsand
we thereforetruncatedCMI at %1 for subthresholdesponseskor
statisticalgroup comparisonsve usedthe pairedt-testexceptwhere
otherwisenoted.Error barsindicatedSEs.

CMI

RESULTS
Spikingresponses

We measureaontextuaimodulationof neuronsn Al using
a two-tonestimulusparadigm.This stimulusconsistedof two

B. SCHOLL, X. GAO, AND M. WEHR

brief (25 ms) pure tonesseparatedy an 80-msinterval; we
referto the Prsttoneasthe maskerandthe secondoneasthe
probe.An exampleof subthresholéndspikingresponsesf an
auditorycorticalneuronto maskerandprobetonesis shownin
Fig. 1. In this neuron,a 2-kHz maskerhadlittle effecton the
responsedo the 6-kHz probe,whereasa 7-kHz maskercom-
pletely suppressetheresponséo the sameprobe.Thusstrong
maskingwasevokedby tonesnearthe characteristiérequency
(6 kHz for this cell) aswastypical for the cellsin our sample
and consistentwith previous reports (Brosch and Schreiner
1997; Calford and Semple1995; Sutteret al. 1999; Tai and
Zador2001).

This alsoillustratesthat strongmaskingcanbe evokedeven
by tonesthat produceweak subthresholdresponsesand are
thereforeoutsideof the receptivebeld as debPnedby spiking
responsesThis phenomenorhas beenreferredto as lateral
suppressioror lateralinhibition (Broschand Schreiner1997;
CalfordandSemplel995),althoughasillustratedin Fig. 1, we
observedhatthis responsesuppressionvasuncorrelatedvith
the strengthof hyperpolarizinginhibition.

To characterizethe contextualmodulation of spiking re-
sponses,we measuredspike counts evoked by the probe
stimulus(blue regionsin Fig. 1) in 45 neurons(14 whole cell
recordingsand 31 single-unit recordings). An example is
shownin Fig. 2. The spiking responsegvokedby the masker
componentof the two-tonesequenceare shownin Fig. 2A,
revealingthe V-shapedreceptivebeld. Figure 2B showsthe
spiking response$o a high-level (80 dB) probeat the charac-
teristic frequency(CF) for this neuron(3.4 kHz). The maskers
evoked a V-shapedregion of suppressioncenteredon the
receptivepbeld of the cell. We then testedwhetherthe same
maskersvokedfacilitation for a relatively low-level probeby
reducingthe probelevelto 30 dB (choserto be" 10dB above
thresholdfor this cell). When we usedthis low-level probe
(Fig. 2C), theextentof thesuppressiveegionwasin factlarger
for the responseso the low-level probethanfor responseso
the high-levelprobe.

This wastrue acrossall cellsin our sample.To averagehe
responseproblesacrosscells, we alignedresponsegroblesto
the characteristidrequencyfor eachcell. Figure 3A showsthe
spiking response$o the maskersaveragedacrossthe popula-
tion (n ! 45 cells). Figure 3, B and C, showsthe spiking
responseso high- and low-level probes,averagedacrossthe
population.The high-levelprobesweretypically 80 dB or for
strongly nonmonotoniccells were the highest level which
evoked a response(mean: 76 dB, range: 30b80 dB). The
low-level probe levels were chosento be the lowest level
which evokeda robustresponsetypically 10020dB above
threshold (mean: 10 dB, range: $ 10040 dB). Suppressive
regionswerecenteredn the CF of eachcell. Acrosscells, the
extentof the suppressiveegionwassmallerfor the high-level
probe and larger for the low-level probe. To quantify this
effect, we measuredhe bandwidthof the suppressiveoneat
20 and 40 dB abovethreshold.Suppressivebandwidthwas
signibcantlygreaterfor low-level probesthan for high-level
probes(by 0.76% 0.24 octavesat 20 dB abovethresholdP &
0.001;by 0.76% 0.21 octavesat 40 dB abovethreshold P &
0.001).

High-level probestypically evokeda higherbring ratethan
low-level probes,andthe raw spike countsshownin Fig. 3, B
and C, include this effect as well as the differencein the
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masker response
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high level probe response
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low level probe response
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1.0 21 44 91 19 40
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Fic. 2. Forwardsuppressionf spikingresponsewasgreateffor low probe
levelsthanfor high probelevels:examplecell. A: spikingresponsesvokedin
an auditory cortical neuronby the maskercomponenbf the 2-tonesequence,
showingthe spikingreceptivebeld.CF was3.4 kHz andthresholdwas20 dB.
B: spiking responsegvokedby a high level probe(80 dB, 3.4 kHz). Note the
blue region of suppressiorcenteredon CF. In this neuron,therewas also a
small region of facilitation aboveCF. C: spiking responsegvokedby a low
level probe(30dB, 3.4 kHz). Notethe greaterextentof the suppressiveegion
for the low level probe.Responseto the probesin isolationareindicatedby
thearrowheadn color bar(bothhighandlow levelisolatedprobesevokedthe
samespike count).

amountof contextualmodulation.To isolate the contextual
modulationeffect,we computeda contextuaimodulationindex
(CMI, see meTHoDS) by comparing responsego the probe
following a maskerwith responsego the probein isolation.
This measurevariesfrom $ 1 (completesuppressionjo # 1
(maximal facilitation) and hasa value of 0 whenthereis no
contextualmodulation.Figure 3, D andE, showsthis measure
of contextualmodulationaveragedacrossthe population.The
extent and depth of suppressionvere greaterfor low-level
probesthanfor high-level probes.Figure 3F showsthe mean
contextualmodulation index, averagedacrossall tonesand
cells, indicatingthat low-level probeswere signibcantlymore
suppressethanhigh-levelprobegP & 0.001).To quantifythe
extentof the suppressiveone we countedhefractionof tones
thatevokeda CMI signibcantlybelow zero.Acrossthe popu-
lation, the extent of the suppressivezone was signibcantly
greaterfor low-level probes(36%) thanfor high-levelprobes
(23%, P & 0.05). Acrossthe population,the extentof facili-
tation (quantipedasthe fraction of toneswhich evokeda CMI

1619

signibcantly greater than 0) was small (1%) and was not
signibcantlydifferent betweenhigh- andlow-level probes.

Theseresultssuggesthat contextualmodulationof spiking
responsess largely suppressiveand is greaterfor low-level
probesthan for high-level probes. This castsdoubt on the
hypothesisthat contextualmodulationis facilitative for low-
level probelevels.We wonderedhowever whetherthe useof
only two probelevels(1 high and1 low level, nearthreshold)
might haveled us to miss facilitation occurringfor a narrow
rangeof probelevels(Broschand Schreiner2000). We there-
fore varied probelevel acrossa wide rangeto systematically
explore the effect of probe level on contextualmodulation.
Becauseof the combinatorialincreasen the time requiredto
presentall possiblecombinationsof maskerand probe, we
useda singlemaskerfrequency(at the characteristiérequency
of the cell). Figure4A showsthe spiking responseo the probe
as a function of probe level averagedacrossthe population
(n! 53cells).As maskelevelwasincreasedfrom blueto red
lines), probe responsesvere progressivelysuppressedFor
very low-level probes,this suppressionwas poorly debned
becausethere was only a weak responseto the probe in
isolation. As probe level was increasedthe amountof sup-
pressionbrstincreasedas the probe responsebecamelarger
andsuppressiomvasmeasurableAs probelevel wasincreased
further, the amountof suppressiorthen decreasedconsistent
with a competitiveinteractionbetweerthe proberesponseand
the suppressionnducedby the masker.Figure 4B showsthe
amountof suppressioffCMI) asa function of probelevel and
maskeilevel. Theamountof suppressiodependedtronglyon
maskerlevel but more weakly on probe level. This can be
clearlyseenn Fig. 4C, which showstheamountof suppression
for each masker level averagedacross probe levels. The
amountof suppressiondependedstrongly on maskerlevel.
Figure 4D showsthe amountof suppressiorfor eachprobe
level averagedacrossmaskerlevels. The amountof suppres-
sion showed a U-shapeddependenceon probe level with
maximalsuppressiorevokedat intermediaterobelevels.This
suggeststhat suppressiorwas poorly debnedfor very-low-
level probes,was maximal for intermediateprobes,and was
reducedfor very-high-levelprobes.The dependenc®f sup-
pressionon both maskerand probelevelswas highly signip-
cant(P & 0.001,2-way ANOVA).

We did not observefacilitation at the populationlevel, as
canbeseenn Figs.3 and4. However,51%of thecells(37/73)
showed statistically signibcantfacilitation for one or more
masker-probeombinationsTo quantify the extentof facilita-
tion and suppressionwe countedthe fraction of tonesthat
evokeda CMI signibcantlygreateror lessthan 0. Typically,
the extentof facilitation was quite small (mean:2%, range:
0B22%n! 73cells).In contrastall cellsshowedstatistically
signibcantsuppressiorfor one or more toneswith a much
greaterextent(mean:30%, range:0D94%n! 73 cells). The
extentof facilitation andthe extentof suppressiomwere neg-
atively correlatedacrosscells (regressiorslope!  $ 0.05,r? !
0.09, P & 0.001), suggestingthat cells that showedgreater
suppressioriendedto show lessfacilitation, but theredid not
appearto be any distinct subpopulationof cells. To assess
which toneswere mostlikely to evokefacilitation or suppres-
sion, we measuredhe numberof cells showing statistically
signibcantfacilitation or suppressionfor each maskerand
probecombination.As shownin Fig. 5, A andB, suppression
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Fic. 3. Forwardsuppressiomf spiking responsesvasgreaterfor low-level probesthanfor high-levelprobes:populationdata.A: spiking responsegsvoked
by themaskeraveragedcrosghepopulation(n! 45cells).Responserobleswverealignedto the CFfor eachcell. B: spikingresponsesvokedby thehigh-level
probe.Notetheblueregionof suppressiocenteren CF. C: spikingresponsesvokedby thelow-level probe.Notethe greaterextentof the suppressiveegion.
D: meancontextuamodulationindex (CMI) for theresponseto the high level probe.Suppressiomvascenteredn CF, andno facilitation wasevident.E: mean
CMI for the responseso the low-level probe.Note the greaterextentof the suppressioras comparedwith the high-level probe.F: meanCMI (contextual
modulationindex) averagedacrossall tonesand cells, for low- and high-level probes.Suppressionwas strongerfor low-level probes.

was centeredon the receptive Peld and dependedon both
masker and probe level. The percentageof cells showing
signibcantsuppressionvashighestfor high maskerevelsand
for relatively low-level probelevels. In contrast,facilitation
was much less prevalentand did not dependon maskerfre-
guency,maskerevel, or probelevel (Fig. 5, C andD). When
we systematicallyvaried probe levels over a wide range,we
againobservedhat the greatesincidenceof suppressionwas
for high maskerlevelsandfor intermediateprobelevels (Fig.
5E). The incidenceof suppressiomwasreducedfor very-low-
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level andvery-high-levelprobes.The incidenceof facilitation
was low (Fig. 5F) and did not dependon maskeror probe
levels.The incidenceof facilitation wassimilar for monotonic
cells (27/56,48%) and for nonmonotoniccells (10/17,59%).

Although the predominancef suppressiowe observeds
consistentwith previouswork (Brosch and Schreiner1997,
2000; Calford and Semple1995), we wonderedwhetherthe
relative strength or extent of facilitation might dependon
the interval betweenthe maskerand probe. To addressthis
issue,we varied the interval between masker and probe over the

masker level

——hnone

——0dB

——13dB
27 dB FIG. 4. Forwardsuppressiorependedn both maskerand
40 dB probg levels. A: spiking responsesavoked by the probeas a
53 dB function of probe level, for a wide range of maskerlevels,
67 dB averagedicrosghe populatlor_1(n I 53cells). Dlﬁe_rentmasker

levels are shownby coloredlines (maskerlevels indicatedin
~80dB legendat right, Onone@dicatesthe responseo the probein
T =spont.  jsolation).B: meanCMI asfunction of probelevel, for arange

of maskerlevels, averagedacrossthe population. Different
maskeievelsareindicatedby coloredlines.C: meanCMI asa
function of maskerlevel, averagedacrossprobe levels. Sup-
pressiordependedtronglyon maskeilevel. D: meanCMI asa
function of probe level, averagedacrossmaskerlevels. Sup-
pressionwas strongesfor intermediateprobelevels.

J NeurophysiokvoL 99 ¥APRIL 2008¥WwWWw.jn.org

800z ‘0T |Udy uo Bio ABojoisAyd-ul woly papeojumoq



http://jn.physiology.org

LEVEL DEPENDENCEOF CONTEXTUAL MODULATION IN AUDITORY CORTEX

% cells suppressed,

1621

% cells suppressed,
A o low level probe B o high level probe
S8 B © 80! 1 100
260 2 60 3
2 40 2 40 50
9] )
Z 2 Z 2 R
© © 0
€ 2111001121 € 2111001121
masker frequency, masker frequency,
octaves from CF octaves from CF Fic. 5. Incidenceof suppressiorwas greaterfor low-level
probesthan for high-level probes.A: percentageof cells that
o cells facilitated % cells facilitated showedsignibcansuppressiomf the responseo the low-level
C low level robe, D high level robe, probe,asa function of maskerfrequencyandlevel. B: percent-
% P % 9 P 100 ageof cells that showedsignibcantsuppressiorfor the high-
- 80 - 80 » level probe. C: percentageof cells that showed signibcant
2 60 2 60 2 facilitation for the low-level probe.D: percentagef cells that
2 40 2 40 50 2 showedsignibcantfacilitation for the high-level probe. Inci-
_g:> 20 E 20 OO denceof facilitation waslow and did not dependon stimulus
o 0 2 0 & parametersE: percentagef cells that showedsignibPcantsup-
g £ 0 pressionasa function of maskerandprobelevel. Incidenceof
-2.1-1.10.01.1 21 -2.1-1.10.01.1 21 suppressionwas highestfor high maskerlevelsandintermedi-
masker frequency, masker frequency, ateprobelevels.F: percentag®f cells that showedsignipcant
octaves from CF octaves from CF masker level  facilitation, asa function of maskerand probelevel.
E % cells suppressed F % cells facilitated o ?Sdc?B
100 100
%) %) 27 dB
@ 75 § 75 40 dB
5 50 5 50 53 dB
xR 25 xR 25 67 dB
0 ———= ——80dB

0 132740536780
probe level, dB

0
0 132740536780
probe level, dB

range 80D200msin a subsebf cells. This rangeof intervalsis
within the rangefor which facilitation has been previously
reported(Broschand Schreiner2000).We found thatincreas-
ing theinterval from 80 msto either125ms(n! 13 cells)or
200ms(n! 10 cells)did not signipcantlyincreasehe extent
of facilitation. Increasingthe interval to 200 ms (but not 125
ms) signibcantlydecreasedhe extent of suppressionP &
0.001, Wilcoxon signed-ranktest), consistentwith previous
reportsthat forward suppressionn auditory cortical neurons
lasts" 150 ms (Broschand Schreinerl997). Thusthe limited
extentof facilitation, and the absenceof any dependencen
maskeror probe level, was true over a range of intervals
betweenmaskerand probe.

Subthresholdesponses

These results suggestthat the contextual modulation of
spikingresponses primaryauditorycorticalneurongemains
suppressiveacrossa wide rangeof probelevels,in contrastto
the facilitation seenfor low-contrastcentralstimuli in primary
visual cortex (Polat et al. 1998; Toth et al. 1996). Because
contextualmodulationis thoughtto be mediatedby subthresh-
old inputs(Moore et al. 1999;Polatet al. 1998),we wondered
whetherwe might seefacilitation at the level of subthreshold
depolarizationsSimilarly, we wonderedwhethersuppression
might be mediatedby hyperpolarizingnhibition or if we could
observanteractiondbetweerfacilitation andsuppressiomatthe
level of the membranepotential. To addresghesequestions,
we recordedmembrangotentialresponseso two-tonestimuli
usingwhole cell methods.To analyzecontextualeffectssep-
aratelyfor spikesandsubthresholdnputs,we removedspikes

from membranepotentialtracesusing a spike clipping proce-
dure(AzouzandGray 1999;CarandiniandFerster2000)[Fig.
1, seemeTHODS, spiking datafrom whole cell recordingsare
includedin the precedinganalysis(Figs.3 and4)]. We referto
theresultingnonspikingcomponenbf the membrangootential
responsasthe subthresholdesponséeventhoughthat stim-
ulus could haveevokeda spike).

An exampleof subthresholdesponseso two-tonestimuli is
shownin Fig. 6A with masker(red) and probe (blue) regions
indicated. To quantify probe responsesywe measuredpeak
depolarizationin a window following probe onset(blue re-
gions). The peakdepolarizationin responsdo the maskeris
shownin Fig. 6B, illustrating the V-shapedsubthresholde-
ceptivepeldfor this cell. Figure 6C showsthe peakdepolar-
izationin responseo a high-level (80 dB) probeat the CF for
this neuron(20 kHz), and D showsthe peakdepolarizatiorin
responseo a low-level (0 dB) probeat the samefrequency A
V-shapedegionof suppressioncenteren thereceptivebeld
of the cell, canbe seenfor the subthresholdesponse$o both
probelevels. As with spiking responsegFigs. 2 and 3), the
extent of this subthresholdsuppressiorwas smaller for the
high-levelprobeandlargerfor the low-level probe.

Thiswastrueacrossall cellsin our sample Figure7A shows
the subthresholdesponseso the masker alignedto the char-
acteristic frequency for each cell and averagedacrossthe
population(n ! 14 cells). Figure 7, B and C, shows the
subthresholdresponsedo the low- and high-level probes,
averagedacrossthe population.Acrosscells, the suppressive
regionwas smallerfor the high-level probeandlargerfor the
low-level probe.Figure7, D andE, showsthe CMI computed
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FiIG. 6. Forwardsuppressionf subthresholdesponsesvasgreaterfor low-level probesthanfor high-levelprobes:examplecell. A: subthresholdesponses
evokedby masker-probeombinationgdor anauditorycortical neuron.Redregionsindicateresponse$o the masker,andblue regionsindicateresporsesto the
high-level probe (20 kHz, 80 dB). Meansof 10 trials. Note the absenceof hyperpolarizinginhibition during forward suppressionB: peakdepolarizationin
responseo the masker(red regionsin A) showingthe subthresholdeceptivebeld.C: peakdepolarizatiorin responséo the high-levelprobe(20 kHz, 80 dB,
blueregionsin A). D: peakdepolarizatiorin responséo the low-level probe(20 kHz, 0 dB). Note the greaterextentof the suppressiveegionfor the low-level
probe.Responseto the probesin isolationareindicatedby arrowhead®n color bar.
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FiG. 7. Forwardsuppressionf subthresholdesponsewasgreaterfor low-level probeshanfor high-levelprobespopulationdata.A: subthresholdesponses
evokedby the maskeraveragedicrosshe population(n! 14 cells). Responsgrobleswerealignedto the CF for eachcell. B: subthresholdesponsegsvoked
by the high-levelprobe.Note the blue regionof suppressiorenterecon CF. C: subthresholdesponsegvokedby the low-level probe.Note the greaterextent
of thesuppressiveegion.D: meanCMI for the subthresholdesponseto the high-levelprobe.Suppressiomvascenteredn CF, andno facilitation wasevident.
E: meanCMI for the subthresholdesponseso the low-level probe.Note the greaterextentof the suppressiomscomparedvith the high-levelprobe.F: mean
CMI for subthresholdesponsesaveragedacrossall tonesand cells, for low- and high-level probes.Suppressiomwas strongerfor low-level probes.
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from peakdepolarizationsalignedto characteristidrequency,
and averagedacrosscells. The extent of suppressionwas
smallerfor the high-level probe and larger for the low-level
probe.Thiswasalsotrueof the spikingresponsesf thesecells
(data not shown separatelyput are includedin the analysis
shown in Fig. 3). Figure 7F shows the mean contextual
modulationindex for peakdepolarizationaveragedacrossall
tonesand cells, indicating that low-level probeswere signip-
cantly more suppressethan high-level probes.The extentof
suppressionwvas not signibcantly different for subthreshold
responseascomparedwith spiking responseslhusthe prop-
ertiesof suppressiomf subthresholadesponsesveremarkedly
similar to thoseof spiking responsegcompareFigs. 3 and 7).
As before,we wonderedwhetherthe absencef facilitation
for low-level probeswas due to our use of only two probe
levels (1 high level and 1 near threshold). We therefore
examined contextual modulation of subthresholdresponses
acrossa wide rangeof probe levels by combining multiple
masker and probe levels with a single masker and probe
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FIG. 9. Hyperpolarizationand forward suppressionwere uncorrelated.
A: grandaveragesubthresholdesponsevokedby a CF tonein isolation(n'!
15cells).B: for eachcell, suppressiolCMI) evokedby a CF maskeiis plotted
againstthe hyperpolarizatiorevokedby that CF tonein isolation. Acrossall
cells and levels, suppressiorwas uncorrelatedwith hyperpolarization(r? !
0.0,n.s.).

(n! 7 cells). Conventionsas in Fig. 4. B: meanCMI as
function of probelevel, for a rangeof maskerlevels,averaged
acrossthe population.C: meanCMI as a function of masker
level, averagedacross probe levels. Suppressiondepended
stronglyon maskerevel. D: meanCMI asa function of probe
level, averagedicrossmaskerevels.Suppressiomasstrongest
for intermediateprobelevels.

frequency.Similar to spiking responseso thesestimuli (Fig.
4), subthresholdresponsedo the probe were progressively
suppressedis maskerlevels were increased(Fig. 8A). The
amountof suppressionasquantibedoy the CMI, is shownin
Fig. 8B as a function of probelevel and maskerlevel. Sup-
pressiondependedstrongly on maskerlevel but more weakly
on probelevel. Figure8C showsthe amountof suppressioffor
eachmaskeilevel averagedcrosgprobelevels. Theamountof
suppressiordependedstrongly on maskerlevel. Figure 8D
showsthe amountof suppressiorfor eachprobelevel, aver-
agedacrossmaskenevels. The amountof suppressioshowed
a U-shapeddependencen probe level, becausesuppression
waspoorly debPnedor very low-level probeswasreducedor
very high level probes,and was maximal for intermediate
probelevels. The dependencef suppressioron both masker
and probe levels was highly signipcant(P & 0.001, 2-way
ANOVA).

We wonderedwhetherthis forward suppressiormight be
mediatedby cortical synapticinhibition as has beenwidely
proposed(Brosch and Schreiner1997; Calford and Semple
1995; Tanet al. 2004). We observedone-evokecyperpolar-
ization for one or more tonesin about2/3 of the population
(13/18), consistentwith the presenceof hyperpolarizingsyn-
apticinhibition in a subsef auditorycortical neurongOjima
andMurakami2002).Figure 9A showsthe populationaverage
membranepotentialresponseo CF tonespresentedn isola-
tion. The population averagetone-evokedhyperpolarization
hada maximaldepthof 0.9 mV andlastedabout300 ms after
toneonset.If hyperpolarizingnhibition werea mechanisnof
forward suppressionye would expectto observea correlation
betweenthe depth of hyperpolarizationand the strengthof
suppressionAcrossall tonesand cells, however,the forward
suppressiorevokedby a maskertone (as quantibecby CMI)
showedno correlationwith the magnitudeof hyperpolarization
evokedby that sametone in isolation (Fig. 9B). (The hyper-
polarization evoked by a masker presentedbefore a probe
could not be measuredecausét overlappedn time with the
probe-evokedesponse)Hyperpolarizatiorwas also uncorre-
latedwith peaktone-evokeddepolarization Forwardsuppres-
sion (as quantibedby CMI) was signibcantlycorrelatedwith
the peakdepolarizatiorevokedby themasker(P & 0.001,n!
18 cells), aswell asnegativelycorrelatedwith the distanceof
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the maskerfrom CF (P & 0.01,n! 14 cells). Thushyperpo-
larizing inhibition appearsunlikely to mediateforward sup-
pressionwhich insteadappearso dependon the strengthof
the responseéo the maskerandits distancefrom CF.

DISCUSSION

In the auditorycortex,spectrotemporahteractionsbetween
two brief tonesseparatedh time areknownto dependstrongly
on the frequencyandintensity of the brsttone,but it remains
unknownhow theseinteractionsdependon the intensityof the
secondtone. Here we have testedthe hypothesisthat, as in
somatosensorgnd visual cortical neurons the relative inten-
sity of the maskerand probetonesregulatesvhetherspectro-
temporalinteractionsarefacilitative or suppressiveWe useda
two-tone, forward masking stimulus paradigmin which we
systematicallyariedthe frequencyandintensityof the masker
andvariedtheintensity of the probe.We examinedhe result-
ing suppressiom@ndfacilitation of both spiking andsubthresh-
old responsesof auditory cortical neuronsrecorded using
single-unitandwhole cell methodsWe found that contextual
interactionswere primarily suppressiveand that this suppres-
sion was strongerfor low and intermediateprobelevels and
weakerfor high probelevels.Theincidenceof facilitation was
low and did not dependon the frequencyor intensity of
maskersor probes. Moreover, these results were virtually
identicalfor spikingandfor subthresholadesponsesOur main
conclusionis thereforethattherelativeintensityof the masker
and probe tones has no effect on whether spectrotemporal
interactionsarefacilitative or suppressiveRathersuppression
increased with increasing masker levels and decreased with in-
creasing probe levels, consistent with a competitive interaction
between the probe response and the suppression induced by
the masker.

In the visual cortex, the sign of contextualmodulation(i.e.,
facilitation or suppression)dependson the contrastof the
central stimulus. For low-contrastcentral stimuli, surround
stimuli causefacilitation, whereasfor high-contrastcentral
stimuli, surroundstimuli causesuppressiorfPolatet al. 1998;
Sengpielet al. 1997; Toth et al. 1996). The facilitation is
thoughtto dependon depolarizingsynapticinputsthat canbe
evoked by stimuli outside the classical receptive beld, as
demonstratedby whole cell recordings(Bringuier et al. 1999)
andby imaging(Toth etal. 1996).Thesedepolarizingsynaptic
inputs may arisefrom long-rangehorizontalintracorticalcon-
nections (Angelucci et al. 2002; Hirsch and Gilbert 1991).
Similarly, in the somatosensorgortex,stimulationof nonprin-
cipal whiskersevokesdepolarizinginputs, which are thought
to facilitate responsedo weak stimulation of the principal
whisker (Ghazanfarand Nicolelis 1997; Moore and Nelson
1998).In contrastsimultaneoustimulationof multiple whis-
kers causessuppression(Brumberg et al. 1996; Castro-
Alamancos2002; Higley and Contreras2005, 2007; Simons
1985). This cross-overfrom facilitation to suppressiongde-
pending on the contrastor intensity of the central (probe)
stimulus, has been suggestedto be a general property of
cortical dynamics.Functionally, this cross-overhas beenin-
terpretedin terms of the trade off betweensensitivity and
specibcity (Moore et al. 1999). At low intensities, cortical
circuitry may act to increasesensitivity by meansof facilita-
tion, to enhancedetection.At higher intensities,cortical cir-
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cuitry may actto increasespecibcityby meansof suppression,
reducingreceptivebeld size (and therebyenhancingstimulus
selectivity)to improve discrimination.However,we found no
evidencefor such a cross-overin the sign of contextual
modulationin auditory cortex. Indeedthe strengthand inci-
dence of suppressionwere increasedas probe levels were
decreasedwith no changein the strengthor incidence of
facilitation. Theseresultsthereforesuggesthatin quiet(i.e.,in
the absenceof contextualstimuli), auditory cortical circuitry
hasmaximal sensitivityandis optimizedfor detection.In the
presencef context,howeverauditorycorticalcircuitry actsto
suppressesponsesndtherebyenhanceselectivity regardless
of stimulusintensity.

The picture that emergesfrom theseresultsis that the
strengthand extentof suppressiorare highly correlatedwith
the stimuluspropertiesthat moststrongly drive a neuron.We
found, as have others, that suppressionwas stronger for
maskersthat were higher level and closer to characteristic
frequency (Bartlett and Wang 2005; Brosch and Schreiner
1997; Calford and Semple1995; Malone and Semple2001;
Shammaand Symmes 1985). Similarly for other stimulus
parametersuchasbinaurallevelsor spatiallocation,maskers
causestrongersuppressiorthe closerthey are to a neuronOs
preferredstimulus(RealeandBrugge2000;Zhangetal. 2005).
We foundthatincreasingheintensityof the probereducedhe
amountof suppressiongonsistentvith a straightforwardcom-
petitive interactionbetweenthe probe responseand the sup-
pressioninducedby the masker.Suppressiorwas not corre-
latedwith theamountof tone-evokedyperpolarizationTaken
togethertheseresultsareconsistentvith theideathatsynaptic
depressiorcontributesto forward suppressiorfWehr and Za-
dor 2005) andthat the degreeof suppressioris in part deter-
mined by the amountof overlapin the synapsesctivatedby
the maskerand by the probe.

Simultaneouslypresentedtone pairs can causetwo-tone
suppressionn the basilarmembraneand auditory nerve, but
these and other peripheralcontributions have generally de-
cayedby " 80 msaftermaskeronset(HarrisandDallos 1979;
Patuzziet al. 1984). We thereforeuseda minimum masker-
probe interval of 80 ms to isolate central contributionsto
contextualinteractions,as have others (Calford and Semple
1995).This approachdiffers from the simultaneougsontextual
stimuli typically usedin studiesof visualcortex.There,cortical
contributionscan be isolatedwith the use of orientedvisual
stimuli. The useof sequentialinsteadof simultaneouslypre-
sentedstimuliis unlikely to explainthedifferentdependencef
contextual modulation on stimulus intensity in visual and
auditory cortex. In visual and somatosensorgortex, sequen-
tially presentedstimuli canevokefacilitation and suppression
similar to simultaneouslypresentedstimuli (Lorenceauet al.
2001; Simons1985). Sequentiaktimuli canalso evokefacili-
tationandsuppressiomf contrastthresholdsn visual psycho-
physical studies(Tadin et al. 2006; Watson and Nachmias
1977).Typically, however studiesof contextuaimodulationin
vision do not usesequentiaktimuli to avoid apparenmotion.
Likewise studiesof contextualmodulationin auditory cortex
typically do not use simultaneousstimuli to avoid amplitude
and phasemodulationsthat can strongly affect neuronalre-
sponseqSchulzeand Langner1999). Reducingthe interval
betweenmaskerand probewould be unlikely to revealfacili-
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tation becausdorward suppressiomms maximalfor the shortest
masker-probéntervals(asshortas1 ms)anddecreaseasthis
interval getslonger (Fitzpatrick et al. 1999; Wehr and Zador
2005). Nearly simultaneousstimuli are therefore likely to
evoke even more suppressiorthan we observedrather than
evokefacilitation. In somatosensorgortex,facilitation canbe
seenwithin a narrow rangeof very shortintervals(5 ms on
average)Shimegietal. 1999),intervalsthatin auditorycortex
invariably lead to profound suppression(Fitzpatrick et al.
1999).This mayreRRecta fundamentatlifferencein processing
strategiedbetweenthe somatosensorgystemandthe auditory
system.In somatosensatiorfast facilitation could optimize
texture discriminationin low signal-to-noiseconditions, as
neighboringvibrissaesequentiallyencountea surfaceduringa
whisk. In audition, by contrastthe presencef surfacerel3ec-
tionsin naturalacousticenvironmentgreatly complicateghe
task of sound localization. Perceptualecho suppressionjn
which only the Prst soundis perceivedfor intervals shorter
than the Oechothreshold,Odemonstrateghat the auditory
systemsuccessfullysolvesthis problem.Strongforward sup-
pressionof neuronalresponsesespeciallyfor intervals & 10
ms, may serveasa mechanisnfor echosuppressiotno ensure
accuratesoundlocalization.

Suppressiorservesa wide variety of functional roles in
different sensorysystemshut one computationakequirement
commonto all modalitiesis the needfor gain control. In the
visual system suppressiomasbeeninterpretedasgain control
actingto reduceeithertheinputto a neuronor the outputfrom
that neuron(or pool of neurons)(Sengpielet al. 1998). Sup-
pressionactingon inputswould shift the response-leveiunc-
tion to the right, actingto reducethe effective stimuluslevel
(curvel in Fig. 10A). In the visual system this is referredto
as subtractiveor contrast-gaincontrol; here we refer to its
auditory analogas level-gain control. Suppressioracting in-
steadon neuronaloutputwould scalethe response-leveiunc-
tion, acting to reduceresponsemagnitude(curve R in Fig.
10A). This is referredto asdivisive or response-gaicontrol.
Facilitation presumablyactsto increaseresponsemagnitudes
(curve F in Fig. 10A). The cross-overfrom facilitation of
low-contrastcentral stimuli to suppressiorfor high-contrast
centralstimuli (Mooreetal. 1999;Polatetal. 1998; Toth etal.
1996)is depictedin Fig. 10B asa combinationof facilitation
and response-gaircontrol (i.e., curvesF and R, althoughthe
mechanismsunderlying the cross-overare not fully under-
stood).Our resultsfor auditorycorticalneuronsaredepictedn
Fig. 10C asa combinationof response-gaicontrolandlevel-
gaincontrol (i.e., curvesR andL, comparewith Figs.4A and
8A). The fact that we observedmaximal suppressionfor
intermediateprobelevels suggestsa major contributionfrom
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level-gaincontrol. We suspecthat response-gaicontrol also
contributesto forward suppressiorbecausesven the highest
probelevelsremainedsuppressedsuggestinga lower asymp-
totic responsde.g.,curve R). However,to clearly distinguish
betweenthe problesof response-gairtontrol and level-gain
controlwould requireadditionaldatafor probelevelssubstan-
tially higher than those we used;such soundlevels (which
would be well above 100 dB) are probably outside of the
physiological range. We concludethat forward suppression
probablyincludescontributionsfrom both response-gaicon-
trol andlevel-gaincontrol.In contrastforward suppressiomf
responseso different binaurallevel combinationsappeargo
actby response-gainontrol andnot level-gaincontrol (Naka-
moto et al. 2006; Zhanget al. 2005). Although our free-peld
stimulus reachedboth ears,we did not independentlyvary
binaural levels and thus do not know whetherthe binaural
responsropertiesof our neuronsshowedresponse-gainon-
trol, level-gain control, or both. Interestingly, both of these
functionaltypesof gain control canbe explainedby synaptic
depressiorat thalamocorticabynapseg¢Carandiniet al. 2002).

The perceptualimplications of theseresultsare consistent
with perceptuaforward masking,in which maskersincrease
the thresholdfor probedetection(Moore 2003). Likewise the
forward suppressiorwe observedis consistentwith the per-
ceptualloudnessdecrementevokedby maskersfor relatively
high-levelprobeg(Elmasianetal. 1980;0berfeld2007).How-
ever,we observecvengreatersuppressioim auditorycortical
neuronsfor relatively low-level probes;this is inconsistent
with the perceptualoudnessenhancemenseenfor relatively
low-level probegGalambostal. 1972;0berfeld2007).There
are at leastthree possibleexplanationsfor this discrepancy.
First, loudnessenhancemenmay have neural correlatesin
areasof the auditory system other than primary auditory
cortex. Although we and others observedfacilitation in A1
neurons(Broschand Schreiner2000; Broschet al. 1999),this
facilitation doesnot showthe dependencen probelevel seen
with perceptualloudnessenhancemenand is thereforeun-
likely to underlieit. Second,increasedoerceptualsensitivity
may dependon orienting or attentionaleffectsnot presentin
the anesthetizegbreparation Finally, it hasbeenarguedthat
loudnessenhancementnay be an artifact due to loudness
recalibration(Arieh and Marks 2003). Becausdoudnessen-
hancements measuredy matchingthe probeloudnesgo the
loudnesf acomparisortone,apparentoudnesenhancement
couldarisefrom aloudnessiecremenbf the comparisortone.
Our bndingsthat contextualinteractionsare predominantly
suppressivan auditory cortex suggestthat this may also be
true for their effectsin perception.

FiG. 10. Forwardsuppressiomndgaincontrolmechanisms.
A: N, neuralresponseas a function of probelevel, e.g., an
auditoryrate-levelfunction or a visual contrast-responsginc-
tion. Level-gain control (curve L) results from subtractive
suppressiorthat shifts the responsecurve to the right. Re-
sponse-gaircontrol (curveR) resultsfrom divisive suppression
that scalesthe responsecurve. Facilitation (curve F) could act
by shifting the responsecurve upwards.B: cross-overfrom
facilitation for low probelevelsto suppressiorfor high probe
levelsasseenin visual and somatosensorgortex, modeledas
acombinationof curvesF andR. C: acombinationof response-
gaincontrolandlevel-gaincontrol (curvesR andL), consistent
with the suppressionve observedn auditory cortical cells.
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