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Scholl B, Gao X, Wehr M. Level dependenceof contextualmodu-
lation in auditorycortex.J Neurophysiol99: 1616Ð1627,2008.First
publishedJanuary23,2008;doi:10.1152/jn.01172.2007.Responsesof
corticalneuronsto sensorystimuli within their receptiveÞeldscanbe
profoundlyalteredby the stimuluscontext.In visual andsomatosen-
sory cortex,contextualinteractionshavebeenshownto changesign
from facilitation to suppressiondependingon stimulusstrength.Con-
textual modulationof high-contraststimuli tendsto be suppressive,
but for low-contraststimuli tendsto befacilitative.This trade-offmay
optimize contextualintegrationby cortical cells and has beensug-
gestedto be a generalfeatureof cortical processing,but it remains
unknownwhethera similar phenomenonoccursin auditory cortex.
Hereweusedwholecell andsingle-unitrecordingsto investigatehow
contextualinteractionsin auditory cortical neuronsdependon the
relativeintensityof maskerandprobestimuli in a two-tonestimulus
paradigm.We testedthe hypothesisthat relatively low-level probes
shouldshowfacilitation, whereasrelatively high-levelprobesshould
showsuppression.Wefoundthatcontextualinteractionswereprimar-
ily suppressiveacrossall probelevels,and that relatively low-level
probeswere subjectto strongersuppressionthan high-level probes.
Theseresultswere virtually identical for spiking and subthreshold
responses.This suggeststhat,unlike visualcorticalneurons,auditory
corticalneuronsshowmaximalsuppressionratherthanfacilitation for
relatively weakstimuli.

I N T R O D U C T I O N

Contextual interactionsare a general feature of cortical
sensoryinformationprocessing.Stimuli presentedoutsidethe
classicalreceptiveÞeldcanmodulatetheresponseto stimuli at
the centerof the receptiveÞeld in visual, somatosensory,and
auditory cortical neurons(Allman et al. 1985; Brosch and
Schreiner1997; Calford and Semple1995; Nelsonand Frost
1978; Phillips and Cynader1985; Reale and Brugge 2000;
Simons1985;Zhangetal. 2005).Thesecontextualinteractions
includebothsuppressionandfacilitation andmaybe involved
in perceptualgroupingeffectssuchasÞgure-groundsegmen-
tation,contourcompletion,forwardmasking,andotheraspects
of visualor auditorysceneanalysis(Albright andStoner2002;
Micheyl et al. 2007). In studiesof visual cortex, centerand
surroundstimuli areusually(but not always)presentedsimul-
taneously,and cortical contributionscan be isolatedwith the
useof orientedstimuli. In studiesof auditory cortex, central
contributionsaretypically isolatedwith theuseof a sequential
two-tone(forward masking)paradigmin which the Þrst tone
(termedthemasker) modulatestheresponseto thesecondtone
(termedthe probe). Sequentialpresentationof surroundand
centralstimuli canalsoproducefacilitation andsuppressionin
visualcortexandsomatosensorycortex(Lorenceauetal. 2001;
Simons1985) as well as enhancedor reducedsensitivity in

visual and auditory psychophysicalstudies(Oberfeld 2007;
PolatandSagi2006;Tadinet al. 2006;WatsonandNachmias
1977).This raisesthe possibility that contextualinteractions,
whethersimultaneousor sequential,may be a generalcortical
phenomenonthat sharesimportant featuresacrosssensory
modalities.

In primaryvisualcortexandprimarysomatosensorycortex,
context-dependentenhancementand suppressionappear to
dependon the relative level (or contrast)of the probe(Levitt
andLund 1997;Mooreet al. 1999;Polatet al. 1998;Sengpiel
et al. 1997;Toth et al. 1996).For high-levelor high-contrast
probes,contextualstimuli tendto causesuppression.For low-
level or low-contrastprobes,contextualstimuli causefacilita-
tion. This cross-overbetweenfacilitative andsuppressivecon-
textual interactionsmay optimize the tradeoff betweensensi-
tivity and speciÞcitydependingon the reliability of sensory
informationandhasbeensuggestedto be a generalfeatureof
corticaldynamics(Mooreetal. 1999).In auditorypsychophys-
ics,similarly, forwardmaskersdecreasetheperceivedloudness
of theprobewhentheprobeis higherin level thanthemasker,
but increasethe perceivedloudnessof the probe when the
probeis lower in level thanthemasker(Galamboset al. 1972;
Oberfeld2007).This raisesthe questionof whetherauditory
cortical neurons,like visual and somatosensorycortical neu-
rons, exhibit a similar cross-overbetweenfacilitation and
suppressiondependingon the relative level of the probe. In
primaryauditorycortex,however,contextualinteractionshave
generallybeenstudiedat only a singleprobelevel (Broschand
Schreiner2000,1997;Calford andSemple1995;Maloneand
Semple2001;ShammaandSymmes1985;Sutteret al. 1999).
It is thereforeunknownwhethertherelativeintensityof masker
andprobestimuli regulateswhethercontextualinteractionsin
auditorycortical neuronsarefacilitative or suppressive.

Severallinesof evidencesuggestthatcontextualinteractions
may be mediatedby the subthresholdreceptive ÞeldÑthe
regionoverwhichstimuli canevokesubthresholdpostsynaptic
potentialsÑwhichextendsbeyondtheclassicalreceptiveÞeld
deÞnedby spikingresponses(Bringuieret al. 1999;Kaur et al.
2004). Imaging and intracellular recordings in visual and
somatosensorycortex have shown that subthresholdinputs,
includingbothexcitatoryandinhibitory inputs,canbeevoked
from outsidetheclassicalreceptiveÞeldandmaybemediated
by intracorticallong rangehorizontalconnectionsin combina-
tion with local inhibitory circuits(Bringuieretal. 1999;Hirsch
andGilbert 1991;Horikawaet al. 1997;Kaur et al. 2004;Toth
et al. 1996).The cross-overbetweenfacilitation andsuppres-
sion,dependingonprobelevel,hasthereforebeensuggestedto
reßecta shift in the balanceof excitation and inhibition in
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cortical networks (Polat et al. 1998). At low probe levels,
surroundstimuli mayprimarily evokedepolarizationvia exci-
tatory horizontal connections,without being able to activate
local inhibition. High-levelprobesmayrecruit local inhibition,
whichcanthenbefurtherdrivenby horizontalconnectionsand
mayhavegreaterinßuencethantheexcitationfrom thosesame
connections(Somerset al. 1998).Alternatively, if thebalance
of excitationand inhibition is different betweenfeedforward
andfeedbackcircuits(ShaoandBurkhalter1996),a shift from
facilitation to suppressioncould arise from a shift from the
dominanceof feedbackinputs to feedforwardinputs. In the
auditorysystem,suppressiveeffectsfrom outsidetheclassical
receptive Þeld are seen from the cochlear nucleus to the
auditorycortex.Thesuppressionseenin auditorycortexcould
therefore be inherited from lower levels or could involve
furthersynapticprocessingin thecortex.However,contextual
interactionsat thelevelof thesubthresholdreceptiveÞeldhave
not beenwell characterizedin auditorycortex,andit remains
unknown how excitatory and inhibitory subthresholdinputs
contributeto facilitation andsuppressionof 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 corticalneuronsdependon therelativeintensityof masker
and probe stimuli in a two-tone stimulus paradigm.We hy-
pothesizedthat in auditorycortex,the dependenceof contex-
tual interactions on probe level would be similar to that
observedin visual andsomatosensorycortex.SpeciÞcallywe
testedthe prediction that relatively low-level probesshould
showfacilitation, whereasrelatively high-levelprobesshould
showsuppression.We found that contextualinteractionswere
primarily suppressiveacrossall probelevelsandthatrelatively
low-level probeswere subject to strongersuppressionthan
high-level probes.Theseresultswere virtually identical for
spiking andsubthresholdresponses.This suggeststhat,unlike
visual or somatosensorycortical neurons,auditory cortical
neuronsshowmaximalsuppressionratherthanfacilitation for
relatively weakstimuli.

M E T H O D S

Physiology

We recordedfrom the left primary auditorycortexof 29 anesthe-
tized (30 mg/kg ketamine, 0.24 mg/kg medetomidine)rats aged
19Ð40 dayspostnatal(meanage:26 days).All procedureswere in
strict accordancewith the National Institutesof Healthguidelinesas
approvedby the University of OregonAnimal Careand Use Com-
mittee.Recordingsweremadefrom primary auditorycortex(A1) as
determinedby thefrequency-amplitudetuningpropertiesof cellsand
local Þeldpotentials.We recordedfrom all subpialdepths(mean:397
! m, range: 140Ð800 ! m, as determinedfrom micromanipulator
travel). For single-unit recordings,we usedthe cell-attachedpatch
method(DeWeeseetal. 2003),whichprovidesexcellentisolation.For
whole cell recordings,we usedstandardblind patch-clampmethods
(Wehr and Zador 2003). Internal solution contained,in mM, 140
K-gluconate, 10 HEPES, 2 MgCl2, 0.05 CaCl2, 4 MgATP, 0.4
NaGTP,10 Na2Phosphocreatine,and10 BAPTA, pH 7.25,dilutedto
290 mosM. Cell-attachedand whole cell recordingswere madein
currentclamp(I ! 0) modeusingan Axopatch200bampliÞer.

Stimuli

We presented25-mspuretoneswith 2-ms10Ð90%cosine-squared
ramps,samplingrateof 200kHz, usinga 24-bit Lynx22 soundcard,a
StaxSRM-717driver andSR-303speaker,in free-ÞeldconÞguration
(speakerlocated15 cm lateralto, andfacing,thecontralateralear)in
a sound-isolationchamberwith anechoicsurface treatment.This
systemwas calibratedusing a Bruel and Kjaer 2670 microphone
positionedwhere the ear would be without the animal present.We
initially characterizedcharacteristicfrequencyandthresholdfor each
cell, typically usinga pseudorandomlyinterleavedarrayof toneswith
16 frequencieslogarithmically spacedfrom 1 to 40 kHz, and seven
levelsfrom 0 to 80dB.WeuseÒdBÓto indicateÒdBSPLÓthroughout.
We deÞnedcharacteristicfrequency(CF) as the frequencyat which
spikes(for cell-attachedrecordings)or synapticpotentials(for whole
cell recordings)couldbereliablyevokedat thelowestintensity,which
we in turn deÞnedasthreshold.Cellswithout a clearCF (dueto poor
tuning or responsiveness)werenot includedin this report.We used
two different two-tone(forward masking)stimulusdesigns,onethat
useda wide rangeof maskerfrequenciesandanotherthatuseda wide
rangeof probelevels.1) TheÞrsttwo-tonestimulususedmaskersof
16 Þxedfrequencieslogarithmicallyspacedfrom 1 to 40 kHz, and5
Þxedlevels from 0 to 80 dB. The maskerwas followed by a probe
with onset 80, 125, or 200 ms after maskeronset.We set probe
frequencyto thecharacteristicfrequencyfor thecell, andselectedtwo
probe levels: one low level, " 10Ð20dB abovethreshold,and one
high level, typically 80 dB or (for stronglynonmonotoniccells) the
highestlevel that evokeda robustresponse.All masker-probecom-
binationswerepseudorandomlyinterleaved.2) The secondtwo-tone
stimulusconsistedof a singlemaskerfrequency,at CF, anda single
probefrequency,also at CF, but had sevenÞxedmaskerand probe
levelsfrom 0 to 80 dB. For both two-tonestimulusdesigns,we used
a 500-msinter-stimulusinterval (betweenthe endof eachprobeand
the onsetof the next masker),and we presenteda minimum of 10
repetitionsof eachmasker-probecombinationaswell as10repetitions
of eachprobetonein isolation.

Analysis

Because we used multiple recording technologies and stimulus de-
signs, we brießy 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 stimulus in 31 cells
and theseven-probe-level stimulus in 46 cells (and both in 22 cells). For
our analysis 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 andsingle-unitrecord-
ings by high-passÞltering and thresholding.We digitally removed
spikesfrom wholecell recordingsto isolatesubthresholdresponsesby
clipping spikes at a Þxed threshold of 20 mV above the mean
membranepotential(averagedacrossthe entire recording)and then
low-passÞlteringat 100 Hz. This providesa reasonableestimateof
the subthresholdmembranepotential response,uncontaminatedby
spikes(Azouz and Gray 1999; Carandini and Ferster 2000) (seeFig. 1 for
an exampleof raw and subthresholdtraces).We quantiÞedspiking
responsesusing the spike count in a window following tone onset
(matchedto responselatencyanddurationfor eachcell). We quanti-
ÞedspontaneousÞring ratesusing the spike count in a window of
matchedduration prior to tone onset. We quantiÞeddepolarizing
subthresholdresponsesby measuringpeakmembranepotential in a
similarly deÞnedwindow (relativeto theÒrestingÓmembranepoten-
tial measuredduring a baselineperiod 40Ð50ms prior to stimulus
onsetandaveragedacrossanentirestimulusprotocol).We quantiÞed
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tone-evokedhyperpolarizationby measuringminimum membrane
potentialfor isolatedtoneresponses,relativeto rest,in aÞxedwindow
0Ð350ms after toneonset.We quantiÞedsuppressivebandwidthas
thecontiguousregionin whichspikingresponseswerereducedbelow
a criterion of spontaneousspike count # 20% of peak spike count
(SutterandSchreiner1991;Sutteret al. 1999).

We quantiÞedcontextualmodulationwith a measure(contextual
modulationindex,CMI) deÞnedas

CMI "
RM# P # RP

RM# P $ RP

whereRM# P is the response(either spike countor peakdepolariza-
tion) to the probefollowing a masker,andRP is the response(either
spikecountor peakdepolarization)to theprobepresentedin isolation.
Thismeasurevariesfrom $ 1 (completesuppression)to # 1 (maximal
facilitation)andhasavalueof 0 whenthemaskerhasnoeffecton the
probe.This measureis well behavedfor nonnegativeresponsesbut
canbe ill-conditioned for negativeresponses.Spikecountswereby
deÞnitionalwaysnonnegative,but in rare cases,spontaneousmem-
branepotentialßuctuationscausednegativepeakdepolarizations,and
we thereforetruncatedCMI at %1 for subthresholdresponses.For
statisticalgroupcomparisonswe usedthe pairedt-testexceptwhere
otherwisenoted.Error barsindicatedSEs.

R E SU L T S

Spikingresponses

We measuredcontextualmodulationof neuronsin A1 using
a two-tonestimulusparadigm.This stimulusconsistedof two

brief (25 ms) pure tonesseparatedby an 80-msinterval; we
refer to theÞrsttoneasthemaskerandthesecondtoneasthe
probe.An exampleof subthresholdandspikingresponsesof an
auditorycorticalneuronto maskerandprobetonesis shownin
Fig. 1. In this neuron,a 2-kHz maskerhadlittle effect on the
responseto the 6-kHz probe,whereasa 7-kHz maskercom-
pletelysuppressedtheresponseto thesameprobe.Thusstrong
maskingwasevokedby tonesnearthecharacteristicfrequency
(6 kHz for this cell) aswastypical for the cells in our sample
and consistentwith previous reports (Brosch and Schreiner
1997; Calford and Semple1995; Sutteret al. 1999; Tai and
Zador2001).

This alsoillustratesthatstrongmaskingcanbeevokedeven
by tonesthat produceweak subthresholdresponsesand are
thereforeoutsideof the receptiveÞeld as deÞnedby spiking
responses.This phenomenonhas beenreferredto as lateral
suppressionor lateral inhibition (BroschandSchreiner1997;
CalfordandSemple1995),althoughasillustratedin Fig. 1, we
observedthat this responsesuppressionwasuncorrelatedwith
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
recordings and 31 single-unit recordings).An example is
shownin Fig. 2. The spiking responsesevokedby the masker
componentsof the two-tonesequencesareshownin Fig. 2A,
revealingthe V-shapedreceptiveÞeld. Figure 2B showsthe
spiking responsesto a high-level(80 dB) probeat the charac-
teristic frequency(CF) for this neuron(3.4 kHz). Themaskers
evoked a V-shapedregion of suppression,centeredon the
receptiveÞeld of the cell. We then testedwhetherthe same
maskersevokedfacilitation for a relatively low-level probeby
reducingtheprobelevel to 30 dB (chosento be" 10 dB above
thresholdfor this cell). When we usedthis low-level probe
(Fig.2C), theextentof thesuppressiveregionwasin fact larger
for the responsesto the low-level probethanfor responsesto
the high-levelprobe.

This wastrueacrossall cells in our sample.To averagethe
responseproÞlesacrosscells, we alignedresponseproÞlesto
thecharacteristicfrequencyfor eachcell. Figure3A showsthe
spiking responsesto the maskers,averagedacrossthe popula-
tion (n ! 45 cells). Figure 3, B and C, shows the spiking
responsesto 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: 30Ð80 dB). The
low-level probe levels were chosento be the lowest level
which evokeda robust response,typically 10Ð20dB above
threshold (mean: 10 dB, range: $ 10Ð40 dB). Suppressive
regionswerecenteredon theCF of eachcell. Acrosscells,the
extentof thesuppressiveregionwassmallerfor thehigh-level
probe and larger for the low-level probe. To quantify this
effect,we measuredthe bandwidthof the suppressivezoneat
20 and 40 dB abovethreshold.Suppressivebandwidthwas
signiÞcantlygreaterfor low-level probesthan for high-level
probes(by 0.76% 0.24octavesat 20 dB abovethreshold,P &
0.001;by 0.76% 0.21octavesat 40 dB abovethreshold,P &
0.001).

High-level probestypically evokeda higherÞring ratethan
low-level probes,andthe raw spikecountsshownin Fig. 3, B
and C, include this effect as well as the difference in the

masker:
7.2kHz, 80dB

masker:
2.1kHz, 80dB

probe:
6kHz, 80dB

probe
alone

10mV

100ms
FIG. 1. Examplesof spiking andsubthresholdresponsesto 2-tonestimuli.

The1sttone(red)is termedthemaskerandthefollowing tone(blue)is termed
the probe.Spike countsfor both single-unitand whole cell recordingswere
measuredin time windowsfollowing themasker(red region)andprobe(blue
region).In whole cell recordings,we alsoisolatedsubthresholdresponsesby
digitally removingspikes(red andblue traces)andmeasuringpeakdepolar-
izationin thesametimewindows.Insetshowsthesubthresholdresponse(with
spikes removed) to the probe in isolation, averagedacrosstrials. Masker
frequencyand level were varied, whereasprobefrequencywas Þxedat the
characteristicfrequencyof the cell (here 6 kHz) and presentedat different
levels.Note that the 2.1-kHz maskerevokeda large responsebut causedno
suppression;the 7.2-kHz masker [closer to characteristicfrequency(CF)]
evokeda weak responsebut causedtotal suppression.Toneswere 25 ms in
duration;intervalbetweenmaskeronsetandprobeonsetwas80msfor thisand
all subsequentÞgures.
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amountof contextualmodulation.To isolate the contextual
modulationeffect,wecomputedacontextualmodulationindex
(CMI, see METHODS) by comparing responsesto the probe
following a maskerwith responsesto the probe in isolation.
This measurevaries from $ 1 (completesuppression)to # 1
(maximal facilitation) and hasa value of 0 when thereis no
contextualmodulation.Figure3, D andE, showsthis measure
of contextualmodulationaveragedacrossthe population.The
extent and depth of suppressionwere greaterfor low-level
probesthanfor high-levelprobes.Figure3F showsthe mean
contextualmodulation index, averagedacrossall tones and
cells, indicatingthat low-level probesweresigniÞcantlymore
suppressedthanhigh-levelprobes(P & 0.001).To quantifythe
extentof thesuppressivezone,wecountedthefractionof tones
that evokeda CMI signiÞcantlybelow zero.Acrossthe popu-
lation, the extent of the suppressivezone was signiÞcantly
greaterfor low-level probes(36%) thanfor high-levelprobes
(23%, P & 0.05).Acrossthe population,the extentof facili-
tation(quantiÞedasthefractionof toneswhich evokeda CMI

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

Theseresultssuggestthat contextualmodulationof spiking
responsesis largely suppressiveand is greaterfor low-level
probesthan for high-level probes.This castsdoubt on the
hypothesisthat contextualmodulationis facilitative for low-
level probelevels.We wondered,however,whethertheuseof
only two probelevels(1 high and1 low level, nearthreshold)
might haveled us to miss facilitation occurringfor a narrow
rangeof probelevels(BroschandSchreiner2000).We there-
fore variedprobelevel acrossa wide rangeto systematically
explore the effect of probe level on contextualmodulation.
Becauseof the combinatorialincreasein the time requiredto
presentall possiblecombinationsof maskerand probe, we
useda singlemaskerfrequency(at thecharacteristicfrequency
of thecell). Figure4A showsthespikingresponseto theprobe
as a function of probe level averagedacrossthe population
(n ! 53cells).As maskerlevelwasincreased(from blueto red
lines), probe responseswere progressivelysuppressed.For
very low-level probes,this suppressionwas poorly deÞned
becausethere was only a weak responseto the probe in
isolation. As probe level was increased,the amountof sup-
pressionÞrst increasedas the probe responsebecamelarger
andsuppressionwasmeasurable.As probelevel wasincreased
further, the amountof suppressionthendecreased,consistent
with a competitiveinteractionbetweentheproberesponseand
the suppressioninducedby the masker.Figure 4B showsthe
amountof suppression(CMI) asa functionof probelevel and
maskerlevel.Theamountof suppressiondependedstronglyon
maskerlevel but more weakly on probe level. This can be
clearlyseenin Fig.4C,whichshowstheamountof suppression
for each masker level averagedacross probe levels. The
amount of suppressiondependedstrongly on masker level.
Figure 4D showsthe amountof suppressionfor eachprobe
level averagedacrossmaskerlevels.The amountof suppres-
sion showed a U-shapeddependenceon probe level with
maximalsuppressionevokedat intermediateprobelevels.This
suggeststhat suppressionwas poorly deÞnedfor very-low-
level probes,was maximal for intermediateprobes,and was
reducedfor very-high-levelprobes.The dependenceof sup-
pressionon both maskerandprobelevelswashighly signiÞ-
cant(P & 0.001,2-way ANOVA).

We did not observefacilitation at the populationlevel, as
canbeseenin Figs.3 and4. However,51%of thecells(37/73)
showedstatistically signiÞcantfacilitation for one or more
masker-probecombinations.To quantify theextentof facilita-
tion and suppression,we countedthe fraction of tones that
evokeda CMI signiÞcantlygreateror lessthan 0. Typically,
the extent of facilitation was quite small (mean:2%, range:
0Ð22%,n ! 73cells).In contrast,all cellsshowedstatistically
signiÞcantsuppressionfor one or more toneswith a much
greaterextent(mean:30%,range:0Ð94%,n ! 73 cells).The
extentof facilitation and the extentof suppressionwereneg-
atively correlatedacrosscells(regressionslope! $ 0.05,r2 !
0.09, P & 0.001), suggestingthat cells that showedgreater
suppressiontendedto showlessfacilitation, but theredid not
appearto be any distinct subpopulationsof cells. To assess
which tonesweremostlikely to evokefacilitation or suppres-
sion, we measuredthe numberof cells showing statistically
signiÞcantfacilitation or suppressionfor each masker and
probecombination.As shownin Fig. 5, A andB, suppression
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FIG. 2. Forwardsuppressionof spikingresponseswasgreaterfor low probe
levelsthanfor high probelevels:examplecell. A: spikingresponsesevokedin
anauditorycortical neuronby themaskercomponentof the2-tonesequence,
showingthespikingreceptiveÞeld.CF was3.4kHz andthresholdwas20 dB.
B: spikingresponsesevokedby a high level probe(80 dB, 3.4 kHz). Note the
blue region of suppressioncenteredon CF. In this neuron,therewas also a
small regionof facilitation aboveCF. C: spiking responsesevokedby a low
level probe(30 dB, 3.4kHz). Notethegreaterextentof thesuppressiveregion
for the low level probe.Responsesto the probesin isolationareindicatedby
thearrowheadoncolorbar(bothhighandlow level isolatedprobesevokedthe
samespikecount).
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was centeredon the receptiveÞeld and dependedon both
masker and probe level. The percentageof cells showing
signiÞcantsuppressionwashighestfor high maskerlevelsand
for relatively low-level probe levels. In contrast,facilitation
was much lessprevalentand did not dependon maskerfre-
quency,maskerlevel, or probelevel (Fig. 5, C andD). When
we systematicallyvaried probelevels over a wide range,we
againobservedthat the greatestincidenceof suppressionwas
for high maskerlevelsandfor intermediateprobelevels(Fig.
5E). The incidenceof suppressionwasreducedfor very-low-

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%) andfor nonmonotoniccells (10/17,59%).

Although the predominanceof suppressionwe observedis
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
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range80Ð200msin a subsetof cells.This rangeof intervalsis
within the range for which facilitation has been previously
reported(BroschandSchreiner2000).We found that increas-
ing the interval from 80 msto either125ms(n ! 13 cells)or
200ms(n ! 10 cells)did not signiÞcantlyincreasetheextent
of facilitation. Increasingthe interval to 200 ms (but not 125
ms) signiÞcantlydecreasedthe extent of suppression(P &
0.001, Wilcoxon signed-ranktest), consistentwith previous
reportsthat forward suppressionin auditory cortical neurons
lasts" 150 ms (BroschandSchreiner1997).Thusthe limited
extentof facilitation, and the absenceof any dependenceon
maskeror probe level, was true over a range of intervals
betweenmaskerandprobe.

Subthresholdresponses

These results suggestthat the contextual modulation of
spikingresponsesin primaryauditorycorticalneuronsremains
suppressiveacrossa wide rangeof probelevels,in contrastto
thefacilitation seenfor low-contrastcentralstimuli in primary
visual cortex (Polat et al. 1998; Toth et al. 1996). Because
contextualmodulationis thoughtto bemediatedby subthresh-
old inputs(Mooreet al. 1999;Polatet al. 1998),we wondered
whetherwe might seefacilitation at the level of subthreshold
depolarizations.Similarly, we wonderedwhethersuppression
mightbemediatedby hyperpolarizinginhibition or if wecould
observeinteractionsbetweenfacilitationandsuppressionat the
level of the membranepotential.To addressthesequestions,
we recordedmembranepotentialresponsesto two-tonestimuli
usingwhole cell methods.To analyzecontextualeffectssep-
aratelyfor spikesandsubthresholdinputs,we removedspikes

from membranepotentialtracesusinga spikeclipping proce-
dure(AzouzandGray1999;CarandiniandFerster2000)[Fig.
1, seeMETHODS; spiking data from whole cell recordingsare
includedin theprecedinganalysis(Figs.3 and4)]. We referto
theresultingnonspikingcomponentof themembranepotential
responseasthe subthresholdresponse(eventhoughthat stim-
ulus could haveevokeda spike).

An exampleof subthresholdresponsesto two-tonestimuli is
shownin Fig. 6A with masker(red) andprobe(blue) regions
indicated. To quantify probe responses,we measuredpeak
depolarizationin a window following probe onset (blue re-
gions).The peakdepolarizationin responseto the maskeris
shown in Fig. 6B, illustrating the V-shapedsubthresholdre-
ceptiveÞeld for this cell. Figure6C showsthe peakdepolar-
ization in responseto a high-level(80 dB) probeat theCF for
this neuron(20 kHz), andD showsthe peakdepolarizationin
responseto a low-level (0 dB) probeat thesamefrequency.A
V-shapedregionof suppression,centeredon thereceptiveÞeld
of the cell, canbe seenfor the subthresholdresponsesto both
probe levels. As with spiking responses(Figs. 2 and 3), the
extent of this subthresholdsuppressionwas smaller for the
high-levelprobeandlarger for the low-level probe.

Thiswastrueacrossall cellsin oursample.Figure7A shows
the subthresholdresponsesto the masker,alignedto the char-
acteristic frequency for each cell and averagedacrossthe
population (n ! 14 cells). Figure 7, B and C, shows the
subthresholdresponsesto the low- and high-level probes,
averagedacrossthe population.Acrosscells, the suppressive
regionwassmallerfor the high-levelprobeandlargerfor the
low-level probe.Figure7, D andE, showstheCMI computed
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from peakdepolarizations,alignedto characteristicfrequency,
and averagedacrosscells. The extent of suppressionwas
smaller for the high-level probeand larger for the low-level
probe.Thiswasalsotrueof thespikingresponsesof thesecells
(data not shown separately,but are included in the analysis
shown in Fig. 3). Figure 7F shows the mean contextual
modulationindex for peakdepolarization,averagedacrossall
tonesandcells, indicating that low-level probesweresigniÞ-
cantly moresuppressedthanhigh-levelprobes.The extentof
suppressionwas not signiÞcantlydifferent for subthreshold
responsesascomparedwith spikingresponses.Thustheprop-
ertiesof suppressionof subthresholdresponsesweremarkedly
similar to thoseof spiking responses(compareFigs.3 and7).

As before,we wonderedwhethertheabsenceof facilitation
for low-level probeswas due to our use of only two probe
levels (1 high level and 1 near threshold). We therefore
examinedcontextual modulation of subthresholdresponses
acrossa wide rangeof probe levels by combining multiple
masker and probe levels with a single masker and probe

frequency.Similar to spiking responsesto thesestimuli (Fig.
4), subthresholdresponsesto the probe were progressively
suppressedas maskerlevels were increased(Fig. 8A). The
amountof suppression,asquantiÞedby the CMI, is shownin
Fig. 8B as a function of probe level and maskerlevel. Sup-
pressiondependedstronglyon maskerlevel but moreweakly
onprobelevel.Figure8C showstheamountof suppressionfor
eachmaskerlevelaveragedacrossprobelevels.Theamountof
suppressiondependedstrongly on masker level. Figure 8D
showsthe amountof suppressionfor eachprobelevel, aver-
agedacrossmaskerlevels.Theamountof suppressionshowed
a U-shapeddependenceon probe level, becausesuppression
waspoorly deÞnedfor very low-level probes,wasreducedfor
very high level probes,and was maximal for intermediate
probelevels.The dependenceof suppressionon both masker
and probe levels was highly signiÞcant(P & 0.001, 2-way
ANOVA).

We wonderedwhetherthis forward suppressionmight be
mediatedby cortical synaptic inhibition as has beenwidely
proposed(Brosch and Schreiner1997; Calford and Semple
1995;Tan et al. 2004).We observedtone-evokedhyperpolar-
ization for one or more tonesin about2/3 of the population
(13/18),consistentwith the presenceof hyperpolarizingsyn-
aptic inhibition in a subsetof auditorycorticalneurons(Ojima
andMurakami2002).Figure9A showsthepopulationaverage
membranepotential responseto CF tonespresentedin isola-
tion. The population averagetone-evokedhyperpolarization
hada maximaldepthof 0.9 mV andlastedabout300msafter
toneonset.If hyperpolarizinginhibition werea mechanismof
forwardsuppression,we would expectto observea correlation
betweenthe depth of hyperpolarizationand the strengthof
suppression.Acrossall tonesandcells, however,the forward
suppressionevokedby a maskertone(asquantiÞedby CMI)
showednocorrelationwith themagnitudeof hyperpolarization
evokedby that sametone in isolation (Fig. 9B). (The hyper-
polarization evoked by a maskerpresentedbefore a probe
could not be measuredbecauseit overlappedin time with the
probe-evokedresponse).Hyperpolarizationwasalsouncorre-
latedwith peaktone-evokeddepolarization.Forwardsuppres-
sion (asquantiÞedby CMI) wassigniÞcantlycorrelatedwith
thepeakdepolarizationevokedby 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-
pression,which insteadappearsto dependon the strengthof
the responseto the maskerandits distancefrom CF.

D I SC U SSI O N

In theauditorycortex,spectrotemporalinteractionsbetween
two brief tonesseparatedin timeareknownto dependstrongly
on the frequencyandintensityof the Þrsttone,but it remains
unknownhow theseinteractionsdependon theintensityof the
secondtone. Here we have testedthe hypothesisthat, as in
somatosensoryandvisual cortical neurons,the relative inten-
sity of the maskerandprobetonesregulateswhetherspectro-
temporalinteractionsarefacilitative or suppressive.We useda
two-tone, forward maskingstimulus paradigmin which we
systematicallyvariedthefrequencyandintensityof themasker
andvariedthe intensityof theprobe.We examinedthe result-
ing suppressionandfacilitation of bothspikingandsubthresh-
old responsesof auditory cortical neurons recordedusing
single-unitandwhole cell methods.We found that contextual
interactionswereprimarily suppressiveandthat this suppres-
sion was strongerfor low and intermediateprobelevels and
weakerfor high probelevels.Theincidenceof facilitation was
low and did not dependon the frequency or intensity of
maskersor probes. Moreover, these results were virtually
identicalfor spikingandfor subthresholdresponses.Our main
conclusionis thereforethat therelativeintensityof themasker
and probe tones has no effect on whether spectrotemporal
interactionsarefacilitative or suppressive.Rathersuppression
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 thevisual cortex,thesignof contextualmodulation(i.e.,
facilitation or suppression)dependson the contrast of the
central stimulus. For low-contrast central stimuli, surround
stimuli causefacilitation, whereasfor high-contrastcentral
stimuli, surroundstimuli causesuppression(Polatet al. 1998;
Sengpielet al. 1997; Toth et al. 1996). The facilitation is
thoughtto dependon depolarizingsynapticinputsthat canbe
evoked by stimuli outside the classical receptive Þeld, as
demonstratedby whole cell recordings(Bringuier et al. 1999)
andby imaging(Tothetal. 1996).Thesedepolarizingsynaptic
inputsmay arisefrom long-rangehorizontalintracorticalcon-
nections(Angelucci et al. 2002; Hirsch and Gilbert 1991).
Similarly, in thesomatosensorycortex,stimulationof nonprin-
cipal whiskersevokesdepolarizinginputs,which are thought
to facilitate responsesto weak stimulation of the principal
whisker (Ghazanfarand Nicolelis 1997; Moore and Nelson
1998).In contrast,simultaneousstimulationof multiple whis-
kers causes suppression(Brumberg et al. 1996; Castro-
Alamancos2002; Higley and Contreras2005, 2007; Simons
1985). This cross-overfrom facilitation to suppression,de-
pending on the contrastor intensity of the central (probe)
stimulus, has been suggestedto be a general property of
cortical dynamics.Functionally, this cross-overhasbeenin-
terpretedin terms of the trade off betweensensitivity and
speciÞcity(Moore et al. 1999). At low intensities,cortical
circuitry may act to increasesensitivity by meansof facilita-
tion, to enhancedetection.At higher intensities,cortical cir-

cuitry mayact to increasespeciÞcityby meansof suppression,
reducingreceptiveÞeldsize (and therebyenhancingstimulus
selectivity)to improvediscrimination.However,we found no
evidence for such a cross-overin the sign of contextual
modulationin auditory cortex. Indeedthe strengthand inci-
denceof suppressionwere increasedas probe levels were
decreasedwith no changein the strength or incidence of
facilitation.Theseresultsthereforesuggestthatin quiet(i.e., in
the absenceof contextualstimuli), auditory cortical circuitry
hasmaximalsensitivityandis optimizedfor detection.In the
presenceof context,however,auditorycorticalcircuitry actsto
suppressresponsesandtherebyenhanceselectivityregardless
of stimulusintensity.

The picture that emergesfrom these results is that the
strengthand extentof suppressionare highly correlatedwith
the stimuluspropertiesthat moststronglydrive 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 Symmes1985). Similarly for other stimulus
parameterssuchasbinaurallevelsor spatiallocation,maskers
causestrongersuppressionthe closer they are to a neuronÕs
preferredstimulus(RealeandBrugge2000;Zhangetal. 2005).
We foundthatincreasingtheintensityof theprobereducedthe
amountof suppression,consistentwith a straightforwardcom-
petitive interactionbetweenthe proberesponseand the sup-
pressioninducedby the masker.Suppressionwas not corre-
latedwith theamountof tone-evokedhyperpolarization.Taken
together,theseresultsareconsistentwith theideathatsynaptic
depressioncontributesto forward suppression(Wehr andZa-
dor 2005)and that the degreeof suppressionis in part deter-
minedby the amountof overlapin the synapsesactivatedby
the maskerandby the probe.

Simultaneouslypresentedtone pairs can causetwo-tone
suppressionin the basilarmembraneand auditory nerve,but
theseand other peripheralcontributionshave generally de-
cayedby " 80 msaftermaskeronset(HarrisandDallos1979;
Patuzziet al. 1984). We thereforeuseda minimum masker-
probe interval of 80 ms to isolate central contributions to
contextualinteractions,as have others(Calford and Semple
1995).This approachdiffers from thesimultaneouscontextual
stimuli typically usedin studiesof visualcortex.There,cortical
contributionscan be isolatedwith the useof orientedvisual
stimuli. The useof sequentialinsteadof simultaneouslypre-
sentedstimuli is unlikely to explainthedifferentdependenceof
contextual modulation on stimulus intensity in visual and
auditory cortex. In visual and somatosensorycortex,sequen-
tially presentedstimuli canevokefacilitation andsuppression
similar to simultaneouslypresentedstimuli (Lorenceauet al.
2001;Simons1985).Sequentialstimuli canalsoevokefacili-
tationandsuppressionof contrastthresholdsin visualpsycho-
physical studies(Tadin et al. 2006; Watson and Nachmias
1977).Typically, however,studiesof contextualmodulationin
vision do not usesequentialstimuli to avoid apparentmotion.
Likewise studiesof contextualmodulationin auditory cortex
typically do not usesimultaneousstimuli to avoid amplitude
and phasemodulationsthat can strongly affect neuronalre-
sponses(Schulzeand Langner1999). Reducingthe interval
betweenmaskerandprobewould be unlikely to revealfacili-
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tationbecauseforwardsuppressionis maximalfor theshortest
masker-probeintervals(asshortas1 ms)anddecreasesasthis
interval getslonger (Fitzpatrick et al. 1999; Wehr and Zador
2005). Nearly simultaneousstimuli are therefore likely to
evoke even more suppressionthan we observedrather than
evokefacilitation. In somatosensorycortex,facilitation canbe
seenwithin a narrow rangeof very short intervals(5 ms on
average)(Shimegietal. 1999),intervalsthatin auditorycortex
invariably lead to profound suppression(Fitzpatrick et al.
1999).This mayreßecta fundamentaldifferencein processing
strategiesbetweenthe somatosensorysystemandthe auditory
system.In somatosensation,fast facilitation could optimize
texture discrimination in low signal-to-noiseconditions, as
neighboringvibrissaesequentiallyencounterasurfaceduringa
whisk. In audition,by contrast,the presenceof surfacereßec-
tions in naturalacousticenvironmentsgreatlycomplicatesthe
task of sound localization. Perceptualecho suppression,in
which only the Þrst soundis perceivedfor intervals shorter
than the Òechothreshold,Ódemonstratesthat the auditory
systemsuccessfullysolvesthis problem.Strongforward sup-
pressionof neuronalresponses,especiallyfor intervals & 10
ms,mayserveasa mechanismfor echosuppressionto ensure
accuratesoundlocalization.

Suppressionservesa wide variety of functional roles in
different sensorysystems,but onecomputationalrequirement
commonto all modalitiesis the needfor gain control. In the
visualsystem,suppressionhasbeeninterpretedasgaincontrol
actingto reduceeithertheinput to a neuronor theoutputfrom
that neuron(or pool of neurons)(Sengpielet al. 1998).Sup-
pressionactingon inputswould shift the response-levelfunc-
tion to the right, acting to reducethe effectivestimuluslevel
(curveL in Fig. 10A). In the visual system,this is referredto
as subtractiveor contrast-gaincontrol; here we refer to its
auditory analogas level-gaincontrol. Suppressionacting in-
steadon neuronaloutputwould scalethe response-levelfunc-
tion, acting to reduceresponsemagnitude(curve R in Fig.
10A). This is referredto asdivisive or response-gaincontrol.
Facilitation presumablyactsto increaseresponsemagnitudes
(curve F in Fig. 10A). The cross-overfrom facilitation of
low-contrastcentral stimuli to suppressionfor high-contrast
centralstimuli (Mooreet al. 1999;Polatet al. 1998;Toth et al.
1996) is depictedin Fig. 10B asa combinationof facilitation
and response-gaincontrol (i.e., curvesF and R, althoughthe
mechanismsunderlying the cross-overare not fully under-
stood).Our resultsfor auditorycorticalneuronsaredepictedin
Fig. 10C asa combinationof response-gaincontrol andlevel-
gain control (i.e., curvesR andL, comparewith Figs.4A and
8A). The fact that we observedmaximal suppressionfor
intermediateprobelevels suggestsa major contributionfrom

level-gaincontrol.We suspectthat response-gaincontrol also
contributesto forward suppressionbecauseeven the highest
probelevelsremainedsuppressed,suggestinga lower asymp-
totic response(e.g.,curveR). However,to clearly distinguish
betweenthe proÞlesof response-gaincontrol and level-gain
controlwould requireadditionaldatafor probelevelssubstan-
tially higher than thosewe used;such sound levels (which
would be well above 100 dB) are probably outside of the
physiological range.We concludethat forward suppression
probablyincludescontributionsfrom both response-gaincon-
trol andlevel-gaincontrol. In contrast,forwardsuppressionof
responsesto different binaural level combinationsappearsto
actby response-gaincontrolandnot level-gaincontrol (Naka-
moto et al. 2006;Zhanget al. 2005).Although our free-Þeld
stimulus reachedboth ears,we did not independentlyvary
binaural levels and thus do not know whether the binaural
responsepropertiesof our neuronsshowedresponse-gaincon-
trol, level-gain control, or both. Interestingly,both of these
functional typesof gain control canbe explainedby synaptic
depressionat thalamocorticalsynapses(Carandiniet al. 2002).

The perceptualimplicationsof theseresultsare consistent
with perceptualforward masking,in which maskersincrease
the thresholdfor probedetection(Moore 2003).Likewise the
forward suppressionwe observedis consistentwith the per-
ceptualloudnessdecrementevokedby maskersfor relatively
high-levelprobes(Elmasianet al. 1980;Oberfeld2007).How-
ever,weobservedevengreatersuppressionin auditorycortical
neuronsfor relatively low-level probes; this is inconsistent
with the perceptualloudnessenhancementseenfor relatively
low-levelprobes(Galambosetal. 1972;Oberfeld2007).There
are at least three possibleexplanationsfor this discrepancy.
First, loudnessenhancementmay have neural correlatesin
areas of the auditory system other than primary auditory
cortex. Although we and othersobservedfacilitation in A1
neurons(BroschandSchreiner2000;Broschet al. 1999),this
facilitation doesnot showthedependenceon probelevel seen
with perceptualloudnessenhancementand is thereforeun-
likely to underlie it. Second,increasedperceptualsensitivity
may dependon orienting or attentionaleffectsnot presentin
the anesthetizedpreparation.Finally, it hasbeenarguedthat
loudnessenhancementmay be an artifact due to loudness
recalibration(Arieh and Marks 2003). Becauseloudnessen-
hancementis measuredby matchingtheprobeloudnessto the
loudnessof acomparisontone,apparentloudnessenhancement
couldarisefrom a loudnessdecrementof thecomparisontone.
Our Þndingsthat contextual interactionsare predominantly
suppressivein auditory cortex suggestthat this may also be
true for their effectsin perception.
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C FIG. 10. Forwardsuppressionandgaincontrolmechanisms.
A: Ñ, neural responseas a function of probe level, e.g., an
auditoryrate-levelfunction or a visual contrast-responsefunc-
tion. Level-gain control (curve L) results from subtractive
suppressionthat shifts the responsecurve to the right. Re-
sponse-gaincontrol (curveR) resultsfrom divisive suppression
that scalesthe responsecurve.Facilitation(curveF) could act
by shifting the responsecurve upwards.B: cross-overfrom
facilitation for low probelevels to suppressionfor high probe
levelsasseenin visual andsomatosensorycortex,modeledas
acombinationof curvesF andR. C: acombinationof response-
gaincontrolandlevel-gaincontrol(curvesR andL), consistent
with the suppressionwe observedin auditorycortical cells.
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