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Abstract

Theneostriatumandassociatedorgansareawidely distributedanddenselyinterconnected
subcorticalsystem.Anatomically, throughavarietyof stagesandpathways,thestriatopall-
idal system(SPS)is acomplex mosaicof segregation,convergence,anddivergence.Com-
putationally, it is characterizedby competitiveselectionandreinforcement-drivenlearning.
AlthoughtheSPSis canonicallya systemof motorcontrolandperformance,morerecent
researchhasestablishedthat it is integral to cognitionandothernon-motorfunctions.Se-
lection(decision)is its essentialfunction,andselectionis asintegral to cognition,memory,
attention,andperception,asto motorperformance.It is therole of theSPSin perception
thathasreceivedtheleastattention,but this role is a naturalaspectof its role in selection,
andis well-attestedby recentexperiments.
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1 Introduction

In 1925,British neurologistKinnearWilsondescribedthebasalgangliaasthe“dark

basementof the brain” (Wilson, 1925).The twentiethcenturywould seestriking

progressin thefunctionalparcellationof thecerebralcortex, spinalandperipheral

nervoussystem,brainstem,anddiencephalon.But alas,thestriatopallidalsystem1

would remainlargely in thedark.

A revolution in thinking on the SPScanbe tracedto the parallelsegregatedloop

modeldescribedby Alexanderetal. (1986),andto thestriosome-matrisomefinding

describedbyGraybielandRagsdale(1978).With theseadvances,internalstructural

organizationwasappreciatedwherenonehadbeenbefore.

It is no coincidencethat the cortical and diencephalicregions that have proved

leastamenableto functional parcellation– notably, prefrontalcortex (PFC) and

intralaminarthalamicnuclei– arealsotheregionsthataremostintimatewith the

SPS.Nonetheless,enoughthoughtandevidencehasaccumulatedon thequestion

1 The“striatopallidalsystem”(SPS)is circumscribedto includetheneostriatum,bothseg-
mentsof the pallidum, their respective ventral extensions,the substantianigra (SN, all
parts),theventraltegmentalarea(VTA), thesubthalamicnucleus(STN), andthenucleus
basalis(NB). For a similar circumscriptionandterminology, seeMaŕın et al. (1998a).The
traditionalappellation“basalganglia” hasvariousshortcomings,asdoesa relatedneolo-
gism, “striatal complex”. The basalgangliafrequently, but inconsistently, areheld to in-
cludetheamygdala(itself acontroversialdesignation(e.g.SwansonandPetrovich, 1998))
andclaustrumeven thoughneitheris hodologicallyintegral to or cytologically consistent
with thesystem.TheVTA is seldomincluded,eventhoughit is continuouswith theSNc
and occupiesa closely relatedposition in basalgangliacircuitry. But perhapsthe deci-
sive complaintabout“basalganglia” is that the basalgangliaarenot gangliaat all, but
a widely distributed set of nuclei. In comparison,the only problemwith the neologism
“striatal complex” is that its abbreviation leadsto confusionwith theabbreviation for the
superiorcolliculus.But this is aseriousproblem,becausetheSCis intimatewith theSPS.
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of SPSfunction to shedsomereal light on it. Elucidatingits perceptualfunctions

is probablya particularlyeffective avenuewherebyto bring it into thecommunity

of organsunderstoodto beintegralandindispensableto all domainsof mentation.

I arguein thispaperthattheSPSis extensively involvedin purposeful perception –

in which one(to beglib) seestheworld thewayonewantsto seeit, or indeedsees

theworld onewantsto see.Attentionandmentalimageryarethemostrecognized

examplesof this,andcomprisethebulk of theevidencerecapitulatedbelow.

But thereis a broadersensein which perceptioncanbepurposeful,andit is sug-

gestedby thecapacityfor mentalimagery. Intentional perception is perceptionas

a sort of engine,in which the nature(the intrinsic intent) of perceived objectsis

modelled.Sensationservesto maintainregistrationof themodelswith theoutside

world. This sortof perceptionis evidently contingenton internallydirected,rule-

pursuantactions,andit would besurprisingweretheSPSnot intimately involved

in this phenomenon.

2 What does the striatopallidal system do?

TheSPSis a labyrinth(AppendixA is anoverview of its circuitry andchemistry),

but after theSPSrevolution notedabove, many investigatorshave describedrela-

tively simpleunifiedfunctionalmodels.Two themesrecur:reinforcementlearning,

particularly the actor-critic architecture(in which the evaluatoris separatefrom,

andtrains,theorchestrator),andselection,particularlywith a competitivewinner-
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take-all dynamic.

Any autonomoussystemthat must take effective and flexible actionsin a com-

plex andunderconstrainingenvironmentmusthave a highly integrative engineof

adaptive actionselection.In oneconception(Redgrave et al., 1999),theSPSis an

instantiationof this classof engine,peculiarto thevertebratephylogeny (seealso

Maŕın et al., 1998b).

Anotherprominentconception(Graybiel,1998)emphasizesthepropensityof the

SPSto orchestratecomplex, multi-stepresponsesto context, andto amasscollec-

tions of suchresponsesin a gradualandcontinuinglearningprocess.The SPSis

thusviewedasa patterngeneratorguidingcognitionandbehavior. Theneocortex

suppliesmostof the context, which is informationallycompressedin the SPSto

drivepatternselection;thalamicandtectaltargetsreceive thepatterns.

The most genericdescriptionsof SPSfunction distill its operationdown to the

mathematicalabstractionof reductionof dimension(of degreesof freedom)ac-

cordingto rulesengenderedby a historyof reinforcementsignals(Bar-Gadet al.,

2003).Thesemodelsaremotivatedin large partby theanatomicalimperativesof

theSPS– its vastinputis funneledfrom theneocortex in successivestagesto arela-

tively (threeto four ordersof magnitude)smallerpopulationof neuronsthatoutput

to the thalamus.The dimensionalityreductionparadigmis evidently compatible

with andsuggestiveof theselectionandpatterngenerationparadigms.

Reductionof dimensionis agenerallyapplicablecomputation,usefulin perception,
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cognition,andtheorchestrationof motoroutput.While thelatterhasoftenfeatured

in functionalaccountsof theSPS,wider function(includingperceptionandmental

imagery)hasin factlongbeenrecognized(Brown et al., 1997).

To lay the foundationfor a review of currentthinking on the role of the SPSin

perceptualcognition,I will first briefly review therelationof theSPSto otherbrain

organs,particularly the neocortex and thalamus.I emphasizethe reinforcement

driven dimensionalityreduction(RDDR) paradigm,andsuggestthe relevanceof

it to perception.

Thepallidal outputof theSPStargetsthalamicandmidbrainloci thatareintimate

with neocorticalregions characterizedby a large intrinsic numberof degreesof

freedom(i.e., thalamocorticalsubsystemswhosestatesarenot tightly constrained

by their extrinsic inputs).The thalamocorticalsubsystemsthat are in straightfor-

wardtopographicregistrationwith sensoryorgansarenot directtargetsof pallidal

output,becausetheir statesarewell-determinedby their inputs. Indeed,primary

sensoryareasarearrangedfor highly parallelprocessing(topographicallyarranged

projectionneuronswith small receptive fields subjectto highly localizedlateral

inhibition), andanarbitratingsupervisorwould tendto disruptthis deleteriously.

With increasingdistancefrom theseprimarysubsystems,degreesof freedomand

pallidal influencegrow. As processingprogressestowardmotoroutput,projection

neuronshave larger receptive fields in termsof sensoryinput topography, so that

thereis lesspotentialfor parallelism.Arbitration is progressively moreapplicable.
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To reconcileexcessivefreedomwith evermorecontentiouscognitiveresources,the

SPScontributesconstraints,allowing moment-to-momentsolutionsin the under-

determinedsystemsunderits influence.This influencecanbe viewedasstrategic

selection.

Reward is usuallythe goal underlyingthe strategy. For example,the SPScanse-

lect directionof gazeon this basis(Hikosakaet al., 2006).More specifically, the

SPSappearsto make selectionsthat tend to minimize conflicts (Redgrave et al.,

1999;Stafford andGurney, 2005)andtheeffort andexpense(Burnsetal.,1997)of

goalpursuit.Conflict is essentiallyinherentin an individual’s repertoireof goals,

whichhavecomplicatedinternalrelationsof predicationandantagonism.TheSPS

hasa selectionrole in this overdeterminedsystem,asmuchasto underdetermined

systems.

It is particularlyeasyto relatethisconception(RDDR,disambiguation,andconflict

resolution)to thalamocorticalmotor subsystems.There,the output hasan enor-

mousnumberof degreesof freedom,thereis only onebodyto command(arelative

paucityof parallelism),actioncarriesanimmediateandsubstantialmetaboliccost,

andthe control systemmustcontendwith a complicatedsetof constraintsasso-

ciatedwith goals,the body’s dynamicalenvelope,and the objectsandobstacles

of theenvironment.This arrangementexplains,in largepart,why pallidally inner-

vatedmotor subsystemsare muchcloserto primary motor subsystems,than are

pallidally innervatedsensorysubsystemsto the primary sensorysubsystemsthat

precedethem.But that thepallidumdoesindeedinnervatesensorysubsystems,as
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detailedbelow, underscoresthegeneralityof theSPS’s role asarbiterin underde-

terminedsubsystems.

Thewinner-take-all dynamicmentionedaboveasa dynamicalcharacteristicof the

SPS,hasa generalizedparallelinducedby inhibitory interneuronsthroughoutthe

neuraxis,but notably in sensorychannels(Guyonneauet al., 2004).Theselocal

inhibitions causethatpopulationof neuronsthat reachesthresholdfirst to tendto

betheonly populationthatreachesthresholdfor themoment.Theeffectof pallidal

disinhibition,then,is to biaswhichcellswill tendto reachthresholdfirst,andhence

drivedownstreamcognitive infrastructure.

Thisis notjustamechanismfor mediatingattention,but alsofor determiningwhich

pathwayswill participatein theexpressionof plasticity, which itself is highly de-

pendenton timing (Markramet al., 1997).The pallidumthusdrivesthe thalamo-

corticalsystemto gainexpertiseassociatedwith perceptsthatare,in thejudgement

of theSPS,important.BecausetheSPSis largely drivenby neocorticalafferents,

theeffect is thattheneocortex andSPStrain eachother. WhattheSPSaddsto the

rapid, local k-winners-take-all dynamicof the perceptualneocortex, is a broader,

slowerwinner-take-alldynamic.Thereticularnucleusof thethalamuslikely serves

asimilar andrelatedrole.

While modulationof spike primacy biasmaypredominateasa mechanismof per-

ceptualattention,clearly it is the modulationof sustainedspike densitythat pre-

dominatesin latemotorchannels,in which effortful andsustainedactionmustbe
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induceddirectly.

Alexanderetal. (1986)describefiveclosedcircuitsfromneocortex throughtheSPS

to thethalamus,andbackto neocortex, eachidentifiedby theimplicatedneocortical

region.While theirmodelis notcomplete,it is nonethelessinstructivethattheneo-

corticalregionsimplicatedin their“dorsolateralprefrontal”,“lateralorbitofrontal”,

and“anteriorcingulate”circuitsaccount(in humans)for thebetterpartof neocor-

tical surfaceareaaddressedin their model.It hasbeenappreciated,at leastsince

the time of PhineasGage’s 1848encounterwith a tampingiron (Macmillan and

Macmillan,1999),thatthesethreecorticalareasareimplicatednot in motorperfor-

mancebut in moreabstractmentalfunctions,collectively designated“personality”.

In modelsof PFCandanteriorcingulatecortex (ACC) function,thereis extensive

overlapwith theSPSfunctionsdescribedabove.Miller andCohen(2001)describe

the PFCasa supervisorthat orchestratesgoal-relevantperception,cognition,and

action.Setshifting (dynamic,context-drivenalterationof stimulus-responserela-

tions, with a prominenttop-down attentionalcomponent)is a relatedfunction of

thePFC(RavizzaandCiranni,2002).And theputative role of theACC in orches-

tratingresolutionof conflictsin ahighly integrativefashion(Paus,2001;Botvinick

et al., 2001;Wanget al., 2005;Davis et al., 2005) is consistentwith the conflict

minimizationrole positedfor theSPS.

Plausibly, the centralmechanismwherebythe PFCinhibits goal-irrelevantneural

activity is throughits projectionsthroughthe SPSto the thalamus.On this basis
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alone,the PFC and SPSmay constitutea single indivisible system.The effects

of neostriatallesionsin humans(particularlyof the headof the caudatenucleus)

aremarked impairmentsof intention,attention,working memory, andother top-

down controlandreconciliationmechanisms(Benkeetal.,2003).Thus,neostriatal

lesionsandPFC/ACC lesionsresultin strikingly similar deficits.

Thethalamictargetsof theSPSprojectbackuponthePFC,tighteningtheintegra-

tion andpositioningthe SPSto act asarbiterof the supremelyunderdetermined

PFC.In a continuingsuccessionof instants,theSPScanthusselectwhich among

the immenserepertoireof goalsrepresentedin PFCis actively driving cognition

andbehavior, andcanorganizecognitionandbehavior aroundthesegoals.This

intimacy of thePFCwith theSPSwill becomesignificantbelow asI scrutinizethe

role of theSPSin perception.

TheA10 clusterof nucleiin themidbrain,collectively termedtheventraltegmental

area(VTA), is at thecenterof theSPS’s rewardmechanism,with influencespan-

ningtheneuraxis(GeislerandZahm,2005).TheSPS’s rewardmechanism,in turn,

is atthecenterof thebrain’sneuroeconomicalengine– thebiologicalcomputerthat

maximizesrewardandminimizeseffort (GlimcherandRustichini,2004).Among

isocorticalregions,VTA innervatestheACC mostintensely. ACC is centralto the

recruitmentof themachineryof supervisoryarbitration(chiefly PFCandtheSPS)

upondetectionof cognitiveconflict andcontention(Paus,2001).ThusVTA’s pro-

jection to ACC carriesmessagesof frustration,andover time the ACC learnsto

preemptthebehaviors thatleadto thesemessages(Magnoet al., 2006).
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VTA alsoprojectsdirectlytosensorycorticesof all modalities(OadesandHalliday,

1987),a significantrelationin a considerationof theperceptualrolesof the SPS.

Parsimony, thesortof representationapproachedby a neuroeconomicalengine,is

crucialin forming thecognitivemodelsthatconstituteperception.

Thefinal stopin this abbreviatedtourof theSPSis thenucleusbasalisof Meynert,

magnocellularpart(NBM), themajorsourceof cholinergic innervationfor theneo-

cortex andhippocampus,amongothertargets(Mufsonet al., 2003).TheNBM re-

ceivesprojectionsfrom theneostriatumandpaleostriatum(c.f. AppendixA). Stim-

ulation of NBM’s projectionsis a putative mechanismwherebyattentioncanbe

directedandheightenedin responseto subjectivebehavioral relevanceandvalence

(Wenk,1997).Significantly, NBM stimulationcoincidentwith sensorystimulation

caninducelargescalereorganizationin sensoryneocortex (Kilgard andMerzenich,

1998).In short,throughNBM theSPSexertsa profoundinfluencethroughoutthe

cerebralcortex, andof particularrelevancehere,oversensorycorticalregions.

An important featureof the SPSis tonic activity. The dopaminergic projectors

(chiefly, VTA andSNc)aretonicallyactive,sothatdopaminecanbeeitherreduced

(relaying deterrence,signifying disappointmentor aversive stimuli) or increased

(relayingreinforcement,signifying expectationof or surpriseat reward)relative to

the restingbaseline(Schultz,2006).While the projectionneuronsof theCPuare

tonically quiescent,theCPucontainstonically active interneuronsthatarea puta-

tive substratefor the learningof associationsbetweensensory-cognitive circum-

stanceandpatternsof excitation that induceutilitarian CPuoutput(Aosakiet al.,
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1994).Theprojectionneuronsin theGPandSNraretonicallyactive,sothatat rest

theGPiandSNrmoderatelyinhibit their thalamictargets(andtheGPemoderately

inhibits theSTN).

The systemof the thalamusand cerebralcortex, with its exhaustive and highly

specificcomplementof mutualprojections– thevehicleof thethalamocorticaldi-

alogue(Llin ásandRibary, 2001)– is the principal sourceof input for the SPS,

andis theprincipal targetuponwhich theSPSacts.The thalamocorticalandcor-

ticothalamicprojectionsarebothglutamatergic, sothatwithout adequatedamping

thesystemtendsto oscillatesynchronouslyandglobally. Thethalamocorticalsys-

temhasintrinsicdampingmechanisms(e.g. thereticularandintralaminarnucleiof

the thalamusandvariousGABAergic interneuronsin cortex – curiously, somatic

corticofugalfibersthatcollateralizein thestriatumor reticularnucleusdo not col-

lateralizein both(Lévesqueet al., 1996)).But the inhibitory actionof theSPSon

the thalamuscanbe so strongthat it arreststhalamocorticalmotor activity, as it

doespathologicallyin parkinsonism(etiologically, lossof midbraindopamineneu-

rons,with the lossmostpronouncedin the SNc).Alternatively, whenSPSoutput

is pathologicallyabsent,theresultingthalamicandtectaldisinhibitionis suchthat

sensorystimuli induceinvoluntarystereotypedmotor responses.(Thesepatholo-

giesarereviewedbriefly in Redgrave etal. (1999).)

In aview gainingcurrency, thethalamocorticalsystemis viewedasa hostfor con-

trolled chaos(Djurfeldt et al., 2001;Cossartet al., 2003),andfor sustainedcas-

cadesof structuredactivity. A cultivatedtonic balanceof excitationandinhibition
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(Mariño et al., 2005;Liu, 2004)producesa sensitivity to perturbationsthatcanre-

sult in chaos.Within thisburbleof fluctuationstheSPSdetectsmeaningfulpatterns

(contexts),choosesputativelyadvantageousresponses,andexpressestheresponses

by imposingsparsepatternsof spatiallydistributedphasicdisinhibition.This in-

stantiatestransientthalamocorticalensembles,which can be viewed as context-

relevantephemeralagents– agentsof thesortimaginedby Minsky (1986),but pos-

sessingpersistency only by dint of reconstitutability. Sincetheagentsthemselves

becomepartof thecontext driving theSPS,they arechainedtogetherin acascade.

Theseputative agentsusuallyhave a significantperceptualdimension.In general,

the exquisitesensitivity to perturbationsengenderedby excitatory-inhibitorybal-

ancehasaspecialsignificancefor perception,whereit allows for detectionof very

smallchangesin sensoryinput.

3 Bridging the motor-perception divide

Beforeplunginginto aconsiderationof theSPS’sdirectinvolvementin perception,

it is worth takinga few momentsto considertheaccumulatingevidencefor exten-

sive motoric influenceon perception.Becausethe SPShasan establishedrole in

motorperformance,thisevidenceleadsoneto deducea role for theSPSin percep-

tion.

Gandevia etal. (2006)show thatproprioceptiveawarenessof limb positionis main-

tainedevenin theeffective absenceof thelimb. That is, themind perceivesa limb
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thatreactsto appliedeffort, evenwhenthepossiblepathwaysfrom appliedeffort to

perceptionall runentirelywithin theCNS.Thisphenomenonmaybeexplainedby

someform of efferentcopy, by someform of top-down control(probablyimplicat-

ing theSPS),or by both.TheSPS’s influenceover latestagesof motorprocessing

is well appreciated,but a componentof thecorticostriatalprojectionis collaterals

of late stagemotor output (Lévesqueet al., 1996),i.e. efferentcopy. The SPSis

thussimilarly arrangedfor closed-loopobservationof actions.

While the phenomenonreportedby Gandevia et al. directly implicatessuperior

frontal andparietalcortex, the prefrontalcortex – with its superlative versatility

and its supervisoryfunction – is the most fruitful region of interestin a search

for motoric influenceon perception.The role of the PFCas arbiterof conflicts,

for example,certainly extendsto perception.In an experimentinvestigatingthe

bistablevision condition,subjectswith well-localizedPFC lesionswere signifi-

cantlyimpairedin theircapacityto willfully switchbetweenthecandidatepercepts

(Windmannet al., 2006).Therole of theSPSitself in this typeof attentionaltask

is discussedbelow, asanexampleof thegeneralmachineryof setshifting.

Deliberate(premeditated)attentionis anexampleof intentionalperception.By bi-

asingthe saliency of percepts,it can exclude irrelevant stimuli from awareness,

andgreatly improve awarenessof desiredstimuli (Pessoaet al., 2003).Attention

is quite precise.For example,attentionto a potentialvisual stimulusshows fine

retinotopy in preciseregistrationwith theactivity inducedby theactualstimulus.

Theperceptualsignificanceof selective attentioncanhardlybeoverstated.Poten-
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tial perceptsthatarenotattendedarelargelyabsentfrom awareness,andoftenhave

little or nobearingoncognitionandbehavior.

MarisaCarrascoandcolleagueshavemadea multifariouscasethatcovert gazeal-

tersthe contentsof perception.Studyingthe visual domain,they have found that

attentionby itself increasesapparentcontrast(Carrascoetal.,2004),spatialresolu-

tion (YeshurunandCarrasco,1998),andtherateof perceptualprocessing(Carrasco

andMcElree,2001).They find thatbasicattributesof visualstimuli – e.g.,spatial

frequency andgapsize– aresubjectively alteredby covert attention(Gobell and

Carrasco,2005).

MarcSommerreports(Sommer, 2006)thatindividualneuronsin V1 displayephemeral

receptive fields in anticipationof saccades.In the momentbeforeexecutionof a

saccade,asingleneuronbriefly respondsto astimuluspositionedin thevisualfield

suchthat it will bein thestaticRF of thatneuronaftercompletionof thesaccade.

This is, evidently, clearevidenceof closedloop motor modulationof sensoryre-

sponse.Both thedirectionandthemagnitudeof thesaccadearepreciselyrelayed

fromthesaccadeplanningcenters(chiefly, frontalandsupplementaryeyefieldsand

SC)to visualcortex, inducingsuperpositionof a spatiallyshiftedmapof receptive

fields.(Thephysiologicalmechanismof thissuperpositionis not yetknown.)

Mental imagery– in which a stimulusis perceived that originates(often deliber-

ately) within the mind – is perhapsthe ultimate form of intentionalperception.

Imagerymay be nothing more than an extensionof attention,which – as noted
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above – is very precise.Attentionis likely realizedthroughincreasesin excitatory

inputs(chiefly arisingin theneocortex andin/via the thalamus),anddecreasesin

inhibitory inputs(chiefly mediatedby the SPS),to loci involved in perceptionof

the attendedsubject.In attention,theseeffectsinducefew depolarizations.But if

the effect is simply intensifiedquantitatively, thresholdsareexceeded(andprop-

agatedassociatively and retrogradelythroughsensoryprocessingpipelines),and

intrinsically generatedpercepts– mentalimagery– result.This progressionis a

phenomenonreadily familiar to the layman:a prolongedand intensive searchis

oftenaccompaniedby falsealarmsandfleetingphantompercepts.

4 The SPS in Perception

Giventheforegoing,thereaderwill evidentlybeunsurprisedby a catalogof phys-

iological andfunctional intimaciesbetweenthe SPSandthe uncontrovertedcor-

relatesof sensationandperception.I begin by noting several findingsrelatingto

visualcognition.

That the SPShasdisynapticprojectionsto inferotemporal(Middleton andStrick,

1996)andanteriorinferior parietal(Clower et al., 2005)cortex, just asit doesto

theclassicfive areasof theAlexandermodel,suggeststhat the role of theSPSin

mentalimageryis neitherincidentalnorperipheral.Thattheseregionsof cortex are

integral to visualimageryhasbeenestablishedfor sometime (Mellet et al., 1996).

In anexperimentprobingthephysiologicalcorrelatesof avisualcategorizationtask
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contingenton mental rotation (Ali visatosand Petrides,1997), striatal activation

(measuredwith PET)wassimilar in significanceto activationin parietalcortex.

The visual systemat the mesencephaliclevel (the superiorcolliculus) is a target

of SPS(SNr) output(e.g.Jianget al., 2003).While the SC is implicatedin shift

andtrackingof gaze,it is alsoinvolvedin attentionper se, andstimulationof the

SCcandrive covert gaze(Müller et al., 2005).Thefrontal andsupplementaryeye

fields (FEF/SEF)are underSPSinfluence(the oculomotorcircuit of Alexander

et al. (1986) involvesthem),but activity in themcandirect attentionwithout di-

rectingoculomotoroutput(Schall,2004).Moreover, asnotedabove,theNBM and

VTA projectdirectly to visualsensoryareas.Clearly, then,theSPScandrivevisual

attentionthrougha varietyof pathwaysandmechanisms.

Auditory imageryalsoinvolvesthe SPS.In a PET studyin which subjectsinter-

nally recapitulateda familiar tunefrom memoryuponpresentationof anauditory

cueof the first few notes(HalpernandZatorre,1999), the putamenwassignifi-

cantly activatedduring cueingandimageryrelative to a control task(passive lis-

tening to a tune),but not for uncuedimageryrelative to control. This evidently

suggeststheSPSrecruitsthe auditoryprogramappropriatefor thepresentedcue.

(n.b. theauthorsdid notaddressthis activationin thetext of thearticle.)In a study

of classification-intensive auditoryperception(listeningto speech)(Meyer et al.,

2004),significantneostriatalactivationaccompaniedlisteningto speechdegraded

so that only fundamentalfrequency was preserved, suggestingSPSengagement

whentheusualperceptualstrategiesprove ineffective.Evidently this is thesortof
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scenarioclassicallyassociatedwith interventionandsupervisionby PFC,andso

servesasareminderof theextensivefunctionaloverlapandintegrationof PFCand

theSPS.

A recentfinding shows just how direct andfundamentalis the effect of the SPS

on perception.ShulerandBear(2006)reportthatneuronsin rodentV1 show ele-

vatedactivity contingenton theexpectationof rewardassociatedwith visualstim-

uli thatimplicatethoseneurons.This is clearlysomethingseparatefrom, if clearly

relatedto, SPS-mediatedreward contingency in theoculomotorcommandstream

(Hikosakaet al., 2006),thesortof role consistentwith thetraditionalcircumscrip-

tion of SPSdomain.In onepromisingmodel(Zink etal.,2006)it is saliency – beit

novelty or reward– thatprovokestheSPSto judiciouslyrecruitcognitiveresources

associatedwith the salientstimulus.Clearly, anticipatoryrecruitmentof sensory

infrastructureis anaturalcomponentof this SPSfunction.

Thesenseof timepassageandtheestimationof time intervalsimplicatetheSPSin

a domainof perceptionat a very basiclevel. In fact,sensationof time is theonly

physicalphenomenonsensationthat inheresin mentation,ratherthanreachingit

througha pipeline of intermediaries.The judgementsthat are predicatedon the

integrationof time sensehave aneconomiccharacterto them,remindingusof the

role of theSPSasaneuroeconomicengine.

Thephysiologydirectly implicatedin timesense,andin theintegrationof percepts

over time intervals, includesmostof the anatomyimplicatedin cognitive control
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(BuhusiandMeck,2005).Thedorsalneostriatum,PFC,supplementarymotorarea

(SMA), andposteriorparietalcortex (PPC),all show activity that is significantly

parametricallycorrelatedwith timing-relateddemandsof task.TheSPSdopamin-

ergic centersdemonstratea particularlyclearinvolvementin timing, a finding re-

inforced with respectto sensationby Shulerand Bear (2006),discussedabove.

Parkinsonismis accompaniedby deteriorationin interval judgement.In rat,an in-

terestingtiming deficitaccompaniesNBM lesioning:timing of asinglestimulusis

essentiallynormal,whereastiming performanceon concurrentindependentstim-

uli is significantlyimpaired.This reinforcesthehypothesisthattheNBM mediates

attentionalallocationandcontrol,mentionedbriefly above.

BuhusiandMeckproposethatageneralmechanismof timing, andof awarenessof

positionalongthetimecontinuum,is therecognitionby theneostriatumof patterns

in theafferentsfrom cortex, emanatingfrom regularly but independentlyoscillat-

ing local corticalensembles,suchthatparticularinstantaneousphaserelationships

amongtheseafferentscanbedetectedasasortof intrinsictick. Importantly, Buhusi

andMeck venturethat themechanismof interval timing, of which neostriatalpat-

ternrecognitionis akey component,is in factmoregeneral,underlyingjudgements

of quantityandnumerosity. These,evidently, arealsomattersof perception,and

furthermore,aresimilarly prominentin neuroeconomics.

ThePFCandtheSPSarebothintegral to setshifting (RavizzaandCiranni,2002;

Aron et al., 2003).The perceptualaspectsof setshifting canbe seenascontext-

driven top-down biasingof inter-perceptcompetition(e.g.Desimone,1998).At-
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tention is the overarchingphenomenonhere.In English,we have a saying,“pay

attention”,and there’s a lessonin this: attentionis somethingwe invest,andwe

invest it in the way we expect to pay off most (GlimcherandRustichini,2004).

Theneedfor attentionarisesbecause,asnotedabove,cognitive infrastructureis a

limited andcontentiouscommodityfor which thoughts(here,thepropagativepro-

cessingof percepts)compete(DesimoneandDuncan,1995).

5 Hallucination and Delusion: A Window on SPS Functionality

Middleton and Strick (1996) discussthe possibility that dysfunctionof the SPS

loop throughareaTE (inferotemporalvisual cortex) may underliethe visual hal-

lucinationscharacteristicof positivesymptomschizophrenia.Thisdovetailswith a

considerationof schizophreniaasa collapseof the intentionalcomponentof per-

ception,asproposedby EdmundHusserl(Fuchs,2005). In any case,etiological

theoriesof schizophreniahave long implicateddysfunctionof dopaminesystems,

which evidently arecomponentsof or intimatewith theSPS.And mostneurolep-

tics usedto treat the symptomsof schizophreniaexert their effectson dopamine

systems.

Thereis significantcorrelationbetweenthe morphologyof the headof the cau-

datenucleusandincidenceof schizotypalpersonalitydisorder(Levitt etal., 2004).

Among thesepatients,thereis moreover a significantcorrelationbetweendegree

of morphologicaldistortionof the caudatehead,andseverity of deficitson tasks
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contingentonvisuospatial,auditory, andvisualworkingmemory.

Obsessive-CompulsiveDisorder(OCD)ispositedtobeadysfunctionof neocortical-

SPScircuits(GraybielandRauch,2000).OCD mightbeusefullyviewedasadys-

function of perception:the normalsensitivity of the SPSto changesin context is

notexpressed,thustheSPSdoesnot inducetheappropriatesetshift in thethalam-

ocorticalsystem.TheSPSthuscontinuesto promoteaperception-actionensemble

(anagent)whichis superfluous,andthethalamocorticalsystempersevereswith the

inappropriateperceptionandtheactionsthatfollow from thatinappropriatepercep-

tion.

Thepotentialfor SPSdysfunctionto inducedelusorystatesof mind is underscored

by the finding that stimulationof the STN can induce laughterassociatedwith

actualsubjectivehumorappreciationand“mirth” (Krack etal., 2001).

6 Closing Thoughts

Physicalobjectsandensemblesthereof– the subjectsof normalperception– are

governedbyphysicalrules.Theserulesconstituteasortof intentionalityintrinsicto

thoseobjects.Knowledgeof thebehavioral rulesthatgovernaphysicalsystemcan

becombinedwith superficialobservationsof thesystemto constructtheoriesof the

system’sdeepstate.Thesetheoriesareconstructedin acontinuousprocessof inte-

grationandreconciliationof multiple,usuallyprominentlyprobabilistic,streamsof

constraints.To thedegreethatknowledgeor observationsarepaltry, theconstraints
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arealsofrequentlyconflicting.

When the PFC/ACC/SPSinvolves itself in perception,the resultinginterior dy-

namicalsystemis a suitablesubstratefor this processof integrationandreconcil-

iation, culminatingin continuousadaptive modellingof exterior dynamicalphe-

nomena.WhenI speakof intentionalperception,I speakprimarily of this mech-

anism,in which the intentionalityof the environmentis mentallymodelled.The

PFC/ACC/SPSworksto assurethattherulesthatgoverntheenvironmentalsogov-

ernthementalmodel.Thesementalmodelsarethereforeintendedperception,rep-

resentingfar moreof theenvironmentthaneitherthephysicalrules,or theobser-

vationalperceptions,representin themselves.

Whenperceptionrepresentsandreflectsthe intentionalstructureof theperceived

phenomena,predictionis greatly facilitated.Predictionallows for negative reac-

tion times,with evidentdividends.But thatpredictionis oneof thecentralgoods

obtainedby PFC/ACC/SPSinvolvementin perception,squareswith modelsof re-

inforcementlearning(e.g.Schultz,2006)that posit a sensitivity andreactivity to

predictionerrorswithin this sameanatomy.

In humans,themechanismof intentionalperceptionbecomessopowerful thatar-

ticulatetheoriesof mindareenabled.These,in turn,arepartof thefoundationupon

which reststhesyntacticlanguagefacility. Intentionalperceptionis thuscentralto

whatmakeshumanshuman.
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A What is the striatopallidal sys-
tem?

In the terminology of human neu-
roanatomy, the SPS is composedof the
caudatenucleusand putamen(CPu), the
segments of the globus pallidus (inter-
nal, GPi, and external, GPe), their re-
spective ventral extensions(ventral stria-
tum, VS, including the accumbenscom-
plex, NAc, andtheventralpallidum,VP),
the substantianigra reticulata(SNr), the
subthalamicnucleus(STN), two mesen-
cephalic dopaminergic centers(substan-
tia nigra compactaA9, SNc, and ventral
tegmental area A10, VTA), and the nu-
cleusbasalis(NB). TheCPu,VS, andNB
are telencephalicderivatives, and the GP,
VP, and STN are diencephalic.Grouped
by cytoarchitectureandhodology, theCPu
andVS togetherconstitutetheneostriatum
(or “striatum”), and the GP, VP, andSNr
togetherconstitutethe paleostriatum(or
“pallidum”).

Synaptic releaseof the SPS’s main out-
put projectionsis modulatory(dopamine
or gamma-aminobutyric acid,GABA), and
its extrinsic inputs are mostly excitatory
(glutamate,Glu). Its excitatoryinput is de-
rived mostly from the cerebralcortex (in-
cluding the atypical cortex of the medial
temporal lobe and rhinencephalon),with
the remainderarising from motor and in-
tralaminarnucleiof thethalamus,from the
cerebellumby way of thethalamus(Hoshi
et al., 2005),andfrom theaffective organs
of the basalforebrain(chiefly, the amyg-
dalaandhypothalamus).Theserotonergic
and noradrenergic modulatorycentersof
the brainstem,which diffusely innervate
the cerebralcortex andthe thalamus,also
similarly innervatetheSPS.TheGABAer-
gic output of the SPStargets associative
motor nuclei of the thalamus,particularly
the large mediodorsal(MD) and ventral
anterior/ventral lateral (VA/VL) nuclear

masses.The dopaminergic output arising
in the ventral tegmentalareatargetsPFC
andanteriorcingulatecortex (ACC).

Physiological segregation of functional
domainin theSPS,mentionedabove in the
introduction,hasan organ-level granular-
ity, and within organs,well-definedfiner
patternsof topographicspecificity. Projec-
tions of the extendedamygdalaandatyp-
ical cortex to the SPS are largely con-
finedto theVS. Corticostriatalprojections
arising in that part of neocortex which is
posteriorto the PFC/ACC is largely con-
fined to the CPu.The PFC/ACC projects
extensively to both VS and CPu (also,
PFC/ACC is physiologicallyintimatewith
both the extendedamygdalaand atypical
cortex, andwith the isocortex posteriorto
it). PFC/ACCis distinguishedwith respect
to the SPS in other ways: it is the iso-
cortical region most profusely innervated
dopaminergically by theSPS,it is theori-
gin of the only direct corticosubthalamic
projection,andit is theprincipal reentrant
(feedback)recipientof the output of the
SPS(by way of the thalamus),thoughas
will be exploredbelow, it is not the only
one.

Theinternalconnectivity andchemistryof
theSPSis complicatedenoughto frustrate
easydescription.The neostriatumconsti-
tutes the canonicalinput stage,receiving
the glutamatergic projections described
above. The paleostriatumconstitutesthe
canonicaloutput stage,giving rise to the
GABAergic projectionsdescribedabove.
In computationalmodels,the SPSis of-
ten viewed asa hiddenlayer, with an in-
ternalarchitecturethatis opaqueto organs
outsidetheSPS.However, thisoversimpli-
fiesin importantways.Immediatelyabove
are examplesof this – STN receives a
glutamatergic projectionfrom PFC/ACC,
and VTA gives rise to dopaminergic and
GABAergic projectionsto PFC/ACC.
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In the direct pathway, Glu inputs to the
CPuandVS give rise to GABA inputsto
GPi and SNr, which give rise to GABA
inputs to thalamictargets. In the indirect
pathway, the CPu and VS give rise to
GABA inputsto theGPe,which givesrise
to GABA inputs to the STN, which give
riseto Glu inputstoGPiandSNr(GPealso
projectsdirectly, but relatively sparsely, to
GPi andSN). Thus,in thedirectpathway,
excitatory input to theSPSyieldsdisinhi-
bition at its output,whereasin theindirect
pathway, excitatoryinput yieldsinhibitory
output.

Moreover, through intraneostriatalcollat-
erals, the direct pathway projection con-
veys substanceP (SP) whereasthe indi-
rect pathway conveys enkephalins(Enk)
(Lee et al., 1997) (though in primates,
SNr-boundfibersconvey eitherEnk or SP,
in similar numbers(Inagaki and Parent,
1984)). Theseneuropeptidesare associ-
atedthroughouttheneuraxiswith aversive
stimuli and analgesia(respectively), and
are mutually antagonistic(Mudge et al.,
1979).Throughtheiractionin theneostria-
tum,aversiontendsto inducethalamicdis-
inhibition (facilitating responsive percep-
tion, cognition,andaction)whereasanal-
gesiaenhancesthalamicinhibition.

The input stagepathway is also divided,
into matrisomaland striosomal trajecto-
ries (Graybiel and Ragsdale,1978). The
striosomesare neostriatalcompartments
(patches)many of whoseneuronscontain
neuropeptidessuchas enkephalins(Enk)
andsubstanceP (SP),which arecompar-
atively lacking in the neuronsof the ma-
trisome(matrix) that separatesthem.The
processesof a givenneostriatalneuronare
conspicuouslysegregatedto a singlecom-
partment.The matrisomaltrajectory, aris-
ing in moresuperficiallayersof cortex (III-
Va), gives rise to the direct and indirect
pathways introducedabove. The strioso-
mal trajectory, arising in deeperlayersof

cortex (Vb-VI), projects GABAergically
to the SNc (unresolved citation, 9999).
In the ventral striatum, the matrisome-
striosomecompartmentationis confused,
but a shell-corearrangementis prominent
in the NAc (unresolved citation, 9999).
The SNc then gives rise to dopaminer-
gic projectionsto matrisomalneostriatum.
Dopaminehasa facilitatory effect on tar-
get cells when the postsynapticreceptors
aretypeD1, asthey arefor striatalcellsin
thedirectpathway, andaninhibitory effect
when the receptorsare type D2, as they
are for striatal cells in the indirect path-
way. Thus increasedSNc dopamineout-
put tendsto decreasethe inhibitory output
of theSPS,anddecreaseddopaminetends
to increaseinhibitory output.Thisarrange-
mentis mostclearin thedorsalSPS.

The Glu outputof theSTN to theGPi in-
ducesinhibition at theSPS’s thalamictar-
gets.However, theSTN alsoprojectsglu-
tamatergically backto theGPe,andthisar-
rangementconstitutesa putative substrate
for an SPS-intrinsicoscillatory dynamic
(Berns and Sejnowski, 1998). As noted
above, PFC projectsglutamatergically to
STN, and through this path PFC can di-
rectly effect excitation of the SPS’s out-
put stage,henceinhibition of the SPS’s
thalamictargets.This hasbeeninterpreted
as a pathway for a “stop” signal (unre-
solvedcitation,9999),but it isalsoamech-
anismwherebyPFCcaninducebroadinhi-
bition while PFCandothercorticalregions
simultaneouslyinduce focal disinhibition
throughthedirectpathway (unresolvedci-
tation,9999).

The projectionslinking the CPu,VS, GP,
SNr, andSTN,have extensive topographic
specificity (in somasthetic/skeletomotor
regions, fractured somatotopy), some of
whichhasalreadybeendescribedin thelit-
erature,but much of which hasyet to be
elucidated.Representationalmaps in the
SPSarearrayedin threedimensions,asin
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the thalamus,andunlike the cortex of ei-
therthecerebrumor thecerebellum.

The efferent pathways of the VTA are
various and diverse, and give it an ex-
tensive intimacy with the PFC/ACC and
the rest of the SPS (Oadesand Halli-
day, 1987).It projectsdirectly andexten-
sively to PFC (dorsolateraland orbital)
and ACC, and to the neostriatum,and
alsoprojectsto thalamicnuclei(anterodor-
sal, mediodorsal,central medial, and re-
uniens)that are intimatewith PFC,ACC,
and the neostriatum,and to most of the
structuresof the medial temporal lobe.
In carnivoresandprimates,thereis addi-
tional significantVTA innervation in insu-
lar and visual cortex, and someinnerva-
tion of auditoryandsomatosensorycortex.
In rhesusmonkey (andprobablyotherpri-
mates),anteriortemporalcortex is inner-
vated,and in cat (and possibly also pri-
mates)ventral temporaland retrosplenial
corticesarestronglyinnervated.Theaffer-
entsof VTA arisechiefly in the PFC, in
the ventral striatumand pallidum, and in
severalbasalforebrainstructuresincluding
particularlythehypothalamus(Geislerand
Zahm,2005).Thechemistryof VTA effer-
entsis chieflydopaminergic andGABAer-
gic, and its afferents are chiefly gluta-
matergic (or aspartatergic) and GABAer-
gic.

The nucleusbasalisis consideredpart of
the basalganglia. Indeed,TheodorHer-

mannMeynert(its discoverer)calledit the
ganglion basale (Meynert,1872).Because
of its hodologicaland thematic relation-
shipswith the neostriatum,paleostriatum,
andneocortex, it is naturalto considerit an
integral componentof the SPS.Like sev-
eralothernucleiof theSPS,it is cytologi-
cally distinct,but like thoseothernuclei,it
is functionallyintegral.

The nucleus basalis magnocellularis
(NBM) and the adjoining portion of the
VP include a large populationof cholin-
ergic neuronsthataretheprincipalextrin-
sic sourceof cholinergic innervation for
the entirecerebralcortex. Non-SPSaffer-
entsto theNBM arelike thoseof theven-
tral striatum(MesulamandMufson,1984;
Zaborszky et al., 1997), and the cholin-
ergic neuronsof the NBM are innervated
directly by the GPe(Grove et al., 1986).
TheCPualsocontainsapopulationof pro-
jection neurons, distinguishedcytologi-
cally from the projection neuronsimpli-
catedin the direct and indirect pathways,
that send neuropeptide-bearing fibers to
the nucleusbasalis(Furuta et al., 2000).
Thusthe NBM is underthe direct regula-
tory influenceof boththeneostriatumand
thepaleostriatum.

In fact,theabovegivesonly thebarestout-
linesof thechemistryandlabyrinthinemi-
crocircuitry of the SPS.For detailedre-
views,seee.g. Holt etal. (1997)andParent
et al. (1995).
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