TheStriatopallidal System and I ntentional Perception

DanielPouzzner

daniel @pouzzner.name

Abstract

Theneostriatumandassociatedrgansareawidely distributedanddenselyinterconnected
subcorticabystem Anatomically througha variety of stagesndpathways,thestriatopall-
idal system(SPS)is a complex mosaicof sgyregation,convergence anddivergence Com-
putationally it is characterizethy competitive selectiorandreinforcement-dvienlearning.
Althoughthe SPSis canonicallya systemof motor controlandperformancemorerecent
researchhasestablishedhatit is integral to cognitionandothernon-motorfunctions.Se-
lection(decision)is its essentiafunction,andselectionis asintegral to cognition,memory
attention,andperceptionasto motor performancelt is therole of the SPSin perception
thathasrecevedthe leastattention,but this role is a naturalaspecbf its role in selection,
andis well-attestedy recentexperiments.
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1 Introduction

In 1925 British neurologisKinnearWilsondescribedhebasalgangliaasthe“dark
basemenof the brain” (Wilson, 1925). The twentiethcenturywould seestriking
progressn the functionalparcellationof the cerebralcortex, spinalandperipheral
nenoussystemprainstem,anddiencephalorBut alas thestriatopallidalystemt

would remainlargelyin thedark.

A revolution in thinking on the SPScanbe tracedto the parallel segregatedioop
modeldescribedy Alexanderetal. (1986),andto thestriosome-matrisomiénding
describedy GraybielandRagsdal€¢1978).With theseadvancesinternalstructural

organizationwasappreciatedvherenonehadbeenbefore.

It is no coincidencethat the cortical and diencephalicregions that have proved
leastamenableo functional parcellation— notably prefrontalcortex (PFC)and
intralaminarthalamicnuclei— arealsothe regionsthat are mostintimatewith the

SPS.Nonethelessgnoughthoughtandevidencehasaccumulatean the question

1 The“striatopallidalsystem”(SPS)is circumscribedo includethe neostriatumbothseg-
mentsof the pallidum, their respecire ventral extensions,the substantianigra (SN, all
parts),the ventraltegmentalarea(VTA), the subthalamimucleus(STN), andthe nucleus
basalis(NB). For a similar circumscriptionandterminology seeMarin etal. (1998a).The
traditionalappellation“basalganglia” hasvariousshortcomingsasdoesa relatedneolo-
gism, “striatal compl”. The basalgangliafrequently but inconsistentlyare held to in-
cludetheamygdald(itself a controversialdesignatior(e.g. SwansonandPetrwich, 1998))
andclaustrumeven thoughneitheris hodologicallyintegral to or cytologically consistent
with the system.The VTA is seldomincluded,eventhoughit is continuouswith the SNc
and occupiesa closely relatedpositionin basalgangliacircuitry. But perhapsthe deci-
sive complaintabout“basal ganglia” is that the basalgangliaare not gangliaat all, but
a widely distributed set of nuclei. In comparisonthe only problemwith the neologism
“striatal comple” is thatits abbreiation leadsto confusionwith the abbreiation for the
superiorcolliculus.But thisis aseriousproblem,becausehe SCis intimatewith the SPS.



of SPSfunctionto shedsomereallight on it. Elucidatingits perceptuafunctions
is probablya particularly effective avenuewherebyto bring it into the community

of organsunderstoodo beintegral andindispensabléo all domainsof mentation.

| arguein this paperthatthe SPSis extensively involvedin purposeful perception —
in which one(to beglib) seegheworld theway onewantsto seeit, orindeedsees
theworld onewantsto see Attentionandmentalimageryarethe mostrecognized

examplesof this,andcomprisethe bulk of the evidencerecapitulatedelow.

But thereis a broadersensan which perceptioncanbe purposefulandit is sug-
gestedby the capacityfor mentalimagery Intentional perception is perceptionas
a sort of engine,in which the nature(the intrinsic intent) of perceved objectsis
modelled.Sensatiorsenesto maintainregistrationof the modelswith the outside
world. This sortof perceptions evidently contingenton internally directed,rule-
pursuantactions,andit would be surprisingwerethe SPSnot intimately involved

in this phenomenon.

2 What doesthe striatopallidal system do?

The SPSis alabyrinth (AppendixA is anoverview of its circuitry andchemistry),
but after the SPSrevolution notedabove, mary investigatorshave describedela-
tively simpleunifiedfunctionalmodels.Two themegecur:reinforcementearning,
particularly the actokcritic architecture(in which the evaluatoris separatdrom,

andtrains,the orchestrator)andselection particularlywith a competitve winner



take-all dynamic.

Any autonomoussystemthat must take effective and flexible actionsin a com-
plex andunderconstrainingrvironmentmusthave a highly integrative engineof
adaptve actionselectionln oneconceptionRedgrae etal., 1999),the SPSis an
instantiationof this classof engine,peculiarto the vertebratephylogely (seealso

Marin etal., 1998b).

AnotherprominentconceptionGraybiel,1998) emphasizeshe propensityof the
SPSto orchestrateomple, multi-stepresponse$o contet, andto amasscollec-
tions of suchresponse# a gradualand continuinglearningprocessThe SPSis
thusviewed asa patterngeneratoguiding cognitionandbehaior. The neocorte
suppliesmostof the context, which is informationally compressedh the SPSto

drive patternselectionthalamicandtectaltargetsreceve the patterns.

The most genericdescriptionsof SPSfunction distill its operationdown to the
mathematicahbstractionof reductionof dimension(of degreesof freedom)ac-
cordingto rulesengenderetby a history of reinforcemensignals(BarGadetal.,

2003). Thesemodelsare motivatedin large partby the anatomicaimperatvesof

theSPS-its vastinputis funneledfrom theneocort& in successie stagego arela-
tively (threeto four ordersof magnitude smallerpopulationof neuronghatoutput
to the thalamus.The dimensionalityreductionparadigmis evidently compatible

with andsuggestie of the selectionandpatterngeneratiorparadigms.

Reductiorof dimensionis agenerallyapplicablecomputationusefulin perception,



cognition,andtheorchestratiorof motoroutput.While thelatterhasoftenfeatured
in functionalaccountf the SPS wider function (includingperceptiorandmental

imagery)hasin factlong beenrecognizedBrown etal., 1997).

To lay the foundationfor a review of currentthinking on the role of the SPSin
perceptuatognition,l will first briefly review therelationof the SPSto otherbrain
organs,particularly the neocort& and thalamus.I emphasizehe reinforcement
driven dimensionalityreduction(RDDR) paradigm,and suggesthe relevanceof

it to perception.

The pallidal outputof the SPStargetsthalamicandmidbrainloci thatareintimate
with neocorticalregions characterizedy a large intrinsic numberof degreesof
freedom(i.e., thalamocorticabubsystemsvhosestatesare not tightly constrained
by their extrinsic inputs). The thalamocorticasubsystemshat are in straightfor
wardtopographiaegistrationwith sensoryorgansarenot directtargetsof pallidal
output, becauseheir statesare well-determinedby their inputs. Indeed,primary
sensonareasarearrangedor highly parallelprocessindgtopographicallyarranged
projectionneuronswith small receptve fields subjectto highly localizedlateral

inhibition), andanarbitratingsupervisomould tendto disruptthis deleteriously

With increasingdistancefrom theseprimary subsystemsjegreesof freedomand
pallidal influencegrow. As processingrogressesoward motor output, projection
neuronshave larger receptve fields in termsof sensoryinput topographyso that

thereis lesspotentialfor parallelism.Arbitration is progressiely moreapplicable.



To reconcileexcessve freedomwith ever morecontentiousognitive resourceghe
SPScontributesconstraintsallowing moment-to-momensolutionsin the under
determinedsystemaunderits influence.This influencecanbe viewed as stratejic

selection.

Reward is usuallythe goal underlyingthe stratey. For example,the SPScanse-
lect directionof gazeon this basis(Hikosakaet al., 2006). More specifically the
SPSappeardo make selectionghat tendto minimize conflicts (Redgrae et al.,
1999;Staford andGurney, 2005)andthe effort andexpensgBurnsetal., 1997)of
goal pursuit.Conflict is essentiallyinherentin an individual’s repertoireof goals,
which have complicatednternalrelationsof predicationandantagonismThe SPS
hasa selectionrole in this overdeterminedystemasmuchasto underdetermined

systems.

It is particularlyeasyto relatethis conceptio(RDDR, disambiguationandconflict
resolution)to thalamocorticaimotor subsystemsThere,the output hasan enor
mousnumberof degreesof freedom thereis only onebodyto commandarelative
paucityof parallelism),actioncarriesanimmediateandsubstantiametaboliccost,
andthe control systemmustcontendwith a complicatedsetof constraintsasso-
ciatedwith goals,the body’s dynamicalernvelope,andthe objectsand obstacles
of theenvironment.This arrangemengxplains,in large part, why pallidally inner
vated motor subsystemsre much closerto primary motor subsystemsthan are
pallidally innenatedsensorysubsystemso the primary sensorysubsystemshat

precedehem.But thatthe pallidumdoesindeedinnenatesensorysubsystemsas



detailedbelow, underscorethe generalityof the SPSS role asarbiterin underde-

terminedsubsystems.

Thewinnertake-all dynamicmentionedabove asa dynamicalcharacteristiof the
SPS,hasa generalizegarallelinducedby inhibitory interneuronghroughoutthe
neuraxis,but notablyin sensorychannelGuyonneatet al., 2004). Theselocal
inhibitions causethat populationof neuronghat reacheghresholdfirst to tendto
betheonly populationthatreacheshresholdor themoment.Theeffect of pallidal
disinhibition,then,is to biaswhichcellswill tendto reachthresholdirst, andhence

drive downstreancognitive infrastructure.

Thisis notjustamechanisnfor mediatingattention but alsofor determiningwhich
pathwayswill participatein the expressionof plasticity, which itself is highly de-
pendenton timing (Markramet al., 1997). The pallidum thusdrivesthe thalamo-
corticalsystemo gainexpertiseassociateavith perceptghatare,in thejudgement
of the SPS,important.Becauseahe SPSis largely driven by neocorticalafferents,
the effectis thatthe neocorte and SPStrain eachother Whatthe SPSaddsto the
rapid, local k-winners-tale-all dynamicof the perceptuaheocorte, is a broadey
slowerwinnertake-alldynamic.Thereticularnucleusof thethalamudik ely senes

asimilarandrelatedrole.

While modulationof spike primag/ biasmay predominateasa mechanisnof per
ceptualattention,clearly it is the modulationof sustainedspike densitythat pre-

dominatesn late motor channelsjn which effortful andsustainedactionmustbe



induceddirectly.

Alexandetretal. (1986)describdive closedcircuitsfrom neocort& throughthe SPS
to thethalamusandbackto neocorte, eachidentifiedby theimplicatedneocortical
region. While their modelis notcompletejt is nonethelesgstructive thattheneo-
corticalregionsimplicatedin their“dorsolateraprefrontal”,“lateral orbitofrontal”,

and“anterior cingulate”circuitsaccount(in humans)or the betterpartof neocor

tical surfaceareaaddressedh their model.It hasbeenappreciatedat leastsince
the time of PhineasGages 1848 encountemwith a tampingiron (Macmillan and

Macmillan,1999),thatthesethreecorticalareasareimplicatednotin motorperfor

mancebut in moreabstracmentalfunctions,collectively designatedpersonality”.

In modelsof PFCandanteriorcingulatecortex (ACC) function,thereis extensive
overlapwith the SPSfunctionsdescribedabove. Miller andCohen(2001)describe
the PFCasa supervisorthat orchestrategoal-rele/ant perceptioncognition,and
action. Setshifting (dynamic,context-driven alterationof stimulus-responseela-
tions, with a prominenttop-davn attentionalcomponent)s a relatedfunction of
the PFC(RavizzaandCiranni,2002).And the putative role of the ACC in orches-
tratingresolutionof conflictsin a highly integrative fashion(Paus,2001;Botvinick
etal., 2001;Wanget al., 2005; Davis et al., 2005)is consistentwvith the conflict

minimizationrole positedfor the SPS.

Plausibly the centralmechanisnwherebythe PFCinhibits goal-irrelazant neural

actiity is throughits projectionsthroughthe SPSto the thalamus.On this basis



alone,the PFC and SPSmay constitutea single indivisible system.The effects
of neostriatalesionsin humang(particularly of the headof the caudatenucleus)
are marked impairmentsof intention, attention,working memory and othertop-

down controlandreconciliationmechanisméBenke etal., 2003).Thus,neostriatal

lesionsandPFC/ACC lesionsresultin strikingly similar deficits.

Thethalamictargetsof the SPSprojectbackuponthe PFC, tighteningtheintegra-
tion and positioningthe SPSto act asarbiter of the supremelyunderdetermined
PFC.In a continuingsuccessiomf instants the SPScanthusselectwhich among
the immenserepertoireof goalsrepresentedh PFCis actively driving cognition
and behaior, and can organizecognition and behaior aroundthesegoals. This
intimacy of the PFCwith the SPSwill becomesignificantbelow asl scrutinizethe

role of the SPSin perception.

TheA10 clusterof nucleiin themidbrain,collectively termedtheventraltegmental
area(VTA), is at the centerof the SPS$ reward mechanismyvith influencespan-
ningtheneuraxigGeislerandZahm,2005).The SPSs revardmechanismin turn,
is atthecenterof thebrain’sneuroeconomicangine-thebiologicalcomputetthat
maximizesreward andminimizeseffort (GlimcherandRustichini,2004). Among
isocorticalregions,VTA innenatesthe ACC mostintensely ACC is centralto the
recruitmentof the machineryof supervisoryarbitration(chiefly PFCandthe SPS)
upondetectionof cognitive conflictandcontention(Paus,2001). ThusVTA's pro-
jectionto ACC carriesmessagesf frustration,and over time the ACC learnsto

preempthebehaiorsthatleadto thesemessage@Magnoetal., 2006).



VTA alsoprojectdirectlyto sensorycorticesof all modalities(OadesandHalliday,
1987),a significantrelationin a consideratiorof the perceptuatolesof the SPS.
Parsimoty, the sortof representatiompproachedby a neuroeconomicatngine,is

crucialin forming the cognitve modelsthatconstituteperception.

Thefinal stopin this abbreviatedtour of the SPSis the nucleusbasalisof Meynert,
magnocellulapart(NBM), themajorsourceof cholinegic innenationfor theneo-
cortex andhippocampusamongothertargets(Mufsonetal., 2003). The NBM re-
ceivesprojectiondrom the neostriatunmandpaleostriatungc.f. AppendixA). Stim-
ulation of NBM’s projectionsis a putatve mechanismwherebyattentioncanbe
directedandheightenedn responséo subjectve behaioral relevanceandvalence
(Wenk,1997).Significantly NBM stimulationcoincidentwith sensorystimulation
caninducelargescalereoganizationn sensoryneocorte (Kilgard andMerzenich,
1998).In short,throughNBM the SPSexertsa profoundinfluencethroughoutthe

cerebrakortex, andof particularrelevancehere,over sensorycorticalregions.

An importantfeatureof the SPSis tonic actvity. The dopaminegic projectors
(chiefly, VTA andSNc)aretonically active, sothatdopaminecanbeeitherreduced
(relaying deterrencesignifying disappointmenbr aversie stimuli) or increased
(relayingreinforcementsignifying expectationof or surpriseat reward)relative to
the restingbaseling(Schultz,2006). While the projectionneuronsof the CPuare
tonically quiescentthe CPucontainstonically active interneuronghatarea puta-
tive substratdor the learningof associationbetweensensory-cognitie circum-

stanceandpatternsof excitation thatinduceutilitarian CPuoutput(Aosakiet al.,



1994).Theprojectionneuronsn the GPandSNraretonically actve,sothatatrest
the GPiandSNrmoderatelyinhibit their thalamictargets(andthe GPemoderately

inhibitsthe STN).

The systemof the thalamusand cerebralcortex, with its exhaustve and highly
specificcomplemenbf mutualprojections- the vehicleof thethalamocorticatli-
alogue(Llinasand Ribary, 2001)— is the principal sourceof input for the SPS,
andis the principal target uponwhich the SPSacts.The thalamocorticabnd cor-
ticothalamicprojectionsareboth glutamategic, sothatwithout adequatelamping
the systemtendsto oscillatesynchronouslhyandglobally. Thethalamocorticabys-
temhasintrinsic dampingmechanismge.g. thereticularandintralaminamucleiof
the thalamusand various GABAergic interneuronsn cortex — curiously somatic
corticofugalfibersthatcollateralizein the striatumor reticularnucleusdo not col-
lateralizein both (Lévesqueet al., 1996)).But the inhibitory actionof the SPSon
the thalamuscan be so strongthat it arreststhalamocorticaimotor actwity, asit
doespathologicallyin parkinsonisnietiologically, lossof midbraindopamineneu-
rons,with the lossmostpronouncedn the SNc). Alternatively, when SPSoutput
is pathologicallyabsentthe resultingthalamicandtectaldisinhibitionis suchthat
sensorystimuli induceinvoluntary stereotypednotor responses(Thesepatholo-

giesarereviewedbriefly in Redgrae etal. (1999).)

In aview gainingcurreng, thethalamocorticabystemis viewedasa hostfor con-
trolled chaos(Djurfeldt et al., 2001; Cossartet al., 2003),and for sustaineccas-

cadesof structuredactvity. A cultivatedtonic balanceof excitationandinhibition
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(Marifio etal., 2005;Liu, 2004)producesa sensitvity to perturbationghatcanre-
sultin chaosWithin this burbleof fluctuationghe SPSdetectaneaningfulpatterns
(contets),chooseputatively advantageousesponsesandexpressesheresponses
by imposingsparsepatternsof spatially distributed phasicdisinhibition. This in-
stantiategransientthalamocorticalensemblesywhich can be viewed as context-
relevantephemerahgents- agentof the sortimaginedoby Minsky (1986),but pos-
sessingoersisteng only by dint of reconstitutability Sincethe agentshemseles
becomepartof the context driving the SPS they arechainedogetherin acascade.
Theseputative agentsusuallyhave a significantperceptuatlimension.n general,
the exquisite sensitvity to perturbationsengenderedby excitatory-inhibitory bal-
ancehasa specialsignificancefor perceptionwhereit allows for detectionof very

smallchangesn sensoryinput.

3 Bridging the motor-perception divide

Beforeplunginginto a consideratiorof the SPSs directinvolvementn perception,
it is worth takinga few momentgo considerthe accumulatingevidencefor exten-
sive motoric influenceon perception Because¢he SPShasan establishedole in

motorperformancethis evidenceleadsoneto deducearole for the SPSin percep-

tion.

Gandeiaetal. (2006)shaw thatproprioceptve awarenessf limb positionis main-

tainedevenin the effective absencef thelimb. Thatis, the mind percevesalimb
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thatreactgo appliedeffort, evenwhenthepossiblepathwaysfrom appliedeffort to
perceptiorall run entirelywithin the CNS. This phenomenomay be explainedby
someform of efferentcopy, by someform of top-dowvn control (probablyimplicat-
ing the SPS),or by both. The SPS$ influenceover late stagesof motor processing
is well appreciatedbut a componenbf the corticostriatalprojectionis collaterals
of late stagemotor output (Lévesqueet al., 1996),i.e. efferentcopy. The SPSis

thussimilarly arrangedor closed-loopbsenationof actions.

While the phenomenomreportedby Gandeia et al. directly implicatessuperior
frontal and parietal cortex, the prefrontalcortex — with its superlatve versatility
and its supervisoryfunction — is the mostfruitful region of interestin a search
for motoric influenceon perception.The role of the PFC as arbiter of conflicts,
for example, certainly extendsto perception.In an experimentinvestigatingthe

bistablevision condition, subjectswith well-localized PFC lesionswere signifi-

cantlyimpairedin their capacityto willfully switchbetweerthe candidatepercepts
(Windmannet al., 2006). Therole of the SPSitself in this type of attentionaltask

is discussedbelow, asanexampleof the generaimachineryof setshifting.

Deliberate(premeditatedattentionis anexampleof intentionalperceptionBy bi-
asingthe salieny of perceptsjt canexclude irrelevant stimuli from awareness,
andgreatlyimprove awarenes®f desiredstimuli (Pessoat al., 2003). Attention
IS quite precise.For example,attentionto a potentialvisual stimulusshows fine
retinotoyy in preciseregistrationwith the actvity inducedby the actualstimulus.

The perceptuakignificanceof selectve attentioncanhardly be overstatedPoten-

12



tial perceptghatarenotattendedarelargely absenfrom awarenessandoftenhave

little or no bearingon cognitionandbehaior.

MarisaCarrascandcolleaguediave madea multifariouscasethat covert gazeal-
tersthe contentsof perception Studyingthe visual domain,they have found that
attentionby itself increasegapparentontrasfCarrasceaetal., 2004),spatialresolu-
tion (YeshururandCarrasco1998),andtherateof perceptuaprocessingCarrasco
andMcElree,2001).They find thatbasicattributesof visual stimuli — e.g.,spatial
frequeny andgapsize— aresubjectvely alteredby covert attention(Gobell and

Carrasco2005).

Marc Sommereporty Sommey2006)thatindividualneuronsn V1 displayephemeral
receptve fields in anticipationof saccadesin the momentbeforeexecutionof a
saccadeasingleneuronbriefly respondso a stimuluspositionedn thevisualfield
suchthatit will bein the staticRF of thatneuronafter completionof the saccade.
This is, evidently, clearevidenceof closedloop motor modulationof sensoryre-
sponseBoth the directionandthe magnitudeof the saccadere preciselyrelayed
fromthesaccad@lanningcentergchiefly, frontalandsupplementargyefieldsand
SC)to visualcortex, inducingsuperpositiorof a spatiallyshiftedmapof receptve

fields.(The physiologicaimechanisnof this superpositions notyetknown.)

Mental imagery— in which a stimulusis perceved that originates(often deliber
ately) within the mind — is perhapsthe ultimate form of intentional perception.

Imagery may be nothing more than an extensionof attention,which — as noted
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above —is very precise Attentionis lik ely realizedthroughincreasesn excitatory
inputs(chiefly arisingin the neocorte andin/via the thalamus) anddecreases
inhibitory inputs (chiefly mediatedby the SPS),to loci involvedin perceptionof
the attendedsubject.In attention,theseeffectsinducefew depolarizationsBut if
the effect is simply intensifiedquantitatvely, thresholdsare exceededand prop-
agatedassociatiely and retrogradelythrough sensoryprocessingipelines),and
intrinsically generategercepts— mentalimagery— result. This progressions a
phenomenonmeadily familiar to the layman:a prolongedand intensive searchis

oftenaccompanietby falsealarmsandfleetingphantompercepts.

4 The SPSin Perception

Giventheforegoing,thereademill evidently beunsurprisedy a catalogof phys-
iological and functionalintimaciesbetweenthe SPSandthe uncontrawvertedcor-
relatesof sensatiorand perceptionl begin by noting several findingsrelatingto

visual cognition.

Thatthe SPShasdisynapticprojectionsto inferotemporalMiddleton and Strick,
1996)andanteriorinferior parietal(Clower et al., 2005) cortex, just asit doesto
the classicfive areasof the Alexandermodel,suggestshatthe role of the SPSin
mentalimageryis neitherincidentalnor peripheral Thattheseregionsof cortex are

integral to visualimageryhasbeenestablishedor sometime (Mellet etal., 1996).

In anexperimentprobingthephysiologicakorrelate®f avisualcateyorizationtask

14



contingenton mentalrotation (Alivisatosand Petrides,1997), striatal activation

(measuredavith PET)wassimilarin significanceo activationin parietalcortex.

The visual systemat the mesencephalitevel (the superiorcolliculus) is a target
of SPS(SNr) output(e.g.Jianget al., 2003). While the SCis implicatedin shift
andtrackingof gaze,it is alsoinvolvedin attentionper se, andstimulationof the
SCcandrive covertgaze(Miller et al., 2005).The frontal andsupplementargye
fields (FEF/SEF)are under SPSinfluence(the oculomotorcircuit of Alexander
et al. (1986)involvesthem), but actvity in them candirect attentionwithout di-

rectingoculomotoroutput(Schall,2004).Moreover, asnotedabove,theNBM and
VTA projectdirectlyto visualsensoryareasClearly, then,the SPScandrive visual

attentionthrougha variety of pathwaysandmechanisms.

Auditory imageryalsoinvolvesthe SPS.In a PET studyin which subjectsinter-
nally recapitulateda familiar tunefrom memoryuponpresentatiorof an auditory
cue of the first few notes(Halpernand Zatorre,1999), the putamenwas signifi-
cantly activatedduring cueingandimageryrelative to a control task (passve lis-
teningto a tune), but not for uncuedimageryrelative to control. This evidently
suggestshe SPSrecruitsthe auditory programappropriateor the presentecue.
(n.b. theauthorsdid not addresghis activationin thetext of thearticle.)In a study
of classification-intense auditory perception(listeningto speech)Meyer et al.,
2004),significantneostriatalctivationaccompaniedisteningto speechdegraded
so that only fundamentalfrequeny was presered, suggestingSPSengagement

whenthe usualperceptuaktratgjiesprove ineffective. Evidently this is the sort of
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scenarioclassicallyassociatedvith interventionand supervisionby PFC,and so
senesasareminderof the extensve functionaloverlapandintegrationof PFCand

the SPS.

A recentfinding shaws just how direct and fundamentals the effect of the SPS
on perceptionShulerandBear(2006)reportthatneuronsn rodentV1 shaw ele-
vatedactvity contingenton the expectationof reward associatedavith visual stim-
uli thatimplicatethoseneuronsThis is clearlysomethingseparatdérom, if clearly
relatedto, SPS-mediatedeward contingeng in the oculomotorcommandstream
(Hikosakeaetal., 2006),the sortof role consistentvith the traditionalcircumscrip-
tion of SPSdomain.In onepromisingmodel(Zink etal., 2006)it is salieny — beit
novelty or reward—thatprovokesthe SPSto judiciouslyrecruitcognitveresources
associatedvith the salientstimulus.Clearly, anticipatoryrecruitmentof sensory

infrastructurds a naturalcomponenbf this SPSfunction.

Thesensef time passagandthe estimationof time intervalsimplicatethe SPSin
a domainof perceptionat a very basiclevel. In fact, sensatiorof time is the only
physicalphenomenorsensatiorthat inheresin mentation ratherthanreachingit
througha pipeline of intermediariesThe judgementghat are predicatedon the
integrationof time sensenave aneconomiccharacteto them,remindingus of the

role of the SPSasa neuroeconomiengine.

Thephysiologydirectly implicatedin time senseandin theintegrationof percepts

over time intenals, includesmostof the anatomyimplicatedin cognitive control

16



(BuhusiandMeck, 2005).ThedorsalneostriatumPFC,supplementarynotorarea
(SMA), and posteriorparietalcortex (PPC),all shawv actiity thatis significantly
parametricallycorrelatedwith timing-relateddemand®f task. The SPSdopamin-
ergic centersdemonstrate particularly clearinvolvementin timing, a finding re-
inforced with respectto sensatiorby Shulerand Bear (2006), discussedabove.
Parkinsonismis accompaniedby deteriorationn interval judgementin rat, anin-
terestingtiming deficitaccompanieslBM lesioning:timing of a singlestimulusis
essentiallynormal, whereagiming performanceon concurrentindependenstim-
uli is significantlyimpaired.This reinforceshe hypothesighatthe NBM mediates

attentionakllocationandcontrol,mentionedoriefly above.

BuhusiandMeck proposehata generamechanisnof timing, andof awarenessf
positionalongthetime continuumjs therecognitionby the neostriatunof patterns
in the afferentsfrom cortex, emanatingrom regularly but independentlyoscillat-
ing local corticalensemblessuchthat particularinstantaneouphaserelationships
amongtheseafferentscanbedetectedisa sortof intrinsictick. Importantly Buhusi
andMeck venturethatthe mechanisnof interval timing, of which neostriatapat-
ternrecognitionis akey componentis in factmoregeneralunderlyingiudgements
of quantity and numerosity These evidently, are also mattersof perceptionand

furthermore aresimilarly prominentin neuroeconomics.

The PFCandthe SPSarebothintegral to setshifting (RavizzaandCiranni,2002;
Aron et al., 2003). The perceptuabhspectof setshifting canbe seenas context-

driven top-down biasingof inter-perceptcompetition(e.g. Desimone, 1998). At-
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tentionis the overarchingphenomenornere.In English,we have a saying,“pay
attention”, and theres a lessonin this: attentionis somethingwe invest,and we
investit in the way we expectto pay off most(Glimcherand Rustichini,2004).
The needfor attentionarisesbecauseasnotedabove, cognitive infrastructureis a
limited andcontentioussommaodityfor which thoughts(here the propagatie pro-

cessingof perceptsrompetg DesimoneandDuncan,1995).

5 Hallucination and Delusion: A Window on SPS Functionality

Middleton and Strick (1996) discussthe possibility that dysfunctionof the SPS
loop throughareaTE (inferotemporalisual cortex) may underliethe visual hal-
lucinationscharacteristiof positive symptomschizophreniaT his dovetailswith a
consideratiorof schizophreniasa collapseof the intentionalcomponenbf per
ception,as proposedoy EdmundHusserl(Fuchs,2005).1n ary case,etiological
theoriesof schizophrenidave long implicateddysfunctionof dopaminesystems,
which evidently arecomponent®f or intimatewith the SPS.And mostneurolep-
tics usedto treatthe symptomsof schizophreniaxert their effects on dopamine

systems.

Thereis significantcorrelationbetweenthe morphologyof the headof the cau-
datenucleusandincidenceof schizotypabpersonalitydisorder(Levitt etal., 2004).
Among thesepatients thereis moreover a significantcorrelationbetweendegree

of morphologicaldistortionof the caudatenead,and severity of deficits on tasks
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contingenton visuospatialauditory andvisualworking memory

Obsessie-CompulsreDisorder(OCD)is positedto beadysfunctionof neocortical-
SPScircuits (GraybielandRauch,2000).0CD might be usefully viewed asa dys-
function of perceptionthe normalsensitvity of the SPSto changesn context is
not expressedthusthe SPSdoesnotinducetheappropriatesetshift in thethalam-
ocorticalsystem.The SPSthuscontinuego promotea perception-actioensemble
(anagentwhichis superfluousandthethalamocorticasystemperseereswith the
inappropriatgerceptiorandtheactionsthatfollow from thatinappropriatgercep-

tion.

Thepotentialfor SPSdysfunctionto inducedelusorystatesof mind is underscored
by the finding that stimulation of the STN can induce laughterassociatedvith

actualsubjectve humorappreciatiorand“mirth” (Krack etal., 2001).

6 Closing Thoughts

Physicalobjectsand ensembleshereof— the subjectsof normal perception- are
governedby physicalrules. Theseulesconstituteasortof intentionalityintrinsicto
thoseobjects Knowledgeof the behaioral rulesthatgoverna physicalsystemcan
becombinedwith superficialobsenationsof thesystemto constructheoriesof the
systems deepstate.Thesetheoriesareconstructedn a continuougrocessf inte-
grationandreconciliationof multiple, usuallyprominentlyprobabilistic stream®f

constraintsTo thedegreethatknowledgeor obsenrationsarepaltry, the constraints
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arealsofrequentlyconflicting.

Whenthe PFC/ACC/SPSinvolvesitself in perceptionthe resultinginterior dy-
namicalsystemis a suitablesubstratedor this procesof integrationandreconcil-
iation, culminatingin continuousadaptve modelling of exterior dynamicalphe-
nomenaWhen| speakof intentionalperception| speakprimarily of this mech-
anism,in which the intentionality of the ernvironmentis mentally modelled.The
PFC/ACC/SPSworksto assurdhattherulesthatgovernthe environmentalsogov-
ernthementalmodel. Thesementalmodelsarethereforeintendedperceptionrep-
resentingfar more of the environmentthaneitherthe physicalrules,or the obser

vationalperceptionstepresenin themseles.

Whenperceptionrepresentandreflectsthe intentionalstructureof the perceved
phenomenapredictionis greatly facilitated. Predictionallows for negative reac-
tion times, with evidentdividends.But that predictionis oneof the centralgoods
obtainedby PFC/ACC/SPSnvolvementin perceptionsquareswith modelsof re-
inforcementlearning(e.g. Schultz,2006) that posit a sensitvity andreactvity to

predictionerrorswithin this sameanatomy

In humansthe mechanisnof intentionalperceptionrbecomeso powerful thatar
ticulatetheoriesof mind areenabledThesejn turn,arepartof thefoundationupon
which reststhe syntacticlanguagédacility. Intentionalperceptions thuscentralto

whatmakeshumanshuman.
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A What is the striatopallidal sys-
tem?

In the terminology of human neu-
roanatomy the SPSis composedof the
caudatenucleusand putamen(CPu), the
sggments of the globus pallidus (inter

nal, GPi, and external, GPe), their re-

spectve ventral extensions(ventral stria-
tum, VS, including the accumbensom-
plex, NAc, andthe ventralpallidum, VP),

the substantianigra reticulata (SNr), the
subthalamicnucleus(STN), two mesen-
cephalic dopaminegic centers(substan-
tia nigra compactaA9, SNc, and ventral
tegmentalarea A10, VTA), and the nu-

cleusbasalis(NB). The CPu,VS, andNB

aretelencephalidervatives, and the GR,

VP, and STN are diencephalic.Grouped
by cytoarchitecturendhodology the CPu
andVS togetherconstitutethe neostriatum
(or “striatum”), andthe GR, VP, and SNr
togetherconstitute the paleostriatum(or

“pallidum”).

Synapticreleaseof the SPS5 main out-
put projectionsis modulatory (dopamine
or gamma-aminalntyric acid, GABA), and
its extrinsic inputs are mostly excitatory
(glutamateGlu). Its excitatoryinputis de-
rived mostly from the cerebralcortex (in-
cluding the atypical cortex of the medial
temporallobe and rhinencephalon)with
the remainderarising from motor andin-
tralaminamucleiof thethalamusfrom the
cerebellumby way of thethalamugHoshi
etal., 2005),andfrom the affective organs
of the basalforebrain (chiefly, the amyg-
dalaandhypothalamus)The serotonegic
and noradrenggic modulatory centersof
the brainstem,which diffusely innenate
the cerebralcortex andthe thalamusalso
similarly innenatethe SPS.The GABAer-
gic output of the SPStamets associatie
motor nuclei of the thalamus particularly
the large mediodorsal(MD) and ventral
anterior/entral lateral (VA/VL) nuclear
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massesThe dopaminegic outputarising
in the ventral tegmentalareatargets PFC
andanteriorcingulatecortex (ACC).

Physiological segregation of functional
domainin theSPSmentionedaborein the
introduction,hasan organ-level granulas
ity, and within organs,well-definedfiner
patternsof topographicspecificity Projec-
tions of the extendedamygdalaand atyp-
ical cortex to the SPS are largely con-
finedto the VS. Corticostriatalprojections
arisingin that part of neocort& which is
posteriorto the PFC/ACC is largely con-
fined to the CPu. The PFC/ACC projects
extensvely to both VS and CPu (also,
PFC/ACC s physiologicallyintimatewith
both the extendedamygdalaand atypical
cortex, andwith the isocorte posteriorto
it). PFC/ACCis distinguishedvith respect
to the SPSin other ways: it is the iso-
cortical region most profuselyinnenated
dopaminegically by the SPS,it is the ori-
gin of the only direct corticosubthalamic
projection,andit is the principal reentrant
(feedback)recipientof the output of the
SPS(by way of the thalamus)thoughas
will be exploredbelaw, it is not the only
one.

Theinternalconnectrity andchemistryof

the SPSis complicatedenoughto frustrate
easydescription.The neostriatumconsti-
tutesthe canonicalinput stage,receving

the glutamategic projections described
above. The paleostriatumconstitutesthe
canonicaloutput stage,giving rise to the
GABAergic projectionsdescribedabove.

In computationalmodels,the SPSis of-

ten viewed as a hiddenlayer, with anin-

ternalarchitecturdhatis opaqueto organs
outsidethe SPS However, this oversimpli-

fiesin importantways.Immediatelyabore

are examplesof this — STN receves a

glutamategic projectionfrom PFC/ACC,

and VTA givesrise to dopaminggic and
GABAergic projectionsto PFC/ACC.



In the direct pathway, Glu inputs to the
CPuandVS give riseto 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 the GPe,which givesrise
to GABA inputsto the STN, which give
riseto Gluinputsto GPiandSNr(GPealso
projectsdirectly, but relatvely sparselyto
GPiandSN). Thus,in the direct pathway;
excitatory input to the SPSyields disinhi-
bition atits output,whereasn theindirect
pathway, excitatoryinputyieldsinhibitory
output.

Moreover, throughintraneostriatakollat-

erals, the direct pathway projection con-
veys substanceP (SP) whereasthe indi-

rect pathway corveys enkephalins(Enk)

(Lee et al., 1997) (though in primates,
SNr-boundfiberscorvey eitherEnk or SR

in similar numbers(Inagaki and Parent,
1984)). These neuropeptidesare associ-
atedthroughouthe neuraxiswith aversve

stimuli and analgesia(respecitiely), and
are mutually antagonistic(Mudge et al.,

1979).Throughtheiractionin theneostria-
tum, aversiontendsto inducethalamicdis-

inhibition (facilitating responsie percep-
tion, cognition,and action) whereasanal-
gesiaenhancehalamicinhibition.

The input stagepathway is also divided,
into matrisomaland striosomaltrajecto-
ries (Graybiel and Ragsdale 1978). The
striosomesare neostriatal compartments
(patches)mary of whoseneuronscontain
neuropeptidesuch as enkephalins(Enk)
and substancé® (SP), which are compar
atively lacking in the neuronsof the ma-
trisome (matrix) that separateshem. The
processesf a givenneostriataheuronare
conspicuoushseagregatedto a singlecom-
partment.The matrisomaltrajectory aris-
ingin moresuperficialayersof cortex (l11-
Va), gives rise to the direct and indirect
pathways introducedabove. The strioso-
mal trajectory arisingin deepenayersof

27

cortex (Vb-VI), projects GABAergically
to the SNc (unresoled citation, 9999).
In the ventral striatum, the matrisome-
striosomecompartmentations confused,
but a shell-corearrangemenis prominent
in the NAc (unresoled citation, 9999).
The SNc then gives rise to dopaminer
gic projectionsto matrisomalneostriatum.
Dopaminehasa facilitatory effect on tar-
get cells when the postsynaptiaeceptors
aretypeD1, asthey arefor striatalcellsin
thedirectpathway, andaninhibitory effect
when the receptorsare type D2, as they
are for striatal cells in the indirect path-
way. ThusincreasedSNc dopamineout-
put tendsto decreasehe inhibitory output
of the SPS,anddecreasedopamingends
to increasenhibitory output.Thisarrange-
mentis mostclearin thedorsalSPS.

The Glu outputof the STN to the GPi in-
ducesinhibition at the SPS5 thalamictar-
gets.However, the STN alsoprojectsglu-
tamategically backto the GPe,andthis ar-
rangementonstitutesa putative substrate
for an SPS-intrinsicoscillatory dynamic
(Berns and Sejnavski, 1998). As noted
above, PFC projectsglutamategically to
STN, and throughthis path PFC can di-
rectly effect excitation of the SPS5 out-
put stage,henceinhibition of the SPSs
thalamictamgets.This hasbeeninterpreted
as a pathway for a “stop” signal (unre-
solvedcitation,9999),butit is alsoamech-
anismwherebyPFCcaninducebroadinhi-
bition while PFCandothercorticalregions
simultaneouslyinduce focal disinhibition
throughthedirectpathway (unresoled ci-
tation,9999).

The projectionslinking the CPu,VS, GP,
SNr, andSTN, have extensve topographic
specificity (in somasthetic/sdetomdor
regions, fractured somatotop), some of
whichhasalreadybeendescribedn thelit-
erature,but much of which hasyet to be
elucidated.Representationainapsin the
SPSarearrayedin threedimensionsasin



the thalamus,and unlike the cortex of ei-
therthe cerebrunor thecerebellum.

The efferent pathways of the VTA are
various and diverse, and give it an ex-
tensve intimag/ with the PFC/ACC and
the rest of the SPS (Oadesand Halli-
day, 1987).It projectsdirectly and exten-
sively to PFC (dorsolateraland orbital)
and ACC, and to the neostriatum,and
alsoprojectsto thalamicnuclei(anterodor
sal, mediodorsal,central medial, and re-
uniens)that areintimatewith PFC,ACC,
and the neostriatum,and to most of the
structuresof the medial temporal lobe.
In carnvoresand primates,thereis addi-
tional significantVTA innenationin insu-
lar and visual cortex, and someinnena-
tion of auditoryandsomatosensorgortex.
In rhesusmonkey (andprobablyotherpri-
mates),anteriortemporalcortex is inner
vated, and in cat (and possibly also pri-
mates)ventral temporaland retrosplenial
corticesarestronglyinnenated.The affer-
entsof VTA arise chiefly in the PFC,in
the ventral striatumand pallidum, andin
severalbasalforebrainstructuresncluding
particularlythehypothalamugGeislerand
Zahm,2005).Thechemistryof VTA effer-
entsis chiefly dopaminegic andGABAer-
gic, and its afferents are chiefly gluta-
mategic (or aspartatgjic) and GABAer-

gic.

The nucleusbasalisis consideredpart of
the basalganglia. Indeed, Theodor Her-
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mannMeynert(its discoverer)calledit the
ganglion basale (Meynert,1872).Because
of its hodologicaland thematicrelation-
shipswith the neostriatumpaleostriatum,
andneocortg, it is naturalto consideiit an
integral componenbf the SPS.Like sev-
eralothernucleiof the SPS,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-
emic neuronghatarethe principal extrin-
sic sourceof cholinegic innenation for
the entire cerebralcortex. Non-SP Saffer-
entsto the NBM arelike thoseof the ven-
tral striatum(MesulamandMufson,1984;
Zaborszk et al., 1997), and the cholin-
emgic neuronsof the NBM areinnenated
directly by the GPe(Grove et al., 1986).
The CPualsocontainsapopulationof pro-
jection neurons, distinguished cytologi-
cally from the projection neuronsimpli-
catedin the direct andindirect pathvays,
that send neuropeptide-beany fibers to
the nucleusbasalis(Furutaet al., 2000).
Thusthe NBM is underthe direct regula-
tory influenceof boththe neostriatumand
the paleostriatum.

In fact,theabove givesonly thebaresbut-

linesof thechemistryandlabyrinthinemi-

crocircuitry of the SPS.For detailedre-

views, seee.g. Holt etal. (1997)andParent
etal. (1995).



