
The Subdivisions of the 
Frontal Cortcx Rcvisitccl 

INTRODUCTION 

Ctrllicr est onrrricl tti\,iscl i t r  pczrtes tres.  With these words Caesar sct out to 
conquer Gaul and to unify it. h ly  purpose in this chapter is no less arnhitious: to 
describe the various subdivisic,ns o f  the frontal lobe in  order to find soi~lc unitary 
principle that unites them. Fortrrnately, there are available the enc!c;~vcrrs o f  
massive troops, endeavors that ni;~ke the enterprise possible. The h(>pctJ-for 
conquest wi l l  proceed as follows: The initial section describes anatoniic:~l d;~ta. 
and serves as an orientation; the second scctior~ is cclncrrned with revicwing and 
interpreting the mass o f  neurobehavioral data that deal with the function;ll 
parcellation o f  the anterior frontal systems; and finally a summary and synthesis 
section wi l l  attempt to portray an understanding o f  primate frontal lohc function 
in terms o f  the currently available data. 

SOME ANATOhiICAL CONSIDERATIONS 

As with Caesar's Gaul. the frontal cortex o f  primates can be diviticd into 
Ihrcr rnajor ~ 3 ~ s .  each o f  which is rnncle up of  subprincipalities. The three mnjor 
divisions are the precentral (including the pre- and supplementary niotor). ~ h c  
anterior (also called prefrontal, orhitofrontal, and far frontal), and the cingul;\te 
(also called lirnhic). These major cfivisions can he defirled on the basiz nf  thcir 
thnlarnic projections: The precentrnl derives its thalamic input from the vcntro- 
lateral group of nuclei, the anterior frontal from the nucleus (n.) nitc!i:lli~ 
dorsalis, and the cingul:lte froni the anterior group (for reviews, see PriIir;1111 
1958a. 1958b). 



 he sut?divisions o f  these n~:~ jor  div is iu~~s can also ha tlcfinccl in ternls of  
their thalan~ic input: The irnmetliatc p:tc~~ti;il cofic:i ~.cct.ivec ;In input froni thc 
n. vcntr:~lis latcralii, pars caut1;llis. ;lntl tllc n. ventrnlis pos~crior, pars ornlis. 
which in turn are r i ! ~  rnniclr tcr~r?innI~ of ccrcl?cllnr ~lrc,icctirlils. T1:c ;?:cmotor 
portions of this di\.ision receive nrl inp~it  fr i lr l~ tlic 11. *:CIIII:I~~F l;i!~r:!li~. pnrs 
oralis, which in turn i s  the major tcrri1in:ttion of ir~!xit t i ~ r c ~ ~ ~ g l i  the glt?l\us ~~; t l l i t l !~s  
of the lateral nigrostriatal systern. t l  furthcr st!bt!ivisiori c;ln 1.c rnatie i?ct~vsen the 
laternl preniotor ant! the strpplcmcnr;~ry rnotor S Y S ~ ~ I I I S  in t i u t  II~C ni(1re Iatcrally 
placed systetrls den1 more with orof;tci;ll, and the supj~lc~~c.r~t;try nwtur systcir~s 
with other axial muscular projections (Coldkrg. 1085). 

The subdivisions o f  the cingulate cortex f ~ l l o w  the sr!btlivisions o f  the 
anferior thalaniic nrlclei: N. anterior mcrfialis projects to the ;lntcrior cingulate 
cortex. n. anterior lateralis to the posterior cingul;~te cortex (Pribmm c% h~ l t on .  
1954). The n. lateralis tfonalis (which ought to be classified as part o f  thc 
anterior group) projects to the retrospleninl portion of the cingrrlatc gyrus. 

Finally, the primate anterior, far frontal cortex can be suhdividetl according 
to the subdivisions of the n. n~edialis dorsalis: T l ~ c  n~icrocellul;~r p r t i on  projects 
to the dorsolateral frontal cortex. the p r i l a~nr~ i i l a r  niagnocellular portion to the 

; priarci~ate cortcx, and the midline rii;~gncxcllular portion to the orhitofrontal 
cortex (Pribrarn, Chow, Sr Sernmcs, 1953). 

There are additional, hitherto ignorcd. interesting and important (for un- 
derstanding the functional relationship to psychological processing) findings 
regarding the thalamocortical projections. The thalamus is  a three-dirnensionol 
structure, whereas the cortex is (from the standpoint of thalan~ic projcctions) 

, cssenti;~lly n two-tli~r~cnsion;~I sliccl of  cclls. Thus. thc projcctions fro111 th;~lari~us 
to cortex must "lose" one dimension. When one plots the precisely arranged 
"fan" of projections from each thnlnrnic nuclcus one can readily tlcterminc which I 

dimension is eliminated. 
With regard to the projections front the anterior nuclcar group and the n. i 

medialis dorsalis, the anterior-posterior dimension is elirninatcd. An anterior- 
posterior file o f  cells in the thalamus projects to a single locus of cortcx. Thus, 
for example, one finds degeneration o f  such an cxtenclecl row of thalamic cells 
ranging from the rnost anterior to the rnost posterior portion of the n. rnedialis 
dursalis after a resection lirnrtcd to the frorltal pole (Pribram et at.. 1953). 

With regard to the ventru1;iteral group of nuclei, the situation is entiicly i 

different. Here the anterior-portcrior dinlension is clearly maintained: The front 
, 
! 

part of  the nucleus projects to the forward parts nf the ccrebral convexity; as one 
proceccb back in thc thalamus the projcctions reach thc more posterior p~r t ions 
o f  the cortex. curving around into thc ternpori~l Iobc when the projections of the 
pulvinar are reached. On the other Ii;lnd, n file of  cclls cntcntling, rliorc or Icss, 



dorsovrntrally [hut angled sornewhat laterally frorn its medial c Je) prcljcctc to A 

siiigle I t ~ t i s  011 [tie curtex (Chow cQ Pribrarn, 1956). 
This tlistinctic>n betwccn :kc anterior arid nleilial tluclei. on thc occ hr~ntf. 

nn(l thc vcntrcd;~rc.r;il givtip of nuclsi, on thc ot11t.r. is supix!rtxl hj. ti;c i;ict th;ii 
tlie irrlcrn;il iricclrll1;iry lrir!!ir!a s.-~:I~:!!cs tlic t:vo classes of nuclci. Cic;~rly. 
thcrcforc, wc slior~id seek corrimc?r~ality arnorig the fr~nctions of tltc nl!tcrior. f:\r 
frclntal p;lrts of  the cortex arid rhc lirlihic formations, as wr i i  as ntiiong t l~c  
fr~rictior~s of ttic prccentrnl and postccntr:11 portions of the ccrchi;tl nl;intlc 

(Prihrnln. 1958a. 1958b). 
The close anatorriical rc1;ltionship o f  the far frontal cortex and the Iimhic 

riiedi;~l forebrl~in is also errrpfi;~sixctl when conipnrativc anatomicnl data arc 
reviewed. In cats and other nonprirnates. gyms proreus is the homolo,eue of thc 
far frontal cortex o f  primates. This gyms receives its projection from the midlinc 
mngnocellrllar portion o f  the n. modinlis dorsalis. This projection covcrc a goc~l  
share o f  the anterior portion o f  the medial frontal cortex; gyms prorc-11s on thc 
1ater;ll surface is limited to a narrow sliver. I t  is as if there has been a rotation of 
the metlinl frontal cortex latcrnlly (just as there seems to have occurred a rotation 
mcdially of the occipital cortex--especially between monkey and miin) during 
the evolution o f  primates. 

A further lesson can be learned from an analysis o f  the precise arrangcnlcnt 
o f  thalnrnocortical projections and frorn comparing nonprimate with primate 
cortical anatomy. I n  tracing the thalarnic projections to the precentral cortex. a 
surprising finding came to light. The dorsoventral arrangement of  terniinations. 
h t h  pre- and postcentrally, is diametrically opposite to the arrangenlcnt of  the 
prcijcctions rnrtlrcr forward and fnrthcr hack. 'rhc tforsoventrai termini~tions of 

the Rolandic projections reflect a lateral-medial origin from the thalnnius; the 
tlorsoven~rnl terminations both forward and back o f  the peri-Roll ' nc I' IC cortex 
reflect a medial to lateral origin (Chow & Pribrarn. 1956). 

Again. cornparison o f  nonprimate with primate cortical anntorny c1;trifics 
this surprising finding. I n  nonprimate species such as the carnivores, the supra- 

sylvian and ectosylvian gyri extend the full length of the lateral surf:lce of the 
cerehral convexity. The cn~ciate sulcus. the honiologue o f  the Rolandic ficcl~ri.. 
is mainly found on the medial surface o f  the hemisphere, with only n miniriial 
extension onto the lateral surface. I t  is as i f  in the evolulion o f  prirnntes this 
sulcus has migrated laterally to becon~e the prominent central fissure, which i s  so 
intimately related to the cerebellar system. 

Such a migration seems to have split the supra- and ectosylvia~~ p!ri illto 
anterior and posterior segments. That such a split has c~curred is sr~pl~~~rr.:tl by 
the fnct that tcrrnin;~tiorls o f  thalaniocortical projections to the an[c,r~~lr :111tl 
posterior scgments originate in ntljncerit parts of the ventrolateral ntrclci. S!l(,~~l,l 
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this conjecture regarding a split hc corrcct, it woulll go a long way in accclt~nting 
fur thc difficulty i n  making a diffr.ren!in! r!ingnosis between ;lijra.xi;~s thnt arc titre 
to lioiital darnilgz and those thnt arc, tl~ic. to pnrictill clarn;~gc. 

Brown (1985), i n  n rci;ie:r* o f  frontnl lohe syntlrr:mcs, ticfincq nprnni;~ ai; "a 
substitution or defective sclcctir~r~ o f  r : ~ r t i r ~ l  t~r.ovctt~c~~ts 1.vith Icsionc (>I' i l ~  lcft 
premotor cortcx [which] is duz 11, nil alti.:;ttioi~ o f  rnoic)r tillling or n change in t t~c 
kinetic pattern for a particular rnotor sequcncc" (p. 37). 

To  test whether, i n  fact, tlnrnngc to both pnriet;~l and frontal i p r t ~ ~ ~ o t o r )  
systems can produce apraxia and to pin down in n clu;~ntitative f:rsllic?n just whnt 
changes i n  timing, in  the kinetic pattern of rnovemcnt. occur in aprnxia. the 
following (K. H. Pribrarn. unpublished) experi~~icnt was performeti: blonkeys 
were trained (using peanuts as reinfurcem?nts) to ruovc n lever in  a T-sh;\peJ slot 
beginning at the junctureof the arms o f  the T with its stem. Thc movements were 
then to be directed to the right. to the left, and finally down and up. in  that order. 
Records were kept o f  thc monkeys' abilities to perform the movements in the 
correct order and the number and duration of contacts with the sides o f  the slots 

!i 
that formed the T. (This was Jonc by having the sides and the lever lincd with :! ' t  

copper and wiring them so that contact could be recorded.) 
Resections were made o f  precentral cortex, o f  the cortex o f  the inferior 

parietal lobule, of the premotor cortex. and o f  the latter two lesions cornbincd. 
Precentral resections led to many more and briefer contacts along the path o f  the 
lever within the T slot. a loss o f  fine motor skill. No change in overall scquenc- 
ing occurred. Both the parietal and the prcrnotor resections produced a break- 
down in  the sequencing o f  the movements but only insofar as the same move- 
ment was carried out repetitiously. which was interpreted as evidence of npraxia. 
There was no observed difference between the effects o f  the antcrior resection 
and those o f  the posterior resection, and the overall order o f  the act was not 
disturbed. When the parietal and premotor resections were combined, this deficit 
was enhanced; still, there was no change in overall ordering o f  the action. I will 
say more about this distinction between the systems that deal with skill and with 
apraxia i n  the summary and synthesis section. 

SUBDIVlSIONS OF THE ANTERIOR FRONTAL CORTEX 

The main body of this review concerns the parcellation o f  the anterior frontal 
cortex, i n  part because so much work has bccn done on the topic ant1 this work 
has not been adequately reviewed elsewhere. and in part because such a review 
leads directly'to the current air-which is to find some unifying principle for 

, '  frontal lobe functioning. 
When lesions occur in the Rolnntlic and prcrnotor portinns o f  the frontal 

lobe, neurological signs and symptoms occur that arc relatively easy to spot. By 
zontrast, the lesions o f  the anterior frontal cortex are essentially "silent" unless 



specific and sophisticatst1 inquiries are atltlrcssetl to the organism. Such iriclr~iry 
has k e n  greatly nitfeti hy the lisp nf nor~hrrriinn pririinte nloclcls of dcfirits in 
khav ior  procluccd by anterior frcntnl tcsions. 

The t:~sks that hdve bten Fount1 most useful in tlelineating the tlcficit 
following antcrior frot~t;~l tlatl1;lgr are all chnracterized by a t1el;ty Ivtwt.cn 
stirnulus prcsrnt;~tion ntrd the oppc.!rt!tnity for a response to occur. Duriilg this 
delay distractors are introduced and the cue to the correct response dis;~ly~c.;lrs. 
The tasks fall into two main categories: delayed rcspon.se and delayed altcni:ltit!n. 
Furthcr. variations i t1  the tasks h:~vc pnxluccd scvcnl subcategories o f  each c : f ~ ~ g ~ ~ r y .  
variations that have been found to be extremely useful both as tools for sublividing 
the anterior frontal cortex and for understantling the nature o f  the deficit. 

The delayed-response task. in its direct form, involves hiding, within sight 
of  the subject. a reward in one o f  two identical-looking boxes set side hv sitle, 
bringing down a distracting opaqrte screen for at least 5 seconds. and then r:~isinp 
the scrccn to provide the subject with j t~st one opportunity to locate the rc\r,artl. 
'The boxes are inimediatcly withdrawn beyond the subject's reach and (Ilc nelrt 
trial begun. Shoultl the subject fail to find the reward, the trial is rcpntcd 
(correction technique); that is, the rewarti is again hidden' within sight t,f tllc 
subjcct i n  the same box as in the previous trial. Should the subject succccd in 
finding the reward, another location (i.e.. the box) for the hiding o f  the rzwt~rd is 
chosen according to a (pseudo)mndom order number table. 

The indirect form o f  the delayed-response task is more often called a tlcl:~yctl 
matching from sample. In  this task a cue is presented instead of the rcwartl 
during stimulus presentation; at the tirne of choice this cue and some otlicr are 
available and the subject must choose the same cue as that initially presented in 
order to obtain the reward. A further variant o f  this task is the delayed nonnla~ch 
in which the subject must choose the cue that was not present at the tinir of 
stimulus presentation. This version combines the attributes o f  the dclayed- 
response task with those of the delayed-alternation procedure. 

In  the delayed-alternation task the subject is not shown where the retvnrd is 
located; he is simply given the opportunity to choose between two boxes. On the 
first trial both contain a reward. After thc choice has been made. a dictr;~iting 
opaque screen is interposed between the boxes and the subject for at lcnst 5 
seconds and the next opportunity for choice is given. On this second tri:11 tlic 
subject wi l l  find the reward in the box other than the one hechosr initi;~lly :tr~tl. i f  
he continues to choose successfully, he will do so by adopting a win-ctiil't 
strategy. Should the subject choose the empty box. the trial is repeated (ctlrrcc- 
tion technique). Unless this correction prcetlure is used, monkeys, whcn r h - y  
are the subjects. fail to learn rhc alternation task (at least in 5,OM) trinls: K I I  
Pribrarn. t~npublished data). 



Three variants of tlcl;tyed ;~lrcrii~ttiori t l ~ ~ t  h;~vc provcd cspeci;llly useft11 ;Ire a 
golno-go vcrsit?~. :kc ::hj:j'cct-nlrzm;lrio~~ j l r ~~c t l t i i c ,  ant1 tliscrii~iinntion rcvcrsnls. 
In  the golno-go t;~sk t l ~ c  sl~hjcct nirlst altcrn;ttcly go to fctcll the rcwarcl on one 
trial ant1 wirhhnld his rcsptrncc <>I! !i!c stlh.;c.clr~cilt tiinl. F:~ilt~ri. 10 g ~ ,  01. f :~ i l a rc  to 
withhold results in thc repc!i!icvi o f  the trial (civ-rcctio~l prucctl~irc!. 111 the 
objcct-altemntion prnccdurc the rc~vi~rt t  is alternated bct~vccn two ttiifercrit oh- 
jrcts rather thnn bct~.vcen two tliffercnt Itmtions. in this vnrinnt tllc sp;~ti;~l ;r.;pct 
o f  the t : ~ k  is rcdiicctl. a rs~luctiorl 11i;lt i s  enhilncr.d when thc ohjscts art pl;iccd 
ilrnong 6 .  8.  or I 2  locatioris accortlirlg to n rantlorn nt1111Dr.r t;lbls (Prihr;lm. 
Gardncr. Pressman, cP( Bagshnw. 1965. I96Oa). Discriminarion reversals are. in 
fact, altern;ttions that vary the n~~r~ ihc rs  of  tri;lls that occtrr k twccn thc shift o f  
reinforccrncnt that signals the a1tcrn;ltion. Thcrc: is a gradual trarlsition between 
alternation, double alternation. triple alternation. etc.. and the ordinary non- 
reversal discrimination task. The inflection point occurs at three nonaltcrnation 
trials in normal subjects. but is raiscd to four or five such trials after frontal lobe 
damage (Pribram. 196 1 a). 

Descripfiotr of Lesiorr Sires 

Earlier, an anatoniical rati011;ilc for subdividirlg the ;~ntcrior fro~it;~l cortex 
was given in terms of the thalanlic projections that termin;~te in different pclrtions 
o f  this cortex. Unfortunately, all o f  the investigators involved in pursuing the 
parcellation experiments did not adhere to this particular mode of subdividing: 
Many experimenters simply divided the anterior portion of the frontal lohe into a 
dorsal portion centercd on the sulcus principalis and a ventral portion that 
included both the lip o f  the lobe and the entire orbital surface. Furthcrmore. 
surgical result does not always match surgical intent. The fibers in the depth o f  

. the sulci (medial, orbital, and principal) i n  the anterior portion of the frontal lobe 
are. separated by only millimeters and can be differentially spared only by 
exercising the greatest care and skill. 

Despite this, meaningful conclusions can be teased out of  the results of  such 
experiments provided the various lesions are kept clearly differentiated by 
appropriate labels. i t  is therefore necessary to adopt a trniform terminology for 
the resections that often diffcrs frorn that usrd in the original reports bccatlse 
different investigators usrd the same tern1 to describe different lesions or differ- 
ent tcrms to describe the same lesion. 

The greatest problem arises from the use of the term orbital. ticre the 

. . convention wi l l  be followed that the term orbital refers to the general expanse o f  
. - the ventnl portion of the lobe and that. when specific portions o f  this cortex are 

referred to, orhifal w i l l  be cofljoifletl to a rnoclifier. Thus. posterior orbital refers 

: to the agranular cortcs I t ~ a r c d  in the most posterior p;~rt of the orbit;tl cortex 
(Area 13 of Walker, the projection of the midline niagnocellular portion o f  n. 



nledialis tl~vsnlis o f  the thnlnmus). This ccjrtex is in!iniafcIy rrlatcd thro::ch tllc 
uncinarc f;~scicrilirs to tl\r nntcrior insriln, tcmpoml pole. ant1 arnygtlnl;~ 

The tsrnl nrc~tlitrl rlrhitrrf will be used to rcfcr to  tlic dysgranul.?r Ct!r!cr th,: 
tnc(!i:~l orbitnl gym: t:1:\1 i.i COII~~II:IO\I.S t v i t t i  IIx cortex on the 11\ctIii11 SI:~<:IL.C 111 

the Iobt. nntl reccirc:; ;I piojcci ion frt>111 tile ; ~ ~ i ~ c r i o r  thnl~in~ic r~~tclcus (f'ri!::;uii k 
Fultun, 195.1). In  kecpicg wi:h ihc agranular nrld dysgranulnr cyto;lrchi~cc.!~~rc 
the pxtcr ior  and mcdin! orhitill cortcx, i t  was found to he electricnlly exc.il;,l~lt: 
that is. Iicnd ;tiid eyc rnovctncnts anti :I I~ost o f  visceral responses (rcspirntory. 
heart rate. blootl pressure) are obtainetl when this cortex (as well ns thttr or the 
anterior cingrilate gynis with which it is continuous) is electrically sti~r~c~lntcd 
(Kanda. Frihrnrii. LQ Epsfcin, 1949). I l l i s  fintlirlg gave rise to the comrcl7r of  a 
mctliobasal riiotur cortex. ant1 to the existence o f  a limbic system rnntor cc?~qcx. in 
addition to the more clnssical Rolandic ;~nd precentral systems (Pribnrn, 11?61hl. ' 

The eugranulnr cortcx on the lateral orbital gyms is continuous with th;~t 
fonning the ventral l ip and adjacent ventral gynrs o f  the frontal lobe. This cortcx 
is part of  thc projection o f  the microcellular portion o f  the n. rnedialis dors;~lis. 
When.a lcsion o f  this cortex is reported in  conjunction with a lesion o f  postcriclr 
and inetlial orbital cortcx, the lesion is here labeled as orbitoventral. When a 
lesion o f  this cortex is nlatle in  isolation. the lesion is referred to as vc.rttrnl. 
When the resection extends laternlly up to the gyms arljacent to the sr~lcus 
principnlis. the lesion is called r.en~rol~tcrol .  

Finally, a tl~~rsoloternl resection is identified as including the eugr;~~i\ilar 
1 cortex surrountling the sulcus principalis. Such lesions usirally extend lo and 

inclutle the marginal gyms. The dorsolateral cortex is the termination of the 
remaining projection o f  the microcellular portion o f  the n. medialis dorznlis. 

When smaller lesions are reported (e.g., periarcuate. around the arcuate 
sulcus; periprincipalis, around the sulcus principalis), the nomenclature is rea- 
sonably clear. When larger lesions are made they are simply referred to as kitern1 
frorrtal when they exclude the posterior and medial orbital gyri. The resections 
are referred to as medial frontol when they are restricted to these gyri anti to the 
medial surface o f  the lobe. When the entire anterior frontal cortex is  renloved. 
the lesion is referred to as anterior frontal. 

A good place to begin is the orbital contribution to psychological proccs5inp 
because it is so closely linked to thqt of the limbic fcrebrain. Damage lirnired to 
either the rncdial orbital (Pribrarn. &fishkin. Rosvold. Sr Kaplan, 1952) or the 
posterior orbital (Pribram & Bagshaw, 1953) does not produce any irnpairlncntc 
in performance o f  the direct form on the delayed-response task. Damage to hr.th 
the metli;~l and posterior orbital COrteT cloes, however. prtduce a def i r !~  111 

dclayctl-altern;~tion performnnce (Pribrnm, Lini. Poppcn. CQ Bagshntv. I ' l / l ( r .  

Pribram et nl., 1952; Pribmm, Wilson. LQ Connors, 1962). This deficit i s  d;ic IO 
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the accuniulntior~ of many rcpetitivc errors of  both corr~i~~issiori and ornissic~n. $ 
which become especially appnrcr~t irr tlrc ge!i~o-go vcrsion of t ! ~  task. In fnct, .. 
these lesions prctluce a greattr t!cficit iii i h i c  vniiant o f  tiis t:i.;k t i l ; ~ r l  on ti:e ? 
right/left version (Pribr:ln~. 1073). ;I rcsuit which is oliptrsitc that oht:lincd \rllcrl 2 ? 

1:itcraI frer~t:~l resectior~s arc III~ICIC (Alisl iki i~ & Pribr:1111. l(b.ii). r. 

Other effects obscrvcd ~ l f tc r  rcscctic~irs o t  thc rr~ctli;ll : ~ ~ r ~ l i o r  i~ostcrior ortli(;~l :: 
ci:im:ige are a dccrcase in aggression (Iluttcr. I\li.slikir~, ?.L ;\lir\ky. 1963; Il~rttcr, 

7. 

7 ;  

G 
Snyder. LQ h!cDnnalil. 1970) and nr~ iricrc:isccl I C ~ ~ C I I C ~  to PI I~  f~iclcl itcrrrs in t-. .., 

I: 

rnouths (Butter. blcDonnld, cG Snyder. I!)hO). tloth of  tllcsc tl'fccts had prc- $ 
viously been observed when posterior clrbit;rl lesior~s ;ire coinhincd with those o f  
the anterior insula, tempjral pole. nntl ninygtl;~l:i (F'ribrnrli "C f%;lgslr;iw. 1053). It 

t 
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is such results that link thc effects o f  ol-hitill lesions oil t~c11;tvior ( (1  tllosc of tlrc % 
t. 

limbic forebrain. 
The following question arises: To  wh:rt ;Ire such changes in behavior due? g 

Brutkowsi has argued that the orhitnl lesions in monkeys ant1 ilogs produce P - 

disinhibition of ortlinnrily present drive inhibition rather than the more obv i o~~s  $ 
perseverative interference (see the extensive reviews o f  the contlitioning litera- 
ture by Brutkowsi. 1964. 1965, ant! Konorski. 1972). The linding that monkeys 

.' with orbital resections continue to work hariler than normals for nonfood itcrns 
tlespite a normal preference for footl items (Butter et al.. 1960). a rcsult simil;~r 
to that obtained with aniygilalcctorriizc(t ii~oilkeys (Wciskr;~r~tz '9r Wilson, 1958). 

I i 
would seem to support Brutkowski's hypothesis, which was b;rscd in;~inly un 
work with dogs. Q( 

tlowever, data showing that the rcsponsc ratcs following orbital or lateral .! 
frontal resections are the same as those o f  normal ~nonkeys during contlitioning 
of an intermittently reinforced bar-press response (Butter. blishkin, & Rusvoltl. 
1963) plus the additional data that monkeys with orbitoventral lesions stop $ 1 responding for longer periods than do monkeys with dorsolatcral frontal resec- 
tions when novel stimuli are introduced during a sirnilnr bar-pressing task , 

.+. 

' (Butter, 1964) cast considerable doubt on a disinhibition hypothesis based solely 
on an increased drive for food. 

The fact that failure i n  delayed alternation is characterized by pro- 
portionately as many errors of omission as of corlimission also mitigntes against 

: thedrivedisinhibition hypothesis (Pribram ct al.. 1966). Simi1:lrly darnaging to a 

i 
1 t 
t. 
L. 

drive disinhibition hypothesis were the results o f  an expcrirncnt testing the ohject C 

reversals using the gdno-go teclinique with nlonkcys who hnrl sustained resections 4 
of  orbital cortex(McEnaney & But!cr. 1969). Once again thc animals not only niacle - 
more ermn of commission than nomials. but also more errnn of omission. They 2 
persevented their refusnl to rcsyx~nd to the previously negative stimulus. 5 

Further evidence along these lines conles from the fact that monkeys with $ 
large orhitoventral Icsic~ns show n greater rcsist;lnce to extinction of a h:~r-prcss I; I 

rcspnse even in the sbsencc o f  food rcinforccnicnt (Otrttcr ct al., 1063). 'l'llcse 3 
results confimied and cxtentled those ohtt~inec! e:irlier with total anterior froritnl .I 

J 



ant1 limbic (posterior orbital. insirla, tcrnporal p l e .  and antygd;tln) rt.scc.tic*r~.s 
(Pribrnrlt, 196lb; Pribrani "C FrVt.iskr;tntl. 1957) and are consistent witti th~. 
f in t l i r l~  t I i :~ t  frontal ant1 limbic Icsions enh;tnce tlie extinction of a cnn~liti~vicd 
avc?idnncc rcspt>n:;e (fribrat11 Fi Wsiskr:!!i!/.. 1057). 

7'?1:.?e !;I:;: :c::;!:r; :~o!iIiI ic;ii!i!j i;i n rcsyonsr. ifisi~d~iiriticln 1iypc1riic:;ic ( 1 1 1 1 ~  

th;?! p l ~ g ~ c t i  lirnhic syr:crn rcscnrch for r~inny years) were i t  not fur t i le f i ~ ~ ~ l i i r g  (11 
errors of onlissiori i r r  the tlzlnysd-altcr~~;~tioc~ t;~sk. r\lso, monkeys with I :~rgt 
orbitovcrltrnl resections take longcr to h;~tlituatc to novel stimuli (Ru(tzr. I')(+I 
thnn do morrkeys with total anterior frc>r~tnl resections (Prihram. 1961 b; ar i i l  1h04c 
with amygtlalectorny. Schwartzhaurli cP( Prihrarn. 1960). These results ant1 those 
from a lor~g series o f  cc>nclitic~ning cspcrirncnts Icd Mislikin to propclw 111:1t 

anterior front;tl rcscctior~s prc>tltrcc perscver;~tic~n of "central sets" of wti;rtct.cr- 
origin. Subsequent experimental reslrlts (Butter. 1969) showed. howevcr. th:~t 
monkeys with orbital re.tections do not pcrseverate in place- or object-rcvcr~nl 
tasks. Rrthcrmore, the meaning o f  central set, when i t  is extended to inclr~tlc a 
failure to habituate to novelty, tends to lose whatever precision i t  nright pre- 
viously have had. 

The enhanced distractibility ant1 sensitivity to proactive and retro;~rtivc 
interference. which accounts for the failure to habituate (see. Malrrio. 10.12; 
Prihnni. I9Gla). tiiay well bc tlepenclcnt on the organizatic~n o f  drive s~;itcs. 
provitled we understand by this th:~t such states are composed o f  endocrirlc nntl 
other neurochemical systems (Estes, 1959). The limbic forebrain has bee11 foirii(1 
to be a selective host too variety o f  neirroendocrinc and ncurochemical secretions 
that can form the basis o f  a nerrral representation o f  the internal state of ltic 
organism by way o f  which neural control over peripheral endocrine and exocrirre 
secretions is exerted (blartinez. 1983; hlcGaugh et al.. 1979; Pribram. IOOOh. 
1977). 

The import of  this research for this review is that such neuroendocrine itnd 
neurochemical factors influence the organization o f  attention and intention: 
Habituation to novelty (registration and consolidation in the face o f  distraction). 
and therefore the organization of what is responded to as familiar, is disturhctl by 
the lesions. Experimental psychologists test for familiarity with "recognition" 
tasks. and recently hiishkin (1982) has used the delayed nonmatching froni 
sample as an instance o f  such a recognition procedure. Not surprisingly. he has 
found deficits with limbic (amygtlala and hipp>carnpus) resections and dr;l\vn the 
conclusion that these structures are involved with recognition memory. For those 
working in  the neurological tradition where. since the time o f  Freud and Ilcnry 
tlend, agnnsias, have k n  relatcd to lesions of the parietal convexity. this ccincltr- 
sion is confilsing. The confusion is resolved when it.is realized that the dcl:~): t;isks 
test for the dimension novelty/familinrity and not the identification of ohjects. \rhich 
is the nctrrol(~gist's clcfinition of rrogriitio~r. In sliclrt, tlrc orl)ital c o r i t r i h ~ ~ t i ~ ~ ~ ~  t o  

psychological processing is to provitle a critical facility to tlic feeling of f;lr~iili:~~il! 
hnscd on p r~css ing  both interoccptive and entern-eptive inputs. 



The pcrfui-manccs of nrlirri;~ls wit11 i1;irti;ll rcscctiorls of thc 1;lteral S:IF~;ICC o f  
tlic antcrinr frontal c o r t ~ x  sho\v 1h:lr :I sr i ln l l  riiiil!;i:er;il pcrii:riniip:~lis !<.;ion is 
sut'ficicrit 1c.r protlucc SCvCic clcfic.ils in hs!:h clcl;iyctl rc~yoritc tR1111ti. l!)S?; 
Gol t l r r i~~r~,  Rosvolrl. Vcst, '6'' u,C;;tlkirr, i v i  1 ;  (;roqs LiG \Vci.~kr;~rit~.. lL16L; I'inskcr 
C .  Frcnch. 1967) nnd de1nyt.d ::!!c:ria:iiin (Cti1tlrii;rn & Rosvoltl, 1070; blishkin. 
1957). These results h w c  hccri corrfir~tictl nntl rcfirlctl hy c.xpcrin1snts i r i  which 
clcctric;ll stirnul;ttic>n across the sulcirs princip;ilis h:ts i~~ip;rirsd pcrforn1;rnce 
(Starnm. 1967). In  fact. these cx[wrinicnts as well as Icsion 1l;rtn (Ilc~ttcrs & 
Pandya, 1969) have Jcrnonstratst! th;~t [he mitltlle third o f  the sulc!ts senres ns [he 
focus for the dcficit. 

Although thesc forrlls of the tirsks f;~ilcd to hclp with further parcslli~tion. 
thcir variants have provcd niost useftrl. In an carly expcririlcnt attenipting to 
analyze the variables important in protlucing the frontal deficit in solving delay 
problems, bfishkin and Pribrc~rn (1955) fotlund that changing the delayed- 
alternation procedure from a IeftJright spatinl alternation to ;In upldown spatial 
alternation did not irnprovc the performance o f  the frontal aniilials. On the other 
hand. changing the task to a nonspatial golno-go alternation ifid improve their 
performance. Thc logical conclusion frorn these results was that it was the spatial 
nature o f  the delayed-alternation and delnycd-response cues th;~t was significant. 
To  test that conclusion. they ft~llowed that experinlent with cxpcrimcnts using 
object-alternation (asks. These were difficult experirncnts as no one up to thc~t 
time had been able to train monkeys successfully on object alternation. Pribram 
and hlishkin (1956) succeeded in training highly sophisticated monkeys on the 
task using the traditional two-box tray described earlier. Later Pribram (1961a) 

designed a six-box tray to eliminate the interference o f  position preferences. 
Both experiments found that monkeys with lateral frontal lesions were signifi- 
cantly impaired. In fact. the monkeys with lateral frontal lesions did almost as 
poorly on object alternation as on spatial alternation. 

However, when monkeys were given dorsolateral lesions that did not in- 
' 

' clude the ventrolateral cortex, their performances on object altern a t '   on were 
significantly better than those o f  monkeys given orbitoventral lesions (Mishkin. 
Vest. Waxler. & Rosvold. 1969). kloreover, examination of the data from the 
previous study testing monkeys with total Iatcml lesions (Pribram. 1961a) re- 
veals that the orbitoventrnl lesion protluccd as much of a deficit as harl the total 
lateral lesion. Taken togcthcr. these results suggest t11;1t the focus for prtdclucing 
the deficit lies i n  the ventr6lntcr;il cortex. 

Thus, dorsolateral lesions interfere more with classical delay tasks. and 
ventrolateral lesions interfere more with object alternnticln. Further, as noted in  
the p rcv io~~s  section, clas.sic~11 righVlcft nltcrnation is more inipnirctl hy I;~tcml 

: 
frontal lesions than i s  golno-go alternation. whereas limbic lesions prtduce the 
reverse. These data suggest that thc variations o f  the (Jclnyccl-responce and 
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de1;ryccl-al!err,ntion tnsks tap somcwhat different functions. Pribr:lm ar r t l  hi.; 
coll;~horators, thcrrlore. pcrforn~ecl a scrics of cxpcriments (;\ndcrson. 1lr111t. 

Vantler Sttic.!,. CQL Prihrarn. 1976: Prihrn~ii. Pl~ltkin. Ani!r.rsnn. "% Leong. If)77! 
using r n o n k c y ~  wiih  t(!t:11 l;~ter:il frt!~~t:!l icsions that nirnecl nt rfisccmin:: tlic 

diffcrcncc hi.!:*.~~ii tfle trio 1;lsk:;. I'hc dcliiit i r ~  tlclayetl-rcs[1c1n.~c pc r f o r~ l l , ~~~  .:c 

was sho\vrr to dcpcntl on the cliriiina~ic~n cir protluction of tlistractic~r~. Filitl1t.r. 
spatial distr::c!c::s had h e n  fottnil to he esyc_.ci:~lly p c ~ t r ~ ~ t  (Gn~cninger Srrit~r:rrl~. 
1969) arid pruvci! to hc criticill cvcri in a tcst of "ohjc'ct const;~~icy." wltetr :I ijiccc 
of Cotxl was simply hitltlcn as in the ort1in;lry del;~yed-response task. Firl;~lly. 
when (he Ic~ntiorr o f  the hiding place was shiftcil within sight o f  the nionkcys, n 
profollntl deficit \.<as procIt~ct.tl in lllc cipcratctl group despite the fact that tlrc t;tck 
proved to hs a ra t l ie r  cilsy one for the control subjects. 

A replicntivn o f  the experirricnt in which "parsing" with temporal taps 
overcarile the dclicit on delayctl nltcmation was uscd to analyze tlie f:rcttjrs 
critical to thr prfonn;~nce of  that task (Pribrarii et al.. 1977; Pribram & T~~hhs.  
1967; Tubbs, 1969). As expected. in this situation. spatial variables were for~~i t l  
to be sr~bservient to temporal. kfowevcr. Itxation of  prior response proved Iriorc 
ptcnt  than whether that response had k e n  rewartled in  both the opentetl nnrf 
control groups. a result th;lt had previo~rsly also been ohtained by Wilson (1062). 

Thus, a mix o f  spatial and ~eniporal factors is critical to the performance of 
h t h  dclayctl rcsponse and iiclayed alternntion. But the mix is not equ;ll. Ilir 
spatial factor is more implrtant in rlclayed response than in  delayed altem:~tiorl 
whcre it can be dispensed with cntirely in variants such as the golno-go nnt1 
object altern:~tion. As was noted earlier, the delayed-response deficit is rnaxi~rlal 
when lesions are made in the dorsolateral cortex. whereas lesions o f  ventrol:~ter;~l 
cortcx produce the greater deficit on object altcrnntion. These results suggest t11;tt 

there is a focus for spatial tasks in the dorsolateral and one for the visual (and 
perhaps other exteroceptive tasks) in the ventrolateral frontal cortex. 

These modalities are, however, superiniposed on a temporal factor that i s  
common to a l l  delay tasks and is disrupted most severely not by lesions of the 

lateral frontal cortex but by limbic lesions (the golno-go alternation evidence). I f  
sensory modality is a factor in parcellation of the lateral frontal cortex. variations 
of the indirect variant o f  delayed response using matching from sample shoultl 
prove even more uscft~l tliiln variants of  the alternntion tasks. In addition. 
tliscriminntion reversal problems can be used to the same end. The next section 
examines such evidencc. 

Rfishkin (1964) initiated the nt!errrpts to parccl the total latcral frr>lii.ll 
lesiclns, using tlie matching pr(iI~1crii~. I lc bcgan by contrasting thc cffecr.; ($1'  

dorsolatcrnl Icsions with those prtxfncerl by rcsccting a conibinatinn of vclt!rtl- 
latcral, mcdinl, and posterior orbital cortex. tle reported that these orbitovcr!::.:!l 
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lesions produced an cvcn grcntsr tlclicit t11;tn tlorsolntcrnl Icsions (in a l l  of  the 5 
nonspntial tasks 1:s anJ his collcngircs (Ilnlsh. klislikin. LCL Ros*;clld. 1961; 
hfishkin, Prcckop. R RosvolJ. I!;GL) hati ~ rev ic~ i~s iy  k ~ r ~ n d  difiicult for monkeys 2 

c 

with. total I:ltcraI Icsions. I lc s~~sgcs~t .J  ;it the tiirlc tl~nt thc ti!.pothcsis r!f 7 

prseverntive interfcrrnce to ncccilillt fcv thc aniiilals' cliiiic~ilrics i r~ ig l~ t  bl: t!lost 
.. 

appropriate to those with orbitovcritr;il tl;~rll;~gs. ;5 
? - 

Since that report. thc irnpairinent in ohjrct cliscrirnin:~tion revcrsal Ie;rrning 4 '2 
after orhitoventral lesions has her11 rcplicntctl (Orittcr, I'lhO; IJ\~t:srs. Butter. F d 
Roscn, 'Pc Stein, 1973; Goldman. Rosvnld, & hlishkin. 1070). The impnirnlcnt 3 

i n  nonreversal shifts bctween different types o f  discririiin;~tion prohlsms (c~hject 
rj 

and position) reported by Settlage ant1 his collcagrrcs (Settinge. Rutlcr. R Odoi, 
k 
2 

1956; Settlage. Zable, L% Harlow, 1949) was rcplicatccl iii aniiiinls with orhi- 
toventral lesions, and also with lcsioils limited to the ventrnlatcral surface 

. (Passingham, 19723). Animals with dorsol:iteral lesions excluding the ventra- 
. . 

lateral surface did not show a deficit either on object discrimination revers;il 
. . 

, learning (Butter, 1969; Goldnirin et al.. 1970) or on revcrsnl shifts hetwccn 
- color, position. and size in visunl t l iscr i~~~in;~t ior i  problciils (l'assingharn, I972b). 

: Further, although monkeys with dorsol;rteral lesions werc at a higher perfor- 
: mance level than monkeys with vcntrolatcral Icsions on a successive visual- 

spatial discrimination problem, when a delay was addcd to change thc prohlcrn 
into an indirect delayed-response task the performance o f  the dorsolnteral group 
became much worse than that o f  the ventro1;rtcral group (Oscar-Berman. 1975). 

Place reversal is  another spatial task in which significant inipainlicnts were 
found after total lateral surface anterior frontal lcsions (Buttcr. 1969; Xlishkin. 
1961) or dorsolateral lesions (Pohl, 1973). Again, rnonkeys with total anterior 

: frontal lesions performed more poorly than those with principalis lesions. where- 
, as monkeys with daniagc to sm;lll nonprincipnlis arcm cithcr dorsal to thc 

' 
. . principalis region or in  the arcuate sulcus showed normal performance on this 

. '. . task (Goldman et al.. 1971). By contrast. the ventrolateral lesions produced a . . 

severe deficit equal to that produced by the total lateral lesion (Butter, 1969). . . 
This finding is in  accord with that on object-reversal learning as noted above. 
Neither monkeys with dorsolnteral lesions (Pohl. 1973) nor monkeys with total 
lateral lesions (Butter, 1969; Pribram. 1961a) show any performance im- 
pairments, but monkeys with the ventrnlatcral lesion show severe initial im- 
pairments (Butter, 1969; Iversen & hlishkin. 1970). 

There has also been sonie attempt to use discrirnin;ition problems to pin 
' ,  down a specifically auditory role for a subdivision of lateral frontal cortex. Gross 

and Weiskrantz (1962) found that animals with nonprincipalis lesions were 
: significantly worse on an auditory golno-go differentiation than principalis an- . . 

. . irnals. i n  contrast to their superior performance on delayed response. flowever, 
stimulation o f  the arcrrate and the principalis regions failed to confirm the 

i speculation (Weiskrantz~Q Xlishkin. 1958) th:~t the srcunte s~rlcl~s was n fcxns for 
. the anomalous auditory deficits; stimulation of cithzr region did not produce a 



drop in ;~utlitory tliffcrcntiation pcrforrriance (Weiskrantz, hlihailovic, cP: (;riics. 
1962). Furtlicrniore. Gross (1963a) wa< t111;1hlc to rcycilt his earlier l i l l~. i t r !~ r l l '  

significant tliffcrcnccs in auditory diffcrcntintitln pcrfon~iance after nonpri~ic.i~*;~l- 
i s  lcsioris \vIlcn he rctlicl t l ~  s t t ~ t ! ~  usi11g ywriscr ;11iir11:11s. 

D y  c?lci!r:!st. rr;c!rc rt:ccri!!y Pctritlcc (this vol~!rnc, Clinptcr 5) 1v;ts I ! , ! : .  Ill 
tlcriic~ns:r;\t~: an :~titlitory clsiicit en rescctio~~ c!f [ l ~ e  tissue dvrsnl to t t ~  .::*:::.!!: 

sulcus. This rcsr~lt plncrs iht: f t ~ i t s  for autlitory function proximal to thc xiij~crior 
liriih of  the nrcuntc sulcus bcyorltl tile part o f  tlic frolttal cortex ordinarily r:.\cctctl 

whcn I;~tcral froclt;~l lesions are riiadr. Furtherniore. arcrr:lte Icsions ha\.i. bccn 
shown to affect performance differentially on the autlitory conditional ~~ositiciri 
task (Goltlr11;tn L !  RLISVOI~I, 1970: St;~rrirri. 1973). Such lesions have n;l dctri- 

nlcntill rlfccts on pcrfornl;lnce of  sirnultnncous visual discriminntioll taAs 
(Chow, 1952; Pribr;tm ct al.. 1952; Pribram, 1954). successive vis11;11 t l i z -  
criniination (Pribram & hlishkin. 1955; Starnm. 1973). or place reversal ~( io l i l -  
man et at.. 1971). 

The autlitory cotidition;ll position task was intentled to test the :~nilnal's 
ahility to 11i;lkc sp:iti;~l asstxin~ions whcn irlinlctli;~tc nlctnory is not tnct l .  As 

might be expected from what Petrides has shown, animals with dorsc~l;~tcrnl 
lesions cxclrltling princip;llis and the vcntrol;~tcral surface pcrfohccl hcttcr th;ln 
the ;ucuntc ani~n;lls (Gold111;ln "3 Rosvoltl, 1970). as did nnirn;lls with vcntrcll;~tcc~l 
lcsions exclutling ,muate (St;lnirn. 1973). suggestirig a possible muatt: fcvus. 

I t  is not cle:lr from these results alone whether the auditory or the rp:~ti:ll 
aspect o f  the task is rriost relevant. a consitleration [hilt also plagues the I'intlir~g 
that monkeys with ventrolateral lesions are as poor as dorsolateral monke!.~ on ari 
autlitory tlelayed-response task, though they perform better than they tlo on a 
visual delayed-response task (Oscar-Derman. 1975). However, Stcpicn and 
Stamm (1970) tcstetl a nonautlitory spatial opposition'task in which the ~iiorikcy 
was required to go to a side o f  the maze opposite from the visual sign;~l. 'ihcy 
founct that animals with total lateral lesions or lateral lesions excluding principalis 
were impaired, but animals with damage limited to any o f  the smaller segrncnts of 
the dorsolatenl surface. including the anterior banks o f  the limbs of thc awuate 
sulcus. were unimpaired. This finding srrggests that it is' the spatial rather thnn the 
auditory aspect or the confc~und l-etween them that is responsible for tlit: tlclicits 
follo.ving lesions of the anterior frontal cortex forward o f  Lhc muate sulcrrq. 

The evitlence frorn discririiiriation testing o f  monkeys with partial I;~tr.r:il 
frontal lesions i s  thus nnt as clear-cut as one would like. Nonetheless, a f~>cus for 
visual functions may tentatively be discerned in the anterior ventrolateral cortex 
ant1 one for auditory functions in the dorsal periarcuate cortex (see also hlilner, 
Rr Petricles. 1984, and Petrides, this volume. Chapter 5). Place reversal th;it t:lres 
both a temporal and a spatial factor fails to distinguish between portions of tlic 
lateral frontal cortex-a finding consonant with that obtained with the cl;~q.;it,:~l 
righVlcft al~crnation which. as noted in the previor~s section. also tc?t.; I.~~III 
factors. What remains to be revic\vctl are the exyeririielits that ail11 to tlc.:~.: rr!ir~.: 



the biologicnl nature of ~h t :  spatial and tcr~llwral fr~ctors and their relationship to , 

scnsnry input. 

On the basis of  his work witn C;I~S ;11ii1 di~gs. Korlorski (1967) t.!ahor:iti.d t l x  

hypothesis that the lnteral frontal ~Icfici! :vas si:i:cifically i~riportnn~ for kinesthet- 
ic rnernory and suggcstctl thnt tho cuc in ihe tlc.l;~ycd-rzs~~t~r~sc task is cncotlcd 
into rriemory as the diffcrcntial tl~overr~i.r~ts thnt ;ire to bc nr;~tic nt the crltl of the 
tlelay. Pribram (1061a) had e;trlicr cunsi(1cretl this hyp~ t l~cs is  ti11 tlie hasis of  
results in which two typcs o f  opcrant schrtillltrs (fixer1 ratio ;~nd fixed intervnls) 
wcrc ;~lternated willrout k w f i t  of clic vist~:il sign;ils itsctl ill k~irririg. Wllcn the 
signals werc removed, thc monkeys with I;~tcr;ll frontal Icsions. in contr;lst to their 
controls, responded indiscriminately. But Pribnm was forcetl to abandon the hypoth- 
esis after demonstnting that monkeys with total I:rtenl lesions also had dcficits on 
nonspatial alternation tasks thnt dill not involve kinesthetic feedback. 

However, as the data previously discussed accumulated. indicating that the 
nonspatial alternation deficit had a more central focus, Stamm began to reex- 
amine the kinesthctic hypothesis by  adding kinesthetic cues to the tlelayed 
alternation. He first trained monkeys on the delayed-alternation task in nppara- 
tuses that required different degrees o f  movement and h e r ~ e  allowetl iliffcrcnt 
amounts o f  kinesthetic feedback (Starnm. 1970). In support o f  Konorski, Stamrn 
did find that the animals with dorsolnteral frontal lesions performed best in the 
primate chair and worst in the nraze, although preoperatively the opposite trend 
had been significant. Konorski's hypothesis could also account for the data 
indicating that stimulation across the principalis region at the beginning o f  thc 
tlelay has no effect i f  the task is a tlelnycd match-to-sample task (Kovner & 
,Stamm, 1972) but produces a striking drop i n  performance if the task is a delayed 
successive visual discrimination task (Cohen. 1972). Two different visual cues 
must be-differentiated on the basis o f  pattern. not position, for both o f  these 
tasks, but only in the second task does the visual cue signal a spatially distinct 
response. In  an earlier study blishkin and Pribram (1956) also found- that 
monkeys with total lateral lesions failed the task when i t  was presented in a 
manner similar to Cohen's technique. 

I n  another ablation study Starnrn and Wcber-Levine (1971) found that 
adding either conditional color or kinesthetic cues to the alley leading to the 
response doors greatly improved the plrfr)rrnanccs o f  monkeys with toti11 lateral 
or  principalis lesions on dzluyed alternation tested in a maze. Starnm and 
Weber-Levine further found that the improvement produced by the addition o f  
these conditional cues lasted through the subscqr~ent testing o f  delayctl alterna- 
tion without atlditionnl cws for ~ h c  ~nonkcys with prirrcip;~lis. hut rrot tot:~l 1:11cral 
lesions. Similarly. Gentile and Starnrn (1972) found that adding different weights 
to the manipulanda to provitle ndditionnl cues improved the performance o f  



2 S~rhdivisions o f  the Fr11r11al Cortex 2 5 

monkeys with principalis hut not total Intt'r;~l I.=sions during <?elayctl ;~l~c.rnn~iljrl 
tcst~tl in the Wisconsin General Testing rlppnmtus (WGTA). The intrduction o f  
sttypl::n?cntnry articular-snmes!l~t'tic ct~r.?;, c r i i  ihc other hantl, irnprirvcd c!cln;;cd- 
nitcrn~tir>i~ ~.r'r<urn~nncz of 1!u[i1 (he n~onkeys with principnlis lesions nntl !III~.;c 
*,r,irh Ii~t;il I;~tcrnl Icsior~s. Such i:liprovcrnc~it is in contrast to tlrs lack of i l l t l~rov~.. 
III~:I~ for ir~onkcys with tntni lateral lesions after the addition of  snpplcr!!cntnr). 
visonl (Gcn~ilc & Stnrnrn. 1972; Trthhs. 1969) or nuditnry cues (Tuhhs. I1)hIj). or 
f ( ~ r  nic~nkeys with principn!is lesions after t11e addition of  supplet~~entar). visunl 
cuts (Gentile & Stan~m. 1972; Stntnln W Wchcr-l.evinc. 1971). 

On tlle basis of these tlntn, Starrirn nntl Gentile conclrrded that they h;ltl 
evidence for thc hypothesis that kinesthetic menlory i s  relevant to the rolc of tlio 
frontal tlcficit i n  onlcring spntitrl rcspclnscs alltl that thcir data iritlicatetl 111;tt tltc 
use of  kinesthetic memory was specific to the principalis area. Gentili (1972) 
thcn elaborated the kinesthetic concept. bringing i t  more in line with a suggcstinn 
by Pribrarn (1960) that the frontal cortex acts to partition sets of afferent activity. 
She suggested that, in  the standard delayed-alternation tasks, movement- 

prdrrced feedback from left and right responses cannot be distinguishcd anct 
therefore cannot be cotlet1 with respect to recency. Unlike additional visual or 
auditory cues, the additional force or articular-somesthetic differences helpd to 
partition the feedback cues. By this reasoning, temporal paning (Pribr:lm & 
Tubhs. 1967) would aid in differentiating the movement-produced cues hr.ci~usc 
the trace o f  the kinesthetic cues would be different after responses to the one side 
followed by the longer delay. 

tlowever, there is an objection to localizing this kinesthetic deficit to the 
cortex surrounding the sulcus principalis. Pribram and Tubbs (1967) and Prihram 
et at. (1977) have argued that temporal parsing provides monkeys with anterior 
frontal lesions with a stimulus organization they could not provide for themsclvcs 

: since they lack their frontal cortex. Gentile and Stamm would similarly like to 
argue that, since providing kinesthetic cues improves the performances of mon- 
keys with principalis lesions, the principalis must normally utilize kinesthetic 
cues. However. monkeys with total lateral lesions were unable to utilize thc 
additional kinesthetic cues. so it is likely that it was the nonprincipalis frontal 

I cortex that enabled the monkeys to learn to use these cues. Even the fact !hat 
I 
i addition;ll articulosomesthetic cues ailow monkeys with total lateral lesions to 

Z improve their performance means only that other cortical areas are able to rttilize 
t these particular cues, much as in  humans verbal cues are used to overcon~e the 
I 
t deficit (Luria, Pribram. & llornskaya. 19S.li. In fact, Gentile's (1972) d : ~ c n  
1 showing that preoperative training that emphasizes kinesthetic cues ninkcs it 
I 
1 difficult for the animals to utilize atlditional articulosomesthetic cues after cur- 

gery srlppest t h ~ t  some kinti o f  ntlnptive cortical reorpnni7atinn is going c>n 
More devastating to I t~a l i z ing  tlic ki~lcstllctic deficit in thc regioo ()I' tlit 

sulcus principnlis, however, i s  a deficit on object-reversal prformances \\lien 
the reversals happened after only 30 trials. Gross (1963b) used animals with 



lesions conlincd to the princip;tlis 11) c?b!:~in tlicsc effects. hlonkcys with nonprin- 
cipalis !esit:ns showcrl nc:r::i;~l pcric1mi;incc. '1-hus, ever1 wliect the cues are not 
spatial or kinestlietic. the princip.tlis rcsir,n itrclf is csscn~i;~l for cvccxliri~ the111 
into short-terrii iiicrriory ( ~ C C  ;tIso St;~rii:ii. Chaptcr 4. :~r i t l  I'ctrit!~.;, Cll;!l:tcr 5 .  
this v~.~Iirriic). 

In surncrinrj, tlic kiri~:s!tie~ic I1yp.!!!!csis :I: [I!:: b;!sis f:)r 11:c si:;~:i;~l ;~spcct of 
the fron!nl c!cl;.ci!. !hcngh i! 1:::s T:!::nt! s::hc!an:i;~l stii;p)it, f;iil; tc i  ;icciiiint for all 
o f  the d;~tn. Ccrtnin discrcpuncics pl:!gx ill. C V ~ ~ ~ L ' I I C L ' ,  tkltich III;I~CS tlic kiiics- 
thcticzspatinl coiincction diff ict~lt to ~rcccpt tincritic;illy. The spnti;~l deficit i s  
conceived to be priniary in causing difficulty in tlel;ryetl-response pcrforrnance. 
Principalis lesions are the f~~c t i s  fvr this difficulty, but. as I have argucil ;thove. 
not for the kinesthetic dcficit. Further, kir~estliesis is esscnti;tiiy n respoiise- 
produced stimulus and the e;irly expcrii~rents o f  hlishkin ant1 Pribrarr~ (1955, 
1956) reviewed above had shown thnt cue diffcrenticltion rather thnn rcsporisc 
distinction was the critical vari;ihlc in deterniining the delayed-response tleficit. 
Interestingly. Starnni, who has proviiled the most persuasive evitlencc iii favor of 
the kinesthetic (which is csscntially a response distinction) hypothesis, argues 
most strongly against another response-based hypothesis, nanlely, the suggestion 
that failures in response inhibition are responsible for the frontal deficit. It is 
likely, therefore, that the kinesthetic hypothesis rcl;~tes Illore to the tcrirpornl than 
to the spatial dcficit thnt follows anterior frontal lesions. Wc thus trirn next to a 
review o f  the cvidcnce that lias bcen gathcrcd with this hypothesis in niind. 

The initial argr~~ncnt that fuilure in response inhibition accciunts for the 
fro~ital deficit came frani the observation of an impainrient on visual and autlitory 
golno-go discrimination tasks that follow orbitoventral lesions (Brutkowsy, 
Mishkin, & Rosvold. 1963; Lawicka. hlishkin, & Rosvold, 1966). In these tasks 
the errors o f  the operated monkeys, unlike those o f  the normals, seemed to occur 
mainly on no-go trials (Ivcrsen 8i ivlishkin. 1970). Then. in order to further 
characterize the nature o f  the dcficit due to ventrolnteral daniage, lversen and 
Mishkin (1970) tested monkeys with specific rnctlial ant1 posterior nrhital lesions 
and with ventrolaternl lesions oil auditory and visual golno-go diffcrcntintion as 
well as on an object-reversal series. The mcdinl ant1 posterior orhital giotip made 
more go/no-go errors than the norn\als on tlie successive visrral discrimination 
task and demonstrated a significant nonspecific difficulty on the object reversals 
that lasted throughout tlie series. The ventrolatcral gmup, on the other hand, 
showed perseverativc no-go errors on both the auditory and visr~al tasks, an 
extremely poor original perfominnce on the auditory task, and a large nirn~ber of 
prscverative errors coiififlc(l I0 thc first rcvcrsal o f  tlic ohicct-rcvcrcal scrics. 
Thus, the ventrointcrnl aniriinl.; s l l~ \vcd pcrscver;itive intcrfcrcncc that was tran- 
sient in nature. 



This transience o f  the perscvcrativc effect had also hccn noted ;iftcr tot:ll 
lateral Icqicws in  nnnreversnl s l ~ i l t s  (Scttlnge et al.. 1056). go!nc?-go c!i!k:c!:!i:~- 
tion (D;~ttig, Rosvc~ltl, L? hlictikin, 1962). and delayed alternation ant1 ~ i i i . ~ . < < i ~ c !  

v i c r~ ; l l  tli.;crirnin;lticlns (St:lrnrr~. 1070: St;trnrn "? Wrkr-12evine. 1971). I lit. rr:lrl.;i. 
ericc ol' tlic cl'fc'ct 111ight nl.<tr c.clrl;~ir~ \cl~y scy~l~iiticatctl rl~o~ikcys with 1 ; 1 1 ~ 1 . 1 1  It:\ror~< 
(lid not pr-sevcr;~tr. tt!cir ir~iti:~l ~)tcfcrcrlccs (0sc;u t? Wilson. 1966) wllcrl tr-:~irit.tl ill 
the s;trnc 1e;lrning set pncitligrn in which nicrrc naive nlonkcys with lntcnl Icsic~ti.; tlitl 

i-crscvcmtc tlicir ir~itial prcfc~nccs (Dnrsh ct ul.. 1061). 
Ivcrscn and hlishkiti (1970) coriclr~ilt.tl that there was a scparahic tr;lniicrit 

pcrscvcratc>ry factor that could be attributed to the vcntrolateral regiorl. I lo\vev- 
er, Star111l1 (1973) later ft)unil tlr;~t nnirll:~ls with lesions confined to tllc vcritrcv 
lateral surface exclr~iling the arcrrate sulcr~s were impaired on successive pattern 
discrimination tasks but not on the auditory conditional position task clr on thc 
spatial opposition task (Stepien cQ Stamm. 1970). Stamm argued thnt sirlcc hot11 
tasks involve spatial differentiation between instrumental responses. a pcr- 
scverative interference theory ought to have predicted a deficit on both t:~skc. 
which did not occur. In agrcen~ent with Starnm, the previously disctt\-scd t l ;~ta 

mike i t  appear more likely that any perseverative interference factor h :~r  rnorc to 
do with sp;~tial tlifferenti;~tion bctween responses. But it is not the sp;~finl factor 
thnt is itlvolved by the vcntrcllntcral lesion. More likely. as noted :~hovc. tllc 
ventral l ip o f  the frontal lobe is the ftwrrs o f  the temporal aspect of tlrc front;ll 
deficit, hut relatively extensive daniagr surrounding the lip is required to prcnfucc 
the full-blown behavioral effect. 

Passingham and Ettlinger (1972) presented evidence that the tactilc tlcficit 
previously seen in monkeys with lateral lesions (Ettlinger. Rlorton. Rr hloffct. 
1966; Ettlinger & Wegner, 1958) was specific to the orbitoventral region :1rrt1 th:~t 
the impairment could be alleviated by adding weights to the manipulancla to 
make the responses more effortful. Under these conditions the orhitoven~ral 
monkeys made as many stimulus comparisons as did the controls ant1 considcr- 
ahly more than they had made during the no-effort condition, suggcstinp that 
their difficulty had indeed been due to a lack o f  response inhibition. 

tlowever. Passinghani (1972a) was not able to demonstrate that anit~lals 
with orbitoycntrnl lesions respntlcd incorrectly more than the control ; ~ r i i n i : ~ l ~  to 
a panel thnt hntl bccn delibcra~cly giver1 a higher probability of cont;litlir~g tlic 
correct visual stirn~~lus. Passingharn had reasoned tllat the animals \voitlil I~;II.c 
developed a response set to the higher probability panel and would haw to inhitit 
that set to respond to the other panel correctly. But. despite the f;iit t l ~ t  

orhitoventral animals hntl prcvioiisly dcn~onstrated a significant irnpni~ ri~cnt OII ;I 

sirl~rrltancous visrral ohjcct tliscrin~ination. they distributed thcir crrtlr.; in thc 
diffcrcntial probability prohlem in the same manner as did the nc7r:ri;ll.; 7'lic 
rcsults of this stutly confirrii tliosc of t\vo cxpcrirncr~ts (C;nrcningcr S. I'r I ~ Y  ;IIII. 

1969; Wilson, 1962) perforrnctl in Pribratli's 1;iboratory on rnonkcy n i ! i ~  !!,I:II 
lateral frontal lesions. 



Rut St;lmni is corrcct i r i  cl~re.;tiuriil~g the rcspolise inl i ih i t ion hypothesis as 
adcquatz i n  accounri l~g f v r  tile ~c.rrlllor:rl n.ycc.1 o f  ihc ;~r!!crior frc~rital clcficit. 
Hcc;rll that. i n  discrrssing ~rhc t l r i rc  i ~ i h i h i i i o ~ i  h ~ l ~ c ~ t l r c s i s  f~>rw;irtlctl hy IIr-rrtFrc~\v- 
ski  ( IO{P!) to csplitirt tlrc y<!s!cri~lr ~IIXI !~!c:!i::l 11illi1;11 clclicit. ~IO{C<I III;,~ crrt11s 
of ornission ivcre prcrpor!ic!n;t:clj; ;is f!cc;!~c~it :IS crrt?r% r)f c t ~ ~ ~ i r ~ t i s s i o r i  i r i  tllc 
golrlo-so altsrnntion t x k  !R~rl tcr.  I'li4; I'ribr:l!i~ et nl., 1766). Errors o f  o ~ r ~ i s -  

sion--especially fail i ircs to  rcsponcl or1 t!:c pet tri;lls--proviilc n strong n~.glirl~crit 
against a r c s p r ~ s c  i~ilril-ritit.n hypothcrir .  I n  atltlitic~ri, i t  sl~ou!tl he p) ir i tct l  out th;tt 
occasional rnonkcys w i t h  eithcr posterior and rllsdinl orhi t i l l  Icsions or  1;ltcral 

frontal lesions are rcluctnnt to  he tcstctl nflcr srlrgcry cfc.soitc. prior cxpcricnce. 
'Thus, their overall r x ~ r i e n c r .  :vhicI; hns tn inc t l  tht.111 pi.ilil;lrily to'.go." :rppears 
to  he ncgatctl by  :I tc~rc lc~ icy to "IIII-go." S ( ~ ~ r l c t i ~ l r c s  Ilicsc IIIIIII~CYS ;11q1c;ir SO 

con f i~scd  and so rcluct;~r~t that extcrtsive gr;dual rcshitping 1111rst be unt1crt;ikcn 
I 

before they can be tested. Of course, such shaping trials t lo not appear i n  the 
quantitative descriptior~s o f  test pcrforrrinncz. which can tlicrefore be riiislcacling 
when hypotheses as to basic process arc being derivetl. 

St imm's evidence suggests that. rather thnn response inhibition, the tempor- 1 
3 a1 factor in the lateral frontal  deficit is related to kincsthetic stiniulus differentin- 

tion, perhaps on  the basis o f  a central rcpresent:~tic~n o f  kiriesthctic events. Such i 
kinesthetic stimuli are protlrlcctl b y  ;I convcrgcncc o f  rnttsclc ;~ffcrents w i t h  j 
others. such as thosc fro111 t l ~ e  skin. to  prthluce a niotor rcprcscnt:~tion (Xl;~lis. 1 

4 
Pribram. Rr Kmger. 1953; Pribram. 1971; Pribrnrii, Shcrafat, CQ Bccknian, i I 
1984). The analornical adj;~ccncy o f  the entire anterior frontal cortex to  the J 

classic precentral and to the l in ib ic  ntccliohasal motor cortices makes the hypoth- 

esis a reasonable one (see also Petritlcs, this volumc. Ch;~pter 5). 
As noted above, the hypothesis rcccived attention i n  earlier experinients. 

For inst;iricc, Prihr;lrr~ ct ;II. (1052). i n  ;rri ~ ~ r i p ~ r h l i s l ~ c t l  ~ w r t i o r i  of t l ic ir  st~rtly. 

i 
E 

attempted to  show that the dclayctl-response performance o f  normal nionkcys is :I 
2 

dependent o n  self-generated kincsthetic cues. I t  was found that movements 
specif ic to  thecorrect solut ion o f  the delay problem tlid occur initially but that, as 

f * 
the monkeys becante proficient. these pcriphcral indicators becanie less ancl less 5 
frequent. The assumption was rnatlc th:rt the proficient nionkeys used a 'central i . 
representation to solve the problem-that brain events replaced the peripheral ' 

5. 
kinesthetic stimuli. I t  was anticipntctl thnt. perhaps irrter anterior frontal surgery. 
!Ire monkeys rnight revert to  a pcri [~hcral rcyx)lrse ~ i i o t l c  (;IS was shown for the i 
chimpanzee by R. A. B l i ~ m .  J. Semnics. and K. fI .  Pribr:trn. presented at the 4 { 
annual meeting of the APA i n  19J7). but this (lid not occrrr-thus, the data were 
left unpublished. Further. 3s no!ed above. other experimental results (e.g., the 
def ici t  i n  object alternation) mitigated against the kinesthetic hypothesis unt i l  T 
Starnrn noted that these results could bc  ascrihed to  a ventral focus in  the Iatcral f: 

' 

frontal cortc.~. This lc f t  the possibil ity r h ~ t  sc~nie other focirs coultl bc  forrnd % 
? 

rcsponsihlc for the kincsthctic tlcficit. St:rrirrll II;IS SII~~CSICCI th:lt tliis ~ICIIS i s  the i 
cortex s~rrrountl ing tlic strlctls yrincio;~lis hrlt, ;is rcvicwcrl  above, this Ioc;rliza- 

3 ,' 
f 



tion t l~ tcs  not ho ld up. Iristc;~cl, Pctritlcs's ( t l ~ i s  v c ~ l t t r ~ ~ c .  Ch;iptcr 5 )  cvictciii.c Ii:\st< 

to ;I rrlorc vcr~tr:rl arlcl posterior pcri;lrctr;~tc I'octrs. which, o f  necessity. I I I~I\~ 

~ r y n r n h l c  f r ~ r r r ~  f h t  viqi~: l l  fllcrt5 (rr!clrc nlltcrir1rlv ~ i tu ; l tc t l  nmtrtrtl !lie a i l r? - r i~~c  !ill 
(4' t l ~ t :  ;IIC~I:I~C> \IIII..!I< c.t '!~~r~:li!!g t o  t l ~ c  Ii11 ol' t l ~ c  1 0 1 ~ ~ )  t l t:~t ~ ~ r ~ ~ t l t ~ ~ c x  I!!(, t ~ i ~ ~ ~ ~ ( 1  

nlrr.ir;n!it\r~ tlcl'ii.it i f  :?I< k i i~cei l ic t ic  hyl?otl~c.sis is ((1 I?c s r~ i~ i~c~r tc t l .  

T o  srrr~lrrinri7c this sr.ctit.~r~, the results o f  attcriipts to subtliviclr  ti:^ l.ttc~;tl 
fror1t;ll cortex Ic:ltl 111 ttic f o l l ~ > ~ v i n g  cor~clr~sic~ris:  

I. I 'hc rc  is a f o c t ~ s  centering o n  tl ic srrlcr~s prirlcipalis that i11llu~v1c.c~ 

ycrfcrrni;rncc on but11 tilt sp;lti;ll cfcl ;~ycd-rcs~onse and the spati;il tfcl;~!.t-tl- 
nl tcr~lnt ior i  tasks hut rrcv or) t l lc gotno-go or  ohjcct versions of a l t ~ ~ r c r ; ~ t i t ~ r ~ .  
suggestirig tliat a sp;~ti;tl f;~ctor i i ~ r p ~ r t ; l r l t  t o  task pcrforn~ancc h:is heen irltcr l ~ r c t l  
w i th  by the lesion of this cortex. F i~ r t l i c r .  t l ie presumed kinesthetic basic for tllc 
sp;~ti;tl t lcficit comrnon to the irnpaircd pcrforninnces provcs to  be relatctl to the 
tcnlpclral and not the spatial aspects o f  these and other tasks. This leaves tlic sy:~ti;ll 
tleficit unexplained. A n  explanation o f  the spatial tleficit in terms o f  the cfI'ccts of 
spatial clistnctors was sirggestcd ant! w i l l  be enlarged m in the next sectic~r\. 

2. The rcrr~aintler of the lateral frontal cortex inf l i~ences a l l  types ( i f  nl{crna- 
tiori pcrformnnce ancl can be further suh l i v i t l cd  nccortl ing to rncxl;~lity by I C S I ~  

invo lv ing v;iri;irlts of a1tern;ltion (e.g., object altcrnatiorl, discrimin:itiorl r cv t r -  
sal). Dorsal perinrcrrate auditory, p r h ; i p s  antcric?r periarcr~ate visual. ;IIIJ 17o';t-  

erior periarcuatc kinesthetic subdivisions can be itlentified. The deficit yrc~t l~rccd 
hy lesions i n  these subdivisions is sensitive to the sertsory load irnposctl ns a 
reilriirernent for per forming atlequately. Th is  suggests that some sort o f  sensory 
scrvocoritrol (negative feedhack) rncchanisni is involved. Goldman-Rakic ( 1078; 
Golt l r~~: l t l -R;tkic 8t Schw:trts, 1082) 11;ts clrgant ly worketl ortt the ~onrrcctioris 
between front;ll and p;lrictal cortex and these w i th  tlie corpus s t r i a t u ~ ~ ~ ,  cciri- 
ncctions that can serve such a sensory servosystem. 

SUh.IA.lARY AND SYNTClESlS 

FVhen I hegan research on  tlir functions o f  the ;~ntcr ior  frontal cc1rtc.c I ftrccntl 
th;~t ncrrrc~l~cl~avior; l I  consiclccitioris rcl;~tccl tlris p;irt o f  the hrain to thc r t ~ t ~ ~ t i ( ~ ~ l ~  

o f  the lir l lbic por t ior~s o f  the forebrain, not to the motor frrnctions (11. thc 
prcccntml cortex. The peri-Rolantlic cortex, o n  the basis o f  neurohch;~riornl 
analysis. belonged w i th  the rcrnainder o f  the cerebral convexity. Thuq. a rrlajor 
distinction was made between the functions i n  behavior o f  the frrrnt~~lirrrhic 
formations and tllose o f  the posterior cerebral conve.~ i ty  (see reviews by P r i l v n r ~ ~ .  
195-1. 195Kn. 1958h. ant1 tllr initi:11 p;lrf o f  tllis chapter). 

Nt~ncthc1t.s~. the p r u x i r t ~ i t y  o f  thc anterior frontal c o r t c . ~  to thore plr i : :>; ic 1 1 1 '  

the cortex th:it were r l r c t r i ca l l y  rxc i tnb lc  i n  ternls o f  rl lotor functions (iir:.!:::.!:;:; 



;hose on the nicdi;tl ant1 h;rs;rl s~irf:~cc.s of the l~crnispl\erc) contint~td to f?e of 
considerable coric=m. Onl:; rcccntly have 1 hit trlwr~ :~n  ic!c;t nrorrncl which this 
conccrn can jiicci:iely f i , ~ t t ~ ~ / , ~ t c d .  I t  is l i t i s  forrii~tlatiolr th:tt for r~~s tlie core of 
the final portion of this rcviciv. 

The ide;t is siniplc. Thcrc i<  :III i111;:4\r!:rr!t : ~~ i r i h~~ t c .  l iy  l v l~ i c t~  1 1 1 ~  systcr~~s it1 

the crntrnl portion ni thc ccrcbr~rl 111;1rl1lc (liffer frc~rr otlit:rs: 'Pllcy nrc cc~ricernc:l 
with somatose~rsoritr~otor processes. St~rlr:~lic pruccssing differs frr::n nl! other 
processing in  that whnttvcr is e.cpcricnccl.1. whsthcr fhro~~gh :hi. cpicriiic SYS~L'IIIS 

o f  the posterior convexity or thc protocritic (ititcroccptivc plus pain ant1 tcrir~xrii- 
ture-see Chin. Pribram, Drake. LQ Grccn. 1976. Pribrnnr, 1977. for dntn and 
definition) systems of the frc~ritc~lirribic foniiations, no prccicc cclnrmunisntion 
with other organisrris or the phy.;ic;rl or cult!rr:rl errvirorirlicnt i s  possible witlrorlt 
the participation of somntoscnsori~tiotor nrcch:tnisrns. 

For the anterior front31 cortcx, this rlrcans that we should be able to discern 
in its functions a mechanism that relates protocritic processing to somatosensor- 
imotor functions. As with any sitcll cndeavur based on an arbitrary dichotomous 
classification. problems im~ncdiatcly arise: The exteroceptors are part o f  the 
body, and those processes that are concerned not so much with regulating their 
specific function but with controllirtg their overall "sornntic" cxprcssive rclation- 
ship to the world need. on ~ h c  basis o f  the evidence. also to be inclirded in  the 
somatosensorimotor mechanism. 

A good place to begin the nttcmpt to tie a l l  this togclhcr i s  Brown's (1985) 
review o f  frontal lobe syndromes, which is organized within the frame o f  three 
major groups of tlisorclcrs: "Danr;~ge to frontal lirrrhic fclnrrntions lcnils to im- 
paired activation (response bias. nrotor neglect. ant1 lack of initiation); d:tmnge to 
'integration' cortcx on the convexity Ic;itls to drrailrrrcnt o f  the action after 
adequate initiation (distractibility, conf;~bulation); and darnage to premotor and 
precentral cortices leads to a defect o f  final irnplementation (rnisarticulation, 
dyspraxia)" (p. 37). 

Pr ibnm and h1cGuinness (1975) have further delineated the evidence for 
"stop" and "go" systems within the frontolimhic forebrain. The "stop" mech- 
anism deals with emotion (to be "hung up." out o f  motion) and involves those 
portions o f  the frontal and temporal lobes connected to the arnygdala by way o f  
the lineinate fasciculrrs. The other mechanism deals with motivation and is 
constituted o f  the "go" dopanrinergic nigrostriatal-frontal system (see also 
Goldman-Rakic & Schwnrtz, 1982). 

With regard to Brown's second category. the data reviewed in the section on 
the suMivision of the anterior frontal ("inregration") cortex show that dis- 
tractibility i s  responsible for tlre "spatial" tlcficit obtained when the dorsolateral 
frontal cortex is damaged. Confabt~lntion. on the other hand. may well be the 
human counterpart of the "temporal" dcficit that follows pcriarcuate ant! ventro- 
lateral frontal damage, a deficit scnsifive to sensory input. 

Rrown's third c3tegnry. ccntcring'on the precliotor and preccntrnl cortex, 



5 

ti 
h(?ltls tlic kcy to bringing together tlic v;lrinus aspccts of frontal lobe ft~niiictn. - 

5: 
Thc key is provicfed by the prolws;~ls rii;nlc by Goltlherg (1985; also tlii.: volrrrrtc-. 

z Chnpter 15) regarding the ftrnctions of the prcnlotor systenis. which. i r i  t!rrrr. :irc 
7 

5 - hasctl on thc cclnccps o f  Snnitlcc (1966. wliicli are also rcvicwcd at!!! c.c!c!!tlc:! * h y  I':!r!tly;l ::tit! n:lrnes. thi'; voliriiic. Chnptcr 3 ) .  Thcx  p r~~p isa t i  ~ l i i . i t !~  ti:< 
3 
P. prcrtlotor cr?r!cx ir:lo ;I rr,c.tlinl, slrpplcrricntary prcriiotor rcgioii anit ;I I:~tcr:~l. 
: pcriarcitatc prcrnotor region. On the htisis of  evidence fro111 ct)tiil~;l~:~tivc ; I I I -  
L 

i ntorriic;il sttrtlics. thc nicclial region is shown to be tlcrivcd frorn ar~l~ic.clrtic;rl 
Q 4 origins, and the I;ltcml region fro111 p;ilcocortical prirnortlia. The two rc-git~ris :II.C 

suggested to function differently: The rnetlinl is concerned in devclvpirig ~iiotlcl.; : 
that program behavior in a fert1fonv;rrtl Cishion; by contrast. the 1atcr;ll rcginn 

i progranis hch;tvior via a vnricty of sensory fcedbnck mcchanisri~s. 
This analysis can be readily extended to the remainder o f  the motclr cclrtcs: 

The evidence regarding the difference in  orientation o f  the projectic,n fnri v f  

E thala~nocortical connections. presented in the first part of  this chapter. iritlicates 
that the primary sornatosensorimotor cortex also derives from the metli:il st~rf;lce 

f .  o f  the henlisphere, perhaps frorn the cortex o f  the cingulate gyrus. Accclrtlirigly. 
it. would seem that the supplementary niotor cortex participates in ske~ching ths 
outlines o f  the nicnlel while the precentrnl cortex implements its fincr asl.c.cts. 

I Such a scheme is supported hy tlie fact thnt the supplementary motor coitcx 
receives an input frorn basal ganglia (known to tletcrmine postural atiJ sensory 

I sets) whilc the precentrnl motor cortex. in its involvement with the ccrctwll~rrti. 
provitles the details necessary to carry out a feedfonvnrd regulated actitn. I h:~ve 
clscwherc (Prihrain et nl.. 1984) provitlctl n review o f  tlie cvic1cr1c.c arrtl n 
mathematical description hascd on a male1 developed by tlouk & Ryli;cr ( IOH I ), 
by which such a fectlforward prtxcss npcmtes. 

The lateral premotor region is intinlately interconnected with the inferior- 
posterior parietal cortex as indicated by Schwartz and Goldman-Rakic ( 1984). hy 
Goldberg (198.5). ant! by the thalamocortical and comparative anatonlical cl;ita 
reviewed at the beginning o f  this chapter. As indicntr.d.there, i t  is damage to this 
system thnt produces apraxias. which. according to Goltlberg's thesis. shor~ld 
devolve on faulty feedback processing. i t  is not too farfetched to wonder whcthcr 
the repetitions which the lesioned monkeys made in the task reported in thc first 

i part of this chapter might not have been due to the necessity for €;lining 

D additional sensory feedback before proceeding. 

i There is one further speculation regarding aprasia that is worth considcririg. 

1 Elsewhere (Pribram ft Carlton. 1987) 1 have described the neural rnrchnnism 

i involved in the construction of objects from images. Essentially this n:cchn~ism 
operates to extract invariances (constancies) fro111 sets of imbges by n yrocczs v f  

{ convolution and correlation. An  object i s  experienced when the result:~rit corrcl;~- 

i lion remains constant across further tmnsfomintion of the set n f  irn:lrc<. 

1 When ohjccts are constmctctl in the sornntoccnsorirnc,tor domain ~ l ! c y  ; ~ r c  ,?I' 
two kinds. One sort o f  object i s  the fariiiliar extcrn:~l "ol~jcctive" object. I ,.IIII:~~C 



tr? the pcri-Rolnndic ccrtcx (illcl!~Jing thc supcriiir p;lrit.tnl gyms) results in 
object agnosia. when. howcvcr. tllr' Inft'r;11 prcnrotur ~ n r l  infcrinr parit.t;tl cortex 
is darnageti, nprains :in(! rlsglcct syn:!::::;:~~ ilc;.i.lop. C u t ~ i ~ l  rile nprn~i;ls be 
thought o f  as a 111iid fttrrn of ncgltct in 1I1e stnrc. th:tt Ihc "ohjczt" that i s  

construsttd by this prcrn(~!r~?r-p;!rir.t:!1 .i).;!crii is  thc "sclr"! /I' f h i ~  hypo~hesis i s  
correct, ai~rrixins rcs(iIt ire111 n f ;~i I t r i~ '  ill I~:c' :~~l i rcci :~t ion (l);~st.J or1 fcccIh:tck?! ~ > f  
self: an awkwartlncss rnorr: pr-rvnsivc thnn the itlilrairnlcnt of skills. ' l ' t r t ~s .  orlc 
can envision a grx!~1;11 i~~crc:~scd i ~ i i p : ~ i r ~ t ~ c ~ ~ t  ri11igi11g f r o ~ ~ t  ;tl!r;~xi:~ t l irot~gf~ 

Parkinsoninn tremors rest, etc.. to ncglcct. This syntlromr can hc clearly 
tlistinguishccl fro111 [lie o11c [~rtwlr~cctl Ily ccrcbcllnr-Uol:\ndic ~I;IIII;~~C. which is 
characterized by loss o f  skill, intention tre~iior. and pnrcsis. 

A word of ca~ltion: The st;ltclncnts 111ntlc itblvc coultl bc intcrprcrtcl ;is a 
dcnial o f  distinctions between such synilromcs as Parkinson's, neglect. and 
apraxia. This is dcfinitcly nor wh;lt is meant. Evcn apraxias of front;~l origin can 
be expected to differ subtly fro111 those of p:triet;ll origin and i t  may well be as 
Brown (1975) suggests-that the lrsiotis which prwlucc apraxia must invade the 
limbic forebrain. As evident in the work o f  Ttrrcnce W. Deacon (personal 
communication), parietal and frontal cortex. though reciprocally conncctcd. 
show an npstrcamddownstrcan~ relationship to one another. According to De- 
acon. a downstream cortict~orticnl conncction tcrrllinatcs nlost hcavily in I.nycrs 
iiic-iv; an upstream conncction tcrn1in;ltcs in Layer i nncl sot~lcti~iics in b;~nils in 
vb. Thus. there is a clear hicnrchic;tl connectivity f r tm antcric!r cingulats to anterior 

frontal to perinrcuate to premotor and motor cortices. At the same timc. pnrictal 
cortex is  upslrcam fro111 pstcrior cingul;~te, as well as from all of  f ront~l  cortcx. 

What I elm trying to convey is that a r1rs.s of disorders due to damage to 
systems o f  paleocerebral origin can be discerned. Within that class a variety of 
syndronles traceable to differcnccs in ncuroanatomical and neurochen~ical suh- 
strrites can be made out. 

t iow does this approach to the problem help connect the functions o f  the 
anterior frontal cortex to those o f  the somatosensorimotor regions? As noted in 
this chapter, delay problem performance is related to sensory mode: a periarcuate 
locus for auditory and visual, a more anterior Itxation for kinesthetic. These 
relationships fit with the general hypothesis that the function o f  the anterior 
frontal cortex is to relate the processes scrvcd by the limbic forehrain to those of 
the sensorimotor systems, broadly defined as above. Thc results also suprort the 
suggestion that these relationships are of a fcedb;tck naturc. namely. St;un~ii's 
experiments in which kinesthetic feedback was nianipulatcd. 

Furthermore. there are the strong cc?nnections through the uncint~te fascicu- 

lus to the structures of the ternpc!r:~l lobe derivcd from p;~leocercbral systems 
(amygdala. pyriform cortex. and adjacent ter~lporal polar juxtallocnrtcx), which 

. ' indicate that these portions of thc anterior frontal cortex arc to be cnnsitlcrcd 
. relatives o f  the latcrai prclrlotor systcrli rathcr tll;ln rclatives o f  the prcccntrnl 

motor systcm. 



O n  [he otller hand, there are he;ivy connections hetween the cortcx s r r r r ~ ~ r r i ~ t l -  
ing tlle sulcus principalis and the hil~pocnrtlpcrs (N;ruta, 106.1). I t  is this p:lrt o f  the 
antcrior frorltill cortex III;I~ II;IS rcsistc[I fr:rctioniltion w i ~ h  r cspc t  111 Sr:n<lwy 
rnc:clc, hut which is espcci;rlly rcncitivc to :he "sy;ttinl" as(sits uf tl~r (isi.~! I;I.L. 
.['!:is is cxncrly the sitantion i r i t l i  rcg;ircl to hipptnpcatlll!:ri ftrrictiorf. lil 1'.1<.r. iilc 
deficits prcxlrtcccl hy rcscitions of the prirrra!~ hippoc:rrriptrs ncd :hn;c j : i< ; i ! i i<~ i l  

hy rcscctior~s trf thc cortcx sumlint l ing [he srrlcus princip:ilis n l i r i~ is   ill^ t l ~ s  
cri[ic;11 exception t l ~ t  sp;rti:\l dc1;rycd r.csloorrsc rcrr1:tirrs irlt;rct ;~f tcr  J ~ i l ~ l ~ i ~ , . : l ~ ~ ~ l ~ c . c -  
torriy) each other to strch an extcnt th;tt i t  is hard to tfistinguish hctwccn ~ticrrr. 

I h;lve cxtcnsivcly revicwctl ahovc arrcl clscwhcrc (Pribm~lr. I1)t((r) t l ~ c  
eviclcnce for considering the difficulty with "spati;llW prol~lctrls'as being ~~IIIC to ; ~ n  
increase in  sensitivity to clistr;rctic~rl undcr ccrtilin syccifi;lhlc cc~ntlitions. I l~ . i c t l y .  
the esscntial evidence is that, when such interference is minirnizerl. as i t  hcrr tlrc 
delay interval is tlarkencd. monkeys with frontal resections cnn pcrfomi thc (!clay 

task (r\ntlcrson e l  al.. 1976; hlalrno. 1942). Further. spatial cues h:t\.e hccn 
found to he more distracting than v i s ~ ~ a l  and arrditory cues for normal n~orikeys. 
ant! especially so for monkeys with resections o f  the anterior frontal c o r t c  :~ntl, 
to a sor1rcwh;rt lesser extent (thus the sparing o f  tlelayed response?, of the 

hipp)cxir'pal cortex (Douglas c? Pribrarr~. 1069; Grucninger Rr Pribnm. IOhY). 
Wh;~tcvcr the intcrprct i~t ion o f  the "spati;~l" tleficit. the dntn arc consot1;lrit with 
the conclusion that the cortcx surrouniling tlre sulcus princip:~lis is  derivctl I'rorl~ 
an archiccrcbral prir i~ordiurr~. 

The profusion o f  data collcctcd by  hard lnhor over the past 50 years c;in thus 
be fitted into a tentative schernc. No longer are we stuck wi th vague corrccpts (if 
frontal lobe function. The role o f  the anterior frontal cortex i n  emo~ion m t l  

motivation is seen as relating protocritic (interoceptive plus pain and tcnrycrn- 
lure) to epicritic processes i n  the feedback mcnle. Evaluation (whirt Artrolil 
119701 calls appraisal) o f  one's feelings wi th regard to,what one wishes to do is 
the function o f  the periarcuate and ventroluteral portions o f  this cortex (Konolr, C% 

Prihram. 1970). Evaluation is a sort o f  internal rehearsal, a feedback by way o f  
which the feeling becomes refined, that is, more i n  keeping w i th  cunent sensory 
input and wi th the consequences o f  actions. 

The role o f  the anterior frontal cortex i n  attention and intention (plnnninp) 
relates protocritic to cpicritic p r t~ess ing  in  the feetlforward nrotle. Thiq is rhc 
function o f  the dorsolnteral front:~l cortex. I n  the feedforward 'moile. currcrlt ;mtl 
consequent inputs form the context w i ~ h i n  which "riiodcls" are constrrtctctl i r r  
"fast tirne," models which in  turn are used to modify suhseqrrcnt behnviiv. Tlrtls 
the role o f  [he frontal cortex in one form o f  "short-term memory" is clnrificcl: The 
close connection between the dorsolateral frontal cortex and the hippoc:t~rlyrr~: 
the similarity o f  the cytoarchitccture o f  the hippocampus and that o f  tlrc c:*l-r- 
bcllurn; the close connection of the p i - R o l ; ~ n t l i c  cortcx (tvhich is mo.;t I i l :~. ly  
tlcrived, as notctl. frolr~ the archiccrchnrnr. as is the hiyptraniyr~s) anel 111:- t - : .r( . -  

k l lu rn ;  and the known function of the ccrcbellurn :IS a fcedfonvard rncchnni. I:! 1 c::. 



+ 
e.g., Pnhnm, 1971. 1081; Ktrch. I ? 5 I )  all attest tllc likclilltr.ul that the tl~~rscilater- 
31 frnntnl cortex is inJccd ir!vol\.ct! i n  slich "lln~,jcciivc" prrrcrse. 

Onc final worcl: F?ic)i~n (this V I ~ ~ I I I I ; ~ .  Clt;tlltcr 14) lras sapgcstcd t11;lf thc 
m c c h a n i s t ~ ~  for fccdhnck nnrl fccdf!~rv.:~rd ~ l ~ i , ~ i i i l <  ~III thc tyw;lric>n of  jctc t l f  
tunccl rc l ;~x; i t i~m uscil l: it~:rt th.li c . ~ ~ c s r i t ~ ~ t c  tlic t l r ; i i~~. ; tcr~~ a r~ t l  ~p i i l ; l l  cori.1 S~S~CI I IS .  

wh ich  are ir~llucncccl by rhc vnrit l~ii; i1.1111t:tl l t ~ l ~ c  proccsscs rtc~tftr cc:rlsitlcr;ltiorl. 
T h c  cvidcncc for thc ct istsncs c:f :itrc11 ttrrlctl osci1l;tt~~rs 11;r.; hccn rc,w:~lctlly 
presented frorn the tinle o f  Gr;ih:lt l~-flrt,wn i l q l . 1 )  thrortgl~ vori 11oIst (10J7. 
1948) and  ~ c m s t ~ i n  ( l c ) h 7 )  ;III~ grotty, ( ( jc lk~r i t l .  C;~t~-firilic.l. .I'sctlitr. ,? Shik. 
1971). Th is  evitlencc has been thoroughly rcv i rwc t l  b y  C:tllistcl (1080). The 
nicchanisrn whcrrhy n cortic;tl in l lusnce can he inr l~t lscd c!n strch systcrt~s of 

oscil lators has also hcen workctl otrt i v i t i ~ i n  rllc cotlccpt of nn "irll:lgc o f  ;rcl~icve- 
rnent." Such a motor irnngc must operate w i th in  the spectral frequency tlornain 
(Pribram, 1971), and Pribram et al. (1084) h;~vc prcsentctl evitlcncc that neurons 
i n  the nlotor cortex are t r~nct l  to t l i ffcrcrit frcclrrcncics o f  tllovcrncnt (intloperitlcrlt 
o f  vc loc i ty  nntl accclcration). Thcsc ;lttthors also dctnil the nicch;~nism whcrcby 
such tuneti cortical cells can prclgrarn the s\~bcortic;tl nlclfor systems. 

Is the task then cori~plctctl '? Ilr.;~vcns. no! We have as yet only begun to  
cxplore how the various pjr t ions o f  the frclntnl cortex do their work. This is 
especially true o f  lhc anterior fronf;~l coricx, tlic p;~rt o f  tlic lohc that was so c;tvnlicrly 
severed fmrn the rest of the brain during t k  hcytlay of the leukoton~y (lohotorny) 
prrxedure. Nonethelcss. as this rcvicw ;111tl fhc contents o f  the other ch:lptcrs of  this 
vo lun~e  indicate. a half-century o f  invrstigntion has not bccn i n  v;~in, and the promise 
o f  the flrture is that we wi l l .  i n  clue tinlc, also get to know the Irotv. 

I am dccply in~lchrcd lo nrity AIIII I l r~nJy. uhf~cc review ch:lptcr ill J I C ~  111ccir 61r111cd I ~ C  h:~sis 
for t h e  part of  his essay concerned ~ i t h  the cuhdivieionc of t he  anrcrior frontnl ct*dcx. The work 
reported in this essay was suppdctl in p:~rt hy ;In N l l l  Carecr Aw;ird to the a~rrlior. 
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Q 
Indeed, o u r  undcrs tnnd ing  o f  thc frentnl [ o h  incrcasctl consiclcmhly be- 

tween 1373 and 1986. ;)nil II1c prcscnt  vni l rn lc n!(csts 10 t11;tt. i \ s  K;rrl Prihrnrn 

cunr;iudes f r u m  h is  "rcvis i tat ion" of the frcr::tnl lohcs it1 C l l ; ~p t c r  Z o f  this vo lan~e :  . .. fhe prof!tsic,n o f  dnrn cnl!cctc;! iy i~ ; l td  i;!hor over [hi. j l ~ i t  50 yc;Irs c:ln . . . 
I n o w l  bc f i l tccl i n t o  a l c n t ; ~ t i v c  sc l~cr r tc .  XI) Icttrgcr arc wc :;luck \kit11 v ; ! g ~ c  

concepts o f  frontni lobe i'unctic>n." Yet. i t ,  rlrc tr:ttliticln of  scicnf i f ic  progress. 

P r i b ram intcrprcts this ach ievement  as 3 nc:v chnl!cngc rct l i in t ls  tts thnt "we h i ~ v c  

as yc t  nrlly begun  t o  explore ho\v the var ious p ) r t i ons  o f  ~ h c  f r o n t i ~ l  c u n c x  (10 

t he i r  wo rk "  and propvscs thnt  i 1  i s  t l ic  /ro\v k~ wh ich  we n o w  turn. 
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