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aspects of thought—perception, imagery, and
memory—ds conteasted with the “operative™ as-
pects of mentat activity, By far the largest part of
this effort was centered on the study of perception:
‘sumc $ixty experimental papers, brought wpether
in The Mechanising of Perception (1969). But
he also studicd menral imagery, which resulied
in yut another volume, Meatal Imiagery it the
Chitd: A Study of the Devefopraent of fmﬂg;‘na!
Representation (Piaget and Inhelder, 1971).

The work on imagery fed onto work on memory,
fesulting in the book Mewory and hutelligence
(Piager, Inhelder, and Sinclair De Zwart, 1973).
Perhaps the most striking finding of this work is
that rather than remaining stable or decaying, a
memory can actually improve with time because
s evolving structure depends on the child’s matur-
ny operativity. For example, 2 young child showm
* series of rods arranged from short w fong may
ciuemberthem 1week laterasa dichotomy, shor
uds and jong rods, But 6 months later, refiecting
he child'’s growing mastery of the scheme of seria-
ioer. the child may remember the serics as it was
riginally presented. In contrast with his position
r the 19203, when he tried o sepamate memory
om paderstanding, Pizger now concluded uﬁr
The structure of TREMIOFY Appears (o be party
ependent on the structure of the operations”
Piager, 1970, p, 719). .

A
ollaborawrs

w work we call Plager's was really eamwork
Csoupe 3nd volumce are 5o vast ll;nr i cannot
Hintagined without the skififul teadership neces-
Y @ geneate enthusiasn and maintain a sense
dicection. Plaget had many collaborators. rang.
& front student assistants o distinguished scien-
t5 and scholars in various fields. Besides psy-
ologises there were mathemarticians, logj(-ian.s

ilasaphers and historians of scicace, b:‘o!ogjsts:
ysivists, and linguists. Almost evervone he
wked with called bim patran (boss ). }i‘;s longest
Fthoration (3¢ years), and the niost bmportant

s with Birbel Inhehder, who began as his Stud{‘nl;
I bevamie a distingulshed scientist in her own

. almost always warking together or in close

Kigtityw—hoth spatially and intellectual iv—with

WL ‘

Conclusleon

Since about 1970 there have been numerous criti-
c:-zJ studies of Piaget's empirical findings and of
his theoretical approach. By about 1990, much
o.f the anti-Piagetian criticism had ehbed a;ud had
given way fo neo-Plagetian efforts to assimilate
Piaget's findings, correct some of his ctrors, and
synd-!csize his work with newer dcvciopmcn,ts in
cogaitive and social psychiology. Most of his empiri-
cal findings have been vetified by studics in man
countrics. Perhaps his most important contributioz:
to'deveiopmcnt:u psychology was 1o reveat the
child as_z thinking being, and the child’s inteltect
ns. growing through its own efforts in interactipn
with the physical and social world,

REFERENCIES

Chaprman, M. (1988} Consfructive coeiition, origtng
and development of Piaget's thought New York: Cam.
bridge University Press. ’

Gruber, H E and Vonéclie, ). (1977). The essential
Plaget NewYork: Basic Books. A compendious anthoi-
Ogy with explanainey comments,

Inhelder, B., Sindair, H., and Baver, M. (1974). Learni
arul the devetopment of cognitton, Cambridge Ma.:E
Harvard University Press. ‘ )

Ruhn, D., ed. (1949) funan Development 32 (6)
325-387. A special issue devoted 1 reflections uu‘
the inipact of Plager's work.

Piager, J (1921 Essai sur quelqaes axpects du dévelop.
pement de 1a mition de partie ches, l'cnﬁinl.jtmmgi

j:; ;f)g'dm.'og.n’e nermiele of patbologique 18, 449-
<, J

- [E961 | (1969} The mechanisms of percepifon,
Trans. G. N. Scagrim. New Ynrk: Dasic Books.
(1970} Piager's theory. n P 1. Mussen, ed
Carnvichael’s marual of child psychotoge New lYorl;.-
Wiley. )
[E967| (E971 ) Brotogy and krowiedge I'rzns
] B. Walsh. Chicage: University of Chlcago Press. .
Piaget. ). and inheldes, 8. [ 1966 ( 1969). 77)?,057(‘!‘;0?03;#
:f the chitd Trans, H. Weaver, New York: fasic Roaks,
nexcellent readabic i * PSYL i
e hic introduction o the psychoiogi.
[L960) (1971 Mertai Imagery 1n Ihe child A
sincly of the derelopment of frsaginal rc;hres«mtmiﬁu
.'l'mns, P. A Chilton. New Yark: Basic Baoks,
Piager, }.. Inhelder, B., and Stnclaic-De Zwace, 11 [1968)
{1973). Merory and intelligence, I'rans. .-\ I Pomcer-
ans. New York: Basic Books.

Howard E, Gruber

fromt ﬂaL~5‘€fov} ed. Enepclppedia of Leartive and Mestonye

POSI':['RON EMISSION TOMOGRAPHY

Positron emission wmography { PET) is a weehnob
ogy that creates images of the distribution of ra-
dioactivity withis any tissuc thar is ptaced svithin
the centrat opening of a doaghnutstaped PET cam-
era. I the case of brain imaging, a small amount
of radioactive substance, calfed a tzcer, is given
1o a subject. usually by injection into the blood-
streant or by inhalation of gas. Most travers have
short haif-lises and muse therefore be manufac-
tred on site with @ cyctoton. The tracers emit
positrons, which travel o short distance within the
tissire before encountering an clectron, The anaihi-
lation event resuiting froam this encounter results
in two photoss, which travel from their sousce
in precisely opposite direetions. The ring of detec:
tors sijrrounding the head is consteeted to record
an event only whea twa photons seach the detee-
tors simultancousty. Competer algorithms are then
applied o reconstruct three-di ensional image
of radioactivin,

The' most canmonty vsed tracer for coghitive
studies is radivactively lapged water (o measie
brain blood flow, Beeawse the toteer in this case
is carried through the cicculatuey system, eadioae-
tivity fvill b high in those pirts of the beain that
have Righ local bloot fow and low in those parts
that havy Lowr local biuod few. The rationale be-
hind imaging jocal cegionst blood flose is based
on chservations af higher blapd flow in those pages
of thebrain that are “working harder” (e, those
paris with high raws of neuroaal activity).

An importami feaare of PET methodoelogy, s
it applcs to the study of cognition in general and
of memory in particalar, is the use of suhiractian
techiniques. If one simply recorded a PET image
while 2 subject cogagett in a task, many different
areas of the hrain would prove to be involved.
However, one cxn poteatially isotate specific com-
ponents of cognition by imaging the brain pn two
occasions several minutes apart, white subjects en-
gage successively in twn closely refated asks. The
suhtraction of the fisst image from the second tien
ilentifies thuse arcas af ¢he brain that are active
in the second task but pot in the frse

in the case of studies of memory involving PET,
the steategy is to ask suhjects to engage in 2 mem-
ory task in which they attempt to recollect recent
infermatinn, and a celated sk in which they read,
process, and ntherwise interact with the same stim-
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wli but do net retrieve from recent memory. Studies
of this kind have revealed activation of the hippo-
camipd region and prefrontal cortex, ar0as known
through studies of brain-damaged patients and of
experimentat aninmls to be associated with mem-
ory functions. Other information from thesc same
studies illuminated the anatomical basis of word
priming, 1 simple form of nonconscious nremory
in which the ability to detect or hlentify words
is acifitzted hy their recent exposure. An area of
decreased activation was observed in posterior vi-
st cortex during prindog, s compared with a
sipilar conditton when priming coutd not occur.
These results supgest that when a word s pre-
sented visuztly, modificatlons occur atoog the vi-
sual pathways it process the word, sn that on
subscquent exposure Jess nearat work is required
to process the same word.

1 another series of studics, PET has been used
to gain Ensight intp how subjects process single
words that are presented visually, Ope important
findinng is the activation of an area in left posterior
cortex by words and orthographicalty regular non-
words {c.g., glone stog) but not by iilegal non-
words (¢.g.. glvgr, pagk). These findings thus iden-
tify a0 area of the brain that must he organized
during normal development and that can achicve
its final organization only after a person leams to
read. These findings provide direct evidence for
the tong-term storage of memnrics in proconex
(ier this case, memory for word forms that are
legal in written English).

Sradies of cognition with PET are just hegioning,
Much more cin be expected w be learned about
copnition and memory thraugh use of this new
techeigire.

Sreven 'efersen
Larry R, Squire

POSTTETANIC POTENTIATION

The synapse is the point of trznsmission of informa-
tion between pne neuron snd anodier. Clecteicat
activity in the presynaptic neuron inflaences clec-
trical activigy in the postsynaptic cell. This influ-
ence €an be excitatory, in which case presynaptic
action potentials trigger postsynaptic action poten-
tials, of ar least incecase the probabitity of their
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ceurrence in response to other inputs. Synaptic
yeractions can also be inhihitory, in which case

resynaptic action potentials reduce the post-

pnaptic firing frequency or reduce the probability
f Aring acton potentials in response o other ex-
ilatory inpuss. Postietantc potentiation is an in-
reused effectiveness of synaptic transmission that
ists for minutes following high races of neuronal
ctivity.

Most synupses operate by means of an electrical-
»chemical mansduction at the presynapric neu-
n, followed by a chemical-to-elecurical transduc-
on at the postsynaptic ccll. An action potenrial
 the presvmptic neuron opens calcium channels
t the membeane, and calcium rushes into the pre-
maptic terminal, the region of the presynaptic
curon that comes inie contact, or synapses, with
ic posisynzpric cell. The rise in presynaptic cal-
ium triggers the release of a chemical substance,
tlied 2 tramsmitter, that diffuses across the synap-
¢ cleft separating presynaptic from postsynaptic
:lis and binds to recepror proteins in the mem-
ane of the postsynaptc ccll. In fast.acting syn-
ises, the activation of these receptoss opens post-
napti¢ ioa channcis, and the flow of current
rough these channcls makes the posisymaptic
At more ckerrically positive (depoiarizes it) or
ort negative (hyperpoiasizes it). Depolarization
nds 10 trigger postsynaplic action polentials, ¢x-
ting the postsynaptie ceil, so the signal generated
the postsimaptic cell is called an exciratory post-
waptic  potental  (EPSP). Hyperpolanzation
ocks posissnaptic action potentials, inhibiting
¢ postisyraptic cell; such a response is called
) inhibltors postsynapeic potential (IPSP). (Sec
W MEMBRANE CHANNELS AND THEIR MODULATION N
ARNING AND WEMORY.)

rnaptic Plsticity

napses are pol stafic In their transmission proper-
5. Kather, the efectiveness of a presynaptic ac-
n potential depends on its proximity 0 pdor
livity, At s5ome synapscs, following a presynaptic
tion potential, a second action potential s likely
be more offective for about 1 second. This short-
iting increase in the size of the postsynaptic po-
ntind (PSP} &s calied synaptlc facilitagon. At many
napscs, a slightly longes-lasting (several seconds)
ase of increased transmission has been detected,
hich i called augmentation. At othec synapses.

a second action potential will have less effect than
the first for several seconds. The decrease in PSP
amplitude is calted synaptic depression. Although
these cffects can be observed folowing a single
action potential, they accumulate or increase dur-
ing repeated presynaplic activiey. They are espe-
cially prominent during fetanus, high-frequency
repetitive stimulation of the peesynaptic neuron.
Some synapses show a mixwure of facititation, aug-
mentarion, and depression, such that the first few
P5Ps in a tetanus grow for one or a few seconds
due o facilitation and augmen tcion, while subse-
quent responses deciine lor several more secunds
due to depression. These short-lived changes in
the strength of synaptic transmission are coliec-
tively called short-term sypapeic plasticity (Fig-
ure 1).

Another form of short-term svnaptic plasticity
is called synaptic potentiation. It is similar to synap-
tic facilitatinn or augmentation in that it consists
of an increase in the strength or cffcetiveness of
synaptic transmission, and is expressed as an in-
crease in the size of the EPSP or 1PSP. 1o differs
in its kinctics. Potcntiation is a slowhy accumuiating
increase in PSP ampiitude seen during a rctanus,
It consists nf a gradual growth in dic PSPS over a
period of minutes during continued presynaptic
clectrical activity. Teclanic potentiation therclore
continues 10 grow long afier facilitation has
reached a steady state {usually about 1 second).
However, it may be obscured by depression oceur-
ring simultancously during a teranus. Ofken depres
sion is stronger than potentation, so that the net
effi:ct of continued stimuiation is reduction of the
PSP, [n that case, tetanic potentation ¢an be ob-
scrved only when techniques are used to block
the development of depressipn. One such tech.
flique is use of a low-calcium medium to reduce
the amount of transmitter refeased by actiun poten-
tials. This prevenss the depletion of presynaptic
transmitter stores during the cetanvs, and avoids
depression. Such a reduction in caleium has dittle
cffect on the opposing processes of synaptic faciii-
tztion and potendation.

In normal medium, depression useally [asts for
a few seconds or perhaps 2 minute after repetitive
stimulation ccases, while the effect of potentiation
tasts fortens of minutes, Thas, after a tetanus suffi-
ciently long (usually scveral minutes) 1o initiate
a significant degrec of potentiation, and afier the
synapse has recovered from depeession; single pre-
symaptic rest stimudi evoke PSPs that remain poten-
tated for sminutes; thai is, thev are frgee than
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Figure 1. Changes in sength of sy naptic transmissiod due to Lilitasion,
augmentation, depression, and potentiation operaling simultaneously,
meases ed during a tetznus and as a function of time after 3 tetanus,

the original isolated PSP that foltows a long period
of silence. This phenemenon is calied postictanic
potentiation, frequendy abbreviated PEP. It s
reatly the persistent effect of tetanic potentiation,
observed most chearly after recovery from depres-
S100.

Presynaptic Locus

In principle, short-term synaptic plasticity could
arisc at cither presynaptic or posisynaptic sires.
Presynaptically, action potentials coulil evoke the
release of more or less transmitier. Postsynapti-
cally, the transmitter receptors could becomc
more or fess seasitive, or the clectrica] responsc
of a neuran to the posisynaptic current could
changc. In fact, ac almost all synapses that have
been studied, short-term synaptc plasticity is due
tp changes in the amount of ¢ransmitter refeased
by an action potential. Transmitter is seleased in
smai} packages of about 5000 moiecutes, probably
by the fusion of mcmbrane-bound transmitter-cor-
taining wesicles with ihe presynaptic membranc,
fltowed by exocytosis of their contents. Facilita-
tion, depression, and potentiation or PTP arc all
causced by changes in the number of these packages,

called quanta, thai cach action potential causes
t0 be released at the presynaptic nerve Lerzinals.
The size of the quanta and their postsynupns effec.
tiveness change titde dusing these processes.

Prevalence and Significanite

Practicully all chemically trahsmitting symapses
that have been studied show a mixture of fcilita-
tion, depression, augmentation, and potchaation.
This includes central synapses between neurnns
in the mammaltiun brain and spinal cord, sensory
nerve synapses, peripheral synapses in the znglia
of the autonomic norvous systen, release of rans-
mitter fram neurosecretory teeminals in e pitu-
itary, synapses between neurons in inversebrate
ganglla (especizily mollusks and annelids . and
synapses from mptOr NCurons onin muscles (aeu-
rornuscular junctions ) in verichraies, Crustaeans,
and insccts.

The effcet of thesc forms of short-term phsticity
is 1o make synapses sclective for certain parterns
of presynaptic activity. Potentiation in particular
causcs only sustained and prolonged acinny tn
be maximally effective in cxeiting or infzbiting
the postsynaptic neuron. This cun he inportist
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1 extracting significant signals from noise. Differ-
nees in the mixeure of plasticities can cause the
arious terminals of a neuron to select different
teerns of activity for transmission to dilferent
mstsynaptic mrgers. This adds greatdy to the infor-
mation-processing  capabilities of synapses, and
tay allow certain pathways to respond onty to
pecilic patterns corresponding te particular signif-
zant stimuli. The ability to distinguish such pat-
erns is w0 important aspect of many neural net-
vorks proposed as moiels of neurat circuits
apable of Jearning. These forms of plasticity are
arms of synaptic modifiability. which plays an im-
it rode in most theoretical models of iearning
wEwprks.

tole of Calcium

“alcium cun be manipuiated rapidly io the neigh-
wrhood of nerve tepminals by ting it jontopho-
clically from a micropipette I a calcium-leee
nedium, Such expreriments shaw thae facititation,
ugimentation. and potentiaton all reguire cateinm
1 be present during the conditianing stimulation
3r the elfects 1o be expressed by test stimuali. This
as il to che hypothesis that all three effects re-
uire the eatry and accumaiacion of presvaaptic
alcism during conditipning stimulation. Transmit-
et teteiase by singie action potentials depends in
highly mnatincar wiy on external calcium con-
catrstion and the aflux af calciem during acdon
oreatils. When cilcivm-sensitive dyves are in-
scted into perves near their terminals, changes
1ocxiernad cadcium relae nescky lincarly o
hanges in inlux and calciam accumulazion. Thus
1ere appedrs io be a highly cooperative action
f cdefum jons Jt their prosynaptic receptor sife
1 rejeasing trapsmiibier. Roughly speaking, releasc
+ propurtional ta the fourth pawer of external
aleium concentratinn, citcium influx, or caleium
ULivity al presyRdapic release shies,

ne might imagiine tha o sniall residoal amount
RO ol thr caleium that enters during action
oentials (F) remaing at tme { afier ane Br more
pikes. Then a single actioa potential will release
1 quanta according o Ty = KLY, where Kis
ropugrtionility cunstant. A seennd actinn potea
al, or one following a teranus, will release T,
uanta accarding tn T, = RE + RY'. sapposc
At at e 4 Riry is 10 percent of £ Then the
fL’_grf:c al fucilitztian, augmentation, or potentia-

tion, T, will be (1 + R FY. which for n =
4 and R{¢¥E = 0.1 comes w136 (i, the second
response will be 46 percent lurger than the first).
Meanwhite, trunsmitter retease o the residual cat
cium itself will be negligible: (R(rVEY', vr 001
Finally, the ratio of T/T, will be independent nf
calcium coneentratinn in the bath, beciuse £ anif
R(¢) are scaled by the same amount as catcium
influx changes. These are all properties of fucilica-
tion, augmentation, and potentiatian, and thys this
is a4 very ateractive explanation for these phenom-
cna. Their different time courses svouhl simply
reflect the different phases far the accumulation
of residual calcimm during a tetanus, anck of its
rcroval afterward. '

Qualitative evidence for such a critical role of
residual calcium in potentiatinn has been obtained.
The time course of PTP closely matches the tme
course of residual cafeivm actually measured in
nerve teeminals, in fact, the correspendence is het
ter than expected, The abave formulativn predicts
a noalincar relationship between R4 and potend.
ation. PTP should decay taster than R(r). The Jiaear
relation observed means that PTP was grester ehan
expected from the stimple hypothesis (Figure 2).
Perhaps calciom acts at ancther site s potentiate
the release of more transmitter than predicied by
the abose model. There is same evidence hat
calcium can bind w a calmodulin receptns vn a
kinase. that phosphorylates a protein called synap-
sin L Phosphorylyted synapsin § may release synup-
tic vesicles from cytoskeletal steachnent sites and
attow them te move ap g retease sites, contribat-
ing to PTP. This mechanism, i present, acts in
addition o the nonlincar sunumation of residuasl
calciwm with entering clcium postziaced above,
which may be more uniquely responsiblie for faeili-
tarion and augmentation. This would ¢xplain svhy
potentiation does net simply summute with facilisa
tion and augmentacion but, ruther, seems to inter-
act with it multiplicatively. The exploration of
these possibilities remzing an active area of re-
seurch.

Rote of Sodium n PTP

ta additian o catcium, sadivim intlux during g 1ent
nus cantribules o PIP. Action potentials are gener.
atect by 2 brief incrcase in nerve permeability w
sodium fons. Sodium Hows into nerves down its
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Figure 2. EPSPs from a crayfish muscle fiber {solid lines show avermge
values = one standard error) before and afier 2 20-hertz tctanus jasting 12
minues closely follow the presynapric calcium concentration measured in
Iwo prossaaptic lerminals using the indicator dye fira-2 {squares and circles).
The dashed line is g prediction of the decay of the postictanic potentiation
of the EPSPs, caleulited from the simple nonlincar gesiduat calcium nexl ¢l
descrited in the Lext, fecm the decay of postictanic culcium concemration.

clectrochemical gradicny briefly depolarizing the
membrane hefore the sodium channels shut, Dur-
ing a tetnus, the presyoaptic sodiym coneentea-
tion graduaity rises. This accumulation of sodium
¢an be sugmentcd by blocking the sodium pump,
which normally slowly restores intracellular so-
giem t its resting level with ouabain, This treat-
mient augments PTP and prolangs its decay. More-
over, Injection of sodium directly ingo nerves near
their werminals potentiates transmitter release.
Conversely, sodium enery can be prevented with
the sodicm channed blocker tetrodotaxin, wnd
transmitter relcase can be triggercd by direct
putsed depolarization of the nerve terminais with
clecirndes placed pext w themn. Transmister re-
lcase 1o a tetanus of such pulses shows reduced
PTP. flow does sodium excrt this influcnce on
PYP? Normaity, the calaum thai accumulales pre-
synapticalty in a tetanus is extruded Hy a membinsne
teanspoct pump thar exchanges extersal sadium
for internal ealcium. Elevation of inteenal sodium
in # tetanus cetards this pumip, so that more cat-

cium accumulates during the wetanus and s sub-
scquent removal is retarded, Thas the time course
of PIP is determinett by the rate at which ciicium
ts vemoved from the terminuts, and this i wen
depends on the aecumulation of presynaptic So-
<ium. Theoretical calahtinns of the exuusion of
calcium from nerve terminals by such membrane
punips preatict a late phase of decay of potentiated
release simitar to PEP (Figure 3).

PTP, then, is a fascinating property of chemical
synaptic transmission. It cantributes to the infor-
mation processing capabilities, temporal selectiv-
ity, and modifiability of syraptic transmission. It
appears to be triggered by residuad calcium rennin-
ing after action potentials. 1 may arisc in part{rom
the nonlincar dependence of transmitier celcase
upon caicium, and in pare from cadcium acting
independently to mobllize vesicles to relezse sites.
Sodium  gccumulstion contributes o FTP by
impeding the removal of presynaptic calaum by
sodiun/cateium exchange. PTP is an cntirely pre-
synaptic process, and as such is distinct from the
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Robert 3. Zucker

PREFRONTAL CORTEX AND MEMORY IN
PRIMATES

A primate nceds its prefrontal cortex whenever
and wherever it has to perfaem 2n action based
on informarion that is not avallable ar the Wme
1o act but has been available in the recent past,
The prefrontal coftex is especially important if
the information is aew to the organism or s in
conflict with prior cues or memorics that cail for

different aetlons. Whesher the information is new
or oid; it must be remped in memory until the
time to act in accord with it. ‘Thar is the kind of
memory the prefrontal cortex supports, [t is short-
term memory (also called wWORKING MEMORY ) at the
service of behavior. Prefrontal memory is defined
not by content or by duration but by conrext,
the context of action. Short-term memory is not
the only function of the prefrontal cortex, nor is
it exclusively the roke of the prefrontal cortex
Bul, inasmuch as shoreterm memory. is needed
in and for action, the prefrontal cortex is needed.
It follows that this part of the cortex is'essential
for the construction of sequential bebaviors, espe-

clally if they are novd ar require choices begween

competing altcrnatives It is needed for the synfax
of the action, Including of course the syntax’ of
the spoken fanguage, particularly creatlve speech.

* ~-The prefrontal conex is the cortex of the pole

of the frantal lobe., It is conveéntionally defined as

that part of the cérebeal cortex to which the nu- |

cleus mediodorsalis of the thalamus projects, Phy-
togenerically, it is the ncocortical region 1o va
dergo .the greatest and latest expansion (Figure
1). It reaches maximum development in the brain
of the human, where it occupies almost one-third
of the totality of the meocortex. In the course of

evolution, its dorsolateral aspect, that {s, the cortex .

of the cxternal convexity of the frontal iobe, devel-
ops relatively more than its mediat and inferior
aspects, This is an important consideration because
the dorsoiateral prefrontal cortex supports mainly
cognitive functions, whereas the orbitomediat pre-
frontal cortex is involved predominantly in emo-
tionat and visceral functions,
Cytoarchitectonically, the prefrontal cortex of
the primate (area FD of Von Bonin and Balley,
1947 )includes areas 9, 10, 11, 12, and 13 of Brod-
mann (1909). 1t is ooc of the best-conttected of
ali neocortleal regions; it is directiy and recipro-
caily connected to the anterior and dorsal thala-
mus, the hypothalamus, and limbic structures, es-

- pecially the amypdala and the hippocampus, 1t

sends profuse effcrem: Bbers to the pasal ganglia
Dorsolateral prefrontal areas have rich reciprocal
connections with maoy other neocortical areas
of the frontal lobe 2nd of the temporal and parietal
lobes. (Sce GUIDE TO THE ANATOMY OF THE BRANN.)
The first clear indication of the involvement of
the prefrontal cortex in short-term memory was
provided by Jacobsen in the eariy 1930s (Jacobsen,
1935, He showed tha monkeys with lesions of
the dorsolateral prefrontal cortex are impaired in
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the iearning and performance of delayed response
{DR) and delzyed alternation {DA) tasks. These
tasks fall within a general category of bebavioral
tasks—elay tasks—ihar demand from e animal
the performance of motor acts in zccord with sen-
sory information presented a few seconds of min-
utes carlier. In other words, dciay tasks demand
short-ierm memory for the logical and comequent
bridging of temporal gaps between percepeion and
actipn, the mediation of cross-temporl coatingen-
cies of behavior. Primates deprived of substantiai
pordons of dorsolateral preffontal cortex cannot
properly pecform delay rasks, regardiess of the na-
ture of the sensory Information that guides them,
especially if a long lapse of time {delay) & inter-
posed between sensory cue and motor response,

Thete apgpa.rs.__howcver, 10 be some specificity
of prefrontal areas with regard to the rype of sen-
sory information they help rewain. Lesions of the
cortex of the sulcus principalis are most derrimen-
al to performance of delay tasks with spatially
defined sensory cues, such as DR and DA_However,
time seemis to override space on this maner. Those
“spatial tasks™ ar¢ ifpaired only if a cemporal gap,
a delay, is interposed between cue and responsc.
The eritical factor is time, the rime during which
the cue must be retained. Furthermore. dorso-
lateral prefrontal lesions also impair performance
of delay tasks in which the sensory cue is not
spatially defined. ‘This has been demonstrated by
local cortical cooling, The cryogeric depression
of a large portion of dorsolateral cortex (area 9),
including the sulcus principalis, induces a revers-
ible deficit in performance of delay tasks. whether
the cue is visual and spadally defined (25 in DR)

- or not (as in delayed matching 10 sampie ) Further-

more, the cryogenic deficil also affects delayed
matching tasks in which the cue (sample) is per-
ceived by active touch (haptically).

Humans with dorsoiateral prefrontal ksions also
show Impalrments in deiay tasks. Tasks in which
the material to be retalned canbe verbally encoded
are more affected by iesions of the left dian of
the right prefrontal cortex. They ace impaired most
of all by biiateral lesions. The human pecfrontai
syndrome is usually characterized by disorders of
attention, planning, and language. Prefrontal pa-
tients have difficul ry maintaining attention on inter-
nak cues or mental malerial to be retained for the
short term. Their planning is poor for both thc
short and the long termy it s as if they kacked
“memory of the future” in addition to memory
of the recent past. Both retrospective and prospec-




