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The Hippocampal System and
Recombinant Processing

Karr H. PriBram

1. Istroduetion
1.1, The Enigma

Last night, during surgery, a graduate student, in discussing his future, niade
the comment that the hippocampus was the black hole of the neurosciences.
Surveying the four volumes that Issacson and | have edited on the suliject,
1 began 1o wonder whether perhaps he was correo, especially wien | recalled
that these four volumes du not contain their own reviews ol the prodigioos
cfloris of Brenda Milner, Ross Adey, James Olds, Monimer Mishkin, and
the teams of Syuire and Zola-Morgan and of FKeele and Kadell, sll of
sl were askod b Tor ane ceason ot od leer coubd o panicipuate, :

As in the case of the cosmic black holes, ignorence i3 not the only fallow
for shoubd 1 osay, fall in?) w0 result from the experinenis and analyses
mtivated by the “puzele wrapped in an enigma,” an older descripnion of
this beauwrful piece of weuroarchiteciure that i the hippocampus. Two
approaches can be disverned in the research, One of these uses the hippo-
canipus s a model system to study generalizable functions of neural networks;
the other is addicssed 1w the functivns of the hippocampus per se,

Inn this chapier, my concern is only with the second of these approsches,
which s J'!'I'lllh:uu'nln! Ilr rc'ci.{"wing the t':l;i:lrrirl:lt'll!l |:u:-r[ur|'r|.rd i iy
Libworatory and the theory developed on the basis of labomory discussions
of these experiments. My iotivation is simple: despite several decules of
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experimentaion using monkeys, there is slmest no mention in the current
literature of the data we abitained (.., see Mahui, and abso Gray and
Rawlins, this volume, and Zola-Morgan ef al, 1982). The reasons for this
negleot may be many, but one possibility i than the data and conclusions
were presented in a form that could not be readily digested by those who
did not panicipate in the experimems. In this chaupier, 1 address this
possibility.

Befure reviewing this work in detail, the basic procedure by which the
experinients were performed is set out briefly. Much of the work 1o be
described was accomplished in the 19605, when funding for hasic research
was ample. Thus, each of the experiments described below involved mwo 1o
three groups of at least 4 monkeys each. In a typical experiment, one group
of monkeys was subjecied to hippocampectomy and another w amygdalec-
tomy, and a third served as a control group, alogether a 1ol of 12 monkeys.
The experiments in which both the amygdala and the hippocampus were
removed—the medial iemporal lobe resections—used a minimum of 8
sulbljecis. (In these experimenis, hippocampectomy refers 1w removal of the
entire hippocampal gyrus and thus includes, in addition 1o the hippocampus,
the subiculum and the entorhinal corex. The control group was mven
surgery identical 1o that performed in the operated groups except that no
issue wis removed. )

Behavior was assessed quantitatively in a computer-controlled sysiem
that allowed us 10 amomate an extensive banery of tests (Pribram, 1969).
This sysiem, called DADTA (for Discrimination Apparatus for Discrete Tral
Analysis), consisted of a porwble chamber within which the monkey could
mve about readily. The monkey was able 1o reach a 4 % 4 array of
translucent Plexiglas panels through bars along one side of the chamber.
Underneath these panrh was a srmall Fossd cup that deliverad banana p-:lleu..
Viswal patterns were projecied omo the panels by diginal display wnits,
vontrulled by computer. The computer also kept track of the panel presses
made by the monkeys, their reaction times, and whether the responses had
Leen reinforced. In correat trials, the panern reappeared each tine in a new
locavion (another panel) alter a 55 imertnal interval, Incorrent respuonses
merely turmed off the display withow the delivery of a reinforcement and
initiared after 5 s8) another trial. Simeelianeous dl,"l_'lﬂ't"!ﬂ.il_,lll of two pancls was
ned rewarided and delayed the next trial by 10 5. Failuie w press any pancl
within 5 s resulied in s timeowt of 10 s, during whisch the house lighits were
dimmed before the next wrial was initiaed.

Fur the most pait, the tesis were developed as modificavions of paradigms
that, in wiher hands, had been thoroughly analyzed so that the variables
critical 10 performance were known, Nonetheless, modification entails (he
peed for ceinterpretation according to the spealics of tie sks as they are
aviially presented. As a result, thie conlusions dermved Trom the experimenss
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the paradigins themselves can emerge that provide bislogical grounding 1o
hypotheses held at the behavioral level.

2. Limbic versus Nonlimbic .L.mmjlig ared Memory

2.1, Aliernation wersig Diseriminalion

The historical roots of the work reponied here were reviewed i the
introductory chapter of the first velume of this series (Isaacson and Pribram,
1975). The use of monkeys as subjects was motivated by the work of Kliver
and Bucy (1938, 1939), who had removed the entire iemporal lobe and had
found a dramatic change in behavior to result, The monkeys were tamed
and sexy and put all soris of objecis in their mouths. These findings were
nod entirely new, as similar resulis from temporal lobectomy in monkeys had
been reporied during the later pan of the nineteenth ceniury by Sanger-
Brown and Schifer (1B88). These early resulis became the basis for sugpes-
tions by Economo and Koskinas (1929) and Papez (1987) that Broca's grasde
foe limbique (defined on the basis of a thick, and therefore white, first cortical
layer} served as the forebrain system responsible for emotional experience
and expression. In addition to these early findings, the Kliiver-Bucy monkeys
showed what they termed “psychic blindness” (1938). E

In order 1o relate the variety of these behavioral phenomena to more
specific brain regions, 1 began by making subiotal resections of various parts
ol the wemporal lobe and was able to show that the visual disturbance was
due 1o removal of the lateral portion of the iemporal lobe (Blum o al,, 1950;
Mishkin and Pribram, 1954), but that damage 1o the medial “lmbic™
structures, the amygdala and the hippocampus, produced 1aming (loss of
fear as demunsirated by accelerated extinction in a conditioned avoidance
procedure; Pribram and Weiskraniz, 1957); diminished aggression (as mea-
sured in a dominance hierarchy; Rosvold ef of., 1954); and oral changes in
behavior (as determined by 3 Poppelreuter preferance procedure and Tood
imake measures; Pribram and Bagshaw, 1953).

The extent of the lateral wemporal lesion was localized o the infero-
temporal cortex by means of a multiple dissociation technique that involves
the addition and subtraction of overlaps of lacation in terms of behavioral
autcome. 1his L-t!l:hrliu.'u: 1&g deseribed in detal in Pribam (19540, 1958a.b,
19604, Pribram and Kruger, 1954}, Many of these early experiments were
performed before automartion and involved 3 varicty of discrimination 1asks
administered in various apparaiuses such as Yerkes (Wisconsin) boxes and
snooperscope welevision devices. We Tound thar the entire posterior inirmsic
“association” cortex could be subdivided according o senmsory anodaling
Inferatemporal resections disruped visual discriminitbons (Blum e al,, 1950,
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resulted in deficits in waste discrimination (Pribram and Bagshaw, 1953); amd
posterir paricial damage resubed o raoile discrimination deliois (Blum g7
al., 14950 Pribram and Barey, 19506; M. Wilson, 1957)

In clear contrast w0 the above results, resections of the amygdala and
ithe hippecampus resulied in no discrimination delicit whatsocver, Instead,
we lound murked changes in conditioned avoidance (Prilsain and Weis-
krante, 1957, dominance [(Rosveld & af, 1954), and oral (Prilaram and
Bagshaw, 1953) behaviors, In addition, and most imporiant for the analysis
pursued here, there was @ marked deficit in the learning and performance
of the delayed aliernation rask (Pribram # all, 1962). Such delicits are also
obwained when pars of the head of the caudate nucleus (Rosvald, 1972}, the
lar-lrontal {prefronal; frontal granular), and cingulate cortices (Pribram s
al., 1952) are resecied. As no such delicit appeared as a result of any of the
Literal vortical resections, the fromal and limbic Tormations, incdueding the
medial emporal lube siruciures, the amygdala, and the hippocampus, were
classified wgether as froniolimbic and juxtaposed 10 the systems of the
cortial convexiy (Pribram 1954a.6; 1596006, 1971],

The essential characteristic of the discrimination tasks than we employed
wus than the monkey’s choice of either une of 1wo or more cues was consistently
reinforeed (or M:iﬂ.{qﬂ}' not reinforced), and ﬂ]lﬁl"]' :i||||||-||rtar|.lr thit ihe
cues were continuously present until a cholce was made, Iy contrast, i ihe
debayedd alternation 1ask, choice cannot be guided by the specific cues present
at the ime. The correct choice always depends on what was done on lie
previous rial, This means that the coe-reinforcement contingencies are
imconsisient, Jacobsen and Nissen (1937) termed this son of task “one trial
learning,” and more recently, Mishkin (1978} referred 1o 1as “ral wniguee.”

.
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Wiile these 1,-1-:|:|-L-rir.|:|=|:|.u were in progress, a =|:|-ura|:h.1-1-: enrged. When
we compared our data 1o the newropsychological siedies on human: with
far Tramal lesions, as in the leakowmized (bwnomized) pakenis, there were
vimnsistenl paralicls berween the elffcos in monkeys aned those obiained wirth
hummbans (see, eg., Pribram, 1950, 1951 Poppen of of, 19651 There were
alsu sinlarities  betvween the “‘llr]rl’.lrllr I.!hudurrl:l |'.r|. :ni,gd:lr:lum}' in
hunsans and monkeys (Pribram, 1961ab). However, when the entire medil
extent of the temporal lobe, including amypdila and  Bippeocampas, wis
reseetedd b hunans, no changes were observed in behaviors that could be
descrilwd a5 emotional or motivatensl, such as in dvoklance [Aecing),
apgression (fighting), feeding, or sex (the Four Fs: see P'ribram, 19600,8).
Ivstcad, & very distressing and peculwr long-wenm delecive memory was
prveloced (Miloer and Penfield, 1955 Scoville and Milner, 1957, for o review
vl il |:|:|.r,'-|-|;l:;||:n|.I werr Prabezan, 19, Hy |:|rr'u1r|.:|J craosumter  witly vhis
pramisbion came as [ollows:
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to take a ook ai H. M. because he secimed sunewhat FE'l.'IJ]i.-'JT. 1 was E#AgeT lu
examine such a patient with 4 view w fnding out how his emotional responses
differed From those of unoperated subjects: we had just oblained our results
in a condiioned avoidance experiment (Pribram, 1454ae,8; Prilram and
Weiskraniz, 1957), which was the firs quamitative experimenial defici
obiained from lesioning the hippocampus. Much 1o my surprise, therefore,
H. M. responded normally in all respects. He discussed his relationship with
his family; we had an interesting conversation about a subject we were both
interesied in, a possible trip from Capetown to Caire, during which H. M.
became quite animated. 1 tested him on recall of liss such as welephone
numbers and again fownd him w be normal, Ay this point in the imeraew,
I was called 10 the ekephone. On my return, | uried 10 recall where we had
left off, somewhat unsuccessfully, and so wrned 1o H. M. for help. Had we
been doing telephone numbers? Or were we doing subtractions? H. M. suared
at me for some time and then asked, with a puzzled expression; “Doctor,
have 1 seen you before™

The distraction caused by the interruption had apparently produced a
complete amnesia. H. M. had appeared so utierly normal to me that | had
douliied thar Scoville had succeeded in the surgery. 1 had seen no change
in emotivns, no change in memory (the Aflrica journey had been a pre-
wperative interest), Mow the memory defea was siriking. Dustescion leed, as
it were, wiped the shate clean. Before 1 lefi bim, | suggested w H. M. that he,
carry lists of activities 1o which he could refer whenever his memory failed
himn. :

I knew that Brenda Milner had fownd similar disturbances of memary
in pa.limls qp:nlrd an |.|-'!|I Wilder Penfield @t the Muanreal chrulugiul
Imstitute, [ therefore asked Mortimer Mishkin, who knew Milner, o alert
her to the existence of H. M. and 1o ask her if she might be inierested in
studying him. The rest is history. It has now been some 30 years that Miloer
has regularly interviewed and tested H. M. and ohbiained resulis thar had o
|.|u: Lak:n inlu accoank in a.ll al I]1|: sul.uh"qurl'll [ 55 5 pq;lil'tll‘.‘llt! O Ilu:' Tane L
of the amygdala and the hippocampus in bath liomans and animals.

2.3 Ihzcrmwmmation Rewersal

The parados with which H. M. |:rﬂ-r|1lcd us made 1 necessary 1o examine
chosely the difference between the discriminativn tasks thid so clearly sed
apart the effects of resections of the posterior cercbral convexity and the
alternation tasks that were disrupted by fromodimisc lesions. Iiscrminanicos
tasks are particularly useful in the siudy of lomg-term memory, whereas
delayed alternation and relaed delay 1asks such as delayved response had
been the slandard for exploring shor-term memory ever since their iniro-
Ao h'!.' Humnier {1915} sl tle@in '.l|:l|:l|il:.|1lilll'| v the analvsis of Lirkig
Fiarnivsn by Dacobsen (1928, 1936: Jacolsen rof al, TS i Laealisedn aind
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reseclions were especially sensitive 1o pro- and reiroactive interference,
result that was extended by Pribram (1960) and thot darified considerably
the nature of the shor-term memory defect. It was possible tha H. M5
delicit reflected a reduction in an enbanced capability (compared with that
of monkeys) of the human brain 1w resist interference. On the other hand,
the munner in which we dichotomized memaory ino short-term and long-
term may have been incorrect (see, e.g., Pribram in Kimble, 1967).

When there i3 a sharp dichotomy between the effens of brain lesions
on two types of behavioral washks, it s imporiant o discover where the
boundary between them may be drawn, Discrimination reversals in which
animals must suddenly adjust 1o & new stimulus-reinforcement contingency
provide a 1ol for titrating such a boundary, What elfects would medial
temparal lobe resections have on the learning and performance of diserim:
ination reversals? The answer 1o this question ought 10 bring us closer 1o
understanding the deficit shown by H. M.—in the sense that a sudden
reversal may serve the same funciion as the distraction wlen | left the room,
Al the same time, a discrimination reversal deficit would velare the defich in
delayed alternation (a irial-to-trml reversal) 10 3 wider range of behaviors.,

O initial expectation in undertaking a series of discrimination reversal
experimienis was that medial temporal lobe resections would inflluence ihe
slope of 1he learning curve. This change in slope would, in turn, be increased
by reversal. We were anempiing to inflluence what is known as a "one-
clemem” (a1l a e model of learning. These models sissume tiat animals
{or humans) attend 1o only one Teature of a complex stimulus, such as colsr
or the slope of a line, a1 a time. A mubisiage maodel of his type progerly
thescribed discrimination learning in unoperated, normal monkeys {Bleher,
1536, in our laboratory) as well as in humans (Zeaman and House, 1963),
We found in our study thar ronrcinforced choices were elimreasied one al a
tme oo the response reperieire on a coe-by-cue oses,

In the serics of experiments on discrimination reversal in wemporal hobe
besiomed animals, we wsed 11 naive nembevs, with T menkeys servang as
controls and 4 receiving exicnsive reseotimns of the entive medial pomion of
the temproral lobe, including the I|.|5:||H.rr..1m|'r'.l|l gyrus and the amygelala, The
RUTRETY W prrl’umwd Lefore any testing, The muonkeys were rained
follvwing surgery in the PBADTA 1w discriminaee between the momerals 2
wind 4, wluch .|Ir]_|-ﬁ||1_-d'i|| dillerend Dol mwsos ﬁ.q'.. et adad e |=.|||;_-|':.] Wi
cach trul. The monkeys were trained o oriterion perforimance amd were
thien given another 10 overigining trinls, were rested Tor 3 weeks, and were
restvd lud velennion.

For the discrimumesiion reversal sk, the nomersls @ and 5 were used,
ant] revessal Ildilling was nstiuied as st ws the imomekey veaclhed crilerion
(W e DO consecutive trnalsl,. Whae we foweel was contrary o our
enjics Litiaonss e slopes of the learsine snres s bt odacs o 01 ol
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aspeets of these discrimination-learning tasks are a funcion of the posterior
isncones.

Huwever, the amygdals ~hippuocampal résection markedly slued les rming
nuonetheless. The impairment was localized 1o the ponion of the learning
curve that is relatively fat (ie.. “saionary”™). These periods of snionarity
showed a marked prolongation, and even more severe disruption appeared
during the cue-reinforcemient comtingency veversals. We interpreied these
results in terms of an operant conditioning Mramework, in thar “behavior
during discrimination learning and veversal is under the control of 1wo
competing varialdes: the paverned cues 1o be discriminated and the noncon-
tingeni schedule of reinforcement” {Pribram o al,, 1969, p. 770). Funher,

the insights derived from this anulysis helped 10 esablish a relationship
between the behavioral deficit and theories on incentive motivation and

hyputhesis formation. An excerpt from the discussion of this ssudy summa-
rizes this relationship:

Maiikeys with limbic besicnn o show a kg gdascan afier tieir performance rea s o
whance S level. Despiie i, the shiges of tie corves om pither side of his plaiean
s semparablie 1o thoae noongicd Eamnig. s il woesplin hese feiali i
termis il an babilicy v docrimninme botwern simnali,

Cler way of cunmidering the places s 1w segpest thay the slvuuton docy il Ternish
autflliwicia disgemioe 1o Blier dlere laclhavier ol snmbeps =6k lesione. This wendd conform
in ideas ihar ibe hsbic sysvem is @ sulmirae of mutivatio. Heowever, no simple refoence
tr ther primuhe wustion por ow will provide a soflicien explasazion. The cues remsin
the same; ihie overall probabulives of tielr leclog selnfirged bave oo changed, Wi
i plamged dumng rnserial i dbe shard-fana freadeaility ol bl sl fesfoes el be renfaerned.
HHM‘HHI':. i thi hMl"} Frathn 50FL, & J.ui.ulﬂ.im o et b Padeved e il J||_’plrh
[minbioy wath reseciiven of dor befpuinmgast ama e amygdode ] wuskeno, bul wal the usrmals,
which [rodi fo @ sanfiuuahm af the relaiin'y weeffrcive profarmess. The guesiion i ket bral
e rhararirrize hi sbale

Thir dsta anal theories o Zeaman and Heuse [103) wimilil sppesr wi e selevani
1o prescil Tedaigs, asd w ollor o grasble amseer, Throsgh the wse of haskwands
lrarning curves ihese invesiigaors have found resuds sl like oo i lamn
returdate lesnming. The s, disnnsmation learning sppscars o iwoolve @ Slataaiany
prred of varyping beagh b wdich de salgeo is corieot 30 onby o chance paaiabaling,
Thin s fellissed by a0 alarupudy rising curve of relatively cuimiam sl Iram sme person
im ptaleas do e next, Ther deta, aanl our Tiedings with namy sl ook,
imflicate that ilse ililleicice betwesn & dilficull ol as casy Fllﬂﬁ.‘ln wr a fasi amid a
sow Tewrmer s im the bengeh ol e siavimary perod prior e tbse dakesil] e,
Vil tanere, o sinary perisd v alicn Tosd a9 ihe 388 poine in reversal keansing
im bomae rewndaee. Framun eed Bouse suggen tho e sstbmary paeriind i 3
elise sanislinagivay-legriving problee i one imow Bich e soljec Teana o slsenbig respans
wir, i aher woddi, learos wlanb adpardia il ikt I.-IIIIIL:,IIII‘I. sbiiibnuly s adigrull W

A feangg Jkin el naighn chen imdscane st thie psemimenal and edeeromng, mejenses
have cimme mdher the congrad ol elif e ns i el e acislwivemseen s bicdule, 1w
sty per il doiiong resersal inasieg thivs reppcsdies a0 cstimtios ol de poeoamsdy
m|rjrngiaie D r-.|||.g e 2 w el Bha miskremanial e '\‘HHIH'\. AT R L el |I:|
Hie HIME i lirdiibe & ppateeiby, B aisksiead wi el seb=t Teunnn boasai 0w
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profiem kad becw presaied. T inonkis seise |71 g ugi?] pueiluge doe ibe Diiileg
Synlemm ca b a1 play @ role in Eoen e imaination

The revulis tam also be mierpreied im “hy mohesis fenmaion” 1eoms o obaering
meapuipnses are taben as indicasiers of hiypothess peang. Wihen an orgeinbim's obeerang
ol & st leaviore oo itimubas i i reinlfurced. an hpﬂlm {ainenuive
st miay be duced whach meneases thie fikelibued tha ik feanure will be wlsered
again. Thes hypotlesds will be caber confirnsed o dowenflirmed on sulsegaenn (nakh
Ad altrady noved, vwn wparate faciurs e o be rospomible Tor learuing in ke
eliscrimingtion seoting. One ia Wkely 10 be relaved soobe stimles dinsensivog per e amld,
ihus, protabimically will disiribure cheerving among dimenssons. With oo other
nutchasism than this, sny suhject could learn sny prabies in which che cirreo stinsulay
dmemsien hay @ finke probability of being clserved. With low prolalsing s
dimensive, busever, this learning could be extremely provaoed

Thr seconad Tacior s likely 1o be solaved $o0ihe daration eer which amy hypotlicsis
i held in ibe face of disconfirmarion. § is this Tenor (o ormeron fur elmguishang 1he
hyponbiesin] which 18 nema likely 1o be regulaed by lmlse reoeres.

Tlis sty sned earlicr uvnes thus cmpliasiie (he Fat ghat b dinsribitiom ol @itentiee
# drverewned by 2 beast o faoors, O is directly relaied @ sl dimeiian;
shee miher s the peangaoral organisrivn of the leansing sinatesn. Chaly te seoond of
tlsete, plie disrstion over which an lppothesis i lickd o the T ol disgrsctios sed
il enalir mavion. iy crivically alfeceed by anmygalalecimy and bippcangpennsy. This
may oxpdain why aisimaks with hippocanspal aed sy gilals besson G bonli) beee i
i harn ermaic hﬂl‘lliﬂu difliculies, ad jre i wwueadiy i L, wliy they can remhiy
sahoe el iscrimvination problems meowhic shee reinforcing contingenckes are e
varersl. {Pribram of o, P34, pp. T70-F71)

This analysis direcily invokes ihe iheoretical Tomework of incenive
micdiviian and hypothesis testing. What s soppessed is thar the moakeys
with miediil tempaoral labe resections sre insufTiciently motivared o puinin
i hyvpothesds in the face of disconflinmion: o suomain a behavior (a
bietuivioral sance or sei) i the Gice ol distraction: wnd w reson te sbimng
i bow-Beine lin (S0P incidence of renforcement when the cost (diseriminiing
e cues) fur obtaining a greater Leneln (909%) becomes 1o bigh lee tliem
ithough not for contrels). Another wiy of stuning this is w0 say thar the
thiference hetween obiaining a 50% and a 90% roward is insulTicicog incentive
for ahe menkeys with medial remporal lebe reseoiens: they Bl g "™
arteritiogs 19 the discviminimtive stiwli 0 order 1o achieve the dncrcasod
rewarcl.

24, Effurt

I'hiese vonchusims were testedd in a linal cxperiment i the series mvolving
the emire miedial aspect (amyvgdaka plos hippocampus) of the v poral lobe,
Lin thiis expoeriment, we modificd & sigual-detection, deasion-theory paradigm
iy atiempl o {Il:.il.ﬂ'r sepaTate b ligivmmr aenstridled h!,- the stmulus (Cde-
seetion”) aned il controlled by the rentarcing contingencies (“baas™). Fight
ke woere used: four subjeoted wosurgeny and Tour serving as conirels

Tl puowechuie consisied ol paeibnminknle @ienliiee s e o803
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screen. Discrimination learning and reversal traiming procedures were fol-
lovwed as in the pd't'l.'il:ﬂ.li l'.'!ﬂ].'IEIiI'IHEII.I.- One af ihe stimuli (3) was reinforced
B0 of the time; the other (8) was reinforoed on the oier 10% of the trials.
Thus, stimulus comrol was effected in a 90% probability  reinforcement
situation, and spatial location (position bias) came under the control of a
0% moncontingent schedule of reinforcement. Because monkeys readily
succumb o position biases, the incentive ol the S0% reinforcemeni schedule
ifor auending 1o the visually displayed cues) had 1o overcome this bias. {See
Fig. 1.) .

The results clearly demonsirated that the monkeys with reswections of
the medial porten of the temporal lolbe (amygdala and hippocampas)
succumbed o their position bias more readily than did the control subjeots.
The control monkeys learned more quickly (o make the discrimination and
accomplished the reversals much more quickly than the monkeys with the
micdial Ittl'lpl:rl‘.il lobse resecticns. The dillerences in behavior were linied
o those portions of the learning and reversal curves where the monkeys
were making a sulflicient number of errors (miisses) so o their scheduole of
reinforcement was around 50% (plus or minus 10%). Once the behavior
reached the poimt where a discriminative stimulus was reinforced over 60%
fand its mate was nonreinforced 4000, the learning and reversal curves of
the lesioned and control nl-nnl'.tp werd t::.rnlia“:r indiﬂing\uil.hauf. Whien
response operator charaoenstic (ROC) curves were plovted, deteciion (d')
was shown intact. The deficit in learming and reversal was due 1o a greater
influcnee of position bias in the monkeys with the lesions than in the control
subjects (which did demonstrace this bhas as well, however), As in the previows
l.‘xq.rl.'lill:ll.'nl, the nmnlr}-a wily mpedaal I.|:'|1.1].1u-'ri.|L lodse resections succumbed
more than iheir conirels o the relatively effuriless 50% noncontingent
epportunity for wlauining reinforcement. The potentially more rewarding
SEC10% probability schedule, comingent on “paying” anention 1o the
apprepriate stmuelus, Giled o be as powerful an incentive for the lesioned
monkeys as it was for their controds, The mumkeys with the lesions did mop
as readily expend the “effort™ w atend, a monvatioal, intensive aspeat of
attention delinewed by Berlyne (19064), amueng others. The reasoning involved
in reaching this conclusion was summarized in the repon of the experimem
by Speevack and Pribram {1973):

This Dy guabasis suggests thn the major el prosdeced by lalseral amy plebcoiamg
annd lispgrecansperoinny neay be v alice gl miseusive aspron ol atieaison (Berbye, 1564
1§ higram sulbjens expend ks ellen iban the @an misikeys fur oludnmy rewand,
ihey will sbow positun preferences during @ boger portion of decrisminaion and
reveraal arati ilisin o ehisch ooy, Wisiiever thete is @ redusction s ifse soehbive
value arcrming @ ihe sihinulos dimensso—ay durg the chanor reward periods of
Feq i nal—ule wnperivyenisl nonkeyy reborl fo b l.lrllul] ul Jrritevin picleocmge flaane
lesvls ol respmnsdingd wure raped® abun alo die imact cestpes T e oewlvieg, jseow ol
£l e Lu'l'llr|||.-|||_|- B anse pridangasl fa dbe espreoisenial pemial Booaose gbas
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2.5, Competence

At the conclusion of these experiments, it seemed w0 me that we hud
narrowed the apparent gap between the elfecs of medial 1emporal lobe
reseciions in monkey and human. However, the terms motivatinr, infensive
dimenion, and #ffort (especially effort, as any such term derived from verbal
reporis of introspection) may not fully convey their technical meanings as
they were developed in the laborsory and may well convey surplus meanings
that ure not intended. Specifically, as 1 hope w make clear, an increase in
motivation (the intensive dimension of processing) is not due just 10 mare
“drive” (see also Miller #f of,, 1960). In this instance, motivation involves an
incentive Lo rearganize the processing capacity of the organism. Autention
theorisis wse the term effor! 1o describe a process that comes inio play in
overcuming the limited capability, the limited “span,” that characterizes
atiention and the resulis of this limitation on performance (see Kahnemian,
1973, for review). Most auention theorists conceive of an organism as having
a fixed limitation in processing “capacity,” but on the basis of experiments
described below, McGuinness and 1 have argued that sitention span is nom
fixed nd that both external and internal Nexible consirainis are operating
s that span can be expanded and contracied. Comprirnce is 8 more accurate
term 1o describie the span and its Bmitations. Competence, conceprualized in
communication theory terms, is the reciprocal of equivocation, that is, the
sum of noise and redundancy. “Effort can then be deflined as the mieasure
of attention *paid’ 1o increase or maintain efficdency by reduging egquivocation,
that is enhancing competency™ (Pribram and McGuinness, 1975, p. 135). As
we shull see in the following sections, redundancy and moise translate into
“lamiliarity” and “nevelty” with regard 1o the effects of amygdaleciomy and
hippocampectomy.

Communication theory b based on measuring how much infermation
tn & comymunication is necessary 1o reduce uncertsinty, The measure of both
uncertainty and information is made in terms of the number of aliernaives
that describe the communication. Shannon and Weaver {1944) suggested
thin this measure be made in werims of a binary Boolian alpebra, ihe b (an
acvenym fur binary digit), and this suggestion has been widely scoepied. A
the same time, Shaniws peinted out that a comoumication is often mide
intciligihle by repetition, which in the jargon of the theory is ealled redundancy
Cecorge Miller and bis collcagues performed un extensive series of experi-
ments o the role of redundancy in the intelligibility of 2 communicarion
{see Miller, 1951) and the effect on memory and ease of processing of
“chunking” or packaging information (Miller, 1956). Garner (1962, 1969)
explored the relaionship between such struciuring and redundancy as
explinatory of a host of perceprual and cognitive processes. T infurmation
sasgereenent theory perse, this ssue of comibining and recombining chunking
sl |.1}' mieans of ihie casp e of provading the vemrmete ssevsie an ihue
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From the results of the experiments, which distinguished the effecs of
resections of the posierior cerebral convexity from those of the frontolimbic
furmations, and from the model derived from them, it is possible 1o make
dlear distinction between the brain systems involved in processing information
per se and the redundancy and stiruciuring that enhance processing. Pribram
and Tubbs (1967) and Pribram ef af, (1966) showed that resections of far-
frontal and medial temporal labes affecied the operations of the structuring
and redundancy processes, and not those directly concerned with mformanon
processing.

To illustrate this point, it is useful 10 cite an experiment seminal in this
distinction between information and siruciuring redundancy that was per-
formed by Smets (1973). In this experiment, he compared the effect on
alpha-wave blocking and skin conductance {measures of arousal) of changing
the amount of information in a display with the effect of abering the
“romplexity,” the structure of redundancy of the display. Increases i the
amount of information (the number of features) had linle relationship 10
the measures of arousal, By contrasi, arcusal varied direcily with the
complexity of arrangements among the features displayed. As we shall see
in the following sections, the same measures of arousal were dramatically
aliered by far-fronwal and medial temporal lobe resections (see also Pribra
and McGuinness, 1975, and MoGuinness and Pribram, 1980, for review):

In shom, we suggen thay the conrals [oi proceuing] aperaie on the mecharisms of
redundancy, an the cemairaimia operading within and beiween channels rasher ihan on
the informadion being processed. The constraims - . . may be concereed al b optraling
on memsery rather than on in.pul o mamea. Aaoiber way af wating ihis is w0 sy tha
the camruly operae an the coniexi in which the informsonal comen & Hresedsed.
(Pribiram and MoGainnew, 1995, p. 156G)

Severul paragraphs follow that cite supponting evidence from the work of
Anderson and Fins (1958), Garner (1962), and Lindsay (1970), as well as
from our own work (Frilsram & al,, 1%66).

The technical wse of the tern gffort thus relates 1o the efliciency with
which an input is processed and does wot imply the inverse of laziness (a
connotatien in ordinary language). This eMciency s brought ahout by the
restructuring of processing channels, a restrecturing buth within and between
channels. Another werm for restruciuring is recoding. Thus, the binary code
of machine language is recoded into ooal and assembly languages for more
elficient processing under cerain conditions {constrains). Further recoding
I ﬂp«l‘ra.ljug sysleims and H‘ﬂhl-pnh:m'lng roulines makes M pl_'.s,-_r.iht: far
me 10 use the binary-coded machine operations 1o write this essay efTiciemly.

What appeared o be missing in binh H. M. and our monkeys with
resections of the medial portions of the remporal bobse was the sbiliy 1o
provide vierncry in the constrains, e coanexts teet nake cllicient coding of
srnsury inpul eessibde, The lesioaw migeored sether shoid nor losgeerm
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al. (1968) for H. M., and by Pribram and Douglas, who tesicd monkeys on
the retention of a visual discrimination two years alier original learning and
found no deficit. As reviewed in the fing chapiers of the first two volumes
of this series by Weiskraniz and Warrington (1975), and by Pribram and
Isaacson (1975), i was competenee (i.e., efficiency and processing span) tha
were impaired.

3. Hippocampus versus Amygdala: Novelty and Familiarity

3.1. Faclors That Influence Processing Span

In the previous section, the effecs of medial temporal lobe resections
were conceptualized in terms of atention and information theory. This
conceptuzlization helped to bring together o some degree the apparent
discrepancies between the results of such resections in humans and in
monkeys. Essentially, a distinction was made between information processing
carried out by the neural systems of the posterior cerebral convexity, on the
one hand, and the structuring of the context within which information s
processed, which is carried out by the fromtolimbic formations of the
forcbrain, on the other (see, e.g., Privram, 1971, for review). The sysiems
of the posterior cortical convexity were shown to be involved in processing
invariants (which are the basis for aliernatives, information) in organism-
epvirgnment transactions. The lrontolimbic formations, including the hip-
pocampus and the amygdala of the medial surface of the temporal lobe,
were shuwn to be involved in the compeience [elficiency) with which
processing proceeds. [vwas suggested that iwo faciors influenced competence,
redundancy and noise, and it was also suggested that competence involves
structuring both the internal and the external constraints on the prucessing
ol information (in its technical meaning), producing flexibility in enhancing
or limiting processing span.

The current section addresses the issue of whan constitute redundancy
and noise in the processing of span and whether these two aspects of
competence can be teased apan by restricting the medial emporal lobe
resection o either the amygdala or the hippocampus. To this end, a serics
ul experinients was undertaken in which amygdalectomized monkeys were
compared 1o those with hippocampeatomy and also 1o & slam-operated
group, Modifications of the discrimination paradigm were used in which
T0% versus 30% was substituted for the more usual 100% versus 0% schedule
of reinforcement in order 1o make the tasks sensitive 1o frontolimbic damage.

31.2. Duvringnation Reversal

da Fisuned digeeirmimnnilan css-e
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reversal process consists of iwo suages; the loss of the familiar response and
the acquisition of the new. In 2 new scrics of experiments {Douglas and
Pribram, 19066} involving a dozen monkeys, we found that the amygdalec.
tomized group of monkeys had no difficulty in the lirst stage of discrimi.
nation. During reversal, they were slightly superior 10 the sham-operated
monkeys in eliminating the familiar (previously correct) response but had
some difficulty in acquiring the new response with consisiency {much as in
the acquisition phase of the extinction experiment; see below).
Hippocampeciomized subjects were slow 1o initizte the extinetion of
responses to the familiar cue and were equally slow in initiating the learning
of the new response, a pauern similar 10 that olvained in the monkeys with
the combined “hip-am® medial-temporal-lobe resecuion. It thus appears thar
the effect on discrimination reversal obtained with the medial tempaoral lobe
resection is largely a resubt of the hippocampal component of that lesion,
When the reinforcement ratio approximates 50% during the intermediaie
range of reversal—that is, when the monkeys have given up responding 1o
the previously reinforced cue but have not as yet achieved responding
correctly to the currently reinforced cue—the hippocam peclomized monkeys
remain stuck longer than do amygdalectomized monkeys and control subjects.
Hippocampeciomized monkeys apparently fail 10 process the change in the
cue-reinforcement contingencics as efficicnily as the other monkeys.

1.3, Learming, Extinction, and Relearning

From the fact that whenever the reinforcement ratio for performing
without nhﬁtn'ing (discrimination) approaches chance, hippocampectomized
bul not amygdaleciomized monkeys get siuck, we expecied an even more
marked and specifiable deficit in a discrimination procedure in which the
reinforcements are distributed 70% versus 30% between the cues. Normal
munkeys tend to maximize in the presence of such a probability distribution.
This was also true of the monkeys with amygdaleciomy and hippocam ped.
tomy. During extinciion, however, the hippocampecomized monkeys ook
longer than did the amygdaleciomized or the control monkeys. What the
probability-matching procedure brought ou was the fact that the hippocam-
protomized monkeys responded most ofien o the more rewarded (704%)
stimulus, whereas the amygdalectomized munkeys responded leas: ofien.
This resublt provided a clue ihat was followed subsequently in tests invalving
reaction 1o novel siimuli (see below), Finally, when reaction times were
plotied, it was discovered thar the hippocampeciomized monkeys showed
the shorest latency of responding throughow extinction, whereas the
amypdileciomized monkeys showed the longest. In fact, ithe amygdaleciom-
ized sulsecis showed more long-laency (over 2 5) responses than did conirals,
whereas the hippocsmpeciomized monkevs showed fewer such “hesisarion”
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tomy. At this point in the experimental analysis, the effects of medial
temporal lobe lesions on orienting and its habitvation were clearly esiablished:

The finding thar the amygdalecinmized S weee mone prone 1o mabs bong Bvency
respusists on ihe fewarded irish may be relued w Basson's {umpublihed daca)
ahiervation ihal amygdalenomized moskeys gock icis can more clien during che
iraining procedure tham do normal monkeys, which show 2 much greser decremen
in ea1 mowcments as iraining progreses. This reswll muay also be relasted 10 the
abservation repomed by Schwanshaism and Pribram (1960) thas amygdabeciomieed Sa
hesitase en sen trials in & iransposition ek, (Doaglas and Pabram, 1956, p. 210)

A4, Pared versus Scalfered Stimuli &

The Fact that hippocampeciomized monkeys make few long-laency
responses in our DADTA procedures was also demonstrated (Douglas and
Fribram, 1966) in an experiment in which the cues were either closely paired
on the DADTA display pancls or displayed on panels more remote from
each other. In this experiment, hippocampeciomized monkeys made signif-
icanily more correct responses on the paired than on the scatiered presen-
tations, whereas no such elfect was obtained in the amygdaleaomized and
control monkeys. When the stimuli were scatiered, the hippocampectomized
monkeys pressed the cued panel that happened 1o be within their line of
waze irrespective of the nonreinforcemen history of that cue. This was the
second experiment in which medial temporal lobe reseciion or hippocam-
peciomy influenced the processing of nenreinforced elenents in the stimulbus
array: the first was the experiment in which the muliisiage model of learning
was lested (see Section 2.3, “Disciminanion Reversal™), We therefore under-
wok another experiment in which we direaly confronted ihe animal with a
novel cue paired with a previously reinforced or a previously nonreinforced
cue.

3.5, Massed versus Spaced Trials

But before 1 report the results on the pairing of novel cues, another
refevamt resull needs o be interposed. In this experiment (Kimble and
Pribrum, 19G63), the effecys on learning of amygdalecomy and hippocam-
poctamy were assessed under the condinons of mussed and spaced irials
Comtrd and hippocampeciomized monkeys showed a sicady and equal
bprovement in performance as the interiial bnerval is lengthened up o 6
min. Amygdalectomized monkeys, on the other hand, learned more slowly
as Wl seererial interval increased.

1t is assumed that, for normal subjects, the longer intervals reduce pro-
and retroactive interference among successive reinforced and nonreinforced
trials; thus. learning is enhanced. The result that amy gdaleciomy wiped o
this ahvantsge supported earlier evidence thin amygdaleciomized monkeys
v e pearieir ] craldy leag ganaiiive i massisicbari-es o008 -

e
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lore, that the effects of medial emporal lobe resections on the redundancy
lactor that inflluences competence, the effect of pro- and reiroactive inter-
ference, are a funciion of the amygdalectomy rather than of the hippocam-
peciomy porticns of the lesion.

3.6, Reachon fo Nevel Stimuli

These resulis indicate that the two faciors thay inflluence competence,
redundancy and noise, may be separately influenced by amygdaleciomy and
hippocampectomy. Interference among redundant trials was shown o be
affecied by amygdalectomy. In Pavlovian theory, the orienting reaction
following a situation in which the organism has become habituated is
paradigmatic for siudying interference phenomena. The laboratory had
undertaken a long series of experiments assaying the visceroaulonomic
companents of the orienting reaction as a functien of the effects of amyg-
dalectomy (Kaada el al, 1949; Bagshaw o al, 1965; Kimble «f al., 1965;
Bagshaw and Benzies, 1968; Bagshaw and Coppock, 1968) afier we found
that monkeys with these lesions failed 1o habituate 1o repetitions of a timulus
(Schwartzhaum of al, 1961). It was thereflore & natural next step 1o insert a
novel stimulus o the current series of discrimination studies.

In these experiments, we compared the effecs of amygdalectomy 1o
those of hippocampectomy on a task in which a novel cue was mawched
cither to @ cue that had been previously reinforced (70%) or previously
nonreinforced {(30%) afier the animal had reached a criterion of 909% in" 100
consecutive tnals. We found that, afier amygdalectomy, the monkeys chose
the novel cue and the previously reinforced cue at about 50% each, whereas
hippocampeciomized monkeys and control subjects chose the previously
rewarded cue 80% of the nme. Furnber, the amygdalectomized monkeys
chose the novel rather than the previously nonreinforoed cues about 70% of
the time, as did the conirol monkeys, whereas hippocampectomized monkeys
responded 50% to each. The amygdaleciomized monkeys apparently a-
tended 10 and remembered the nonreinfurced cue as being nonreinforced,
bul they ignored or forgot the previowsly reinforced cue. By conirasi,
hippocampeciomized monkeys chose the previously reinforced cue nwore
than E0% of the ime over the novel one, but they chose the novel and e
previously nunreinforced cue about equally. The hippocampeaomized mon-
keys had avended 1o and remembered the previously reinforced cue but
had apparently failed 1w attend o the one that had been previously
nonreinforced.

We concluded that amygdaleciomized monkeys learned by avending 10
the nonreinforced member of a pair whereas hippocampeaiomized monkevs
learned h:|-' :.I!I:nl:ll:ng w the reinforced member. In the albpegee of 2
higpescampus, learning ue io gD 0 A narrenforerd cue (e, activelv iwnmerme
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1 the more rewarded (TOR) stimwlus, whereas the amygdalectomized mon-
keys responded least ofuen.

1.7, Errors of Omission and of Commission

We 1ested our conclusion regarding the effea of hippocampeciomy on
normully occurring active ignoring of nonreinforced elements in o sk by
presenting another group of monkeys a discrimination in which there was
only one reinfurced cue, but in which the number of mnreinforeed cues
varied from one o four. The comrol (and amygdalpciomized) subjects
guickly learned to ignore the nunreinforced cuwes; the hippocampectomized
mionkeys did not (Douglas & al, 1969),

4. The Hr'.i:'l:r.lrﬂmj:rwr el {?ﬂm}mfﬁrrr

4.1, Unenling and Habiiualion

The experimental analyses revicwed in the previous section devolved
wn feasing apan the varialdes responsible for n:li::mring compeience wid
cxicnding span by increasing fexibility in processing. As noted, i infors
nution measurement theory, the oritical variables for controlling “requisite
varigty” in the processing channels are redundincy and noise, In die anilysis
of the elfleos of resection of the medial tqnl|mr:l Igﬂx, these varialiles
tranislate into familiarity and novely: We noted that with respect vo Tamiliariy,
amygdalectomy reduces pro- and resrosciive interference. Diher siudies
using the orienting reaction Tunher specified the maure of the involvement
ol the dm]'glhrﬂ in processiog Goomliaraty and are reviewed in oilier pulsli-
cations rather than here because this clupier prinsanly addresses the func-
tiors ol the hippoconpus (Bagshaw ef ol 1965, Kimilde of gl 19065; Prbram
e al, Y, 1975 ulﬂlh.l'n' anel Beneaes, 1968; Haﬁahaw snd ﬂupp’u;i, 14k
Fritivam and Moluwinness, 1975} Ciber paradigms explored wiber Gaceis ol
this reboionslip (Schwartebaom and Pribream, 10600 Thesst sod Prilseam,
1 b; Bagshaw aond Pribram, 149965; Barren, 1964,

I essenee, these studics showed than the viscerouutomanie oom ponenns
of srienting were markedly sttenuaied by amvgdabocnomy and thia habitoa-
tiop ol the behavioral compenents failed w ke plice. 1 imerpreted these
Fimsehinngs 10 mean that e novel stimulus had Failed “register” (o becone
Fainvilican b wind 1zt & visceroaulommwmee “bousior”™ was El.lu:rﬂ;l fawr rl:gislnlmn.
Cunsilerable comvergence with the work of MeGaugh and Heriz (1972) on
some Gwets of “vonsolidation” of the meonny wace his been poined oo
tPoabeaiin, 1964). Failuiv v regisier o sovel experiencor was shown w be
pclles vl i a Gnlure o ivansfer irsnmnog i icansposition paradagms (Bagslas
arnld o, 1HOS); thee s tirie, sjisinilios peperadieiies Femism
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This section concerns the relationship between the hippocampus and
the ather companent of competence, the procesing of “noise.” As we shall
swee, hippocampectomy influences monkeys' responses 1o distraction and in
general reduces the Rexibility of behavior in problem-solving situations, In
a semse, the momentarily irrelevam aspecis of a problem-solving sitwation
constitute its noise, Changes in the situation, i the contexis that enhance
their relevance, constitute novelty. Thus, in any situation that is characerized
by variability, ¢ffert is expended in processing momentary irrelevancies and
their subsequent emergence as novelties. The experimental analysis reviewed
im this and the following sections is aimed a1 showing that hippocampeciomy
influences a process that operates on irrelevancy, a mechanism that is involved
in the development of a context, the imernal and external constrains, that
defines novelty, The fexibility provided by this mechanism allows the same
stimulus, the same memaory, and the same intent 10 be experienced as novel
when, under other conditions, it is experienced as familiar. The reasoning
that led to this condusion did no proceed simply but came as a result of
testing hypotheses that were, in several critical instances, disconlirmed.

1.2, Alternation versus Delayed Response

An imporant early hnding seminal in the analyses reviewed in Ui
section is the fact that the effects of brain resections can dissociate varaions
of the delayed response and the delayed aliernation procedures and can
even produce a dissociation between delayed response and delayed alierna-
tion in their classical form. Mihkin and 1 had wsed the delayed response
task in our early lecalization experiments (Mishkin, 1954; Mishkin and
Pribram, 1954) and had found no defict alier hippocampal veseciion. The
clagsical form (also called the divect form) of delayed response performance
iwhich is severely affected by [ur-fromal reseciions) consists of having a
munkey recall which of wo boxes had been baited 5 s previously with a
peanut while it wanched, A screen is interposed during the delay. As noted
carhier, Malmo (197} had shown that 0 was this screen that acted as a
distrarior (resulting in pro- and retrcactive inerference), because when the
dolay is creared by dackening the testing chamber for 5 5, the monikeys with
fromial resecions show no delion.

The classical formn of delayed aliernation consists of iniially banimg bah
boxes oul of sight of the monkey. The monkey chogses ome box and is
pewsided. Afier the impr.r:il ion of an opague screen, the monkey has anoher
choice and, in order o receive the reward, must choose the box it i no
empied on the previous trial. To do this, it must learn 3 win-shilt strategy.
O successive trials, slernaie boxes are baited our of view of the monkey
foe., while the sergen 18 down). A covvection proscedure s owerds ol seme
Bk roramies ipved woish the monkey chaooses 1, CVhormation widan coreers
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Resections of far-frontal comexs result in deficits in the learning and paer-
lormiance of these forms of the delayed ahermation o well as of the delayed
respunse tisk. But h ippocampectomy, although it produces a complete delici
in thes classical Torm of delayed aliernation (Pribram ef of . 1962}, fails 1w
impair delayed response learning or performance (Mishkin and Pribram,
14954, Mahui, 1971),

Because all fromolimbic {Far-Tronual, cingubate, orbiolromial, iemporal
polar, and amygdiala, as well as hippocampal) lesions produce defective
performance in delayed aliernation tasks, | had come 10 the hypothesis tha
such lesions interfere with the seguencing of (instrumenial) behavior (Fri-
bram, 19548; 1958a.b). Performance on the delayed response task demands
the carrying out of a sequence (observing and reaching), although limited 10
a single triul. There was therefore the need 10 distinguish between the types
of sequencing invalved in the two 1asks,

The Fact dhai boih tasks invelve a delay seemed to rule cue this element
as eritical wi the distinotion. Nonetheless, because the memuory loss in H.M,
appeared w parahe of sn imenmediate-range shor-term {(prmary) memory,
and because Lol delayed response and  altermation involve shomi-ierm
mcmery, we performed two rather different expenimients in which iner-
mediare lengihs of delay were a factor. As reviewed earlicr, inan experiment
11=ing the DADTA, we investigied the elfea of h||:||:|:|t_=llrl|i:'ﬂr.|-|'l|f i
discrimination bearming under mussed versus spaced iriad conditions, There
wars i ellecr (Kimble and Pribram, 1963} In the oilwr cxperiment, 1 used
i 15-min fised-interval procedure and again olwained oo efleer (Pribeim,
itMida,b). Cleary, the delay factor per se could not scoount for the defici
procuced by hippocampectomy in monkeys.

4.3, Interually versus Externally Ordesed Seguences

We nexi inguived direcily intw the distinetion between i segquence where
elierving s followed by one mstrumental response and a seguence that
_n‘:{uilt'l iwis dillerent mstrumenial TESIIEeL. The dmtinciiog appuared i
= dlepuind i wlieilenr ihe SOQUETC NG Wik vured cxierially {(viswally) e b
wigainm of whetler an inernal Goe., kinestheticd cue wis coatical, T ahis
e, wie iested monkeys inothe BADTA on ote sk {which we alseled
Fafrrtufly ardered) in wlhich the sergueiiee of sl prosses nevcssary o reorive
a veward within dlat griad was speoified by the sthonobes displio, and on
ammethier (wlineh we cilled |l.|lrr'|mH_:|: uun!'rn'cf:l iy whischi glwe |r1-|,'|ul.|_'}'5. wire |lree
i determine their own seguence, provided they did mor clomse & stinwlus
tha, during deat wial, they had chivsen previously, We Found o bippocas-
prectiany disrupned performance on buth the imernally aod the extermally
aordered segpeence (Kimble and Probram, 1830 when the monkeys were
relanvely s perienced, bun naot when they had been sveriained,
Sl vesalis swere oldaoed wlaon pescotnmes were sl sl sobaee
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alysis of the facwrs invelved in producing the defici (Brody # al,, 1977;
Brody and Pribram, 1978) showed that a continual shift in the spatial lucation
of the stimuli (the preudorandomization of cues across the 12 panels of
DADTA) distracied «ll :ul'ﬂ'l:rts, bun r;p:l_:iq"r those with frontolimbac resec-
tions (Douglas and Pribram, 196%5; Grueninger and Pribram, 1969).

The resulis of these experiments focused our allention once again on
the distraction cauwsed by distributing cues among the 12 papel locations of
DADTA. This distracting effect had both good and bad consequences: learung was
gfien slowed but the vange of problems that the monkey could fearn was enbanced
conniderably by the fact that the resort fo position habits was discouraged. Distraction,
when properly processed, as i the experienced monkey, enhances compeience.

4.4, Spatal verius Nonspatial Tasks

Alerations in the processing of disiraciors underdic the delicis in buth
auennion and learning discussed so far. Such alterations also confound
anther issue that has plagued the siudy of the ellects of lippocampeciomy:
the relevance of spatial as opposed 1o nonspaial cues, 1 wish thereflore to
present in sume detail a set of experimemns performed over 15 years ago
that remained unpublished because spatial elfecs and distracibility were
confounded. The reason for detailing them now is thar, more recently, vihers
have come up agains this difficul proldem, and their stodies as well as ours
have provided plavsible explanations for the findings (see, e.g., Mahut and
Moss, Chapter 8, this volume).

The spatial aspect of the deficih Tullowing hippocampectomy has been
repestedly emphasized by O'Keele and Nadel (1978) and by Mahug (see
Cllaiﬂ-rl H-, s w;lu.mr]. In I:-;J:Ill Sehaler, in the 1900 editicn of his Tecd-book
of Physiology, devoted over three pages 1o this ssue. He repomed tha Ferrier
wndd Munk had described changes in tactile sensibility Tollowing lestons of
the hippocampus and the gyrus fornicatus (including the dngulie cortex).
Hivwever, working with Haorsley and with Sanger-Brown, Schéifer was unabile
v conlirm these resulis,

I wur experiments, we used modificaoms of deliyed aliernation and
sensory discrimination provedures. As noted earlier, such modificatons allow
inl.]ﬂirj iivtis 1Hee Leasid 1.'i|.|'|.i|'|,:|Bﬁ l|1=l clsencteree Lhe delicat ]:II'IH.‘I un.-i.l |:|:|r theix
cerelmral resections, variables that are only :.u|:||.'|!'|-|:'|'.|.1l:,.' rrprﬂtmfd n thie
impainnent of tsk performance. Specifically, when the successive (go, ne-
gu) form of the dalayed aliernation procedure is used in addition 1w the
classical spatial {righi-left) form, Tromal and amygdala resections produce
different resuls: froneal lesions drastically hnpair right-lefi delayed alter-
nation, leaving go, no-go aliernation vinually intact, whereas amy gdalecomy
biss & greater eflect on perlormance ol the g, we-ge version tlun of 1he
1.iJ.|Iid|: formi of the vesk (Mashkin o] Peilsiwin, TH55% VWA Peibieans 2f sl
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tony might also be different when different versions of the delayed alier-
mitinn procedure were used. This expectaton was enhanced by the fact thar
performance of spatial delayed response is spared by this lesion. Our resuhs
hisdl shiwn that weither the delay nor the spatial aspent of the spaial delayed
alernatiom ik appeared to be the critical varisble basic 1o the delicit
produced by the resection.

This flinding left the possibility that aliernation per se is the basic variable
disrupied by hippacampeciomy. To test this hypothesis, we returned 1o the
deluyed azhemation and wisual discrimination tasks, but we used them not
unly in their classical spatial guise but alo in a successive go, no-go form.
Monkeys were trained on both aliernation and discrimination tasks, each
given in both spatial and go, no-go versions.

Eighl rhesus monkeys were divided imo two groups of four subjecis
each, One group was given bilateral hippocampal resections; the other
recerved the identical surgery except that no tissue was removed. The testing
was performed in the DADTA. For the simultaneous diseriminmions and
reversal, a red and green circle {or, for the second test, the numerals 3 and
&) were distributed in preudorandom sequence (o nore than four repeti-
ticms) over the 12 panels. For the classical spanial aliernation, white zeros
were displayed in the two center panels of the DADTA, For the successive
(o, nu-gu) discrimination, both panels were iluminated by the same patiern
{red circle or green circle), and the corrent response consisted of pressing
cither {go for green)—or nether (no-go for red)—pancl. In the go, no-go
aliernation, the panels were always illuminated with white zeros, and the
uwonkey had 1o aliernately press either panel or withhold & response For 5 5.
Fur all tsks, incorrect responses were fullowed by a repetition of the grial
[Correctimn procedure).

The behavior of the monkeys was shaped before surgery so that they
waould sustain panel pressing at a 50% overall reinforcement scliedule. Afier
surgery, the tests were administered in the following order (no anempt was
made 1o balance for order effects): simulianeous red-versus-green discrimi-
viaitiewn; reversal of the rr.l]-g'r::n disc rimninagions: (LT TR ul:i-grcq:-n ilis-
crimitution and iis reversal. Then the classical right-left spatial alternation
wats presenied, followed by the go, no-go alernation.

A deficit in the spatial, simulianeous Torm of the red-green discrimination
was produced by hippocampeciomy. Thus, the possibility arose thar such a
ceficit was due 1o invasion of or damage w the adjacent inferotempaoral
coner. In order w assess this possibilivy, a more difficult discrimination (3
Fversus-§) was administered, as were a st ol ducrimination reversals 1o
these cues. Damage 1o the inferoemporal corex produces severe deficits on
such dil icult discrvimiareion u:lfs and impairs the development of reversal
h‘.ﬂl:illh sy {L"llri:.li...l.n:u_ll ared Priheann, I'ﬂg]

Thie sesuhs of the livst sev of ﬂlml' H|rt-'lmlr|-'n11 are clear-cut, s can be
copl Arimn Tahdse 1 wnd B Himece = b
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Tasee

Spatial Alvernanion, Discrinsination, and Reversal
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aliernation nor with the discrimination, or 8 reversals, By contrast, the
mcnkeys that had been given hippocampal resections failed spagial righi-left
ahernation compleiely {in 1500 iriaks) and were retarded {no overlap with
the sham-operated control group) in the initial simuhaneous red-versus-
green discrimination, which they also failed (o reverse (in 600 yrials), This
deficit in simulianeous discrimiination learning was confirmed with subse-
quent more difficult 3-versus-§ discriminanda. However, the deficit was no
more severe than on the inival wsk, despite the greater difficubty of the 3-
versus-§ discrimination. In faci, one subject had no defici an all.

Tabre?
Spatial Alernateon, Descrmbsation,
and Reversal
Crnt, Miejiin Lrr, g
L, ni-gu red-aE s g il
alber naiing dizrriminainm revie il
Carad
1Bl 4l 5l
] o 1] Pl
{U=] (R (R
] il pin
Higrj=s anageal
[ LHY 15l

] sy i s
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This defich in discrimination perlormance was surprising (the study by
Muhut, 1971, was carried out at my urging (o confirm or disconfirm this
result] and discomforing in view of the repeated Gilure 1 find such a deficit
when the testing was done in the spatial, simulianeous fashion with only two
manipulanda, Only when we performed the paired-versus-scatiered-cue
exnperiment described above (Douglas and Pribram, 1966) and compared the
performance of the same monkeys in the classical (Yerkes/Wisconsing appa-
raius and showed than the deficit was due 1o the randomization of cues across
the 12 panels of the DADTA (Brody o al, 1977) did we obiain a plausible
explanation for our result,

As noded, the possibility alvo existed that the visual discrimination defien
was due W an unintended invasion of the inferotempaoral corex. Agains
this imerprecation are (1] the histological Gindings, which showed that invasion
ol the inferotemporal conex was minimal; (2] the excellent performance on
the successive form of the discrimination; and (3) the relaively good
performance on the F-versus-8 discrimination, shich monkeys with infero-
temporsl resecions ordinarily find extremely dillicul fe.g., Mishkin and
Pribwam, 1454; Pribram « al, 14966).

An alernative, more parsimoniows description s that the hippocampal
resection failed 1o imerfere with go, no-go performumces while producing
dramatic impairments of spatial tsks, whether discrimination or aliernation.
Tiaken in iselation, the obvious inerpretastion of this fmding s that the
hippecampal lesion impairs performance in which spatial cues must be
learmed. This 1 the inll.-rprrtatinn flpﬂl-lltl:! I:r!. VKesle amd BMadel 11978}
in their extensive and penetrating review of ihe resulis of experinients on
rats. Aguinst this interpreation is the Fao than hippaocampal lesions Cail w
impair delayed response performance, which has a sirony spatial compenent.
Furthermere, explinations in terms of spaiial learnmg ive been invoked
(111 l:!l.plu.ia'l thefective behavior fl_rlh.m"lng [rontal (Cscar and 'l'L'|'!:|.-|:|:|.r 1 9iit;
Mishkin & al, 1969, Qscar-Berman, 1975) and pareeial (H, Pribram and

CBarry, 1950, Wilson, 1957) lesions. I, in Tuect, thie elTecrs of hippocanguil

= desios wre v be explained in erms of spatial learming, i will sill be mecessary

i distinguish the type of spatial provessing disrupied by these lesions as
vori rsted w0 those of other bram regions.

A prosaibile alernative explanation of the seleative effeas of e hippo-
cmpal resclions that does not ignere the spatal winlunes of simulimcous
tasks could be made in wrms of processing distraciers, As need, Douglas
;|||||.|. Fralsraiin {IEHEEI} showed that hi]lPDlﬂll‘l.FHlﬂﬂll‘lF aliers 2 |1:|-"||1k|::.l'1. SAME
vibsiliny das dhisvractbon. In those experiments, i was also demoistraed that, in
these tasks, spatial cues were more distracting 1o all monkeys than visual (or
auchitory) cucs. Because the spatial Tactor plays such a large role when 1asks
are preesenited o e simulianeows oo, e PH:II.Hﬂu'II ity e emieriined
e the efects ol abee hippecaongel beston wre primarily en e abiliee w
e dae aliminsiors Al Deviau s of thies s by s’ cerpdenkiy bor qaeanison il
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All of the experiments reviewed in the previous section had pointed 1o
an obvious conclusion: Monkeys with hippocampal lesions are impaired when
problem solving depends vn actively ignoning (processing) a nonreinforced
cue (a potential disiractor). How, then, do we explain the fact reviewed in
the present section that learning and performance on the go, no-go versions
of ahernation and discrimination remain inwact? An answer may be derived
from wwo observations: Normal subjeos make a very large number of
repetitive errars on the no-go rials, so that the difference between them
and the hippocampectomized monkeys s washed out, {In the ables, non-
repetitive errors are presenied; the monkeys in this experiment and those
in others with frontolimbic lesions made approscimately iwice as many
repetitive errors as did their contrels; however, the learning curves of
elimination of the repetitive errors were essentially parallel; ie., the difference
in the curves was carly, before ithe process of elimination, much as in ihe
effects on discrimination and reversal described in the previous section; see,
e.g. Pribram, 1962.) Also, the nature of the no-go rials makes them dilTicul
w ignore. These resubts also clearly demonsirawe the face tha i is not the
u'illl.hnl-ding n'l.' TESUNEE that i.'li i.mP.'lirl!d. |.1:|' ||ipp¢|-|;;m:||:u:4;l.-nn1.r: il 1% aclive
TENOTInE,

Omly in the spatial situation is there a cue thar initally acts as a distracior
in the performance of te sk, Gontrel subjeas bearn v climinaie the errors
due 1o nonreinforcement because their hippocampus is invelved in learning
to actively ignore nonreinforced events, Hippocampectomized subjects con-
pinue 0 be distracied by the spatial cues untll the elimination process has
had a chance 1o work.

4.5. Hippocampal Electrical Activly

The hypothesis that the hippoconpal delicit on spaval aliernation and
discriminativn could be accounted for by a deficiency in processing spatial
distractors recewved support [iom several other experiments performed in
ihe labwratory, For instance, it was shown that the effeces of resection of, far-
Tromial cortex resulied n a sidar deficiency, especully in the presence of
spatial distracors (Grueninger and Fribram, 19689), However, as in the case
ol fromtal lesions in humans, the failure to adequately process disiractors
catt bead 1o persevermion as well as w distraciibilivy, depending on the
situation (Pribram o of, 1964). Thus, we peeded 10 dicover what the
ronditions were in which hippocampecomy enhanced disiractibality, Ob-
viously, the spatial forms of the ahernation and discrimination tasks were
eritical. Could it be, as suggesied in the previous section, thar witliholding a
response, @i in the gu, no-go versions, prisduces such a striking behavioral
eflect that ignering is fostered and distraction & prevented? To order 1o test
this hypothesis, we examined the elevincal activiey generated in e Bijipo-
campus during spatial and go, no-go aliernatem performance. Hippocanagal
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iand “imentional” activity in rais and dogs (Vanderwoll, 106Y9; Black of al,
1970). However, theta activity was not apparent in the ordinary recordings
that had been reporied from monkey hippocampus.

We found, however, that speciral analysis of hippocampal acivity by
comiputer established beyond doubt that a considerable amoum of theta
H-l'lil'il}' occurred in the record of ].'ld'il'thalt IIi!.lEH:I-EiIIH qul .Hl,'.lll'l'i":l". Furiher, we
found that the amount of thew was dilferent during the go and the no-go
trials of alernation performance: during the no-go wrials {correcly per-
furmed), theta was distincily more prominent. This prominence of theia
activity developed gradually during learning. Further, the theta increase was
present immediately after stimulus presemation and did nibt persist; hipypo-
campal elecirical activity recorded liter in the rial did not show any sysienuanic
differences between trial categories or problems.

We fully expected that the electrical activity recorded during the spatial
version uf the task would resemble the activity recorded during the go trials
of the gu. no-go procedure. Afier all, the spanial 1ask demanded a go response
on each rial. But once again, we were surprised. Hippocampal thew activiry
recurded during trials on the spatial task resembled than recorded during
g irils. With respect 1o hippocampal funcion (not the function of e
rest of the brain, however), sputial aliernation s a differentiation of no-go
behavior (Crowne o al, 1972). Clearly, the hippocanipus is involved in those
aspects of processing that lead 1o active ignoring and nonresponding, the
conitext within which selective (informarion) processing occurs, The compre-
hensive program of research undenaken by Richard Thempson and his
collaborators is relevam here (see Berger of al, this volume). The results of
this rescarch show that a “newroni] model™ of the tinie course of & response
is consiructed in the hippocampus, a model necessary w the performance
of a classical (Faviovian) conditional response whenever there o profonged defny
Between ilie condivional stimulus (C5) aod dve ancondisional stimoles (U0%]
The mevronal model apparemily serves as a twemporal bridge 1w enhance
withholding a premature response, (o enhance the span over which the
cemeltioing process can procecd. Perlaps, the construetion of this som of
neuranal inodel is the busis of e elTor expended 1o enbamce the processing
Speai it i mmre |.'|.|-a'rljli'|.~r Iypes af |u'rfurn1am:ﬂ. reviewed here,

4.6, Mechantiim

These experimental results poimed omee again, as hacd the carlier ones,
to the hippocampus as @ struciure involved in processing thise aspects of
situativns that demand adive ignoring, Pavlov had conceproalioed such
prescesses s resulving from Tincermpal inhibigin” and Kimbde {1969) developed
i riesleld ol |IEHH H.'.llllll.u‘l Tunatieny beied on this cenney i, I.'hlluglil': LR EN T
Posburanen ¢ PGS cxtended this manded v mclude relevioom wew dara Teoan thie
Lt ateny
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primary projeclion systems were controlled by the fromolimbic formuations
and by the precentral mowr and intrinsic association systems of the posterior
cerebral convexity. The controls on processing were demuonstrated by the
corticofugal effecs of elecirical excitnion of these systems on recovery cycles
within the sensory channels as assayed by successive sensory stimulations
{Spinelli and Pribram, 1967). The dependent variables used were variability
in the amplitudes of the channel response 1o sensory stiniulation, as well as
ihe speed of recovery.

The effects were interpreted (Pribram, 1%67) as operating on reciprocal
inhibitory mechanisms within the sensory channels: lateral inhibition {cor-
respending 1o Pavlev's external inhibitkbon) and sell-inhibstion {corresponding
to Pavlow’s internal inhibition). Four conrolling processes were delineaied:
those of the precemral motor and inirinsic systems of the posterior cerebral
convexily operated by enhancing sell- and lateral inhibition respeciively;
thuse ol the frontstemporal (amygdala) and the hippocampos produced
disinhibition of the basic inhilitory processes (see Fig. 2). Note that the effect
ol hippocam pal excitation Gperates 0o disimhibin selCashiliton (inferred from
the fact that the variability of the sensory evoked respunse is increased)
Disimnhibition of imernal inhibition allows the processing of situations that
would ordinarily induce internal inhilition: than is, inhibilory provess would
gate out these situations. Incresed variabiliny increases the opportunity for
“I:'IiLl]El:f Jl:l:l Pﬂ'lrl: Eﬁhillg.

Parenthetically, disinhibition of Loera] inhibition by oxoition of the
arvgdaba ancd related Fromal cosies csalis dn thee o et of a5 -niciting
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rupied by amygdala or Tromal desions, witls the vesult than habassaiion
thamilisrication) of the behavioral componenis Galed o vike place (Fribram,
1975).

" Tu summarize: The deficits produced by Tromolimbic reseciions and
the eileas of elecirical exciiation of Tronwlimbie Tormations (Raada @ e,
1944) can be readily distinguished from the effecs of reseciion and of
elevirical exciiation of the sensorimotor and associsted systems of the
posterior cortical convexity. Manipulations of the posterior convexity influ-
ence behaviers that are charscierized by invaram relationships between the
organiam and the envirvnment. Manipulations of fronwlimbic Formaiions
influence behaviors that are characierized by the more evanescent relative-
ships of familiarity and novelty in the relationship Detween organism and
envirenment. Thus, habisation of the orienting response 13 actively pro-
mwted By e amygdala and related Mromal conex. Onee habinuation has
tabep place, the h'i!.n]::u,".imp'.il syslemn makes |:lu:|.!.ilﬂr.' the wriive processing of
the libiuaivd, ostensibly ignored stimulus.

Active ignoring and the active processing of astensibly ignored sitwaitions
fona the processing span, that is, the context, the sefting), and the apper-
ceprive mass within which the invariances thar make up perceived experience
andd ordimary behavior ke place. With respeot 1o the hippocampus, ihese
resiulis of andlysis were stated i the suomsrey of the Girst iwo voluimes of
this serics as follows:

Foslirana (117 1) has dlissinguished the organicaism of apgesitiveaomsinibia y il by
well-ingrained Babiual beliaviors shish depeinl on the baad gaigha tamsl ibe migns
sapiatl 8y wiemn) fean e ienral-inteminal Bolucers el doeposl o e Wagsges aispal
antl iwsabarblor cirowing frer pheebr oo rollsiig o, Basooi | 19574) eaipliaseod ihe
sariliie’ S L b] ||Ilu'||'|.|'|h|uI miidliective il wolldvaicd davias o ihe -nlll‘i.]"
v plea” wl the brsin fa the verm was weed by Maclean, 19500 il snhsles tlic
ligwal pamglia amd aswsiated brain systems. Appeciiivesomsinomicy aid laslonal e
liivivas are "Hut-ul'd pr:nu:ﬂr Ly l||nh'd-'|-|n1|, Inmiiraslafi leewllaick g Taayisensy
Agtenivined sl imensomy] behavioes are ol stieried by pravalle] pras casing. ogeii
by, Brcallen ward comivid spsvenes. Dhalidvuanimn can be concened as o change lim the
-IIl|I'|IiIIIJ'lIiIII'\I-. Elilariig) b apicEn] loais e "wid” gae slelc fin wbidi i = s jmaise
l||r|!|'||l.‘|i o Mhie gumvereend actny oF sugueisd fooan YT geie (mowlo b cespEeses ol
simplen spaior cells sre aoivaned by any varieny of ingeis e corrmg s ferent rinees).
Fovaiinially vlsw mneanis bl s tler preseime ol tlata ool il oo, tie auiigiles
1.|,|||l||,- Wi ls sae ke hllli"nruqlr“r el rm o wilier. The susicim s assimiplly seosing
Frapmil swwiwmiin gan thcvelore st e paralicl (filasn and D, 175, p 4%3)

1.7, Context-Semitive Recombonant Procesing

A spnlicared by ahe peview thos far, e theoreticil Duasis Tor uur resulis
vemierved fon abwe amaost part an formaton scasurement heory, on signal
detesnienn aned sinprling I.||.rm:||._-h o v loncran theetny, el v II|11dt‘II: cleErived
IRTEITL IR ITEITITR prngr.un:mlng |1il||_|: dures, Wt Bas v gq_d W s osnsspliy-
sviecan ol Danpope wunupaal Function i pcames el the vomeenn ol @ nveecescing s
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virtue of processing by an amygdala-fromal system. Coding was conceived
of as a process, concomitant with storage, that “packaged” information ino
more-or-less redundant “chunks™ that could be vanously combined and
recombined 1o Facilicue retrieval, Possibiliies we considered among the
laboratory group as models of this process were “hash coding” in computer
programming, the pagination necessary to store and retrieve information in
a computer program, bandwidih limiting in holography, and the "parsing”
of 8 communication, all of which were conceived of a8 providing a contexi
within which information is processed. Withouwt such contextual aids, inpui
into the brain would be processed imwo one set of programs by sheer repetition,
and into other programs that were responsible for skilled performances but
that failed to allow the Mexibility necessary For retrieval wiggered by ‘a
particular need or episode.

For the moan part, e CUNCERLS WETE dn‘r‘h‘:pﬂi wilh reg:n:l 1o Lhe
very similar, if not identical, Tunctions of the far-frontal coriex and were
related to ihe work of others in review articles and books: The concepd of a
working memory was imtroduced in Plans and the Structure off Bebavior (Miller
ef al,, 1960} to describe the process involved in performing delayed alierna-
tson, Olion has since applied this concept extensively 1o the funciions of the
hippocampus {see Chapter 9, this volume). Shortly after is inroduction, this
coticept was made more precise by specfying thar the nawure of working
memory was a list structure that could be fexibly rearranged, a “flexible
noticing order” (Pribram, 196 1a). Somewhai later, these flexible poticing
orders were developed into executive routines in time-sharing systems used
with lurge “main-frame” computers, and “working memory” was conceived
of 45 operating as an executive process for the Tunctions of the rest of the
Brain {Pribram, 1973).

The distinctivn between the memury-processing Tunctions of the fronto-
limbac formations and the informanon processing performed by the sysiems
of the posterior cerebral convexity was initially framed in terms of context-
dependent and  sensory-spoalic procesing mechanisms  (Prilseam, 1966,
1971 ) More recemily, the evidense for a hierarchical orgamization of com-
ponents of these cuegories of memory and learning was reviewed; The
componenis of sensory-specilic processing. now identified as referential
lesrming and memiory, include sensory and motor skills, search, samipling,
and vategorizing, ‘The components of contextual processing include regisira-
o of orkentmngg oo an episode and ns subsegquent labdiwation (e extimciion,
if conditioning or learming has iaken place), processes considered basic 1w
“evend™ ur “episodic memory,” To this form of procesing was added
probubility estimation to complete the roster of compopents of comex-
dependemt processing (Fribeam, 1984; see Fig. 3)

e of the mare infloential of tese sntempas ar nisdeling e mieclunisn
ivolved 1 cosntes igafizavioe bascd on etlie Belioatiers™s e tivinies svas shaa ol



(Dectarative)
Syntactic
Comtextual Referential
Executive \ / \
Spatiotemporal Episodic Aytoratic Search & Sampling
Probabi 1k (Skf11) {Procedural )
[Farfrontal / \ [Posterior Intrinsic]
Fegistrational Recombinamt Motor Ferceptual
Amygdalal] [Hippocampal]  [Motor] [sensory]

Fre. X A temravive diagram of relasanibips among variows forens of memory processing 15 indicate ihe place of
hippecampal mechanisms in 3 larger coneext. Brackew indicate anaicmical swrseunes- parentheses enclode orher berma

which have been used 16 label the process,
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cue which refers 1o but is not mecessanly desoribed within the information
that i retrieved.” Such information s stored direaly as a Tunction of ihe
invariant relationships between cues and responses, o in the discrimination
tasks given 1o our monkeys. Hirsh wem on 1o describe what is meant by
confesl:

This conceps has sirong implications for theorsed ol hos the brain control Bohasiar,
Undersanding thess implicarions requises delmning and exploring ibe metaphyssodugical
concept of the performance line. A performance line is deflined as a spasem mediuanng
ihoe sevies of evenas of procesiss Infumed by ike ovenly olmervalile stimaulas and resuling
in the occurtenee al the eerily ahirrvable rosponae. i is considered 1o esin im resl
tne gnd real space, and uliimavely be phiysiclogically olmersalile.

) &R theories, at wswally inserprered by plug-i]ﬂl-.n;g-inl prrchiclogists, held that memsory
15 #ored wpon the perfermanee lne. The wimulus & deflined as acivaied by an
envirommentad event of a meural syseem sensivive o i Memary, or pimre exaily,
learnimg, s bedd b povuly from ibe loemasan of 3 fenoional ceaneaisn bereeen die
nmrursl clememiy semaitive w0 e wimalue and hide responcialile Tor prodecng the
reaponss, This conmeion beoomes the key pan of the pFrriurmenee bne for iha
pil‘lJ-n.Il.Il’ conibdiation of slmales sl friHEINe rleemeuir ansl “n,i.qul 1 i,

Eriricval of micrmation stnred wpon the perfioniance B ean b desgoilsnd with
assiciative lugss, The memery conidas of SR, aml the orcurrense of e 5, cdescribed
within the nfermatson to be reérsord, resaliz i performance of the desribed behavior.
The conrepas of retrieval and description are usefal lere anly Nor cunspararive pur e
In sulfices 1o aay chay the motdrrende of thie stmelus cawses the scourrenee of ke
respaiine, Comiesiual retrieval has no rele im sach 2 syem

When consentmal rewrieval B present i is no losger NECEwEry Wosner S ined
anformateon upsm ihe prrforinence e Informasim en be siored 2 seyuenened
place ur sate free from micrferenoe by information processang being carried wut un
the performance line. The mexl paragrapls describe bow this bapipens afiee fing
dincuising dor peure of informaiive serege. (Hink, 1974, pp, 422-425)

The fi."]ﬂ[il.llli.hiP al this Formulatiod 1o hEpan'nmI.u] fu:u.'l.i-un % L||||:r|
delineatcd h].' wntbi 1::|:|:r:'|1'|r|rrrll and Turiler |IIEII.II'iI:III1.H 1.1]' Hirsh H‘.-I'.'l'[b, IH?,?-,
14974 Hirsl and Seg.u.li, 1978, Mk I:El'lair-lrr £ this volumed, and Mishkin
(Mishkin and Peun, 1984; Mishkin o af,, [984). Owe inlerence oo be made
from this guewtion is useally ignored, however: If processing ol the
performance line ocouns in real time, contexiualization must proceed in Fast
vimne, that is, ahiead of prevessing the performance line (see Pribram, 1971),
This infereme 15 suppuried by the data obiained by Richard Thompson
{Chapter 7, this volume), which demonsirane than the wemporal shape of the
nictitaling response i constructed within the hippocampus before its emer-
Etﬂtt in the periphcral. r::.l'u'“ln!.-t-.

Additional relsiivnships between this formulation and other data sens
and their analyses have been pointed out. One interpretstion close 1o that
preseated here is |J.|.-'|'-|.'l|:rp-t'|] h:r }E‘“rc,‘ Ceray (see s volume for review),
The varialdes than define "anxieiy”™ o Gray's theory are abmost ideniical o
ihe wnws that defime “clfon™ e work reporiced heve, There are sonpe
ditlorences a5 well, Iavever, and these were revicwed do PHET by Pribaam
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snkibition” sheory: “The safes rondualon feg ibe mmiseni. then, is that ibhe sepio-
hippocampal sysiem amomg s Tusctions incledes partitipaivn in e behavioral
inhibstion sysien” In Faci, anwiciy is defined in terms of “behavioral inhdien” Goay
- dory suggest, however, thal perhaps ot b s "behavios™ peewr ahat i “inhibined by ihe
symem bur mator progracn af plans.” Talland (1965). by tomira, had suggessed tha
the bippocampus is mvolved in the schive consiruction of plans. Several pleces of
evidence ssappon Talland againg Grag. The Nao b he (e thay wherher hipspuscam-
peciumired sulbgects are mare distracuble dhan comiral subjers depends oa whether
they ane alrrady emgaged in carrying oud a sk, I response nhibaion refie s (o imbili Gus
wl dirractson, aben dn av lean some siiaatlons tber sulsjects with hipporampal resecisons
shiiw @ merreaw in revponse imbibition, Even more clear-cut is ike lnding in noahuman
preienien. [ Fribram, this volume; Mahm, 1971 Chamer &, this velume ] amdfwiber B
thar hippacampeonmired subjeoa, while defidem dn performing spaiial aliernation,
shuw abmoluiely no deficiency whawsoever in gno-go ahemizen. They show no
ncprase il errers on ne-go il which of a8 @ik reipanies drmand behavioral
inhiibsion w ity Eleared Torm, Fimally, there it Bachard Thompson's (Claguer 7, ilis
widumep whcino-physiological evidence, which shows (har a peoronsl nswbel of 1he
nictissling respongs of rabhin & formed it 10 the wcursence fwul the imhisan) of
1Rl respsiie
The guession then arises ull bow 1o relae die Tallind “cossruonbon ﬂrjlhuh' B
“aniy” o el {und alo o inemory] rathey thais @n "enbilioon of plams,” This
pernddemm i aleal witly in o siop-ly-suep Faskion (ihe siops are @ken Trom one ser of data
1 tbe mrnd] by Pribram and lasowen (P78 Criteal @ e aicilysis b vew of die
|'H|II|.H.I'I.'JI1I|.IH #5 @ LA rak e L twe il “abi el [IIl|r||I:-ll.'Il.||:I-|H|J.|1|I “nerniinmal™
(b -frgulatnig) sysiemn, Comparisum may tebe effort ae in Spaying™ sesson;
“thaughtful™ gririevaly from memory; or Cineengional” infehiton of 8o Enpifane
resprinse b disaracsors
Perhapn, s shasn by these examples, the majur laali in Anoy lics in s narrosness
wl fuous. As Pribram and MoGuinness {1975) deailed., e lbppaaimpal spem eamns
e wimdersiood wilhow reference o 1w apitenin repreienied m ibe lorebawin by several
bzal gangha: the amypdsls of ihe lmbic formations apd e wriom ieasdase' poamend.
It in sherne gymiems which are primardy lsvalved o orenving resiviis flduraction) aisd
iheeir habsiinmiin—ile stup [Ehd o] mechanins wlugh Ciray anrlasio o ibr g
caniguay. The hippocemps, by ronirast, medisies boiween steg and g
The key poncepes {ssop and go) eelave so Coray's discussion ol el e icirms
Fegarduing I e EFanais ey i scvadonen gl ihe dorsal ascevalog
oo madeenergss buedle . We sappevied than e propeerises of ibese b sysiems may besi
T b enmwpnaalived s an imerrug or s spatcis isdiaed v die sevsieergie il
and @ UL R TR S mrdizicd by l||.qril||.'ru||:'i|r wned -|j'|||,nn1ir|.|_- Thewr
dlesigmatars fu the data reviewed by Gray - .. aml are @ acourd wigh bis ooneclesons
Humspver, tlet anmonial ail jlriabalgeesl doa polis te iwd e soeonm wlel
e g i e I|i|.||n.'l A rather tham sime wisiar prplu—luwhi -III|,.IJ b by rammir-
inhibutem lynoion. In addivion, peser data sl tha shic Bippocamipus, e tan
wivy paleer sl mruee s Ui bram, conitasin PrEr {or sdeemiorica] hormuoisre YWhile
the stop gisl o larsciss goe primarly indode (soossnergich and calechal (noregine-
plrmiergic and dopamine o) amisergic snd s ae newieregulasery, e ligseaigi
I B @ Fll:aill!l.l'l‘kll:dl righe u g Fr|l.|i.|;.|.r:|'.|pldll;||l|""|.llt'u_ Wby whincl mpdulages,
ey way ol ACTH amd relited pepaides derived from lgustripin fusibe as e B
rickepbialinen ). abie amiven g mumrt;ululur:. miechanisms, Because ol thin higher ander
vl alubivim il fengtion ol the hippraampal svsiem mie dilliuli to disesiangle
B el b0 nweclialaies, Tleis, wy comeisl, @ lic avason whiy @l dlic dots evsesid s

Baman ol e T oa Eliaty Yiewd wlely cun the sepe-Rugipus sl sostrns o pradden
o
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5. Whither Now?

5.1 lisues

Experimental and theoretical analyses can never be completely disso-
craled; The data reviewed above were all guided by theory in the sense that
the choice of the experimental paradigm tied the resulis 10 a body of
knowledge in the behavioral sciences. Thus, the use of a fived-interval task
and the issue of whether the behavior of the hippocampectomized monkeys
is under the control of the discriminative stimulus or a 50% schedule of
reinforcement imply the response-reinforcement theory of operant condi-
tioning, When probability-maiching technigues are used and the data are
presented in terms of response (o previously reinforced versus previously
nonreinforced cues, the sets of positive and negative instances of mathe-
matical psychology come to mind. And when response operator characieristic
(ROC) curves are used 1o determine whelther 4° (detection) or B {bias) is
influenced by hippocampectarny, the theory of signal detection is invoked.

The problem for newropsychology is essentially a twofold problem: (1)
the reconcilintion of disparate databases (in the case of medial lemporal lobe
lesions, the difference berween what is found in humans and what i found
in different species of animals) and (2) the reconcilistion of the different
thearetical frames within which the data were gathered. These problems,
though they create a number of pitfalls and difficulties, also presem oppor-
tunities for reaching a new level of understanding,

5.2, Insparate Mntervpretations of Reloted Databases

The pitfalls and opporiunities are illustrated by the recem surge of
interest clicited by experimental resulis obtained with monkeys, which appear
1w reconcile the animal and homan dita sets. Mabhot and ber co-workers
{Mabur ef ol T982; Mahu, 1985; Malu and Moss, Chapter B, this volumc),
Cialfan (1974, 14985}, and Mishkin (Mishkin # of, 1984; Mishkin and Peur,
15E4) haive wsed several modifications of o sk that they adapted from
human cognitive experimental psychology, a wek thar purpors o es
"recugiition.” Foi the monkey, ihis task is @ irial-wanguee delayed noomaicling
fronn swmple. As such, 10 1% a cross between the indirect version of delayved
response (delayed manching from sample) and delayed aliernaton (the
nenmaiching aspect) and thus partakes of all the Tacors invalved in solving
those rasks: delay per se, alternation (e, karning a win-shaly stranegy),
FESPINSE [ nul.'ell]', and pro- and retroactive mterference, The resalis
whiaimed witl this sask are move-or-less intermediate benwern those oliamel
with deluyed response and those obitaieed with delaved shermiion, as mighn
hee s peaed.
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For example, GalTan (1985), in a section entitled “lipaired Habit Formation
aler Forni 'Fransection,” concluded iha

L ihee cxamiples disewvaed o far forni ttanseciion mmpaared ilie shiling oo change an
eslililinhed habi. Some (urither olsenaiions sugges tha this dnjsinmem can b
subnamied wider a more general defen, namcly mpasred learming abilily when one
Nabst in j be formed in one senof circumstances and 3 dilTerean badin b oo be formied
a8 differeny st of crcwmvianoes Uhal o demilsr 10 ihe Oeat snd ibicrelone liable 1o be
wisifiserd wih v {p. 95)

This description fits with what | have here and elsewhere (e.g., Prilram,
19711 been calling the competence for recombinant context-sénsitive pro-
cessing. Further, Gaffan suggested that it i “instructive 10 consider the
hypothesis that habits unmediated by memories are one of the direa products

ul ‘tearning,” Here, Galfan’s analysis is reminiscent of Hirsh's. However,

AGalfan used the term mrmory in a technically specific minner as i is wsed by

Foogniiive paychologisis and in human peuropsychoelogy (where the term
“amueiia i similarly vestricted and does not cover the “agnosiss,” which are
delivits in “re-cognizing” the use o which objects are put). Finally, GalTan
viphasized the relationship berween response and reward inithe productian
ul habits in o fashion similar w that suggested in one of the Nebraska

Symipused on Mativation, where | (196368) referred o W oas “addiciionanoe™
{see also Frilram, 1980, “Cognitien and Performance: The Relstion o
Meural Mechanisms ol Consequence, Conflidence and Comijretence).

These considerations enabled Galfan (1985) 1o distinguish between recall
atil thve motivation Tor it “The habit of choosing stimuh that are associaned
in mmwnory with non-reward in preference 1o stimuli associated in memory
with reward can therefore proceed without any conlusion or imerference
between dhe recall ask and the motive Tor @™ (p. 930 Was he here nat
proposing o lormulagon similar w ta of Jeffrey Gray and consoenant wils
it purswed in the analysis of the work of this laboratery—but with certiin
differences a5 well? Both Gray's and our imterpretation would ground recall
it inevitive pastivation, where Gallan wishes 1o separare the 1w,

00 By comeast, Mishkin of @f, (14984) cleardy separated “memaornies™ ol
“habsis,” witls the ippocampus and amygdala being involved only in micmory
prrewoesaes, Do ihis, lie Followed Hirsh and the other analvses siemming from
Ll |.'||:Il|lhinl|l.ll'!| il e Ell.u.i_'l].- lh:n 1|!|l,;|w ul {_:;tfl'al:l:

1 Lirsa Jusimn of learming b Do qmmaidesod, b ane heee Labwebed apemony Tormdisn.
i tler e than by mearly winiversal agreemem haa been anribsaed 1 abe Digpaaam pud
24 §LEiiE 1'!1|.|I|-.I-.H". This ativilaiion is -l_-:lj.uil: wi (hie t]imirs [Feii Hiesdi, Thr evidenre
lrspm wud towaech o the neibey, however, sugpesis tha neonary lnrmaiin e a
lepimicder limlie sulwiiate vhan Whis, wne tha isclades dhe amavgilalind sy aein e well
i Slshkaii erml, 19HT)

But i st e made clear dlin Mishkin ssed the tenm mewory o s
tevhpal seiee as it s developed in ooguinve pevebaoloas . T cogrnicive
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guish new (i.e., the novel) from old (e, the familiar as this is displayed in
tasks in which recently presented stimuli are imbedded in ones not recemly
presented). As a rule, the preseniations are made with words or piciures
that are clearly “re-cognized™ as such in the terminology of neurology.
Where Mishkin and the analyses presented here disagree s in the
characierization of discrimination learning as a process which he calls habit
formation. Discrimination learning involves categorization and decision mak-
ing (see Pribram, 1971, for review). Further, Mishkin {as 1 did in earlier
formulations) lumps together the caudate nucleus and the putamen, which
constitute the striatal (basal ganglia) system, when the evidence indicates that
the head of the caudate nucleus is concerned with the learning and perform-
ance of delayed alternation {the basis of allocating “memory” 1 the Mronte-
limbic sysiems), whereas the putamen i concerned with discrimination

(reviewed by Mahut and Moss, Chapter B, ihis volume; and by Pribram,
197750

5.3, Theovetical Frames and the Prollem of Conscious Cognizance

It is therefore worth asking whether there is anything fundamental
being currently added 10 our understanding of hippocampal Tunction or 1o
relating the animal database 1o thay obtained on humans? | believe that there
i5 bt that the issue that is being addressed must still be made transparent,
The data reviewed and the analyses performed here that relate medial
temparal lobe lesions 1o changes in “competence,” an enhanced processing
span, go a long way toward explaining the fac that Brenda Milner’s H. M.
has fuiled 1o recognize her for the past 30 years. Our job now i 10 relate
comipelence and prnt:.'uilts span, as well az thieir basiz n ]:a.rn.ing and
perlorming trial-unigue 1asks, 1o rensoes cognizance,

The fact is that hippecampectomized monkeys “re-cognize™ a discrimi-
native stimulus in an instrumental sitwation two years after having been last
exposed 1o the stimulus, better ihan do their conrals (9% vs, BYR) and
that H. M, “re-cognizes” instrumentally a wask that he has learncd: he simply
has no imirospeaive cognizance of the fact. Finally, H. M., when not distracied
I.}!.' I:nng bises i which [ ELLES and retrosctive interTerence tperale, lais lntke
dilficuly i per forming the type of shor-tenm memory tasks that characierize
thie trsal-unigue sisatons used in the monkey experiments. There may Le,
and 1 Ielieve there probably i, a relationship beiween this Tailure in
nirospective cograzance amd Gilure on imalunigue w@sks, bun this comnection
hias not yet been adequately develuped. On close scruting, the current surge
of mterest in the effeas of medial temporal lele resection stems as much
from verbal magic centered on the term recoguition as it does from the
intuition that we may be on the threshold of explaming refllecave (e
§periive) consciousness.
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experimuental psychology (Pribram, 1977a,8, 1981; Tulving, 1985). Just whan
i the relinionship between the observing response of the operam conditioning
paradigm and a d” oluained in a decisional paradigm? Whan is the relationship
between research on short-term memaory and research on attention? When

we use a particular technique developed by experimental psychologists and
obtain a change in behavior as a function of a neuralogical manipulation,
how are we 1o interpret the data? With respect 1o hippocampal Tunction, just
how do we go aboutl deciding which theoretical frame—and thus, which
paradigm—is the most cogent? Only when we answer these questions will
the layers of puzales that wrap the enigma of the hippocampus be Turther
removed. And perhaps in the process, the relationships between theoretical
frames in the behavioral scences will also become clarified.
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