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L MEMORY AND THE ORGANIZATION OF ATTENTION

Pribram: The full title of myv talk should be “Remembering and the Organi-
zation of Attention and Intention: The Case History of a Model.” There
are, of course, other models—other wavs of handling the data I shall present
~but right now I feel my model to be the best available. To show why, 1
would like to present a great deal of the data on which this model is built,
for many of you have never had the opportunity to see as a whole the mate-
rial gathered by my colleagues and myself. I shall organize my argument
into three questions. Most of the work pertaining to the first question was
done some vears ago; most of the work related to the last question is now in
prOgress.

First, how can one. estabhsh and characterize brain-behavior relation-
ships? Specificallv, 1 was interested in establishing characteristic relation-
ships for those parts of the forebrain which, at the time the studies were ini-
tiated, were essentially silent.

Second, what is the psychological meaning of the brain-behavior relation-
ships uncovered?

Third, what is the neurophysiological meaning of these brain-hehavior
relationships? By this I mean, what is a plausible model that would account
for them? This last aspect is, of corrse, the most interesting, but in order to
develop it properly I have to answer the other two (uestions first.

THE Braix-Begavior RELATIONSHIP

At the time I began this work, around 1946, there were two vast expanses
of the brain cortex which were essentially silent to experimental manipula-
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tion: the posterior “association” cortex and the frontolimbic svstems. We
knew ot no physiological finction to assign to them, and we did ot know,
though conjectures had been abundant ou the basis of clinical and .m'\tmm-
cal relationships, what their funetion in behavior might be. Therefore the
first subquestion was, how could we best proceed to desilence these brain
arens?

The primary, though not the sole, physiological-anatomical technique
used in this early phase of the work was the ablation method, checked his.
tologically. As shown in Figure 18, serial reconstructions of the lesion were
alwavs made after sacrifice of the animal, and the depth and relation of thal-
amus or other structures were outlined whenever possible, Figure 19 shows
some e'f'unples of reconstructions: a lesion of the Inppocampus showmg the
sparing (what was not removed at surgerv}; also shown is the extent of sur-
Face lesion.

The two areas I will be most concerned with, the inferotemporal region
and the dorsolateral frontal region, are illustrated in Figure 20. With few
exceptions, the subjects of the experiment are primates, mostlv Macacus
rliesus; experiments using man will be mentioned as well, but here recon-
struction of lesions is of course not feasible, ,

Combined with cortical removals was au extensive behavioral survey of

Figure 14, Reconstruction of ablutien of the orbitoinsulnteniporal flefty and medial
Frontal cingnlte (ight) cortex. (From Pribrun, Lim et al., 60}
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Figure 19. Reconstritetion of hippocampal ablation. {From
Bagshaw, Kimble & Pribvam, 2))

the subject, hoth pre- and postoperatively, A variety of behavioral tech-
- niques was used, Figure 21 shows a shuttle box in which conditioned avoid-
ance behavior was studied. In Figure 22 we see an operant conrhtlonmg sit-
uation in which the monkev is taught to lever-press; its pressing rate can be
controlled by simple cues and by progranyming the reinforcement. Figure
23 is an example of the Yerkes hox in which monkeys can be taught to make
visual cheices hetween two alternatives. Figure 24 denmmtmtm a multiple-
chaice procedure which T devised. Tt is a modification of the Yerkes b nx: 1
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Figure 20, Reconstructions of ablations of the inferotemporal {above) and dorsolateral
frontal {Delotw) cortex. (Frean Pribrn, 50.)

nmumber of cues can be placed over holes in which the rewards are hidden.
The position of the cues is randomized [rom trial to trial.

A further modification { Figure 25) shows our present setup. The multiple
choice procedure has been autonmated and is programmed by a special pur-
pose computer called the DADTA ( Discrimination Apparatus for Discrete
Trial Analysis} machine (36, 57). This device allows us to perform a great
variety of behavioral tasks and saves much effort. In addition, DADTA is a
much more powerful tool for the analvsis of behavior than swe had before.
Both animals and children (and even adult humans) like to work the device,
There is no experimenter directly involved in the situation, so there is reli-
ability comparable to that obtained with operant equipment. Furthermore,
each and every trial (ie, every panel press) is recorded on punched tape, so
that computer analvsis of the data can be easily obtained. We can, for in-
stance, program a sequence so the suh]ects must tesponcl to 1.3,5. 7 in that
order, before thev receive u reward. There are a variety of problems that
can be presented (.3: ), and I shall describe some of these.

Figure 21. Shattle box used for con-

ditioned  avoidiuree experiments. Upen

shack from fnm or other noxious stimn-

Jus. morikes” moves from left to right box,

eventnally learns ta respond to Cs prev

ceding shock and this avoid nnpleasant
Cstimulus.
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Figure 22. An operant conditioning appa-
ratus (Skinner box}. Press-lever or otEer
manipulanda together with stimulus cues
and reward source shown at hack of box.

Just to give an example of the power of this instrument, in the old hand-
operated Yerkes box, when a sophisticated animal—one having been trained
for several years—is asked to discriminate between the numeral 3 and the
numeral 8, it will probably fail to master this in 1000 trials. With the

. DADTA, a completely naive animal, directly out of the jungle, takes an av-

erage of 250 trials, which is five days of training. This is an unexpected divi-
dend.

Grant: Besides Yerkes, Kliiver (24) should he given credit for the appara-
tus.

Pribram: All right, Yerkes, Khiver, then Harlow. There is a current ten-
dency among scientists to attribute a testor device to the latest of its inven-
tors rather than to the earliest. We usually call the crude hand-operated de-
vice a “Wisconsin” apparatus.

Grant: 1 think there is a dramatic difference between Kliiver's way of
doing it and Yerkes’, and it is a very important one. Animals can be readily
trained with the Kliiver version and not with Yerkes’, for example.

Pribram.: That is an important technical point. I would also like to point
out that the DADTA machine is even better. Let us skip for the moment
whose apparatus it is and ask what makes it better. There may be two rea-
sons, One is that it is much more fun to work, with all the clicks and clatter.
But probably the most important consideration is that, by changing the po-
sition of the cues on each trial, we are rid of anv position tendency and find,

Figure 23. Yerkes (Wisconsin General)
testing apparatus vsed to evaluate dis-
crimination aned alternatinn Ieurning ane
performance, Monkev in cage faces ap-
paratus but is separated from it by
vpaque scréen; on each trial stinmlus ob-
jects and manipulanda are changed and
moved to within its reach on 2 sliding
track and the screen is lifted: animal re-
sponds and a uvew trial begins. Note stim-
ulus objects and mm\iplﬂandu in lower
left and right corners.
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Figure 24. Modification of Yerkes appa-
ratus for multiple-choice testing. (From
Pribram, 47.)

therefore, no position habits to confound with the discrimination for which
we are testing. Most animals and children will respond to position cues first,
and only later will “catch on” that thev mav he irrelevant. By initiallv

Imngmg position from trial to trial, we immediately alert the sub]ect to the
fact that position is irrelevant. That is why the DADTA machine is a more
effective tool for teaching discriminations. Another factor may be that in
the hand-operated apparatus there is a screen interposed between subject
and cues. This sereen goes up and down; it is distracting and may interfere
with testing. The automated apparatus has no screen; the lights that illumi-
nate the cues just go out. We are designing a new version which will be
programmed by a small generql purpose computer { PDP-8) which will both
operate the dlsplay and record the behavior. The teclnology has advanced
sufficiently so that within a year we should be able to type in the particular
task that we wish to displav to the animal for solution, instead of having to
dial it in, as we do now. This will give us still more flexibility in the choice

Figure 25. The automated form of the multiple choice
apparatus {Discrimination Apparatus for Discrete Trial
Analvsis, DADTA). {From Pribram, Cardner et al, 36

P
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of tasks. And, of comrse, with the general parpose computer on line, we will
basten our initial data processing as well,

The experiments to be reported were done with no tewer l|1 an four ani-
mals per group and, as a rule, the experiments have heen replicated. If they
have not, I will mention that these experiments stand alone, and have not as
vet been checked either by someone working with me at some tine or an-
other, or in other laboratories sueh as Harlow's.

The first question, then, is how to establish and characterize the brain-be-
havior relationships. To do this, 1 devised a techmique which is called the
method of “the intersect of sums” (44). What I did was to take the first 40
animals and list separately those that had a postoperative deficit on a par-
ticular problem (such as a visual choice reaction}, and those without such
deficit. By a deficit is meant cither failure to perform the task at eriterion in
1000 trials, or to learn it in the number of trials taken to learn the task pre-
operativ elv (in other words, no savings). My criterion, arbitrarily chosen, is
90 correct out of 100 consecutive responses; all [ have to sav in its defense is
that it worked. There are of course other eriteria—for retention, for instance
—and these serve other purposes.

The work summarized in Figure 26 included initially some hippocampal
lesions; I felt at the time that [ had invaded neighboring structures, andl
subsequently more precisely placed Jesions showed the hippocampus unin-
volved in the retention of simple visual discrimination performances. The
method of intersect of sums was then applied in this fashion: plots were
made of all the lesions that produced deficit (Figure 26A); of all the lesions
with no deficit { Figure 26B); the two were superimposed { Figure 26C ). The
remaining cortex, the inferstemporal region, is the crucial cortical area con-
cerned in visual choice behavior. No other portion of the “silent” cortex is
involved. As I mentioned, there were 40 animals in this initial phase of the
study. Since then this finding has been replicated many more times. We
have now probably close to 1500 monkeys in the total series, a goodly num-
ber of which have had the inferotemporal lesion.

Using this method to pinpoint an effect, we next asked the question,
what characterizes the brain-behavior relationship? One wav of stating the
problem is to ask what it is that is localized. Is there a “center” for “biologi-
cal intelligence™ Is there one for “visual-somatic” space? Is there one for
“sensory associations”, and so on? We did not ask the question in that form
at all. We asked more simply, what we wonld find if we extended the “inter-
sect of sums’ " technijque to inclide other tasks. We discovered that the pos-
teriov portion of the silent areas was divisible into regions, each of which
served one or mmther modality. There is modality specifieity within this
posterior “association” cortex. An ex Jmple is seen in Table 3, One group of
animals was given a parietal lesion; another an inferotemporal lesion. Thev
were testecl cwthm for original postoperative learning { Group A) or for post-
operative retentjon of a preoperatively learned task { Group B). The two
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Figure 26. Diagramns of visual choice reaction. A: Sum of
the areas of resection of all of the animals grouped as show-
ing deficit; B: sum of the areas of resection of all of the
anitnals grouped as showing no deficit; C: intersect of the
arex shown in black in A and not checkerboarded in B.
This intersect represents the area invariably implicated in
visual chdide hehavior in these expefiments. (From Prib-
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TABLE 4

EryecTa oF [NFernTEaraaan (U1 avp Posteranteveomn P05
LesoNs oN Avprtory ThscapviNatioN®

Leurning and Performanee Sr'nreﬁ

Animal O
Prenp. trials Tostop. trials

1T-241 280 ]N
IT-282 23N n
1T-288 360 . 120
PT-248 200 i RO .
PT-278 i ANt 180
Pr-289 J 33n Hin

* Data from Weiskrantz & Mishkin (80},

groups were trained on both a visnal and a somesthetic discrimination task.
As can be seen, after the parietal operation there was a difficulty in original
learning and retention of the somesthetic discrimination (81). The apparatus
used was an infrared device (9) by which the monkevs' performance was
observed and televised, converted into visible light for display: the animals
were working in darkness, but we could wateh their performance on the tele-
vision screen. Visual discrimination was intact, ie., the savings criterion
was met and original learning fell within the scores of the controls. Con-
verselv, the inferotemporal group performed the somesthetic probtem with-
in normal limits, both on learning and retention, but showed complete fail-
ure in learning and retaining the visual discrimination {see also Pribram &
Barry, 42).

In the auditory mode, the data (80) are not as clearcut. These data have
not as vet heen replicated, but we are now in the process of doing this ex-
periment again. However, Talile 4 shows that inferotemporal lesions, which
resulted in a visnal discrimination defcit, left auditory discrimination
unaffected. Converselv, a posterior temporal lesion, swhich lelt visual dis-
crimination intact, produced some deficiency in auditory chinices; definitely
in one subject, not so clearly in two others. Current evidence places these
lesions somewhat too far l}()slettml\ to obtai the mnin effect. For taste, an
anterior temporal locus has heen isolated (3, 34) by the simikur use of the
intersect of sums technigue (1),

The question remaing as to whether there e anv “supranodality” ro-
gions in this posterior cortical region. This problem has heen worked on a
great deal, but as vet most of the results are nnpiblished. So far there has
been no evidence in the monkev that there is a supramodality organization
in the posterior “associution” cortes (cf. Evarts [16] and \\'vgvne‘r ) In
man, the data from Milner's gronfy (33) in Moutreal and Teubers group
(78) at MIT suggest that there might he sneh a thing as a locus for visual-

* Unpublished observatinns,
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sotnatic spatial nrganization or for she organization of verbal behavior, frre-
spective of mode, but these datu are aiso subject to other interpretations, This
_is an open subject at the moment which needs much more investigation at
both the human and subhuman levels. To summarize, all the evidence
points to modality specificity in the posterior “association” cortex.

Now let us turn to the frontolimbic sector and examine the evidence. Fig-
ure 27 ithustrates the method of the intersect of sums applied to the delayed
reaction experiment. The stippled portions in section A represent experi-
ments from the literature (28). including one of my own (5), which suggest
that there may be a deficit obtained from lesions in these locations; but this
turns out to be an artifact of the particular task since there are control ani-
nals that have never been operated on at all—four such animals in my expe-
rience—which also show a deficit on this task (it is a most boring task, both
to administer and to perform). This finding resolves the discrepancies re-
garding occasional occurrence of deficit on delaved reaction following pos-
terior cortical resections.

A

Figure 27. Detaved reaction performance. A: Sum of the
areas of resection of atl of the animals grouped as showing
a deficit; B: sum of the areas of resectimt of & of the ani-
mals grouped as showing no deficit: C: intersect nf the
aren shown in A aned tut vl checkerbourded i B This
interseet represents the aren invariublv implicated in de-
l'.l}/ed renction pf‘rfm‘m:m(-e in these axperithents, Reser-
tinns within the aren stippled in A occasivhalle result in
“deficit” as defined here: however, a similyr “deficit” ap-
prars in nonaperated contrals. (From Pribram, 40
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Another task, -delus ed alternation. is closelv velated but not identical to the
delaved reaction, Performance of this task is impaired whenever a leston iu-
vades the frontal or limbic cortex. To pertorm, the subject must s:mph al-
ternate his response from trial to trial; right, left, right, left. with a screen
interposed between trials. For purposes of “localization” procedure, the de-
layed alternation task appears to be more reliably retained. Nevertheless, as
demonstrated here, the results of delaved reaction experiments may still be
useful.

Grant: May I raise a question relative to information theory and the vari-
ability of the stimulus, particularly with respect to delayed reaction? [ know
what you mean by its being a rather boring experiment to run, hut T assume
you were running it with a fixed delay or long delay, or at least in blocks of
constant delays. If vou vary the del'w'i from trial to trial, I suspect that vou
might get an entu‘el\ different kind of phenomenon, and possibly even a
different part of the nervous svstem would be involved.

Pribram: There are variations of the delaved reaction problem that do
make a difference (38, 39, 63), but varving the celay period is not one of
them (64). We used a five-second delav, standard correction technique for
both tasks. For the delaved response pmhleul we showed a peanut to the
animal over one of the food wells, brought down the screen, hid the peanut
in the well, and then the screen went up.

Figure 18 illustrates some of the limbic lesions that produce changes in
alternation behavior; an orbito-insulo-temporal (OIT) resection is shown.
The OIT region includes the amygdala, the anterior portion of the insula,
and the posterior orbital portion of the frontal lobe. It receives its projec-
tion from the midline, medial macrocellular mediodorsal and medial intra-
laminar nuclei (32). It can be differentiated as a unit by the method of
strychnine neuronography (39, 61). Another such unit is the cingulate,
which really comprises a good deal of the medial frontal cortex as well as
the cmguhte gyrus. This region is the projectinn sector of the anterior nu-
clear group of the thalanus (53). These nuclei project not only to the thin
strip of cortex above the corpus callosum but more widelv to the medial
cortex anterior to and under the corpus callosum. Both of these regions
have become standard in our repertoire. Finally, lestons of the hippocampal
cortex also lead to difficulty with the delaved alternation problen.

When the method of presenting the delaved response and delaved alter-
nation problemns is varied, there can he frther diferentiation between le-
sion elfects {(Table 31, Froontaland limbic (O}, cingulate and hippocampal
lesions have different effects on the performance of different variations of
the task (60}). The effective variation is a change from a left-right to a go-no
go procedure. In the alternation situation the animal is reinforced every al-
ternate time and is expected to stav away from the well on the other times:
on one trial a peanut is placed in the well, the screen goes np and the ani-
mal responds, On the following trial there is no peannt in the well: the ani-
mal has to learn to withhold its response. If it does nnt, the non-reinforeed
trial is repeated until it does withhokl. On the next trial, the peanut is again
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in the well. This go-no go form of alternation is more severely impaired
than the right-left variation of the task when the lesions are limhic (espe-
ciallv- OIT}. Ou the other hand, Figure 28 shows that. when the lesions are
of frontal cortex, the go-no go variation of the procedure turns out to be
mrch easier for the monkev than the right-left variation (39).

In summary, frontal and limbic lesmm produce effects different from
thase pmdnced by desions in the posterior cortex. T have not reviewed here
the evidence that the frontelimbic defect is not modality specific, hut such
reviews are in the literature (30, 87). The frontolimbic cffect is demon-
strated oo elass of tasks of the deh\mi response and delaved alternation
tvpe. Fnrther differentintion can be made hetween frontal and limbic stric-
tures by varving the problem from a right-left to a go-no go procednre. Per-
form:ance in nL]lt feft delav tasks is more seriously disturhed by trontal -
sions; performance of gn-no o delay tasks sufters most from limhic Tesions.

Removal of cerehral tisste has not heen the onlv toal i our anmanien-
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“imal {designated Ly mumbers atop bars). Black: Fontul ablations: stippled: controls.

{From Pribram, 440

Larium, Simultanecusiy, experiments have been carried out in which we
placed aluminum l)}'(lf()xi(le cream on the cortex or injected it into selected
“ortical areas (43, 45, 77). Multiple foci of altered electrical activity were
thus produced, often leading to actual seizure patterns, The hehavioral
t(‘(‘]lnit]ues found usetnl in the ablation experiments were used in these

udies as well

When we train the animal before the ubnormal etectrical actiy its dle-
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velops (e.g. spikes or spiké and slow wave complexes), we find no impair-
ment of visual discrimination behavior as a result of inferotemporal implant-
ation. As seen in Figure 29A, the monkeyv runs along smoothly at crite-
rion, despite the abnormal electrical activity. As in the case of the ablation
experiments, the aluminum hvdroxide cream implantations were made in
each of the regions we have been discussing. Performance was recorded for
many weeks (74, 75, 78). In Figure 29B we have another example—alterna-
tion performance after frontal implantation.

On the other hand, if the animals are trained only after the abnormal
electrical activity has appeared, a marked change in behavior can be dem-
onstrated (Figure 30): original learning of a particular task is impaired
when the electrical activity of the appropriate cortex becomes abnormal.
The figure depicts again the visual choice reaction, visual discrimination
following EEG abnormality in the inferotemporal cortex. Learning is de-
Javed approximately fivefold. Note that the slope of the curve is not drasti-
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Figure 29, Performance scores hefore and after aluminum hvdroxide implantation. As

Visnal discrimination problem and implantation (Jeft arrow) on the inferatemporal cortex:

right arrow birdicates the anset of electrical seiztre patterns, (From Stamny & Pribram, 752

B. Alternation performance and frontal lobe implantation; arrow shows onset of electrical
setzure patterns. (From Stuum & Pribram, 76)
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Figure 30. Visual discrimination of aleafning curve obtained from a granp of mankeys
with electrical seizures recorded from inferotemparal fmplantation sites. (From Stamm
& Pribram, 76.)

callv changed; rather, the onset of learning is retarded. This finding may be
important to uncovering the mechanism which underlies the disturbance.

impaired alternation learning is represented in Figure 31. There is no
long delay before an inflection point, but alternation learning ordinarily
shows no such smg]e element” attributes even when normal subjects are
used, as can be seen from this control sample,

Before going on to even more interesting data, I would like to point out
that these last experiments bear directly on something Dr. Calaml:os men-
tioned earlier, the problem of distinguishing between performance and the
acquisition of that performance. The acquisition of hehavior appears to be
highly correlated with what we obtain electrically from the hrain, hint we
have not been able to find anv such correlation hetween electrical changes
and performance per se.

To make the storv complete I should mention that a couverse experimen-
tal result has also heen obtained. Using the ablation technigue, Lawrence
Weiskrantz (79) of Cambridge University followed this paradigm: train the
animals on a particular dav to criterion on a particular discrimination, let us
say A versus B. On the followi ing dav, test for the retention of A versus B,
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Figure 31. Alternations learning curve recorded from a group of monkeys with frontal
lobe electrical seizures. (From Starmm & Prilivam, 73.)

and teach a new diserimination, C cersus 1. Ou dav three test for retention
of C sersus 1, and teach E versus F. He did this with many variations, al-

wavs using easily discriminable cues such as a variety of small abjects, and
showect that after ablation of the inferotemporal cortex learning was
unaffected, though remembering suffered severelv. Tn other words, the ac-
rlmsltmn of new performance remained umm[mned hy the resection: fearn-
ing rates were identical, snmmed across davs. On the other hand, retention;
was markedly impaired: that is, from (Id\ to dav these animals forgot al
good deal of what thev had learned the d'u before.

In summary, the jrritative and the ablative lesions prodice different 1e-
sults: the brain's electrical abnor muality is carreluted with altered neguisi-
tion, brain cortex removal with disturbed remembering. T use the word e
membering” here as opposed to “dismembering”, in the sense that these
animals minst pnt together again, or retrieve, elements nsed to sobve prob-
lems. '

Birch: How do vou interpret the long period of no change? Is there some-
thing happening that is irrelevant to ledrnlntrP
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Pribram: If you can tell me what process is going on to generate the part
of a backwnrd learning curve priov to the inflection when learning presum-
ablv takes place, T will be glad to tell vou what may be going on in these
experiments. At the moment, T do nat know. (lncu!enh”v we have plotted
many of pur visual discrimination results as backwards learning curves and
usually obtained a nice sharp rise—though we have not tested for stationarity
in most of the experiments.) Figure 31 shows that this same abrupt rise does
not appear when alternation behavior is examined.

Brazier: How many davs postoperative is zero?

Pribram: Zero is usvallv at Jeast a month postoperative in these experi-
ments, because.the seizure pattern.usnally does not develop until three
weeks to a month after implantation. We wait at least until we have seen
the abnormal electrical pattern on two occasions and we record once a
week,

Miller: Do such patterns continue once thev are established? Is there no
change in the electrical activity associated w ith the heginning of learning?

Pribram: We have tested for onlv three to six months, and during that
time the abnormalities are maintained. | uould not say there is no change,
but we still see the abnormal activity.

O'Connor: Because of the beliavioral manifestation in the operated
group, is there any indication of head or eve movements during the delaved
augmentation?

Pribram: Not from the lesions I am reporting here. If we make the irrita-
tive focus in the motor region, we see Jacksonian motor seizures, and the
animals also show tremors both at rest and durmg intentional movement.
But that is another storv (58).

Tur Psycuovoaicar Sioxiricaxce ofF THE Bramn-Brnavion Reparioassiirs

The psychological significance of the findings deseribed can be covere-
tized somewhat like this: if a defcit in color discrimination is ohtained, does
it mean that the antmal is color blind? Part of the cortex is remosed, and
the animal now fails a celor discrimination: does that in itself mean the ani-
mal is color blind? Obvionsly not. We need other ‘kinds of tasks hesides
color diserimination to test the limits of the deficient behavior. We turned
to ]')Tlg]]t‘n'ES') differences and to patterns of various smtq and found alf man-
ner of visual tasks to be affected hy this particalar lesion (36, 38, 39). Figure
32 shows that differences in the physical dimensions of the stiwualns. in this
case a size, ave distinguished fess after the Tesion (37), but this is not the
whole story.,

One df\\ while testing monkevs with such lesions at the Yerkes laborato-
ries in Ol'lnge Park, Florida, T sat down to rest from the chore of carrving
the monkevs the goodlv distance between home cage and laboratory. The
monkeys were failing miserablv the visnal discrimination tasks. Tt was a hot,

[N
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mueyy *\-]m--l} Floricla siommer ifternonn and the air wuas su'nrmino with
goats. My monkey reached out and cuught a gnat. Withont tluang 1 also
reached for a gnat: I did not catch it. The monkE\ reached out again, and
again it caught a gnat and put it in its mouth. 1 reached ont—missed! Final-
[v, the paradox of the sitnation forced itself onme. I took the beast back to
the testing room, but it was as deficient as ever in making visual choices.
This observation gave rise to the following experiment, which Ettlinger
(153} accomplished, with the results shown in Figure 33. Ve hvpothesized
that choice was the crucial variable: as long as a monkeyv does not have to
make a choice, its visnal performance should be found intact. Monkeys
were trained in a Ganzfeld made of a translucent light fixture large enough
so that an animal could be physically inserted into it. The monkey could
press a single lever throughout the pl'ocedurc, but was rewarded only dur-
ing the period when illumination was markediy increased for several sec-
onds at a time. Sovon response frequency became maximum during this
“bright” period. Under such conditions no differences in performance were
obtained between inferotemporally lesioned and control animals, The result
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visnal discriminatinn prohlem in whiclt size discrimination sy vatied [J;lr':nm‘tr'i(‘:l”\.
Shaded area: vaviahilite, (From Mishkin & Wall, 37)
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Figure 33. Single manipulandum per-
formance curves of a single animal in a
varying brightness situation. Abscissa:
Geometrically decrensing differences in
luminance between positive and nega-
tive cues; ordinate: fog of ratio of ve-
sponse rate to positive and negative cues. R
Shaded area indicates variability among i : 1 l | R | -
groups of 4 animals. (From Ettlinger, 13.) ! T 3 4 5 8 '

tended to support our feeling that, if an inferotemporally tesioned monkev
did not have to make a choice, he would show no deficit in hehavior. The
animal is not punished for error because that would entail a choice. The
lack of punishment is important in making this experiment closer to an “ex-
istential” discrimination, which would be ideal. Error is not involved. The
monkes' can press any time, but has been reinforced only when the “br 1ght
er” condition is in effect, and the difference in reward Detween the condi-
tions is Further minimized by the fact that the brighter condition is reward-
ed on a modified fixed ratio t:chedule i.e., not everv lever press is rewarded.

Miller: If vou reinforced the animal 100 per cent for responding to the
correct llght and zero for the incorrect response, would it then have a
ceficit in that same Ganzfeld?

Pribram: In a simultaneous choice experiment, inferotemporallv lesioned
monkevs fail to respond differentially to differences in brightness (39). An-
other difference in discrimination is that illumination is general in one case
and specific to the object in the other; one is of * groun(! the other of

“figure”. There are also differences in the reinforcement schedule. The fal-
lowing experiment mav clarify the problem.

We (62) trained the rncmke\ s on a very simple object discrimination, an
ash tray versus a tobacco tin. These animals had heen trained for two or
three vears before thev werve operated on and were therefore sophisticated
problem solvers: this. phm ease of task, accounts for the minimal deficit in the
simultaneous clamce task. When, however, we take the same cues and pre-
sent them successively {there are two types of snecessive discriminations: in
one the animal has to go either left or right}. the monkevs show a deficit
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when compared with their controls {Figure 343, We know thev can
differentiate the cues from their performance in the simultaneous situation
vet when a more difficult response is reqrived they have difficulties.

This result further supported the idena that the problem for the operated
monkeys was not so much in “seeing” but in usefully differentiating what
thev saw. It is not only the stimulus condition per se but the contexts in
which it appears that determine the deficit, Another, more precise, way of
stating this is that the deficit ought to vary as a function of the number of
alternatives in the sitnation. This hvpothesis was therefore tested directly in
another experiment {47). It has not as vet been replicated and so the results
must be considered tentative, albeit persuasive. The hope was that an infor-
mational measure of the deficit could be obtained. Figure 353 shows that ac-
tually something very, different appeared when the number of errors was
plotted against the number of alternatives. )

The square root transformation is of the raw data. Since analysis of vari-
ance was used to establish significance, the data had to be normalized first.
I want to peint out some other complications in the experiment, First, there
is the confounding of the number of alternatives in the situation and the
order in which thev were presented: this is therefore not really a good test
of the information measurement model that 1 had in mind. The experiment
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Figure 34, Comparison of learning scores on three tvpes of object discrimination by
three gronps of monkevs. Note that, though the cues remain the wume. changing the
demanded response increnses the deficit ol the inferntemporal gronps, (From Pribyiram

& Mishkin, 82)




NEUROPHYSIOLOGY VNI LEARNING ) 9%

gaor r —— NORMALS
8 N e TEMPORALS
x | - FRONTALS
ul

2.0 (~ Tronsform) 1
[

o

< | ]
7

WL

=

= ~
}.._

oo _
ul

m S ] 1 ] J L L 1 1

NO. CUES IN SITUATICN

Figure 33. Average number of repetitive errors made in the multiple object experiment
during those search trinls in ench situation when the additional {navel) cue is first added.
Four animals per gronp. (From Pribram, 47.)

could not be done as originally planned because, up to that time, no one
had ever tested monkeys on more than three cues at a time. I had to start
with two cues and work up. Also, there was no wayv of matchmg preferences
for cues and so the same cues were used thlm_lghout the experiment, balanced
in order of presentation among subjects but given in a standard order for
each subject. Despite these limitations, a thought-provoking result emerged
from the experiment.

If repetitive errors are plotted—ie, the number of times a monkey
searches the same cue, against the number of alternatives in the situation—a
hump is found iu the curve, a stage of manv repetitive errors through which
normal animals go; thev then recover J(l(’(ilhlte performance and go on to
complete the task with facilitv. What intrigued me was that during this
stage the monkevs with 111fe'.otempnr:1] lesions were doing hetter than the
controls. This was a paradox. As the procedure continued, however, and
after the controls no longer made so manv errors, the inferoteinporals hegan
to accumutate an error hump even greater than that shown earlier by the
controls. The analyvsis of variance s‘ho\\s these two curves to he qtgmf‘mntl\
different despite their ov erlap in the latter half of the graph.

Before I had such an explanation T presented the results of this experi-
ment informally to a group, and Edvward Green, a mathematical psveholo-
gist, suggestec that the position of this humyp varied with the munhev of al-
tematives sampled by the snabject. and that the inferotemporally lesioned
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monkevs who showed the delaved himp had sampled fewer cues in the
early stages of the experiment. Since these cues had to be uncovered, [ had
a record of actual “sampling” when a particular cue was turned over. It was
only necessary to go back through the data to see whether differences in
sampling between groups was obtained.

The differences did occur, as can be seen in Figure 36. The monkeys with
inferotemporal lesions showed a lowered sampling ratio: thev sampled
fewer cues during the first half of the experiment. We might characterize
their performance as a restriction in their visnal feld; however, the limita-
tion is not in the visual-spatial field but in the information-processing field,
i.e., the number of alternatives they can sample or handle at any one time.
This curve shows that most of the variance that accounts for the error
humps was obtained when a novel cue was introduced into the situation.
The inferotemnporally lesioned subjects (as well as the controls) made their
runs of repetitive errors on these occasions. ( Frontallv lesioned subjects in-
variably chose the novel cue immediatelv.) During a trial, the monkeys had
just one chance to sample a cue; the screen came down between trials.
When there were only four or five cues in the situation, the inferotemporal-
ly lesioned monkeys found the correct one more rapidly than did the con-
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Figure 36. Sampling performance except novel cue. Average percentage of the total
number of nbjects fcnes) that are sminpled by eacli of the gronps in each of the situations.
Tn sample, 2 monkev had to move an object until the content or lack of content of the
food well was dlearhy visible to the experimenter. As was predicted (47}, during the rst
half of the experiment the curve representing the sampling ratio of the pmtenorl\
lesinned wronp dilfers significantly from the nthers at the 0.024 level viceording to the
non-parametric Mann-Whitney U procedure: of. Mann & Whitnev, 311
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trols. who sampled wore of the previously reinforced cues before turuing
over the novel cue. The correct cue object is alwayvs the same until a crite-
rion is met; then a “discrimination reversal” tvpe of procedure takes place
until all of the cues have heen rewarded. All cues that had previously been
reinforced are still present; only the currently correct cue changes. For ex-
ample, the monkeys go through a whole series of problems for which red is
correct. When they reach criterion on red, then reversal is instituted and
green becomes correct. After criterion is reached on green, blue is added as
the correct cue. To reach criterion they must choose the correct cue on five
successive trials.

In summary, the modalitv-specific defect that results from a posterior “as-
sociation” svstem lesion appears to produce an information processing de-
fect best described as a restriction on the number of alternatives searched
and sampled—a reversion to chance behavior wwhen compared with a control
group whose sampling is guided by the history of prior differential discrimi-
nations. In short, the lesioned monkevs fail to remember prior discrimina-
tions as well as the controls, and this failure alters the sampling of current
cues, i.e., the process of selective attention. 1 will return to this notion of a
memory-based information processing defect when I discuss the model. But
first let me present brieflyv some data on the frontolimbic svstems.

For purposes of comparison, Figure 37, A and B, demonstrates that front-
allv {(and limbically ) Jesioned primates also fail to be influenced by their ex-
perience, but in a very different way from the posteriorly lesioned subjects.
They appear to be impervious to the consequences of their behavior. Initial-
lv, this defect appeared most dramatically as imperviousness to error, i.e., in
avoiding shocks (44, 65) and non-reinforcements.

In another experiment (50}, the animals were trained in an operant condi-
tioning situation. After several vears of training on mixed and multiple
schedules, four howrs of extinction were run, ie, the reinforcements (pea-
nuts) were no longer delivered, although everything else in the situation re-
mained the same. Figure 38 shows the results; note that the frontally le-
sioned animals failed to extinguish in the four-hour period, whereas the
control monkevs did. This failure in extinction accounts for poor perfor-
mance in another task. Figure 39 shows what happens to the number of re-
petitive errors made in a go-no go alternation: the trontally lesioned animals
do make manyv more repetitive errors. Even though thev do not find a pea-
nut, thev go nght back and keep looking (47).

This result was confirmed and amplified in a study by Wilson (82), who an-
alvzed the oceasions for error—did ervors follow alternation or nonreinforce-
ment? He devised a situation in which hoth lids over the food well opeued
simultaneously, but the monkev could obtain the peanut only if it had
opened the baited well. Thus the monkey was given “complete™ information
in every trial and the wsual correction technnlne could be circrumvented.
With this apparatus the procedure was presented with four variations:
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operztive extinction of a lenrned aondlitinoned avaidunce response. :\.’IPI‘['(}[)(’rt—illf\'F"_\

learne! avnidance; nate that Iimhf(-nlll\' il frontall- operited monkevs hehave alike.

B: Fostnperatively lewned avaidance: the limbie groups are clearl separated out |
this procedure. {(From Pribram & Weiskrantz, 63.)
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Figure 38. Graph of performance of 2
three groups of menkeys under conditions z
of extinction in a mixed-schedule operant \
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monkeys. (From Pribram, 50.) ' ‘MOURS
correction-contingent, correction-noncontingent, noncorrection-contingent,
and noncorrection-noncontingent (Table 6). The contingeucy was whether
the position of the peanut depended on the prior correct or incorrect re-
sponse of the monkev, or whether this position was alternated independent-
lv of the monkey’s behavior. Wilson then analvzed the relationship between
an error and the trial preceding that error. For the normal monkey, the con-
dition of reinforcement and nonreinforcement of the previous trial makes a
difference, whereas for the frontallv lesioned monkey it does not; alterna-
tion affects both normal and frontal subjects about equally; frontal subjects
are simply not influenced by rewarding or nonrewarding consequences of
their behavior, '

This inefficacy of consequences to influence behavior is also demon-
strated in the muitiple choice experiment just discussed (47). Figure 40
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Figure 39. Craph showing the dilferences = - 1
in the number of repetitive errors made = 1 A
by groups of monkeys in a go-no go tvpe ! gol 1
of deluved reaction experiment. Espe- w E 1
cially during the initial trials, frontally -
operated animals repeatedly return to & 4ol
the food well after exposure to the “non- @ »
rewarded” predeliy cue. Note, however, g -
that this variation of the delay problem 2
is mastered easilv by the frontallv oper-

ated group. (From Pribrane. 470
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PEnroryaxecs orF FRONTALLY AnLaten aNp Norsvat Movkeirs'

Percentage of Alternatinn ng a Function of Hesponge et Qutronue of Preceting Trial

Preu‘tlmg trial
Subject e e e e
A-R ANk | Nan NANE
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304 a3 i al i A5
390 54 23 30 41
308 41 1i1] - 18
381 G1 13 a3 2
Total A0 1% RE 52
Froutal -
381 41 al 41 13
437 12 ‘Hi a7 G
anl A0 1R 38 5
433 43 M 31 2
Tntal AR 413 38 i)
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(Iir| not alternate:

* Data from Wilson {82),
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Figure 0. Craph of the uverage number of bials to criterion tiken in the nendtiphe
object experiment by each uf the gronps in ach of the situations after search was conr

NQ. CUES IN SITUATION

pleted, i.e., after the first correct response. Note the dilference between the curves fin

the controls and for the frontally operated gronp. a dilference which s significant nt
the 0,05 level by an analvsis of varfance tF =8.19 for 2.and 8 df) acemding to MeNemar s
{33) procednre perftmnf}d an newmalized thy square ront b sl ond rawe seores.

{From Pribram, 47.)
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TABLIE T

Perronyasce oF Lonornyizen axn Unsraon Hoeswas Suprecrs
Wro Coureerep Tne Murriene Coates Trst®

Lobntamized Contriols

Mean totul responses 259 154 .2
Mean nvetage senrch responses per program on Non- New

Cue programs 8.8 5.0
Mean average searrh responses per program nn New (ue i

programs .l | 1.2
Meon average post-searrh responses per program nn Non- i

New Cuc programs 297 i 12.9
Mean nverage post-search responses per program on New

Cue programs 3.7 1 5.9

* Data lrom Poppen, Pribram & Robinsen (41).

shows what happens after the monkeys have found the peanut. The proce-
dure calls for the strategv of return to the same object five consecutive
times, i.e, to criterion. The frontally lesioned animals are markedly
deﬁment in accomplishing this task. Ag'un we see that the conditions of re-
inforcement are relatively ineffective in shaping behavior once the frontal
engranular cortex has been removed, so that the monkevs’ behavior is rela-
tively random when compared to that of normal subjects (53). Behavior of
the frontally lesioned monkeys thus appears to be minimally controlled by
its repeatedly experienced, and therefore expected, consequences: the pro-
cess of intention is impaired.

In case you should object to descriptive labels taken from the subjective
realm of dlscmuse {on the basis that they must not be applied to animals),
Table 7 shows that the results obtained with moukevs hold for man, in ex-
periments (41) performed with 20 lebotomized patients and their controls.
The procedure was made as similar as possible to that used with the pri-
mates. And results were remarkablv similai,

TrEe MobeL

These data led me to define (48) the psvchological processes impaired by
“association” cortex lesions and to suggest the outlines of a model for these
processes. To review the definition, the posterior system apparently is in-
volved in the process of selective attention (i.e.. search and sampling the en-
virooment) while the frontal cortex has to do with the process of intention
(i.e., the guiding of behavior by its expected consequences).

Now, at last, the model: the neurophvsiology of selective attention and
intention. The model is far from being complete or even huttressed by data.
Rather, it should be viewed as a progress report and a projection of our cur-
rent endeavors. Therefore let us first consider some facts, or rather some
lack of facts, alout the neuroanatomical relationships of the inferotemporal
cortex. There is a dearth of neurological evidence to link this cortex ta the
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known visual svstem, the genjendostriate svsten. There are no delinitive ana-
tomical inputs specilic to the inferote mpm(ll cortex trom the visnal cortex or
the lateral genmiculate nuclens. OF conrse, cannections can be traced via
fibers that synapse twice in the preoccipital region, but such connections
also exist to link the visual cortex to the parietal lobe, the excision of w hich
does not change visual behavior, as we have seen. In addition, circumsec-
tion of the striate cortex does not impair visual discrimination (8).

Further evidence that these “corticocortical” connections are not the im-
portant ones can be seen from the results of the experiment in which I per:
formed a cross-hatch of the inferotemporal cortex, much as Sperry (71) had
done, and found no deficit either in visual lenming or in performance (Table
8). On the other hand, undercutting the inferotemporal cortex makes a vast
difference: both leaming and performance of visual tasks hecome preclud-
ed. This suggests that the connections to this cortex essential to visual be-
havior must come from somewhere below, although large U fibers, dipping
deeply into white matter, are not vet ruled out. However, another possibili-
tv can be tested, namely that the essential relations of the posterior associa-
tion cortex are centrifugal, i.e., efferent (4G}. There is some anatomical evi-
dence to strggest such a nation: some time agn, | ptepm(‘d two brains with
inferotenporal resections. These were stamed in Dr. Walle Nanta's laborato-
ry by his technique, and showed an efferent tract going down to the region
of the superior colliculus, ending either within its substance or in the sur-
rounding reticular formation. No such fibers could be traced to the latera
geniculate nucteus. In support of this finding there is a report by Kuvpers
(27), who has also traced temporocollicular fbers in monkey.

The idea of an efterent mechanism “gating” or otherwise “partitioning”
the input to the geniculostriate svstem has a good deal of appeal as an ex-
planation for the process of selective attention. To determine how an effer-

TABLE 8

Yreeors or Usprrovrtrisa.axns Craossiaroiyg [xeerorevponal, Cortex nr
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Figure 41. A representative record of the change prodiced in visua! evoked responses
by chronic stimulation of the inferotemporal cortex. Abote: Records taken hefore stimu-
lation; Dbelow: recerds during stimulation. All traces were recorded from the striate
(visual) cortex; the top two in each set from posterior, the lower twa from antevior
striate cortex. The first sets TA) were recorded in response to a single flash. the second
{B} to Aashes separated by 73 msec., and the third (C} to flashes separated by 150 msec.
In addition to the changed recovery, note also the change in wave form of the response
upon presentation of even a single flash; this latter change. however, did not appear in
all of our subjects. (From Spinelli & Pribram, 72.)

ent mechanism of this sort would work, v.{'e did experiments in which, in-
stead of making ablations or implanting an epileptogenic lesion, we chroni-
callv and continuonsly stimulated the brain. These experiments are still in
progress and are being accomplished in collaboration with Dr. D. N. Spinel-
li, a phystologist, who designed the stimulator and the recording equipment
we are using (72). The stimulator is sufficiently small so that it can be im-
planted_undelr the scalp. It puts out a square wave bidirectional pu tse, 1
msec. in duration, of about 3 V. The frequency of stimulation is approxi-
matelv.8-10/sec: The hatteries that drive the stinntlator are vechargeable.
The records in Figure 41 were made in the awake monkey. Paired flashes
were presented and recordings made from electrodes implanted in the oc-
cipital cortex. The responses to 50 such paired flashes were accrrmutated oo
the Computer for Average Transients. The flash-flash interval is varied from
23-200 msec. The top traces were recorded prior to the onset of stimakation:
the lower ones were made after chronie stimalation had heen started. Ac-
tually, this was the first of our series of experiments to call our attention to
the changed recovery phenomenon. Note that there is a zeneral flattening
{a finding idiosyneratic to this partienlar monkev) of the record made with
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the stimnlator on, and that the recovery fanction s depressed. fe. recover
is deln_\'ed. Figure 42 shows such effects sununed across fve subjects, 1 think
it reasonable to conclnde that chronic stimulation of the inferotemporat cor.
tex produces a very marked delay in recovery of the cells in the visual sus.
tem to visual stimuali.

A parallel experiment (12) in the anditory svstem was done in collabora.
tion with Dr. James Dewson. In this stud\’ made in cats, removals of the
auditory homologue of the inferotemporal cortex were performed. This ho.
mologue is the insular-temporal region in the cat. Dewson bas shown that
its removal impairs complex auditory discrimination (speech sounds), leav.
ing simple auditory discrimination (pitch, loudness) intact. Removal also
alters paired click recovery cveles recorded as far peripherally as the coch-
lear nucleus. Bilateral ablation markedly shortens the recovery cicle
And, of course, control ablations of the primary anditory projection cartex
and elsewhere lhave no such effect. Thus we have evidence that chronic
stimulation of the “association” cortex selectively prolongs, while ablation
selectively shortens, the recovery time of cells in the related primary senso-
Ty projection system.

These results allow as to specify the model. On the basis of the neurnbe-
havioral and neuroanatomical data, T had previously suggested (48) that the
posterior “association” cortex, by wav of efferent tracts leading to the brain
stem—most Jikely to the colliculi or surrounding reticular formation (46)-
partitions the events that occur in the associated sensory specific svstem.
classifving these cvents according to one or another scheme. During the
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coutse of pur joint work, Dr. Sl)inrlli would ask me again aned agsin. How
do you define “partitioning” in newrological terms?” Until we had accom-
plished these electrophysiological experiments. I had no idea. But once we
saw the results, the newrophysiological explanation hecame evident: parti-
tioning must work somewhat like a multiplexing circuit in electronics. In
neurophysiological terms, when recoverv time of veurons in the sensorv
projection system is increased by stimulation of the posterior “association”
cortex, fewer cells are available at anv given moment to the concurrent
input. Each of a series of inputs will thus find a different set of cells in the
svstem available to excitation. There is a good deal of evidence that, in the
visual svstem at least, there is plenty of reserve capacity, ie., redundancy,
so that information transmission is not under ordinary circumstances liam-
pered by such “narrowing” of the channel (1). Ordinarily, a particular input
excites a great number of fibers in the channel, insuring veplication of infor-
mation transmission. Just as Jateral (or surround) inhibition in the retina has
the effect of reducing redundancy (4), so the operation of the “association”
“cortex enhances the density of information which the channel conveys.

-This model has several important implications. First, the nonrecovered
cells (the ones that are still occupied by excitation initiated by prior inputs)
 will act as context- or short-term memory against which the current input is
- matched, A match-mismatch operation of this sort is demanded by models
‘ of the process of recognition and selective attention spelled out on other oc-
casions by Craik (10), Sokolov (69), Bruner (6}, MacKay (30}, and mvselt
{49, 31, 32}, These “occupied” cells thus form the matrix of “uncertainty”
that shapes the pattern of potential information, ie., the “expectancy”
which determines the selection of input signals which might or might not
occur,

Second, in a svstem of fixed size, redundancy rednction increases the
amount of correlation possible with the set of external inputs to the system
(20)—that is, the number of alternatives, the complexity of items, to which
an organism can attend is enhanced. This internal alteration in the func-
tional structure of the classical sensorv projection system thus allows atten-
tion to varv as a function of the spatial resolution which excitations can
achieve; i.e., attention can he given to events of greater complexity. The
greater the resolution, the sharper the “uncertainty” and, thus, the more
likely that anv set of inputs will be sampled for information. In the extreme,
this shmpening of the appetite for information hecomes what the clinical
neurologist calls stimulus-binding. "Its opposite is agnosia—the blurring of
uncertainty due to the simplification of the structure of the channel after
damage to the “association™ area whicl leads to an organisnt’s inability to
seek information.

Third, this corticofugal model of the functions of the so-called ussociation
svstems relieves us of the problem of infinite regress—an associalion arca
homunculns who svnthesizes and abstracts from inputs, onlv to pass on
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these abstractions to a still higher homunculus, perhaps the one who mukes
decisions.

[ wish I conld, at this tiine, present an equally rigoraus neurophysiolog.
cal model for the process of intention. But in this area we are a considerably
greater distance from a precisely statable model. It is true that the procvs's
of reinforcement enhances redundancy (17). And, in part, the operation of
the frontolimbic svstems tends to balance that of the sensorv specific svs-
tems. Monkevs with inferotemporal ablations tend to perform better on the
alternation tasks which are so disturbed when [rontolimbic lesions: are
made. '

The reverse, however, does not hald. The data in Table 9 suggest that the
change resnlting from frontal ahlation is in some respects difterent from
that produced by inferotemporal stimulation. Perhaps this difference lies iv
the fact that the amount of redundancy per se is an insufficient measure of
its efficacy (e.g.. in minimizing error). The forn or pattern of the redundan-
cv is erucial: mere repetition is an ineffective form. Redundancy is thus not
a measure of simplicitv. Rather, when properly uvsed, redundanm is not
solely opposed to information (or uncertainty) hut heu)n‘lec an additionat
measure of complexlt_\ (20}, The structure of redundancy, its tempom[ pat
tern, is therefore the key to the neurophysiological model of intentional be-
havior. Its kevstone will most likelv deal with temporal resolution of events,
the temporal structure of behavior. Outlines of this structure liave heen for-
mulated, but experiments have not as vet heen accomplished to detail it
sufficiently to allow the model te hecome actualized in neurological terms
(34, 49, 52).

The problem of the homunculus is, of course, an extremely interesting
one. Former wavs of looking at the input-output retationships of the brain
have come up against the problem of an infinite regression (implicit or ex-
plicit) of little men inside little men—homunculi associating sensations, ab-
stracting from these associations and passing these abstractions on to the
motor svstems for action. Somewhere along the line of regress awareness
comes in, perbaps in vet another anatomically separable svstem: and then
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there is awuareness of awareness. According to the model presented here.
there is no need for such infinite regress. Important functions such as per-
ception and decision are going on within the primary sensory and motor
projection systems. Other brain regions such as the posterior sensory-
specific associated svstems and the [rontolimbic systems exert their effects
by altering the functlon.ll organization of the primary systems, Thus these
systems are not “association” systems; they simply nltc,r the configurations
of input-output relationships processed by the classical systems. Tn compu-
ter language the associated svstems Function by supplying subroutines in a
hierarchy of programs, subroutines contained within and not superimposed
- above the more fundamental processes. In this fashion the infinite abstrac-
tive regress is avoided. One could argue that it is replaced by a downward
regress of sub- and subsubroutines; to me this tvpe of regress is the more
understandable and manipulatable. The posterior association cortex is con-
ceived simply to program, to structure, an input chanuel, perhaps through
action on recurrent inhibitorv collaterals within the channel. The effect of
such action is to alter the speed of recovery of newrons iu the channel once
they are excited by inputs. And by means of the operation of such a simple
device, information processing, sampling of the environment, and selective
attention “automatically” follow.

Another advantage of the model is that the signal itsell is not altered; the
invariant properties of a signal are unaffected (unless channel capacity is
overreached}. It is only the channel itself—the channel within which the sig-
nal is transmitted-which is altered. Thus the same signal carries more or
less information, depending on the “width” of the channel. I am tempted to
extrapolate and say that the signal carries different meanings depending on
the particular structure or organization of the redundancy of the channel.

Discussion

Magoun: Dr. Pribram’s proposal that the association areas of the cortex
exert their functions in discriminatory hehavior by varving the information-
conveving properties of input slgrmls to primary cmtlcal areas, through cor-
tico- retlculo cortical loops with the central brain stem, seems to me to have
a great potential for elucidating the role plaved by these so-culled silent
areas of our hemispheres. 1 thought he built this up in a splendidly sequen-
tial fashion. He started with some of the basic features of nenronal physiol-
ogy, thrmlgh identification of frequencies of fi f‘lmg as the method by which
neurons signal the intensity of excitation, and made reference to thie action
of facilitation in abbreviating the vecovery time of discharging nenrons and
comsequently modifving their interspike intervals, hence their firing fre-
rquencies. He went on to relate this to information theoryv (which explores
how neural activity convess information) in terms of the relations of inter-
spike intervals and the p!uhahlllshc aspects of firing frequencies and
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timing to the leatnres of noveltyv. monotony. redundancy, association, ha-
Lituation, or extinction. He then np[}hed these hasic concepts to a [unctron-
al model of higher neural activity, to account lor the impairment of percep-
tual discrimination and acquired performance following lesions in these
silent, lateral, frontal, limbic or infratemporal areas, wltich have never been
found to influence significantly the activity of primary sensory or motor cor-
tical svstems bv wav of direct connections.

He next identified the corticifugal projections from these regious to the
nonspecific facilitatory or inhibitory corticipetal systems in the central ce-
phalic brain stem, and proposed that, Dy this route, the silent cortex aequired
the capacity for modifving the function of the primary seusory and maotor
cortical regions serving perceptual and motor skills.

It seems to me that we can find support for this concept from a number
of current findings. The collective magnitude of corticifugal projections to
the central brain stem appears second onlv to that [rom peripheral recep-
tors, and their capacity to modify the drqclmge properties of subjacent non-
specific svstems can be inferred from changes in cortical EEG patterns, us
well as by direct observation of changes induced in reticulo-reticular con-
duction by cortical stimulation.

In addition, as has recentlv been demonstrated, nounspecific corticipetal
influences from the brain stem can either reduce or prolong corticoneuronal
recoverv time, thus controlling interspike intervals aund, hence, the infornna-
tion-conveying properties of these discharging cottical areas. On the input
side, for example, Fuster (18}, Lindsley (28a, 73), Davis (11), and Dr.
Hernandez-Pedn, as he showed eatlier, have all demonstrated improved
cortical reception of paired visual, auditory, or tactile signals during atten-
tion in human subjects, as well as during hehavioral alertuess and EEG
arvousal induced by direct electrieal qhmuLmon of the central brain stem in
animals.

On the motor side, in both higher aninals and man, the initiation of so-
called skilled performance or voluntary movement has been found to be as-
soctated with the appearance of an arousal pattern of the EEC in the corti-
cal motor area. Moreover, the threshold for evocation of movement hy di-
rect stimulation of this cortical area is much lower during alert wakefluliress
than during drowsiness or sleep. These duta seein to fit well with the model
presented by Dr. Prilvam.

Its elaboration seems to me to provide some of the most insightful and
potentinllv fruitfed hyvpotheses vet to have heen proposed concerning the
mode of action of these most recentl\ acquired and highlv evolved areas of
the cerebral cortex, which reach their greatest dev t'|0pment in the Brain of
man. Its formulation seems a brilliant f]e\ elopment on the part of a person
who has devoted so much of his research career to the studv of these corti-
cal regions. I think all of us have heen privileged. indeed, to have heen able
to hear its exposition at this conference.




I R G ST Lt e

NEUROPHYSIOLOGY AND LEABRNING tis

I A "MODEL NEURAL SYSTEMT APPROACH 1O THE NEURAL
BASES OF BEHAVIORAL CHANGE®

Thompson:” Both Dr. Sperry and Dy, Calvin emphasized earlier the im-
wrtance of nnal_\'?.ing behavioral change at the level of interactions unong
verve cells, The research strategies discnssed so far in the Conference have
generally involved somewhat different levels of analvsis. Novmal animals
are trained, and chemicals are subsequently extracted and analvzed (Dr.
Gaito’s review), electrical activity is concurrentlv recorded (Dr. Galambos’
review) or, as in Dr. Pribram’s extensive and elegant researcly, lesions are
made and the subsecquent deficits in performance are measured. All of these
approaches ‘are faced with the enormous complexity of organization of the
nervous svstem.

I would like to talk brieflv about a somewhat different strategy which is
more specificallv oriented toward the synaptic interactions among neurons
that form the basis of changes in behavior. This approach might be called
the analysis of “rodel neural svstems”. Instead of dealing with the complex-
ities of the intact nervous svstem, we first eliminate much of the system and
then study the neural processes underlving behavioral changes in the sint-
plified remainder (e.g., spinal cord). The use of neural models is, of course,
not without hazards. It is always possible that neither the syuaptic mecha-
nisms nor the behavioral changes of the simplified model can be generalized
to the intact organism. At the verv Jeast the behavioral characteristics of the
phenomenon under study ought to be parallel for the model system and the
intact animal.

The type of model svstem analysis I am reterring to is well represented
by the recent work of Eccles and coworkers on long-term plastic changes in
monosynaptic reflexes of the neurally isolated spinal cord {13). As an exam-
ple, T would like to cite an ingenious studv (14). in which nerves for alibut a
few ankle or toe svnergists were cut on one hind limb in chronic spinal cats.
The animals were given forced exercise, and the monosynaptic reflex re-
sponses were tested for the reduced groups versus control side and for an
intact group on the operated side versus control side. Just as predicted,
there was a large increase in monosvnaptic responses from stimulation of
the reduced muscle nerve relative to the control side, but no asymmetrv for
synergist groups not operated. Unfortunately, control animals in which the
residual muscle groups were carelully protected from all exercise or me-
chanical stress l;howed 111-;t the same asynimetrs of umnosnmphc reflexes.
The increase in retlex vesponse was at least in pact the result of severed
nerves, not just of exercise.

In general, such studies have shown a variety of changes in monosynaptic

* The work reported Tiere has been supported in part by Research Grants NB.0:3494 and
B-2161 nf the Nativnal Institutes of Flea flh

! Original data presented in thic paper were ohtainerd in a joint project with Dr. W, A Spencer,
uf the Department of Phusiology, New York University ob Medicine,
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reflexes, but only subsequent to surgical intervention. Nornal use wlone ape
parently is not sufficient to produce Jong-term plastic changes in these
reflexes. It would seem that the nevromal svstein most wmenable to sVinptic
analysis, the spinal monosynaptic reflex, is peculiarly resistant to novinl
plastic changes.

In searching for model systems useful in the study of learning, it is well
to remember Dr. Konorski’s suggested term piast:mtv ", which labels many
tvpes of behavioral change resulting from experience {25}, While the tran.
sected spinal cord may not exhibit classical conditioning or other specific
types of learning as they are usually defined, it does show a variety of plas.
tic changes.

I would like to describe briefly a project in which Dr. WAL Spencer and
I have been engaged on the synaptic basis of flexion reflex habituation in
the acute spinal cat {cf., 70). Our results to date illustrate some of the ad-
vantages and some of the limitations of the "model rewral svstem” ap-
proach. Habituation, incidentally, is perhaps the simplest kind of plastic be-
havioral change. Its general importance has heen emphasized in recent
studies and writings by Herndudez-Pedn (22}, Pribram (52}, Galambos et
al. {19) and others, as well as in extensive behavioral literature extending
back to the 19th century (cf., 21). While habituation may not be condition-
ing per se, it is certainly a change in behavior as a result of training, and
thus by definition an aspect of learning, Sherrington (68}, using the acute
spinal dog, was perhaps the first to stud\ spinal Hexion reflex habituation as
such. Prosser & Hunter (68) demonstrated in a very careful study both habit-
uation and dishabituation of flexion reflexes in the chronic spinal rat. In re-
cent times, spinal response habituation has been studied by Herndndez-
Pedn & Brust-Carmona (23), Nesmeianova (40), Kozak et al. {28), and
Buchwald et al. (7). In our own experiments we used the unavesthetized
decerebrate cat with low thoracic cord section.

The basic experimental design is extremely simple. Amplitude of the re-
sponse of a flexor muscle to weak skin shocks delivered every few seconds is
measured, “Dishabituation” is accomplished by a strong extra stimulus to the
teg. During habituation training the muscle response amplitude decreases
over a period of minutes to a “stable habituation level. 1f the stimulus is
withheld or given only once per minute, the response recovers gradually to
control amplitude. A strong dishabituating stimulus given when the re-
sponse has been habitnated produces an immediate increase in response
amplitude. .

It would seem mandatory for those who studv model neural svstens to i
show that the behavioral phenmnen ¢ of the model resemble those of the in-
tact animal. In searching the behavioral habituation literatire, we were
able to identifv some nine parametric characteristics u'Lttmﬂ habittration te
stimulus and training variables for @ wide range of responses and species.
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For examnple, degree ol habituation is divecthy related to frequency of test
stimulus, uwerselv related to intensity of test stimulus, and so on. We were
able to show that spinal flexion reflex habituation exhibits the same nine
parametric features characteristic of behavioral response habituation, and
may thus be considered a legitimate example of habituation. Tines for de-
velopment of spinal reflex habituation and spontaneous recoverv range from
minutes to an hour or more, depending upon conditions, thus placing them
in the normal behavioral time domain.

The roles of several possible mechanisms were tested by the following
simple experiments: (@) Electrical stimulation of afferent nerves with moni-
tored neurograms ruled out changes in receptor function and nerve excit-
ability, both for habituation and dishabituation. () Ventral root or efferent
nerve recordings exhibited the same habituation and dishabitaation as did
muscle responses, ruling out muscle fatigue and neuromuscular changes. (¢)
Crucial participation of the gnmma loop system was vuled out by section of
all ventral roots and/or all dorsal roots, and by administration of Flaxedil:
both habituation and dishabituation could still be obtained. {d) Stimulus
generalization of habituation occurred to completely separate input nerves,
ruling out changes in excitability of input afferent terminals. These experi-
ments show that the essential mechanisims for habituation and dishabitua-
tion lie within the spinal cord.

Perhaps our most interesting data came from intracellular recordings of
motor neurons participating in the flexion reflex being habituated. These
data allowed us to test several hypotheses regarding the central mechanistns
lmderl\rmg habituation and dishabituation. Recordings were obtained using
micropipettes filled with potassium chloride, citrate, or sulphate, from flexor
spinal motor neurons identified by antidromic activation of muscle nerves.

The basic findings of the microelectrode studies are itlustrated in Figure
43. Each response represents a series of approximately ten superimposed
tracings recorded from a peroneal motor neuron. The upper lines show poly-
synaptic PSP’s to cutaneous nerve stimulation (superficial peroneal N.) for
control tests given once per minute (A), following habituation to a one per 3
sec. stimulus (B), and following recovery at 1/min. stimulation (C).
There is a marked and significant decrease of PSP amplitude during habitu-
ation, followed by recovery to the control level. Note that not 0||]\ do the
EPSP 5 habltlmte but that the IPSP components also decrease durmg habitu-
ation.

The lower line of tracings (D, E, F) shows interpolated monosynaptic test
volleys (stimulation of the deep peroneal N.) given during each of the periods
described above. That is, in the control and recovery series (A, and CF) each
type of activation (polysynaptic and monosvnaptic} was given once per
minute, alternating everv 30 seconds between the two tvpes. In the habi-
tuated series (BF) the monosvnaptic test activation was interpolated once u
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Figure 43. Intracellular responses (K citrate microelectrode) from identified peroneal
motor neuron to polysynaptic (A, B, C; superficial peroneal N.) and monosvimptic (D, E,
F; deep peroneal N.} activation. A: Control series, stimuli, I/ min.; B: during h'tbltu':twn
training, stimuli 1 '3 sec.; C: after recovery, stimuli 1/min; D: mmms\mphc tests inter-
polated 1, 'min. during contint petind (same time perind as A): E: monosynaptic tests
mterpnhted 1 min. Jmmg habituation training {(obtained while the polwun':phc re-
sponse was habituated to the level shown in By F monosyhaptic tests interpolated
1/min, following recovery {same time perind as C). Note decrease of hotli EPSP and
PSP components of the pnl\svlmphc respanse (shown in B} after habituation training,
but complete absence of any changes in the monosynaptic response. Calibration: 1 mv
and 10 msee. (W. A, Spencer and R. F. Thompsen, vopublished data.}

minute. There was no change in the monosynaptic EPSP as the poluvsvnaptic
PSP decreased. Cousequently, there would seem to be no tonic change in
the excitabilitv of the motor neuron during habituation.

Intelestmalx enough, dishabituation by a'strong stimulus (we used strong
electric shocLs or strong pinching of the skin) generally causes a mgmﬁc'mt
increase in the monosynaptic test EPSP, as well as in polvsynaptic PSP
There does seem to be a tonic increase in excitability during dishabituation.
The iufluence of the gamma svstem had Deen ruled out in the situation, but
an mtelestmcr pmnt wils mlsed with the gamma sy stem intact, the duration
of the dishabituation effect is greater. The gamma system does seem to play
arole in the time course of dishahituation.

Several lines of evidence tend to rule out phasic polvsynaptic inhibition
as a likelv mechanism for habituation. Note in Figure 43 that the IPSP’s of
the polv suml)t}c responses decrease rather than increase during habitua-
tion. This suggests | but does not prove) that the amount of pnsts_\ naptic in-
hibition on the motor nenron is also “habitnating” fic., decrealsingL Since
the postsvnaptic responses are polyvsynaptic, there could be hidden TPSP
in the EPSP portions which might merease during hahituation, thus leading
to a net decrease in the size of the pohsvinaptic EPSP. To test this pm‘;lhlh
tv, we obtained polvsynaptic P8P that were predominantiv Iy perpolarize
ing {i.e., mostly I SP's} and reversed the polarity either by injecting chlo-
ricle ions eiectmphorchmn\ or by electrically h\p(*lp:)]an?mﬂ the cell. 1n

both cases the inverted TPSE's decreased dmmg habituation. Incidentalls.
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[PSP’s trom cells that showed purety hvperpoluizing responses alse de-
ereasecd during habituation. Thas it appears that phasic postsynaptic inhili-
tion on the motor neuron is not the mechanism for habituation.

Finally, the possibility that pre- and postsynaptic inhibitory processes are
ocewrring elsewhere in the system (i.e., in interneurons betsveen input and
motor neurons) can be tested with drugs. Stryehnine abolishes several known
instances of postsynaptic inhibition, and picrotoxin markedly reduces pre-
synaptic inhibition (13). Administration of these drugs, given separately and
in combination in doses sufficient to rednce or aholish both pre- and post-
synaptic inhibition, has no significant effect on habituation or dishabituation.
Consequently, we would suggest that pre- and postssmaptic inhihitory pro-
cesses are not the neural basis of habituation.

As far as habituatiou is concerned, all of these data indicate that the de-
crease in response is the result of reduced inpnt to motor neurons. The de-
crement must therefore occur in interveurnns hetween inpnt anel output.
Furthermore, results of the drug studies suggest that pre- and postsvnaptic
inhibitions are not involved. Our guess, and it is Httle more than a guess at
the moment, is that the nevronal mechanism for habituation max hc a polv-
svnaptic analogue of the process of monosvnaptic “low frequency depres-
sion”. The latter appears to he a pre- or subsvnaptic process (29), and bears
some resemblance to the phenomena of polvsyvmaptic response habituation.
Dishabituation appears to be a separate superimposed sensitization process,
possibly related to afterdischarge.

I have presented this material in order to illustrate both the advantages
and limitations of the "mode! neural svstem” approach to the analssis of the
synaptic basis of changes in behavior. We have heen a great deal more suc-
cessful in showing what the neural basis of flexion reflex habituation (and,
hopefully, behavioral response habituation as well) is not, rather than what
it is. Using some of the analvtic tools now available from synaptic physiolo-
gy, we were able to eliminate a number of possible hypotheses with some
degree of confidence. However, we still cannot sav what mechanisms do
form the neural hasis of response habituation.

Successful application of the “model neural svstem™ approach is depen-
dent both upon an understanding of svnaptic processes in simplified sys-
tems and upon the choice of simplified neural svstems that appear to show
meaningful behavioral changes. Assuming that the latter re fuirement can
he met, the rapid current progress in the Reld of synaptic phy ‘:Inlng\ wonld
seem to offer increasing possibilities for the “model neural sestem™ approach
to the analvsis of nenral mechanisms underlving hehavior.

Galambos: Do vou have meastrements of any currents that might be
Howmg as a result of standing D.C. potentials in the spinal cord? Can the
change in amplitude vorr see actually merelv reffect a change with time i
the standing potential of the spinal cord?

Thompson: 1 cannot give vou a direct answer, since we did not measire
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gross D.C. levels of the spinat eord, Our intracelinlar 1‘ecordings were D.C.
and no slow shifts were scen. The fact that the interpolated monosynaptic
EPSP’s in Figure 43 did not change would seem to rule out the possibility
that shifts in the “standing potential” of the spinal cord are involved.
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