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Arousal, Activation and Effort:
Scparate Netral Systems

Karl H. Pribramnt & Dinne MoeGuinness®

to sumnmry, the remainder of this vohine attests to the rapid strides in our
knowledge thit are betng inade in the yoantitative deterosnadion of focut cere-

. Dbrat blood flow and in delsiting the connection between such delerminations
and cerehral metabolism, n ihis chapler, we want to present didicthat originae
frim o different orientation: a pewrophysiological and behavioral analysis
which can provitke @ bronder context within which the metabolic «data
brecote psychologicatly meaningful, An extensive review of such data rele-
vant 1o this issue, dati obliined in owr own laboratorics and clsewhere, was
prepired lnd, due 1o fimilations of space, has been abridged for presentation
here, The full ncconnt appears in the jonrnal, Psychiological Review (Pridwam
& McGuinness 1975},

Ask the mian in the street fo deseribe the occasions that demmrd brain
wark and he will meost fikely have recourse Lo such plirases as: “when you
iy atlention™: and “the effort it Lokes 1o solve pmblcms".’Ilrnin pliysiol-
ogists and psychologists offen address the samie issue Dy supgesting that
the brain is working when it i “aroused” or “activided”. For the most
part Hie terms aftention, efforl, arousnl amd activition are used interchange-
ably by layman und scientist alike {see for example Kahnemun 1973} Llow-
ever, we have reason lo belicve thal the data cucrently available clearly
distinguish a varicty of brain work processes and that differemt brain systens
are involved in eaclh.

Specifically, we distinguish belween o newral system involved in drenisal,
a phasic reaction o input amd another involved in activation, 1 lonic
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readiness to respond, And we also discern a1 brain circuit thid coordinates
arousal and activation, & process that demamlds resistance to or the initintion
of rapid shifts in cercbral metabolism amd is expericnced as effort. Here
is seane of the evidence upon wiiich these distinetions are based.

AROUSAL

The Neuronal Represemtation of Inpui

Arousal is said to occur when an input clianpe produces o measurable in-
cremending of a physiotogical {e.g., single unit recording of neurat poteniials;
galvamic skin response) or behavioral {(e.g., response amplitude of a spinul
reflex; frequency .of o jocomolor responsce) indicntor over a baseline. The
types of input change that produce arousal Lave heen studied extensively and
have been tabeled by Berdyne (1969) as coHative (def., to collect und com-
pare curehdly in order o arrange o informative order} variables. These
include sudden clinges in intensity 1o which the organism is unaceustomed;
changes i the timing of ippuls; and changes in the proumd in which
a stimulus figure appears. In short, avousal results whien, in the history
of tie viganisnt’s experience, an dnpul is scarce, surprising, compiex mud
novel. Such collalive characteristics also define the concept “informution”
as it is wsed in the study of conmmanication systems (e.g., Dritlonin 1962}
thus it has beeone customary to treal organisms subject to arousal as “in-
formation processing systems”. Inherent in such treatinent is the assump-
tion that ihe input s matched against some residual in the organism of his
past experience, or some compelence (Miller et af. 1960, Pribram 1971).
Without such maiching, there could he no novelly or mfummltm:, nor even
a mewsure of change in intensily.

Diving the 1960's 1 greal deat of experlinental evidence wecumulated to
substuntiate the pssamption il ap organism’s expeirence resoits in a resid-
uul in the nervous sysiem. Nehavioral rescarch wias mldressed o issues
such as adaplion level {lielson 196:1), expectuncy {Bruner 1937) ond the
devclopiment of “netronsl models” (Sokolov 190680, 1963} while neuro-
sciendists were conlent to demonsivate the uceureence of nny pertmancat or
semipermancat modifiability of neural tissue (see Priliom & Broadbent
1970, Horn & LHnde 1970 [or reviews).
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the Corebrain Arousal System

An extensive series of experiments (revicwed by Groves & Thompison 1970)
has distinguished a system of “arousal” nencons in the medial portions of the
spinal cord, This system of neurons converpes with anather more faterally
placed set of decrementing neurons onto a final commaon path Wl habit-
uales amd dishabituates much as does the hehavior in which these neural
systems are involved. ‘There is cvery reason (o believe that the rostral exten-
siom into the nesencephalic brain stem of this column of medinlly placed
cells acconnts for the well documented wrowsal clfecis of stimulations of the
reticnlar Tormation (sec Lindsley 1961, Magoun 1958 for review). Such
elfects arc oblained even more rostrally in the dicncephalon in 2 conlinna-
tion of this neoron sysiem info the hypothaiamus where cpisodes of fighting
and {lccing are produced by clectrical or chemical stimulation to the so-
calledd *defense™ region of the hypothalamus, These can be celated to the
oricling reaction. Abrahams & 1illon (19358) and Abrahams of al. (1964)
found that in atlempling 1o produce a defense response by stimulation of the
hypothalamuos, at first a much lower degree of arousal ocenrred, indicated
by pupit dilntion mind posteral alerting. Only when the level of stimulation
was incrcased and maintained for & few seconds, did Dissing, sn:uling,e
tunning aned pilo ereclion veenr. In the later study, werting beliaviors were
measured in greater detail, and deding inild stimalation the anthors observed
changes in pupil dilation, head movement, pricking the cars, respiration ad
blood flow. These same changes were niso recorded during responses to sim-
ple awlitory, visual or cutancous stimuli, in the atsence of hypothalamic
stimulation. Since these physiological changes ure the same a5 those ob-
served in all orienting responses, the defense reaction conkd therefore be
considered in part as duc to an increase of nrousal.

The Amygdala Circuits and the Control of Arousal

Cunveeging on -lhese hypothalamic strictures are two reciprocally acling
circuils regulating aronsal. These cirenits genter on the amypdala (sce the
more extensive review by Pribram & McGuinness (1975); ligs. 1, 2, 3, 4
amel “Tabie 1), One of these circvils involves the dorsolaieral [rontal corlex
and is excilatory since resections of this struclure invariably climinnle vis-
ceral-mtonomic orienting responses. ‘The other, opposite in funclion, is
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more lkely related 10 the orbitolronial corlex which as been shown 1o
e the rostral pole of an exiensive inbibitory pathway (Kaada ef al. 1949,
Wall & Davis 193], Pribeams 1961, Skinner & Liodsiey 1973, Sauvcrland
& Clemente 1973). ‘These data relale 1o the early descriptions of the be-
havior of amypdilectomized animals (Pribram & Bagshaw 1933) which
fucusegd on the aet (hat they were tane, unresponsive 40 threat and non-
appressive, 1lowever, the opposite limling was also occasionally observed
{c.g. Rosvoll er al. 1954) and more secent behavioral studics by Ursin &
Kaada (1960} using resiricted Sesions and clectrical stimulalions have con-
firmed the suggestion thal at jeast two more or less reciprocal system con
e identificd in the amygedata,

Such reciprocal inncrvation allows sensilive modulation (funing) of the
arousal mechasism. This is in accord with evidence on other contio! func-
tions of the amygdaln and related structures. Thus, injections ol carbaclol
into the appropriate hypothalamic site will initiate deinking; such injeclions
into the amygdaia have no effcct unless the animal is efready drinking, in
whicli case the amount of drinking becomes proportional te.the amonnt of
carbachol injecled in an exquisiicly accurate rclationship (Russcll e ol
1968). Latrapolating 1o $he issue belore vs, the fronto-amygdala influence
can be conceived as a fincly funed determinant controlling viscero-ntanamic
arousa! initiaded by the hypothalamic mechanism doring orienting. 1t is as
il in the absence of (he Mrento-amypdala systems, the animal would Tail 10
control his drinking behavior: once started he would drink wader circum-
stances in which others would stop. This is exactly what happens — and more.
Both eating and drinking arc conlrolled in this fashion — and not anly their
cessalion, but also theie initintion (Fuller et al. 1957).

A clue 1o whit these controls on arousal nccomplish, comes from the
Tinding that despile an essentinlly normal reactivity 1o shock, the amypda-
lectomized subjects have fewer “spontancous GSRs™ during the shock
sessions, suggesting a change in base Jevel (Ragshaw & Pribram 1968).
So far, when we have described psychophysiological data including changes
in 1210 and evoked potentinls, we have relerved 1o phasic, ie., trial by trial
changes in the initial period of observation, These changes to which we
have related mousal often reach asymmplote within 3-5 stimulus presenta-
tlions, Bul, we also recorded longer ferm sustained tonic changes in the
response mcasures, which, ns we shall sce in the next scclions, are indic-
alive of aclivation o clfort, That bascline changes vccur alter amygpcdala
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Experimental Sef-up
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Fig. L e showing the sel-up bn which GS®, heart ente, 1espirniony cade, nd
FLEG were recorded from moakeys during habitmtion sivdies.

lesions is demonsirated by various studies in which we stiowed that althougl
behaviornl ond some  eleclrocortical  responses appeared 1o be narmal
during orienting (Schwitizbium er al. 1901, Bapshaw & Deazies 1968)
the background level of these vesponses §s lower thao for controls. Ear
flicking is practically abscot during oterstimulus intervals, and it takes
less time for the lesioncd animals o altain o criterion of slow wave activily
in the EEG (Bagshaw & Benzies 1968) in the preparatory phase of the
experiment. While electromyographic (MG) responses occur with normal
laiency, the amplitude of these responses is constderably reduced (Pribram
et al. JOT}. ‘Fhese results indicate hat at 1he forebrain level, just as at the
spinal level in Thompson's  expediments {Groves & Thompson  1970)
prousal and decrementing sysiems converpe o pradace orienting, habitua-
lion, and dishabituation,

Perhaps the most striking lonic psychophysiological change o Tollaw
amygdalectomy was 1hie Tinding of a paradoxically clevated basal heant sale
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TRIALS OF 2-.5EC PUIRE TONE

Fip. 2. Cutves Toc an analysis of Hwe fivst 21 trinls {splil inlo 7 trial hloeks) or S5 of
GSI respense oo 2 sees tane Tor the nmygdalectomized, hippocampectomized nnd
umnperiated monkeys, Sec ulso Table L

(Bagshaw & flenzics 1968, Pribram ¢f al. 1974). This puzzled us consider-
ably and wade duta anndysis difficall (operated and conirol monkeys T
s he madehed for basab rate; it hicd to be shown that no ceiling efleet was
operating). We wondered whetlier “arousal™ 85 o concept was in [act
unlenable in the face of lack of evidence for oriesting coupled with
cievated heart rale. Experimental results oblained by Eliott (Ellioit e al.
1970) and his analysis charify the issues. He expected an elevated fonie heart
rale to accampany arousyd (defined as o response fo collative variables such
as surprise, uncerlaily, novelly aud complexity of input much as we have
defined them bere) bul as he was recarding tonie ralher than phasic chnnges
lie found the opposite: “these collative variables cither hiad no effeet on

8 AL Syip. VIIE
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Table 1

Swmnvry fabde of the GSR response weasures tiken on e st 21 giaks of stimubos
presentalion {shown in 7 {rind blocks) of (1} %6 responses {na compmied with n hascline
period of the same duratin)) when no stimeli (2 sce. tones) are presented; nmlb £2) the
ninplitides of these respanises for normnd, anrypdaleciomized amd Fippacinpectanizad
wonkeys, The numbers In parcutheses indicate the size of cach group stindicd, See also
[igs. 2 and A

Lirmp 2 Respunse Amplitide Koluns
Trinls 1-7 B-14 15-21 i-7 R-14 15-2¢%
Nuormal 6 54 13 ahn 24 12
Hippocampectmy {7) i e 62 5.9¢ 58¢ 35
Amypidaleciomy (6}
Hyperresponsive {2) gy 50 4n f1.4¢ 4.3 19
Hyporesponsive {4} e e oa* 2.4} -- --

4 = p lass than 05,

tonie hoitt rate or they hnd an effcet (Jecelertory) opposite to cxpectations;
bat response Tactors amdd incentive Iactors (reinforcing eonsequiences} had
strang nceelerating effects.” "Fhus, arousal, thouph it may show a bricl
intlinl phasic nceelernlion (Obrist f al. 19065), is in many civcomstances
accompaniud primarity by tonic henrt ete deccleration, which is indicative
of activation. In the next section we will detait the nearnl mechanisms in-
volved in aclivalion which, as Lacey (Laccy & Lacey 1975) has repeatedly
shown, produces a readiness 1o respond to envitonmentaly produced input
or to that produced by the consequences of actions, In short, our monkeys
with nbsent arousal reactions are consistent in showing an clevated tonic
hemt rate, As we shall sce in the final scetions of s review, sach elevated
tonic heart rale is manifest when the situation demands effort on the part
of the organisin,

We therefore inlerpret the eliects of nmygdalcctomy ns follows: because
thie specific controls on arousal are remuoved, aronsal results not in the re-
gisteation of the situation by altering the ncuronal modcel, but i immedinie
nonspeeilic delensive effort 1o cope with the situation. ‘This defense reaction
is characierized by an atiempt lo shul off Turther input (sce Pribram 1969},
un effect inferred from neurophysiological evidence of control over input.
The effort is reffected i an clevated heart rate mad other changes n lonic
voriables indicalive of o luck of rendiness to respond specificatly o the
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inpul. Thus “effor” is manifest in the absence of readiness. ‘This infer-
prefation is borne oul by the results of an experiment in which we riised
infant kittens in isulation, and showed that when examined al the age of six
months their viscero-mmonomic and endocrine reaclivity in orienting ex-
periments was essenfially similar to 1hat of amygdalectomized subjects: Uiy
hid ot lcarned o cope wilh situations and thus showed the “delensive”
syndrome sugpestive of considerable effors (Konrod & Bagshaw 1970).

“in summary, studies relating brain function: and the orienting ceaction
10 sensory input have pointed to the prescace of o system of newrons respond-
ing (o the amount of ioput 1o them by maintaining or incremenling their
netivily. ‘This core system of nearons extemds from the spinal cord through
the brain stem relicular formmation, including” hypothalamic sites and dies
in ¢lose proximily 1o those rcspnnsihlcl for the cngoderment of viscero-
anlonomic responses, By waity of ils dilfuse connections, this systemn s
responsibfe Tor the more abiguitous “arovsal” responses recordeed through-
onl e hrain concomilant with oricnting. Forebrain-control over this core-
brain arousal system is cxeried by reciprocal [acilitalory and inhibitory
cirenils cenlered on the amygdala. These circuits conlrol the onsel and
dhieation of nenral aronsnl much as they contral the onset and durntion of
viscero-mtonomic antd appetitive responses.

Our inlerpretation of e relationship between the lack al viscero-mmi-
numie responses lo oricnling amd the failure 1o babituate bebaviorally has
Lieen Lo sugpest thal a deliciency is produced in the are ubiguitous ceatral
mechanism by which orpanisns “register” inpot. When such Toilure in
registestion ocenrs, the organism's nervous system is temporarily swamped
by the arovsing input and reacts defensively to shut oul all further inpul
amel thus leads (o momatisms, This inlerpretation fits the clinical piclure of
the amngstic stafes (“deja” amd “jamais vuc”) snd the automatisms occurring
during psychomotor scizures produced by cpileptic lesions in the region
of the amygdala. "There is alse considerabic congeuity belween this inter-
pretstion and fhose of Mednick & Schulsinger (1968) and of Venables
(Gruzelier & Venables 1972) in their report of two classes (GSR responders
and non-respomders) of patienls diagnosed ns schizophrenics. Towever, the
intcrpretation alse suffees [rom the difficulties that plague understanding
of these clinical syadromes: how do distushances of repistealiun in immcedinte
awarencss influence subscquept relrieval? More of his in the following

seelions,

e
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AUTIVATION

The interaction belween beliving ovganisms andd their cuvironmeat s not
vne-sided, ‘The organism is nol just a swilchbwoard for incomiog stimulation.
Rather, the essence of bebaving organisms is (hat ihey are spontancously
aclive, generating changes in the environment often by way of highly pro-
granned, i.c., serinlly ordered responscs (Mitler ¢f al. 19060, Pribyam 1400,
1962, 1963, 1971). These organizations of bBehavior must involve the con-
struction of ncuronal models in ol Jeast two ways: 1) control of the somi-
tomolor system which effects the yesponses aml 2) Teedback from e
outeomes {scinforcing consegquences) of the behaviar, Sherington (1955),
in discussing central sepresentations, franed (he guestion *1s 1hie organism
inending 1y de something aboul the stimulus vagiables in the sitoation?”
Germana {19068, 1969 in o review of the evidence sugg.uslcd thal any central
representation or “scwronal model” must include sich “demand ™ character-
wiies, Thus e proposes that Paviovs “What §s #7" reaction (which we
have culled “wmousal™, the registration af input in awacoess) may ol oceur
unless there is also a “What's lo be done?” reaction. As we slall see, our
anadysis would sogpest that boll: reactions occur wnd et they can be
distinguished: registeving inpot, indicating “What is i?" amed vipilant read-
iness signaling "Wihat's o be done?” Striclly belavioral analyses have ted
1o & similar dissociation, The carly studies of Lawrence (1919, 195() and
the more recent waek of Bromdbeat & Gregory (reviewed by Broadbent
1971) in terms of imdependent manipulations of stinolus sel sl of esponse

sel are perbaps the best known,

The CNV and TNV

I'tobably the simplest silwalion which demands thal responses become
serinlly organized is onc in which twe successive input signals are separated
by an interval. The fiest input signals the erganism (o become reiudy to make
a response o the seeond which delermines the oulcome. A Large bady of
dala has heen gathered in this situvation.

These dats comcern the contingent tegative variation (CNV) of brain
clectrical activily discovered by Grey Walter and his colleagues (Walter of ol
19064). Lacey & Lacey (1970) have cslablished -a correlation between ihe
aoaplitude of CNV ud a particulae form of lonie change in hicat rite
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ohscrved in inlact subjects: a deceleration was invariahly observed 1o [ollow
the initial phasic acceleration which, us noled alove, only sometimes -ac-
companics arousal during orienting. Lacey & Lacey, along with Malmo &
WMelanger (1967), distinguish between their onc-minute-lung changes in heart
rale and “coduring” chimges in backgroond kevel. We, as do Ellioti (1969)
aned Lilliott ef al. (1970) shall call Hoth of these “tonic™ in the present review,
but it may well turn ol that subsequent experiments will show the Lacey
types changes are related 1o activation while more enduring levels of heart
vide reflect elfol.

The CNV was ariginatly proposed lo reflect an expectancy developued
when a specific response was conlingent on awailing the sccomd of two
slimuli, This wounld suggest that ihe CNV can be considered (o be another
central event indicating that an input is being maiched against 1he arganism’s
ncwronal model. However, other workers suggesied that the negutive shift
in polential rellects intended molor activity (e.g., Vaughan et al, 1908,
Kornhubier & Deccke 1965). Siill others, Weinberg (£972) and Donchin e o,
(1972} demonsirated that o CNV ocenrs whellier or not an everl molwr or
even a discriminative response is required, provided some set or expectaney is
built inte the silsation. Such sels du, of conrse, demand pustural motor
readiness, il no other than the suspension of rondom amd irrcievant activity.
Weinberg (1972) for instance, bas shown in man that the CNV cantiones
wntil Teedback Troun the consequences of reinforcement of the response
veeurs, ind we have oltained similar evidence in mankeys (Psibrony ¢t al.
1967). In o revicw af the CNV lilerure, Feece (1972) sugpest thal thice
types of negative poteatials interact depending vpon the demands of the
experiment, ‘Fhese are: [} CNV due 1o cxpectant attenlional processes,;
2) the mulor seadiness potential signaling intenlion to act; and 3) more or
less “spontaneous” shifts whose vecurrence cannol yet be adribuied to
specific fask sitnations. ‘This clussiflication though consonaat with resulls
uhtained by us in o series of studics (Donchin et ol 1978, 1973) does not
imlicate the full diversity of the CNV, We made recortlisngs from severnal
conlical Iocations wider ® varsely of vigilance comditions, ‘These studies
showed that fronseostical negative variotions (TNVs) could be recarded [rom
varions sikes in the eain amd that the lacation in whicl the TNV ocews is
dependent on the type of \rigilimcc lask. ‘Thus, frontad TNVs ate recorded
only carly in o task and when the task s changed; mator negative potentials
are recorded only in anticipation of the necessity to imake mn overt respanse;
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posi-central negalive polentials arc Targest when the organism must hotd
a response (conlinnousty depress a lever) wntil a signal 1o release il occurs;
and speeinl sensory sysiems respond to lheir specific inpuls. Many years ago,
stimulated by lhe Gestalt formulations of Wolfgang Kihier, we had in-
vestigated with him, D.C. shifts in potential in the primary sensory projec-
tion areas resulling from stimulating \he appropriale sensory chanoel, We
fowmd negative shiflts 10 occur and these were invariably associated wilh
the desynchronization of the EEG associaled with activation (sce Pribram
171, p. 111). We conclude, therelore, that the TNV is an indication of
cither asousal or activation of lhe brain lissee from which it is recorded.

The Hasal Ganglio and the Centrol of Activation

Sustained, tonic, change in potential is, however, not only of cortical arigin.
Subeortical nepative polentinl -shifts have been recorded in antmals hy
Rebert (1972, 19734, 19730) and in man by Grey Walter (1967) and by
aider {1970). Bt is as yet loo carly 1o characlerize the meaning of such
shilts for every location, but in peneral, it appears (hat negativily develops
whenever a parlion of brain tissue is mainfaining a readiness Tor processing.
This conclusion is also reached by Thllyard (1973) in an analysis of the
CNV and human bebavior, 1lillyard, however, notes, as do we {sce Priliram
& McGuinness 1973) that brain slemy comtrols on overnit cercliral negativity
exisl. We therefore will continue to nse the term TNV for the muftiple loeal
readiness of cercbrat fissues, and reserve CNV Tor the controls on these local
polenlial shifls.

Al the em! of the negalivily, i and when the orpanism actrally bepins
to do somcthing, a sharp positive deflection is usually obscrved anmd this
positivity has been eelated to consummatary behavior {Clemente of al. 1964).
In some benin locations (e.g., the visual corlex), 1lic sharp positivily has
alsey been associated with a shap inerease in power got only in the alpha
lrequencies, bt also in the theta (4-B lertz) ranpe (Grandstall [969).
Il remains (o distinguish between the TNV that ocours as a lunction of
aransal mod 1he desynchronizalion, with its concomitant deceense of power
in the alpha sid theta frequency range, accompanying (he negativity of
activation,
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LEFFORY

Thus the brain sysiems involved in arousal and activalion can be distin-
guished; arousal defined as a phasic reaction o inpot, activalion, as 8~
lonic teadiness fo respond. Yet, under many circumstances, (he (wo reac-
lions appear to be yoked: al the cortex by the TNV and also in the hypo-
alamic region (sec Pribeom 1971, Chaps. Y and 10). In such siluntions
they sharc the Tunction of reflexly coupling input 1o output, stimulus o
response, Jn thie absence of controlled arousal and aclivation, belimving
organisms would he constanlly aroused by their movements and moved
by aronsing inputs. There must be some process that involves both arousal
anel aclivation which allows 1he uncoupling to take place. ‘This process is
habituation, a process critical in the development of the ncuronal model.
Action peneraled inputs (the onlcomes of actions, their reinforcing conse-
quences) appear 1o gencrale wfore complexly strictired neuromad medels
thin repelilions of simple inputs per se. This complexily is largely due 1o
e paclicipation of the central mntor sysiems in gencraling inpul. Thus
il takes longer to form 2 habit in, than (o habituate 1o, the s siluation.
Complex inpuls such as repealeed cxpns'nrc to the same musical pecfonmances
<tk not readily induce habituation bt in such situations n goad dea! of motor
readiness — lisieniong — is also involved,

The Hippocampal Circnit

Animats with bilaleral hippocampectomy temd to show a %5 reactivity and
amplituele of the GSR opposile 1o that observed in the aon-responding
amygdalcelomized monkeys in the ardinary orienting paradipni. in addition,
lwo somewhat more sublic changes have been shown Lo accur. ‘I'hic most
important of these is thal the phasic skin responsc terminates considerahly
more rapidly in hippocampectomized subjects than i conlrols. 1t appears
from this that hippocampectomized monkeys {and nmygelalectomized hyper-
responders) re-cquilibrate more rapidly than nennal subjects whose slower
GSR recovery may indicate a more prolonged processing time. As we shatl
sce below, this is consisient wills other data that show impaired processing
of the disequilibrntion produced by o mismateh of input 1o the newronal
modal as a result of hippocampeclomy.

The second change is that such animals show delayed or absent oricoting
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of yespomse has an obvions clleet on recovery fime. See also Table 1,

reactions when thoronglily oceupied in performing some other task (Raphel-
son ef al. 1965, Riddell er af. 1968, Wicklegren & lsaacson 19673, Crowne &
Ridelell 1969, Kimble ¢ al. 1965). In short, these aninals appear lo be
abnormally undistractible. '

Bt in some situations this appeisince of undistractibility s restricted
to the overl responses of (e organism and ol to distraction per se. Donglas
& Pribram (1969) used distractors in a task in which responscs were vegiired
to, cach of two successive sipnals, 1lippocampectomized monkeys initially
respouded much as did their conlrols by averlly manipulating the distractlors
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‘Tublo 11

The rate of recovery of visceronuloommic peciuintion (as measured by the GSR) w
!l the value above haseline for the first 21 trials in ponnmel; amygdalectomized and
hippocsmpectmized monkeys, Numbers in parentheses indicale size of groups. See
also Fig. 3 where tinre 1aken rather than raie of response recovery is porirayed.

1§alf recovery rte for controlled

Group maplitudes
Kolhimis/Sec.
: Samil Latpe
_ Amplitmile | i-2k 24k
Normul {14} i L y.}] A0
Anyypdulectomy (6) _
Liyperresponsive (2) 7300 7300
Hypurespunsive (d) 250 A6
Hippocampectomy (7} 580+ 420¢

* o= p lesg than 05,

and Thus increasing the time belween the 1wo required responses. Jlowever,
in contrast o lhe bebavior ol their controls who simultancously Labitwated
overt manipulalion of the distractors and Lthe inicreespanse lime, the hippo-
campectomized group showed decrementing only af the overt manipulations
— their interresponse time faited to habituale ot all. “Thas, in this sifuation,
hippocampectomized monkeys continue 10 be perceptually distractible while
becuning behaviorally habitusted snd undistractible. ‘This result is identical
with that ablained in man with medial lemporal lesions: instramental be-
havior can {o some considerable catent be shaped by task experience bhut
verbal seports of the subjective aspecls of expericace fail 1o indicale prior
acguainiance wilh the situdion (Mitner J958).

This dissociation between habituation of pesceptual responses nnd habitua-
tion involving somatomolor performance appears to be part of a2 more
geacral cliec of |lip|l)t)CilllIP:ll lesions. Dissociation between observing and
instrumental response becomes manifest in other situations in which hippo-
campeclomized monkeys are (ested. In a diserimination reversal situation,
“extinction of previously learned bebavior s acquisition of newly correct
responses wis practically indistingnishable from that of control subjeets,
However, in contrast Lo their controls, the nronkeys with the hippocampal
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lesioms semained al n chance Tevel of petformance for an inordinately long
time (Pribram ¢f al. 19G6Y). This cflfect of the leston was shiown to Le due
o the “capture”™ of the belavior by a position hins (o respond to the 50 %
schedule 'of reinforcement - a bias peesent in both contral and lesioned
subjects but hardly manifest in wnoperated monkeys whose behavior came
wnder the control of discriminative stimuli much more readily (Spevack &
I'ribram 1973). This resull suggested that hicrarchy of response scls was
operalive in the situition such 1t “observing™ responses (dicalive of
“mliention”) were eclinquished when the probabilities of ceinforcement ol
discriminative stimuli ranged around the chance level.

Taken together, these experimental rosults suggest that inferference with
the hippocampal circnit reduces the organisim to s slade in which (he more
highly programmed relationships between pecception and action, belween,
obiserving and instiremental responses, and hetween stimulus and response
are relinquished Tor more primitive relationships i which cither input
or output caplure an aspect of the behavior of the orpanisin withont (he
ordinary  highly slructured  coordinating intervention of central control
aperations. The mechanisny by which the hippocampal circuit sccamplishics
this strectured redationship has to some exlent been clucidnted by recond-
ings of clectrical aclivity from the hippocampus both with micro and wilh
macroclectrodes, amd by precise clectricnl stimutations of sclected  parls
of the hippocampal cifenit.

The Hippocampus, Arousal and Activation

let us licrefore took al some of the evidence that detincates the hippe-
campal mechnnism mul helps account for the general observation that the
greatesi change in gross clectricnl sctivity observed during habituation nre
recorded from the corebrain (espectally mesencephalic reticular and limbic
conlrol sysiems, Joln 1967, John & Killom 19640).

Lindslcy has recently elaborated 1he mechanism by which the hippocans-
pally conlrolled reticular formation con cffeci these changes in regisiration,
Lindsley and Macadar {(1975) in keeping with many other recent pablications
(e.p., Fibiper et af. 1973, Ungerstedt 1974} have dissociaied (wo systems of
ncurons that inflnence the hippocampal circuit. One system originates in the
medinn raphé and associated structures of the mesencephalic reticular
formation, the other eriginales more Iaterally in the locus ceruleus and
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periaqueductal grey, We have come 1o know these two systoms {sce Pritram
1971, and Pribram & McGuinness 1975) as a serolonergic (indole amince)
“stop” mechanism pssociated with arousal and a dopaminergic and nore-
pineplirinerpic catechol antine “go™ mechanisin associnled with readiness
et activadiont. Lindsley's findings were obtaincd by clcctrical stimutntions
of the appropriate structures in the mesencephalic reticular Tormation, Such
stimudations of the “slap™ mechanisms produced hippocampal desynchironiza.
Hon amd #l e same time a syncheonization of the wmmypdala circuits, s
suppests o reciprocsd process by which the controls on arousnl are main-
tained as fonp s hippocampal irhibltion of the reticufar formation is in
progress — much as Vinogradovn (1970} supgests. Only when mismaich
from the ncuranal model is sipnalled. jo the reticwlar formation docs His
inhibitory conirol become loosencd preclucing hippocampal desynchroniza-
tion - and eoncomiti reinxation, synchronization, of the arousal Tunclions
of the amyguida circuits, Lindsley has found that often, though not always,
such hippecampal desynchronization is nccompanicd by  desynchroniza- -
tion of the scasory motor porjection systoms, suppesting that-“repistration”,
s alleration of the neuronal mude!, of the cortical representation, is occur-
ring.

"The second mcchnnism discerned hy the Lindslcy shudies is the eatechol
nmine activation sysicm which was the focus of the previons scelion. This
mechanism minkes possibie the “What is to be done” reaction, the processing
of response prodaced jinpats, When electrieally stinudnled, the mesenceplialic
portions of the “ga™ mechanism initiates hippocampal rhythmic activily
i the theta range of frequencics, Tiarly studies (Green & Arduini 1954}
had uncovered the paradox that the desynchronization of the CEG recorded
from the hrain’s couvexrity during “activation” was accompanicd by syn-
chranization in the recordings oblaincd from the hippocampus. (Thouph such
synchronizalion is nol as obvions in records obtained in monkey and mum,
computer analysis has shiown il 10 occur and that it can be stwlicd as well
in the printaie as in nonprimnte mamntals: Ceowne ef al. 1972), This syn-
chronous rhythnt ds in the thein range (4-8 11z) and has become the Tocus
of a long scrics of studics, the results of which are pertinent to our aeatysis,

That theta frequencies are especially prominent in records made Trom
" the lippocanpus was noted by Sung & Kormmuller (1938), Laler a series
of stdies {Green & Arduint 1954, Grasiyan 1959, Grasiyon ef al. 1959)
deseribed the oceurrence of hippocampal theta to the orienting stage in n
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comclitioning sttuation. S8l later, however, the oconrrence of hippocampid
thety was related instead {0 intended movement (Dalton & Hlack 1968,
Black ¢ al. 1970, Black & Young 1972): islended sather than overl move-
et hecause tite thet rhythm oceurs in conplelely enravized preparations
wlio have been trained in the uncurarized state 1o lever press. "these con-
clusions have been supported by anothier scries of experiments conducted
by Vawmlerwolf and his associates (Bl & Vanderwoll $472a, b, Valer-
woll 196Y, 1471, Whishaw of al. 1972}, Rats were observed while mmoviog
freety in the test situation and hippocampal electricnl sctivity was recorded
contintously, Theta aciivity ocenrred abmost exclusively  when the rals
were mtking “volunliey”™ movemends, here defined as acts or “response
sequences characlerized by Mexibility, modifiability aud associubility with a
vitriely af physiological drives”,

Adey and his group (Adey 1970, Adey cf al. 1960, Elazar & Adey 1967,
Wadidovacki & Adey 1905} 1ok the investigition of hehaviord cffects on
hippociampal theta shyths a step bather by showing that o shilt (from
4 10 6 Hortz) it power within the theta frequency range oveurs in cats from
the prestitnnlos periesd, through stimulug preseatation, 1o e correct response.
Bremner (1970) s further anatyzed the chunges in theta activity aloug tiee
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dimensions: (1) an incrcase or decrease in (he totad amount of power in
the thela range; (2} o narrowing or browdening of the range of coergy
distribntion arvond the peak frequency; (3) the tocation of 1hat peak
frequency in the EEG spectrum. Change in {olal power of thela depends
‘on the viscero-autouomic aronsal (increase) vs somalomator readiness (de-
crcase) distinclion dedineated bere, and the changes in contoor and their
distribution correspond (o the categorizing-reasoning distinclion pursued in
the paper by Pribram & MeGuinness (1975).

Sty

By way ol review, we aole that there exisls evidence for fthe organization
ol a centrad representation of input, the constraction of a {cortical) neuronal
model. Changes in this neuronal model are contralled by two subcortical
sysiems; onc is located in core pariions of the neuraxis and contaias neu-
rons that incremenl o or monilor input, white another more Iaterally placed
conlaing newrons which rapidly decrement when they are repeatediy stimu-
taled. In addition, we have delineated ibree mechanisms in the rosieal por-
tions of these control systems, One cenlers on the amygdaln, This cirenit
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{amypedain), notivation (basal gaoglind and cfforl (hippocumpal) circuits.



416 KARL 1L FRINAM & DIANE MOGEHINNESS

regulates the monitoring or “arousal” newrons amd becomes arganized inlo
a “slop™ or reequilibrating mechanism, A second is centered on the basal
ganplia. This circuit involves the activation of “go™ mecmnisms — cx-
pecloncies (perceplual) are readiness (motor), Finally, a third mechanism
comprising the hippocampal circuit has been identificd. “This cirenit s
involved in nnconpling stlimnlus from response by coordinating {he amyp-
dada and basal ganglia mechanisms so thal appropmiale cliwnpes in the central
representalion con ocenr, a process hal enlails effore,

In the older comparative anatomical literature, the aiygdala is vsually
considered to be one of the basal ganglia, albeit a speeial one relatad to
the offactory and visceral sysiems. Thus brain structures similar in their
mrpholopy, throngl dilfeset in their connections, control arousal anmd
activation. Their coordination in cffecting change in central representation,
on 1he other hand, devolves on n circnit very dilferent in morphology,
more akin lo that characterizing the cercbellum, another mechanism notable
for coordinating complex sequential processes.
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