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ABSIRACT

Using the «concept in control thsory,conditioned
behaviour ir general and the delayed ccnditioned approach
behaviour in particular are viewed as optimally con-
trolled processes. As such learned habits ars subiject to
guantitative analysis as contlinuous processes in the time
domain. The characteristics ¢f a bshaviounral system are
described by its relative errcr to a baseline level,its
phase velocity and the phase plane diagrams. It enables
the anpalysis of behaviour as on-going active processes,
rather than as discrete cerrelational entities,

The delayed conditioned approach paradigm is essen-
tially a servcmechanismélike paradigm., It can tTeadily be
studisd 1in the «ccntext cf ccontrol theory analysis., It
was used to study the role c¢f the frontal striatal systen
and the cerebellar control system in temporal and delay
conditioning.

bimale adult Albino rats wers trained in the delayed
conditioned approach behavicur and then divided into 9
groups, Four experimental groups received bilateral
electrclytic lesions either to ths frontal pole, the head
of the caudate nucleus, the posterior caudate nucleus cr
and the dentatc-interpcsed rnuclei respectively. There
were a correspending 4 shar lesicned groups and 1 normal
control group.

Resulte showed that bilateral electrolytic 1lesions
in the head and the posterior aspect of the caudate

nucleus produced temporary impairment in the dinitiation



of conditicned approach paradign. Subsequently,tthe head
of caundate nucleus lesicned group evolved into a hard
iimit cycle, no longer ssnsitive to changes in reinforca-
ment ccntingenciesg. In contrast the posterior caudate
nuclesus lesicned group show=d functionary recovery fron
an initial impairment on thke DCA., The group with frontal
pole 1lesions showed tempcrary shift +foward shorter
response latencies, suggesting the posibility of hyper-
reactivity to CS presentations. Lesions in the dentato-
interposed nucleus produced permanently ataxic Ss, but
their perfeormance on the ccnditicned approach paradignm

was essentially the same as those of the normal control

]

58,

The results were discussed with references +o the
concept of act inhibition, the initiation and control of
conditioned tehaviour and of rossible motivational

variables,



Chapter 1
Review of Literature

Traditionally, the relaticnship betwesn brain struc-
tures and Dbehaviour relies wmainly on techniques which
assume that behavioural systems are discrete, static
entities, Inter actions ©betuwsen the central nervous
system { CNS ) and keshaviour are described in correla-
tional terms.,

Alternatively, the application of control theory and
techniques allcws behavioural systems to Le studisd as
servomechanismn~like systems which are in the continnual
process of establishing active stability and eguilibrium,

while correlaticnal data yield abundant information
on the mcdes c¢f CNS function and behaviour , they dc not
provide adequate informaticon where behaviours are sssen-
tially viewed as con~going, active processes, The study
of timing functicn,ie. tempcral discrimination and delay
conditicning {eg. Skinner, 1938, 1946; Wilson and XKell-~-
er, 19%3; Laties, V¥Weiss, Clark and Reynolds, 19653
Reynoclds , 1966) is one of the topics in point.

Review o¢f recznt literature suggests the existance
of two major hypotheses concerning the neurophysiological
substrates underlying delay response and temporal discri-
minaticn. Cne hypothesis states that ‘timimg' is a
functicn o¢f the cortical inhibitory processes ( hypothe-
sis I ), while the other postulates that ‘timimg? is a
function of the cerebellar pcstural mechanisms { hypothe-

sis IT ).



Thi present study attempts to study the relative
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role cf the twc proposed neural wmechanisms. Using thne
control theory aprroach anayleis, it attempis to evaluate
the characteristics of the ccrtical and cerebellar
neuronal systems as active, c¢n-going procasses in  their
ad justrents to various levels of demand in 1 timing * of

behaviour.

Historical Background

Literature suprorting hypcothesis I : delayed respon

and temporal discriminaticn as a function of cortical

inhibitcry precesses.

The 1936 paper published Ly Jacobksen precipitated
the search for the neurological mechanisms for prefrontal
lobe-lesion-induced impairment cn delayed response tasks,
After bilateral prefrontal lcbectomies, bhis monkeys
showed a sevare and permanent impairment on Hunter's
delayed response test in the VWisconsin General Test
Apparatus{WGTA), delayed alternation, go-no-go tests,
SEensory discriminaticn, discrimination reversal, and to a
lesser extent, avcidance training. The majority of
results favors the concept ¢f the "frontal 1lobe systen¥
proposed by Rosvcld and Szwarcbart {1964)which included
the dorsclateral prefrontal cortex, the anteriodorsal
aspect of the head of the caudate nucleus, the subthala-
mus {and possibly the hippocampus) as components of the

cortical inhititory systen responsible for delayed



response performance  {Battig ,Rosvold and Mishkin,
1962;0ivac, 1€€8{a), {(b); Divac ,Rosvold and Szwarchart,
1967; Fox,Kimble & Lickey, 1964; Gross,1%63{a), hompsom,{
d); Gross et al,1962,1%64; Hansing Schwartzbaum and
Thompscn,1968; Konorski ,1959,1961, 1964, 19673 Mishkin
sProckop and Rosvcld ,19623; Pribrim,1955; Rosvolt &
Szwarclart,1962,1964; Stann,1968,1969,1970; Stamm and
Rosen, 186%; elc). It sheculd be noted, however, that
Hunter®s "delaysd response"™ involves restraint of S by
the experimenter as well as self-restraint, It thus is
somewhat different from Pavlovian DR,

Anatomical evidencse:

Apatomical studies have shown +the existence of
neuronal ©pathways among these cortical and subcortical
structures. 1In the ycung and adult albino rats, Webster
{1961) performed localized cortical ablations via suction
or thermoccagulaticn and subseguently traced the pattern
of retrograde degensration traced; using the Golgi rapid
‘method, Marchi’s method and the Naunta method., Webster
showed that all rats with «cocrtical ablations =oxhibited
striatal degensraticn. "Changes in the position of the
lesion produce changes in the locations of the regicn of
the striatur fcund to contain degeneration. The Striatal
degeneration is more widespread dorsally than nearer the
pallidum™. There were no axcnal termination in the
pallidum. In addition,the striatal degeneration was

considered terminal because +the Nauta & Gygax {1954)

b



method showad complex nests of ds
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jenerating azxons around
striatal cells. Scme of the cortico-striate fibers were
collaterals <c¢f axons 1in the internal «capsule. Host
importantly, Webster described that the cortico-striate
projecticn 1is topographically well organized in both
antericr pcsterionr and mediolateral planes, and is
derived frcm widespread areas of the cortex,probably
including the auditory ard visual areas, ¥ith cats
Webster (1965 ) identified a sipilar arrangement with the
exception that +the rat the striatum is not divided into
caudate nucleus and putamen, whilez the cat striatum is.
In both studies the author failed to observe striate-
cortical projections. Similar results wer= found in
monkeys by Nawta(1964), and EBurandt { 1961). Kamp and
Powell {1970) studied the cocrticec-striate connections in
adult macaque mcnkeys. Using Nauta technique, they found
that: {1) all rparts of the cortex send fibsrs to the
striatum in torcgraphically well organized fashion. In
the frontal 1lcbe +the cortex of the medial surface
projects dorsally in the striatum, that of the lateral
surface laterally and the crbital surface medially, {2)
Posteriorly the arrangement is mcdified din vrelation to
the develorment of the temporal lobe. {3) Projections
from the scmatosensory and motor aresa is large while that
from the viswal are€a is the smallest, {4) The sensorimo~
tor and frontal asscciatiocn cortex are vrelated to the
caudate nucleus ( and, in particular, to the large part

of the head and the parietotemporal lobe to the body and



tail «¢f the nucleus. Kemp specifically poeinted out that
“there 1s topcgraphic projections but multiple innerva-
tion from different «cortical areas wupon one striatal
region”, Kemp et al's {197(;1968)studies are in agree-
ment with these by Carman et al {1965), Yauta (1964) and

Divic et al {1967).

indirectly , Mettler , Hovde and Grundfest {1952) .
and Harman {1954) found a decrease in the volume of the
caudate nucleus 1in monkeys after extirpation of the
premotor and orkital cortex. EBut Ermolenko{1969) was the
first to rerport direct striato-cortical precjections.
Using cats as subjects, Ermclerkc performed electro-
coagulaticn of the rostral part of the head of the right
caudate nucleus. The brains were fixed in 10% formaline
and sectionad ten days later with Nissl's method. He
found that there is direct projection from +the rostral
part of the hcad of the caudate nucleus to the prefrontal
orbital, anterior limbic¢ 32 and secondary somatosensory
cortical areas. Preterminal degzaneration of axons from
the hszad o0f the «caudate nuclzus was found in +the
ipsilateral cortical area 6. Destruction of the rostro-
central part of the Heaé produced degeneration in the
antericr part o¢f sigmoid gyrus. Dastruction of the
rostro-medic~-ventral part cf the head produced degenera-
tion in the anterior part c¢f area 4. Projection of the
dorso-medial and central areas cf the rostral part of the

head «¢f the <caudate on the frontal cortex partially



overlap. The caudate part c¢f the head had more extensive
cortical ccnnecticons as destruction of +the area caused
degensraticn ¢f large number of filbers of medium and thin
caliber and of the thinnest preterminals in the premotor,
motor orkital, seccndary scratosensory and limbic ccertic-
al areas, But the author felt that a more extensive
study of the caudal part is needed. These findings
suggested that dimpulses from the caudate nucleus Bay
reach the cortex directly by=-passing the intermsdiate
subcortical structures ,ie,, putamen, globus pallidus and
nonspacific thalamic nuclei, "It definitely extends the
concept of integraton between caudate nucleus and cortex?

{Ermolenkc, 1969) .

Anatomical evidence for the cxistence of frontotha-
lamic and of <frontosubthalamic projections were also
present, Nauta {1964) ckserved prefrontothalamic
degeneraticr 1in the nonspecific thalamic nuclei, the
reticular nucleus and the midline regicn of the intrala-
minar thalamic <ccmplex. Jchnson ([1961) ; Johnson & Cle-
memte (1959), and Szabo {1962) all showsd that the
pallidum projects to +the ventral lateral thalamic nuc-
lens, However the existence ¢f a direct caudato-thalanmic
connection is not well documented at present {Buchwald
and fHull,1%67). Frecm  the sukthalamus there is a fiber
passage reaching the rostral midbrain tegmentum especial-
ly these anatcmical considerations, I shall tarn to

behavicural studies conceining the effects on delayed

Vol



response via various experimentsl manipulations of these
cortical and subcortical structures, MNore specifically,
emphasis shall be on the "inphibitory processes” and

delayed resgcnses.

Behavioural Task

Kcnorski and his colleagues have devoted over ten
years in studying the relationship between frontal 1lcte
damages and perfcrmance in the delayed rasponse paradignm
{Lawika,1957,1959; Konorski and lawika, 19593 Lawika and
Konorski, 1959; Konorski 19¢1a,1961b; Konorski and Lawika,
19643 Konorski,1967) . The gensral procedures of the
delayed response paradigm of this methed are as follow:
in the first phase the arimal is taught to receive food
in two cr mcre places; and in the second phase, the
location of food is signalled to the subject prior to the
start of the trial. Both the accuracy and the spead of
responding are controlled by the temporal interval ( ie,
the deslay ) ©between the offset of the signal and the
onset of the trial. In most delayed respcnse procedures
the animal is confined in the starting platform., A
stimulus is given indicating the location of reward. In
some experiments such a stimulus is provided by baiting
one of the food bowls in frcnt of the animal, Alterna-
tively wvisual, auditory or kinesthetic cues are utilized
in the delayed alternaticn procedure in which the preced-
ing response is a cue for the next response. Konorski?s

analysis of the delayed respense paradigm asserts that
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the instrumental response of approaching the apprepriate

food source is controlled by ccmpound CSs., 0One element

while the cther elements are the releasing stimulus
S
common for all instrumental responses, The most import-
ment facts chbtained can be summarized into five pcints:
(1) in normal dogs and cats the correct response occurs
regardless of assumed bodily orientation during the delay
interval; (2) the correct delayed respons=2s in normal
animals generally can occur after a delaved period of as
long as three pinntes for cats and of ten minutes or more
for dogs. {3)distractions intrcduced during the delay
pericd do not generally dimpair the delayed response
performance; {4) the delayed response remain correct when
there is a sczéen around the starting platform to block
the subject(s)'s view of the reward cups; and {4) in the
double signal test in which two feeders are signalled in
immediate succession in the sane triail, Ss usually
approach the more recently signalled feeder first.
Frontal 1lcbe lesions in the area cf.prefrontal poles
rostral to the presylvian suvlcus produced savere impair-
ment of the delayed response. Correct performance becanme
seccndary to a correct body orientation during the delay
period, and with introduction of distraction, correct
responce is reduced to chance level, Until 1961, Konors-
k1 considered the delayed responsas a form of Pavlovian
trace conditicning, and he attributed the impairment to

the destruction of Dbrain area concerned with recent
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memory cf tke directicnal cues, In addition +to discus-
sing the 1o0le of prefreontal-lesion-induced damage to
Pavlovian inhibitory CR?'s {1957,1959), KXonorski assumzd
that profrcntal lesions also lead to a impairment of the
neuronal mechanism cf reverkerating circuits in general
and therefore of all ccrtical inhibitory procasses
{Konorski, 19€¢1 b). Thus, befcre the end of 1961,
Konorski®s hypothesis concentrated on the cortical inhi-
bitory processes, frcntal lcbe lesion and delay response.
Since then, Kcnorski and cclleaguss have developed anoth-
er hypothesis to account for the effect of frontal 1lobe
lesicn o¢n delay response, namely that of kinesthetic
gnosis ¢f gpacial relations {1967). This hypcthesis
shall be discussed in a later section,

Lesion Experiments

In North America, the concept of act inhibition was
first put forth by Stanley and Jaynes (1949) and they
attributed the frontal-lcke lesion induced behavioural
impairment to the damage in the neural mechanism concern-
ing act inhibition. As gquotasd by Brutkowski {1963, 1964,
1965), B. Shustin showed that in dogs with frontal lobe
damage the previously trained CEs are often replaced by a
variety of spcntaneous motor unconditioned reflexes. In
Brutkowski's experiment, bhe trained dogs to place the
right fcrelimbs on the food tray cn presentation of a (S
in a conditioned reflex rocm., After large frontal lesicn

involving +the precruciate area, +the S executasd the CR

12



continuously even in the absence of the CS. "Presumably

a release mechanism accounts for thaese motor wmanifests-
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nce they all were clearly cbkservable in  the

preliminary period of testing®™ (Brutkouski, 19695),

Konorski  {1961) summarized the work on act inhibi-
tion from tﬁ»ir labcratory, Dcgs were trained to perform
various types of excitatery and inhibitory CRs. Thae
prefrontal 1lesion including the frontal poles rostral to
the presylvian sulcus {i.e., gyrus prorsus, gyrus subpro-
Teus and the anterior part of gyrus orbitalis and the
subjacent white matter) were then removed. Postoperative
testing showed that positive CRs were 2ither normal or
enhanced while inhibitory CBRs were disinhibited. This
was the case for both alimentary and defensive CRs., This
e2ffect 1is attributed to impairwment of internal inhitbi-
tion, which, according to Konorski, was bassd on the
formaticn of inhibitory ccnnsctions between the central
representaticns of the €S and UCS, alongwith the axcita-
tory cennections formed earlieser . Alsc prefrontal
lesions may either produce relatively pure drive disinhi-
pition, when the lesicn is 1imited to the frontal poles,
or to moter response disinhibition when the lesion

encroaches upcn the precruciate area.

Brush et al, (19&7) trained rhesus monkeys on a
series «c¢f 11-trial object discrimination task presented
at the rate of three problems per day under two different

conditicns of testing in a mcdified Wisconsin General
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Test Apparatus. In the "baited" condition, the choice of
one object of the vpair on the first trial was always
associated with a reward, and cn the remaining 10 trials
the 35 was required tc choose the same object. In the
"unbaited" conditicn the choice of an object of the pair
in the first +trial was never associated with a reward,
and on the subsequent 10 trials the S was required +tc
choose the cther object, While nc¢ impairment occurred in
the "Mtaited” conditicn, the frontal Ss performed poorly
on the "unktaited” problem. MOn the assumption that the
object <cheices on the first trials were determined by
aversicns and preferences fcr one object over the cther,
the pocor gperformance in the Munbaited” conditiocn was
ascribed to the frontal animals? great persistence or
inertia of +their initial setsy, Brushk et al., thus
suggested that animals with frontal ablations had diffi-
culty in withhclding any strong approach tendency result-
ing frem training or preference, thereby perseverating on
one responss to the exclusion of others, Impairment on
differentiation and delayed respcnse tasks were also
attributed to the same effects (Battig et al, 1950, 1962;
Brush et al, 1961; Brutkowski et al, 1963; Mishkin,

1964) ,

Battig, Rosvold and HMishkin {1960) +tested nonkeys
with caudate and frontal lesions in delay%d alternation
and delayed respcnse tests, The delayed response train-

ing ccnsistsd of +two phases, In phase I there was

14



neither a delay nor a screen. A peanut was placed in the
left or right fcodwell, Thern both wells were coversad
with neutral-gray cardboard plagues and the animal was
allowsd to makée a choice, Ir rthase II, there was no
delay but a screen was introducsd and in phass III, both
screen and delay were intrcduced, Delay was gradually
increased from two to ten seconds in steps of 1 seconds.
Bilateral lesion of dorsolateral frontal cortex and of
the hzad of the caudete nucleus beth produced imyaixménf
on the two tests employed, rut the magnitude of deficit
was greater with the frontal grcup. In addition tests on
the alternation in the automatic apparatus were most
sever=ly impaired, an etffect which the authors attributed
to the relatively smaller number c¢f stimulus cues in the
test =situation. Ahsimilar trend of results was observed
in a go-no-go discriminaticn task {(Battig et al, 1962 ).
In the 1962 study the authors studied the ccmparative
effects of bilateral frontal and of the head of caudate
nucleus lesicn on WGTA go-no-go auditory discrimination
in adult rhesus monkeys, with a view to find out if
discrimination and delayed response were mediated via the
same neural mechanisw, In the testing situation Ss were
presented with a positive 1000 Hz tone or a negative
white ncise, The subiject was trained to resach for reward
covered under a 3 1in., sgquare gray cardboard within 5
seC. ©r to refrain from reaching with presentation of
the negative CS. On colour discrimiﬁatian, red signaled

reward while green signal<d non-reward, The results

15



showed that (1) both bilateral ablation of the dorsolat-
eral prefrontal cortex and ¢f the hzad of the caudate
nucleus impaired DR and discrimination tasks; and (2) the

former type of lesicn prcduced greater impairment,

Mishkin (1962, 1964) studied effects of orbital
frontal and lateral lesicns on visuwal and auditory
discrisinaticn, 1learning set, discrimination reversal,
one-trial learning and spatial reversal. Their results
showed that the perfermance c¢f the lateral frontal grougp
%as bstter than that c¢f the orbital group on all tasks
e2xcept cn DR, although perfcrmance deficits were detected
for both groups. The authcr postulated that frontal
lesion produced loss of act inbibiticn, The greater
impairment produced by the lateral lesion was an effect

of both weakened act inhibition and spatial =lenments,

Brutkowski (1563, 1964, 1965) studied the seguelas
of partial 1lesicns in dogs, The perssveration of
response was produced by lesions of the dorsolateral
portion of the prefrontal ccrtex only, His dogs were
trainsed din a conditioning experiment in which both
positive and inhibitory trials wsre presentad on a
schedule <¢f either 15 sec. or 1 wmimn, intertrial
intervals. After the lesion, impairment occurred only in
the shert interval schedule, He suggested that deficits
reflected perseveraticn since perseveration should be
greater at shorter intervals. As support for the hypo-

thesis that the frontal cortex is an essential structure

16



in act dinhibiticn, Burtkcwski quoted Lukaszewska (1963,
1965) .His studiss showed +that normal rat which had
relatively 1ittle <frontal cocrtex alsoc had a remarkatle
perseveraticn tendency. Such a tendency, however, could
be overccme with long term training, suggesting that the
frental area inrat differs from cther species by exerting
a suppressing action on the mechanism expressing perse-
veraticn. Furthermore, this was confirmed by the bilat-
eral removal cf +the anterior +tip of forsbrain which

produced permanent perseveraticn,

In additicn Divac {1968 )} in a comparison of the
relative importance of prefrcptal cortex and of the head
of caudate npnucleus «c¢n delayed response, studied the
effects of lesicn in 15 adult cats. The Ss were trained
to apprecach either the left or right feeder according to
Gellerman series for reinfcrcement., 1In the delay problen
the preparatory auditory CS 1lasted for 3 sec., after
which the delay began. The S was released upon termina-
tion of the delay, and was vrewarded with a corrsct
response, The delay was introduced in steps of 0, 5, 15,
and 3C sec. Upon achieving a critaerion of 90% correct
responses they were tested with distractions of (1)
iowered hocd which ©prevented wvisual <contact with the
surrounding, during the middle 20 sec, o0f the 30 sec,
delay, and (2) delivering minced meat for 10 sec. during
the middle o¢f the 30 sec. delay. Ss then underwent

surgery in prefrontal; antericr caudate; anterior caudate

17



and prefreontal; posterior <caudate or no cperation,
Retenticn sessicns conducted 20 days after the cperaticns
showed that (1) both frontal and caudate lesions signifi-
cantly increased the number cf errors in the DR test; {2)
effects of the caudate lesion were greater in magnitude
than these cf the frontal lesion. This result challenged
Rosyold?'s (1958), Battig's (1960, 1962) and Divac's
{1967, 1968) statement that the caudate nucleus subserves
the same function as the frontal input area but to a
lesser degres, This apparent discrepancy was attributed
by Divac to species differences -- the ptefrontal cortex
plays a less important role in the cat, with regard to
the delayed respcnse perfcrmance, {3) Both control and
experimental Ss shcwed sigrificant improvement in +the
cours2 cf post-cperative testing sessions. Body orienta-
ticn during the delay was shown to be related to error in
performance as almost all incorrect orientation ended in
errone2cus response. Howsver, pcsition habit might be a
consequence rather than the cause of an S's inability to
solve the task (Divac, 1968: Cross and Weiskrantz, 1964),
Divac further showed that even a correct body orientation
did not necessarily lead to a ccrrect cheice, contradict-

ing Lawicka and Konorski's cbservation in dogs (1959).,

In their attempt to «clarify the role of caudate

nacleus in T

1]

sponse inhibkiticn, Fox, Kimble and Lickey
{1964) performed twc stage tilateral electrolytic 1lesion

in the <cats +to determine if lesions of caundate nucleus
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would produce performance impairment. The experimental
animals were substantially dirnferior +o the normals in
their ability +to dinhibit the instrumental feeding
response  1in the passive avoidance situation as indicatad
by failure c¢f Ss toc withhcld entering the feeding box.
Since the caudate Ss were not different from the normals
in acguisition c¢f an instrumental feeding respcnse, the
deficit was not in learning ability.' Neither were there
deficits cp active avoidance behaviour, They concluded
that the «caudate plays a recle mediating frontal and

anterior ligbic inhibition in passive avoidance tasks, .

!

Cheorover and Cross {1963) studied +he behaviounral
effect o©f bilateral selectrclytic lesion of the head of
the caudate nuclens in hocded rats. Basically animals
were trained in a two-lever bcx for food. Each lever
press that followed a response to the opposite 1lever
resulted in delivery of fccd pellet., 1In the acquisition
group, the caundate Ss were wmarkedly inferior to both
posteiior cortical lesioned and the normal control Ss,
The same type of results were obtainesd with the retention
group. However, the <caudate animals were apparently
normal in & Hebb-Williams maze learning. Thus the head
of the caudate nucleus was considsred a necessary Struc-

ture for adeguate alternaticn performance,

Schwartztaum and Doncvick {1968) studied the effect
of septal and caudate lesions on brightness and spatial

discrirination and reversal. They attempted to provide a
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more precise descripticn of the perssverative disorder
subsequent to disruption of the ‘Yrespcnse inhibition®,
All ewreriments wers conducted with rats in the shuttle-
box type of device. The authcrs found that septal
lesions selectively impaired reversal of spatial but not
brightness, discrimination. Caudate lesions, on the
other bhand, disrupted Dbrightness discrimination. That
the caudate-lesioned Ss showed a higher incidence of
response 1n the incorrect «ccmpartment was considered
evidence of spatial orientaticn disruption, ¥hile the
data agreed with their earlier results using stimulation,
the authors mentioned that the tests could not rule out
some ccmmonality of operation o©f the two structures

{Donovick and Schwartzbaum, 196€, 1963).

Geedman  , Rosvold and  Mishkin {1970) studied the
effects c¢t rrefrontal lobectemy in infant and Jjuvenile
rhesus mcnkeys on the delayed response tasks. These ages
were selected =0 that the infants were operated well
before while the juveniles were ogeréteﬁ well after the
maturation cf delayed-response capacity which develops in

the nornal monkeys between 4 - 8 months of age (Harlow et

6]

al, 1%68; Harlcw et al, 1960). The Ss ware trained in a
Wisconsin Gensral Test Apparatus, containing a statiocnary
test tray with two recessed wells, 13 in. apart., A1l
subjects were trained on delayed response, delayed-
alternation and visual-pattern discrimination tasks. The

results showed that prefrontal lobectomy cansed learning
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deficits on all tasks for both groups. In the case of
the delayed-alternaticn task, the operation producad a
greater effsct din the «c¢lder Ss, bu:t performance was
better in the clder normal Ss. The awunthors attributed
the vpattern o¢f damage to impairment in a function
mediated by the orbital cortex, which, in <contrast to
dorsclateral tfunction (Akert, et al, 1960) is not compen-
sated by early remcval. Harlow et al, (1968; 1964) have
showed that dorsolateral rprefrontal 1lobectomy produce
delayed-resronse deficits only in monkeys 5 months old or

OVer,

Tc study the neural mechanisms concerned with regu-
laticn c¢f responsivity and lateralization in neural
organizaticn, Hansing, Schwartzbaunm and Thompson { 1968 )
studied +the eiffects of unilateral and bilateral caudate
nucleus lesicn cn rats in 15-ssc, VI and i1-min FI
schedules. Ss were trained to press lever in two-lever
box for 8% sucrcse soluticn., Daily sessions were given
alternatively with weach «c¢f the two lever., The results
were as fcllows: Unilateral caudate 1lesions causad a
complete cessatiocon cf lever pressing with the contralat-
eral paw, ﬁ@ttaining was noct successful. Even when
attracted toc the lever, the S did not reach pre-operative
level of performance. With a seccnd-stage caudate lesion
of the oprosite side, scme Ss failed to respond with
e2ither foreraw, while some Ss showed a recovery from an

odd pattern of depressed respcnse with +the forepaw

21



contrary to the second lesicn. The cortical lesion which
inciuded the sensorimetor areas although sufficient +to
induce transient paralysis of contralateral limbs and
disturtance in placing reacticns, did not impede lever
pressing with the contralateral forepaw. One=-stage
bilateral caudate lesions did nct produce any systematic
behavioural changes on the VI schedule but showed a
significant <chift in the temporal distribution ct
responses during the first halt of each FI. Unilateral
lesion ¢f the same subcortical area did not produce any
demcnstrable changes in performance, On the other hand,
while unilateral caudate lesicon produced a significant
decrease 1in respcnse Tate with the contralateral linmk,
bilateral caudate lesicn prcduced no systematic shift in
topegraphy c¢f response, though it did increase the
changes in Iesponss Qattern.iﬁ an absolute sense. The
authors attributed the changes to lesion-induced distur-
bance in the ipitiation of tehavicur, which is a fuhcﬁicn
of the striato-pallidal system (Hansing, et al, 19568:

Denny-Brown, 1962} .

Electrical Stimulation Experiments

Turning to the experiments using slectrical stimula-
ticn, ¢ne is imptésseﬁ by the relative consistency in the
results obtained from different laboratories. The work
of Buchwald, myers, Lauprecht and Heuser {1961 ) showed
that iow trequency stimulaticn of the caudate nucleus

{70v, .01 msec. at 5 sec, intervals ) activated
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inhibitcry processes manifested both by Dbehavioural
changss ({29, from alertness tc drosiness and sleep } andgd
by the occurrence cf Ycaudate-spindles” in +the electro-
gram, which is a +train of high voltage, rhythmical
oscillation, lasting 3 sec., in duration, with a latency
of 150 - 200 msec. ). Both the behavioural changes and
the elactrical recordings coculd be disinhibited by novel
stimulation. 40 «cats were used in acute and chronic
experiments to study the cecrtical loci of the caudle-
spindle {Buchwald et al, 1961a). With a low intensity
single shcck, 0.01 msec. duration, at 5 sec interval, of
the caudate nucleus, spindle bursts were picked fron
several cortical and sukcortical sites., The most pro-
mineat place for spindle activity is +the ipsilateral
precruciate {anterior sigmoid gyrus) region of the
cortex. It <can also be obtained from contralateral
anterior sigmcid gyrus, both posterior gyri, most of the
thalamus, globus pallidns, contralateral caudate nuclsus,
entopeduncularis, and septun. The <caudate spindle is
elicited at a frequency of 10-12 Hz and can be obtained
from resting or sleeping animals and in preparations
2xhibiting relatively slcw rhythmical electrocortico-
grams. It is thus antagcnistic to functioning of the
central arcusal systen, in relation to other brain
areas, th2 authors showed that electrocoagulation of the
thalamic nucleus ventralis anterior ipsilateral to the
site of caudate stimulaticn suppresses "candate-spindles®

at the ipsilateral cocrtex but contralateral spindling
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remains, With prolonged stingulation, the Ss exhibited
decreasing sensitivity to peripheral stimulation and
radually passing into a state of drowsiness and slesg,
Simultaneously, the caudate spindle +threshold decreasszd
while +that of duraticn increased, However, at any point
in the sequence, both +the electrical and behavioural
changes can be reversed by arounsal stimnlation of suffi-
cient magnitude. Further, the 2lectrophysiological
effects of central arousal car te compensated for by an
increase in the parameters of caudate stinmulation,
"These results suggest that the ‘caudate-spindle? is
related to nevrclogical processes mediating general beha-
vioural inhibition and acting antagonistically to

reticulc-thalaric arousal prccesses® {1961, .

Heuser et al,{1961) stimulated the caudate nucleus
of cats befcre and after separation of the thalamus fron
the caudate., The results showed that the caudate-induced
cortical spindles depend prirmarily on aﬁterior ventral
nuclsus of the thalamus. The same was true with caudate-
induced cortical desynchronpization. They suggested the
existence o¢f a caudate-lcop {thalamus-caudate-anterior
ventral nucleus),. Depending o¢n its fregquency, +this
feedback loop can functicn ir iphibitory or facilitory
fashion. But under the normal circumstance the caﬁdafe
acts in a inhibitory manner to produce inhibiticn both
electrographically and behaviourally eg. 1loss of alert-

nass .
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Buchwald et al, 1961 {Buchwald, Wyers, Lauprecht and
Heuser) dimplanted chronic electrodes in <cortical and
subcortical lecci to =tudy the Lbehavicural effects of
stimulating the caudate nucleus and ventral anterior
nucleus of the thalaﬁus in cats. Cepending on ths
stimulating parameters, the ©Lkeshavioural consequences
varied, All cats were traired +*c¢ bar press on FR-1,
FR-4, and FR-12, and stimulus threshold was established
tor each 5. Bilateral stimulaticn of the caudate nucleus
was then pressnted at frequencies ranging from 1 pulse/5
B2C, to 5 pulse)s@c, At these frequencises there is a
stimulus-induced slowing and cessaticn of response,
While +the lower frequencies caused a mors graduval reduc-
tion in response rats before cessation of bar pressing ,
the higher <freguency stimulaticn could cause abrup&.
termination c¢f «responsing ir +the operant situation.
However, these Ss remained alert and oriented, though
they seemed unccncerned with the lever., Upon termination
of the stimulation, Ss resumed lever press with a
post-stimulaticn pause withcut any «change in response
rate as cemrared to pre-stimulation baseline rate, High
frequepcy stimulation of the caudate at 300 pulse/sec.
on the cthar hand, caused desynchronization of +the
caudate=-spindle without <changes in .cvert response pat-
tern, and it never increased rate of bar pressing in
hungry Ss. Stimulaticn of an S previously exhibitead
lowy-frequency-stinulation induced cessaticn of response

caused the S to resume ccntrcl rate of lever press.



fffects of the stimpulaticn o©on the anterior ventral

)

thalaric nuclei prcduced essentially the same results,
The authors thus ccncluded that the caudate nucleus is
concerned with two separate copposing functional systens;
a low frequency inhibitory system and a high freguency
facilitatery system, VNormally the caudate functions as a
part of tre negative feedback sending modified signals
from the diffuse thalamic nucleus to the anterior ventral

nucleus of the thalamus, and then to the cortex.

In the 1%64 paper, Buchwald, Horvath, Soltysik and
Romero-Sierra further showed that low frequency stimula-
tion induced cessaticn of lever press was not nmotor
dysfunction; Rather, 1t was the consequence of beha-
vicural inhibiticn -- in contrast to caudate stimulation
of the internal capsule which caused the S to become very
awkward or rress toc lightly to actuate the manipulandunm,
often showing +tremor of the ccntralateral paw and head,

and general unresponsive to external stimulation,

Buser, Rougesul and Perret {1964) trained cats to
press lever for focd with cne foreleg., A repetitive 2
pulse/sec. saquences of flashes or clicks served as the
CS. The Ss were implanted cortically with recording
electrodes and subccrtically with stimulating =2lectrodes,
Fssentially the same behavioural observation vas
repcrted, %ith bilateral stimulation of the h=ad of the
caudate nucleus and of the midline thalamic nuclei, The

optimal frequency was 3/sec., for the caudate and 7/sec.
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for the thalamus. While stimulation produced cessation
of conditicned response, thalamic stimulation had much
less effect cocn the wmore ‘natural? movements sSuch as
food-seizing , head turning, chewing and walking. Caud-
ate stiﬁulatica showed nc¢ effect c¢n thesse ?'natural?
movements, The authors alsc reported a close correlation
between electrophysioclogical and beshavioural effects.,
Threshcld fcr suppression of the conditioned movement and
for cortical ?spindling? agpeared to be of the sane
magnituds, Thas, similar tc the previously quoted
experimenters, the authors considered the caudate nucleus
and the midline thalamic nuclei the important centers for
response inhitition, of conditicned behaviour. Buchwald,
Romero=-Sierra, Hull and Wakefield {1967) showsd further
that stimulaticn cf both the caudate nucleus and of the
ventrclateral thalamic nucleus could serve as a discri-
minative stimulos for either the presence or absence of
reinfercement. Such €S guality «c¢f central stimulaticn
could oppose the innate iphibitcry effects of stimulation
upen cvert Dbehaviour. Based on these observations,they
argued that there 1s a considerable overlap of neunral
elements stimulated by the iphibitcry stimulus and by the

learned stimunlus.

In the 1967 paper, Euchwald, Hull and Trachtenberg
correlated tetween unit activity, TFEG and eaffects of
stimulation o¢f the head of the caudate nucleus and the

thalamus. In ¥"chronic® cats, arallels Dbetween beha-
p
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vioural and z2lectrophysiolcgical activity wers observed.
Stlmulatica of these sites induced an inhibition of the
unit activity whose duration is closely associated with
the cnset of EEG spindles, with a conccemitant extracel lu-
lar positive slow wave, Tke dinhibition was abolished
when afferent -inputs were paired with the inhibitory

stimulus,

Stamm and Rosen ({1969) studisd the relation between
electrical stimpulation and steady potential shifts in
prefrontal cortex in four monkeys during delayed response
performance. Bipolar stimulation consisting of 2 sec,
trains of 1 mssc. pulses at the rate of 50 pulses/s&cC.
was delivered tc the principal sulcus coﬁtralatetal to
the responding hand, Ccrrect response for each S was
disrupted if the stimulaticn train was presented during
the first seccnd of delay. The recording showsd that the
magnitude of negative steady potential shift from pre~
trontal cortex was related tc the rates of correct and
incorrect respcnse, the higher pagnitude was related to
higher ccrrect respense rates, suggesting that the shifts
reflected the state of excitation of +the underlying
neural element., They concluded that the cortical segment
of pricipal sulcus in contralateral hemisphere was cru-
cially implicated in the DR task cnly during/ the brief
period befcre and after the beginning of the delay

interval.
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Deadwyler and dyers { 1970 ) stndied the effects of
interpclated sseptal and caudate stimulaticn on DRL per-
formance in albino rats (1970), with a view to determine
the pcint within the delay interval where stimulation of
2ither structure maximally influsnces DRL performance.
The experiment ccnsisted of six daily sessions to =ach of
three interpclated stimulation conditions. The three
interresgonse time classes were : the wearly ({0 - 4.3
50C.) the middle{#.4 - 8,7 sec.} and the late (11,0 =
15.4 sec.) interresponse time, Dally sessions consistead
of four counterbalanced bloccks c¢f 18 reinforcements. The
stimulating parameters were 60 1/2 ms /sec of 20 - 100
micrcamps for the septal Ss and 3.0 1/2 ms/sec at 700
microcamps fcr the caudate 3Ss, #hile the substantial
differernce in stimulation intensities cloud the interpre-
tation ¢f the results, the results are in part consistant
with cther studies { Buchwald €t al ,1964 ; Buser et al ,
1964 ). Spacifically, results showed that with septal
stimulation facilitation of response inhibition in the
'early? and 'late' time classes of the DBRL delay interval
did not enbance overall TRI performance., HNeither did it
significantly disrupt normal timing behaviour, indicating
that such stimulaticn did not act as a reversible lesion.
With caudate animals, on the other hand, there was a
sigpnificant reduction in responsiveness during all three
interresronse time intervals, Eesides, the 'middle? and
l1ate' interpclation <conditicrns affected a significant

increase in responses during interresponse times immedi-
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ately follewing time cut of the DRL delay. All three
interpclated caudate stimulaticn facilated thz efficiency
of DRL performance by significantly increasing the mean
namber of reinfcorcements per respounsa, The authors thus
concluded that there was a stipulaticn~-induced disruption
cf normal timing process. Caudate stimulation "not only
inhibited «responses during 1its occurrence but also may
have disrupted the 'mnemcnic? device which the animals
normally wutilized <o process information about the pas-

sage of time" (Deadwyler and Wyers, 1970).

Chemical Stirmulaticn Experiments

Direct applicaticn of chclinergic coapounds into the
head cof the caudate nucleus produced effects similar to
those eliciéea by electrical stimulation., Hull et al,
{1967) compared the effects of dirsct cholinergic stimu-
lation of +the head of the caudate nucleus with those
based cn electrical stimulaticn of the same area, They
found that parallel to electrical stimulation studies,
behavicural ccnsequences of cartachol were a function of
the tctal dose. Two gualitatively different behavioural
patterns were cobserved., Aprlicaticn of small doses {less
than 4 mg) o©f carbachcl elicited responses which included
inhibition ¢f on-gcing learned performance although thse
animal remained alert and responsive toysensory stimuli,
Higher doses {ranging from 4 to less than 10 mg) cn the
other hand, preoduced behavioural effects which included

intense rage, severe autoncric discharge and sharp drcep
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in cerebral cortical temperature, These effacts are
differert frecr those produced by bigh fregquency electric-
al stimuliaticn. The experimenter attributed the effact
to high resistence of carbachcl to hydrolysis by choline-
sterass. Similar effect was also obtained with local
application of the chemical tc lateral ventral thalanic
nucleuns, The same peurconal pcol was considered to have
been excited by both electrical stimulation and by the

chemical to prcduce the inhibitory behavioural patterns.

Neill and Grossman {1¢70) also ccompared the effects
of lesicn and chemical compound scopolamine on candate
functicning. Local application of chemical was done by
bilateral implantation cf dcuble~-walled cannulas into the
dorsal and ventral aspects c¢f the head of caudate nucleus
of 40 rats. 5 - 15 mg of c¢rystalline scopolamine methyl
nitrate was tamped into the +tip of cannula 5 minutes
before shuttle-box avoidance +training. The resnlts
showed +that ©both dorsal and ventral lesions in the head
~of the caudate nucleus significantly impaired acguisition
of avoidance training. But a blockade of <cholinergic
compenent c¢f£ the dorsal and vsntral caudate nucleus
produced dirsctly cppesite eifects on avoidance training.

Administration of scopolamine tc the ventral aspects
reliably facilitated, while to the dorsal aspect reiiably
inhibited shuttle-box 1learring, The experimenters sug-
gested that bcth aspects of the head of +the caudate

nucleus are dinhibkitcry in action and cholinergic, but
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they inhibit different behaviocural functions. #Hhile
dorsal «cholinergic @pechanisms afppear involved in the
inhibitcry aspects of activity in a noval envircnment,
ventral chclinergic mechanisms are involved in the inhi-
bitory ccmrenents of shuttle-box avoidance learning"®,

The absence of facilitatory effects of ths ventral lesion

was probatly due to a mcre predcominent effect of other

systems in this same general area, Indeed, Neill and
Grossman's study correspcnds well with Hclennan and
York's wcrk on cholinergic mechanisms 1in the caundate
nucleus and its response to electrical stimulation of
ventral anterior nucleus of thalarus in cats., In 1966
paper, Kclennan and York described the Tesults of central
application of the caudate nucleus by iontophoresis fron
five-barrellsd electrodes, They found that neurons
responding by excitation fcllowing ACh and VA (ventral
anterior thalamic nucleus) stimulation and responding by
depressicn fcllowing ACh and VA stimulation have been
cbserved. The +two types of neurons are located in
different «regicns of +the nucleus, with the excitatory
neurons forming a lamina surrcunding the deprassad
neurons, At greater depths near the ventralateral sur-
face and near the medial edge of the nucleus other groups
of ACh excitable cells are located, Together with their
garlisr cbservations {Mclennan, 1964) that the release of
ACh frcm +the caudate can ke enhanced by VA stimulation,
it is suggested that the 1966 results indicate a ﬁinal‘

cholinergic 1ink in the pathway from VA +to caudate
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nucleus., Shute and Lewis ({1963); Ordy et al, {1969) and
Macintosh {1%41) lend support to the hypothesis that the
caudate pucleus is an important structure in the cho-

linergic systen.

Carlton (1963) stated that ¥.,..there are inferential
grounds for supposing that a cholinergic system selec-
tively antagcnizes the effect of activation on certain
behaviour and that the basis c¢f this selectivity is the
extent to which that behaviouvr is rawardsd®. Pavlioy
{1927 ) apalyzed delayed responsing into two phases of
initial inactivation and activation. According to  his
analysis, the phase of activation is closely related
temporally tc the cnset of reinforcement (Pavliov, 1927},
while the delay is established via gradual lengthening of
time interval between the cpset of €S and of reward. The
logic consistency between behavicural and pharmacological
studies can be 7Teadily =seen. And we <can say that,
together with studies using stimulatiocn and lesion tech-
niques, the rental loke system 1is cholinergic and
inhibitory in function under normal circumstances, and it
is crucially involved in delayed response and temporal

delay.
4

Literature supporting hyrothesis II : delayed respons

and temporal discriminatior as a function of wmediating

postural mechanisns
While literature suppcrting hypothesis 1 {that
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delayed response and temporal discrimination are a func-
tion of the frontal-caudate ~thalanmic subsysten ) is
abundant, there are studies which support the secound
hypothesis that delayesd response and temporal discrimina-
tion are a function of mediating postural mechanisns.

These studies will be reviewed telow,

Wilscn and RKeller (19%53) studied the behavioural
pattern of @pale albino rats on the spaced responses
{i.e,, differential-reinforcement-of-low-rate scheduls;
DRL). After preliminary training in Skinner bex, the Ss
were reinforced with food pellets for lever prasses
separated frcm the previcus presses by progressively
longer delay intervals, viz., 10, 15, 20, 25 and 30 secc.
They observed that as the delay intervals increases the
rate cf bar pressing decreases in a fashion linear to the
delay intervals used. The median time between successive
responses increases slcwly , but the number of reinforce-
ments cecreases quite rapidly., More important for our
purpose, he noticed that each 5 dsveloped clearly defined
collateral kshaviour during the intervals between succes-
sive responses, "This change in the rate of the condi-
tioned resronse results frcm the partial extinction cf
bar pressirg and the strengthening of behaviour that is
incompatible with it", As these responses which gained
precedence over lever press due +o nonreward are not
specified in the reinforcirg centingency 2ach S developed

its own pattern., With increase in delay intervals, more
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links were conditioned o0 the chain of collateral beha-
Viour, The strength of such collateral chains was
theught to b2 maintained through conditioned reinforcers

provided by the stimulation attending the response chain.

Laties, Weiss, Clark ard Reynolds (1965) examined in
detail the phencmenonrof mediating collateral Dbehaviour
in the DRL schedule., An adult albino rat was trained on
DRL 22-sec EXT 2-min FR 30-EXT-2-min., After 35 hours of
training the experimenters cbserved that there was a very
regular pattern of Dbehaviour during the pauses betwsen
the DRL compcnent and only at +that time,. The rat
appearsed to be biting its tail and moving its mouth over
the surface frcm one end to the other while holding the
tail in the frent paw. Recording on this behaviour
showed that {1) the rat nibkled on its tail longer during
pauses preceding reinforced responses. "...the amount of
mouth-tail contact cculd have served as a discriminative
stimulus for lever pressing®., Application of cyclohexi-
mide tc rat tail supressed rcouth-tail contact and also
the amount of reinfercement., JIntraperitoneal injecticn
of amphetamine sulfate and remcval of lever alsc induced
variaticn in the mediating behavicur chain and subsequent
reducticn in reinforcement rates. These results sup-
ported the hypothesis that the ccllateral behaviour chain
is important ir the tempcral spacing of responses.
Essentially the same type of behaviocural patterns were

observed by Hodos et al, ({1962), using mnonkeys as
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Miles {1%€4) rzsported his study in squirrel monkeys
with frontal lssions., He emphasized the importance of
spacial factcrs in delayed regronsa performance., Lesion
induced hyperactivity would then reduce delayed-responss
proficiency (French, 1959, and Miles, 19684). He also
menticned the importance of bedily orientation and a
learned pattern of behaviour in bridging the delay
interval. Thcmpsen (1959) studied the effects of frontal
lesion cn avoidance learning in cats, He postulated that
frontal énd striatal lesione interfered with propriocep~-
tive and tactile stimulation essential for the integra-
tion c¢f resgcnse chains. "The severity of postoperative
deficit conssquently would depend upon the extent to
which tte behavicur is under the control of discrimina-
tive and reinforcing stimuli produced by the posture and

movements of the organism” (Miles, 1954),

Based c¢n experimental reports by Dabrowska who
‘studieé the effects of prefrontal lesions in rats,
Konorski postulated that pestural habits are a ma jor

factor in delayed resgponse performance (Konorski, 1967).

Dabrowska (1959, 19463) studied prefrontal lesion in
rats under food reinforcement in a four-unit-quadruple-
choice apparatus. He found that the lesion disrupted the
S's capacity to integrate performance into a anitary act

and they bhad to 1learn the proper way in each unit
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separately. WNcrmal rats shcwed considerable saving in
learning¢ frcm task *to task. But the performance of a
frental rat was much more supericr if cnly one aspect of
the last unit was changsd. Using a reversa T maze to
study the return response in ncrmal, normal blinded,
frontal Dblinded rats, as well as rats trainsd with one
black and one white arm in the maze , he found that only
prefrcntal lesicns impairment in return response., Conse-
quently Konorski argned that the prefrontal region modu-
lated perfcrmance that was presumably controlled by

kinesthetic cuss.

Feollcowing Koncrski®’s  hypcthesis, Stamm (1970) also
attributed the normal performance cn delayed alternation
the functicn o¢f kinesthetic inputs. He trained monkeys
on DA and visual discriminaticn tasks either in WGTA,
restraining chair c¢r lccomctor maze. Half of sach group
received dcrsclateral prefrcntél cortical lesion. The
results wera2 (1) frontal lesicned monkeys performed much
poorar 1in maze learning task than in the restraining
chalrtask ; (2) the frontal monkeys' srrors in responding
vere a conseguence of streng positional habits; (3) the
frontal ss were most handicapped in acquiring any visual
discrisination task and {4) the frontal Ss which reachad
criterion alsc developsed postural habits, performance
dreopped to <chance levels if ypositional habits werse
interrupted. Thus he concluded that the rate of delaysd

alternation is a function of the degree of motor involve-
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task., The severity <f preifrontal impairment
is a functicn of the dsagree c¢f motcr involvement in the

Te3L0ONnEe PDLCCESSES.,

If the collateral mediating bzhaviour and kinesthet-
ic inputs play a critical rcle in temporal discrimination
and delayed respcnses, ther disruption of neural substr-
ate essential to patterned respronse sevents would also
cause disrupticm, tempeorary or permanent, of timing
behaviour and/or delayed respcnse, This is one of the
major interests c¢f ths present paper. For this purpose
the cerebellar pathways and nuclei which are implicated

in motecr/postural events were studied.

Anatomical Considerations

Anatcmically, the «cerebellum <can be divided into
three major sections, fcllowing Jansen and Brodal's
corcert of lcngitudinal corticcnuclear organization of
cerebellum (1940,1%42) . This ccncept stressed the impor-
tance ¢f leccalization in the =efferent corticonuclear
projections rather than distribution of afferent fibers
in the cersbellar cortex in the interpretations of
results cbtained by stimulation and ablation. Using cats
as subjects, Jansen and Brocéal showed that there is a
medial zone (vermal cortex and fastigial nucleus) requ-
lating the posture, toﬁe, loccmotion and sguilibrium of
the entire Dbody. Th2 intermsdiate zone ({paravermal

cortex and interpositus nucleus) resgulatsd the spacially
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organized @movement and skilled movement, +tcnes, and
posture associated with =nmovements of the ipsilateral
limbs, ZXach lateral zone {bemispheric cortex and dentate
nuclsus) is invelved in the same skillad and spacially
organized &mcvement of the ipsilateral limbs without any
apparent regqgulation ©f their pcsture and tone. Goodman,
Hallett and Welch{1963) used 37 female adult albino rats
to study the organization c¢f cerebellunm. Their study
confirmed Jansen and Brodal's work, with the exception
that the intermediate and lateral zones in the rat are
not as clearly defined as those in +the cats. Such
subdivisiocn ¢of the cerebellum into longitudinal zones is
alsc associated with a localization of the corticonuclear

projections in a rostro-caudal direction.

Rebarts (1967) traced the cutgoing pathways from the
dentate nucleus, The greater part of the outflow was

reported to run frcm the ceretellar cortex +o the de T

(‘l

nuclei of the cerebellum. The dantate nucleus recsives
its afferent input from the lateral zone and fron parts
of the extrapyramidal system, and from the red nucleus,
the pathway in each case relaying in the inferior clive,
The outflcow of the dentate nucleus runs in *+he supericr
cerebellar peduncle, back to the red nucleus of the
opposite side and to the basal ganglia. Thus it fcrms a
relay staticn for at least two loops in the sxtrapyramig-
al system, However, it does not necessarily mean that

these structures operate in feedback and stabilizing

39



fashion, Rcberts stated thet the extrapyramidal systen,
including the lateral bhenristhere c¢f the cerebsllun
appeared to be ccncerned with the detailed coordination
of all parts of the body tc provide a steady base for

precise veluntary movements,

Snider {19:5C) stated that the newer ccncept of the
cerebellum included cerebellar action in dampening and in
potentiating associated senscry and motor centers, It is

"greater modulator® «¢if neurologic function, He

v}

th
reported that the tactile, auditory and visual areas of
the cereba2llum have a dual prcijection, ong from the end
organ and another frcm similar areas within the cerebrum.
These cersbellar areas project back to. the projection
areas on the cerebrum. Similar arrangement also exists
between cercbellum and thalamus and the basal ganglia.
Thus it is a self-regulating feed-rack circuit, adding cr
subtracting total effect of afferent volley to functional
AT2AS. However ,Evarts aﬁd Thach {1969) on the other
hand, favor more the hypothesis that the lateral zons of
the cerebellum does not fcrm reciprocal connection with
its cerebral afferents. Instead, it sends output to the
sensorimctor cortex and possibly initiate activity there.
On  tke whole the cutput pathways of the lateral cersbel-

iar zZone¢ are still rot well understood.

In his Crocnian lectures, Holmes (1922) presented
the hypothesis that cerebellur plays two distinct though

clesely allied roles in movement., Firstly, it is a part,
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and protably a ccntrolling part of the central mechanisn
concerning maintaining, <regulating, and distributing
postural tecnes in muscles, Seccndly, during movement it
regulates and coordinates the mecdification of tones that
accompany ths relaxation apnd contracticon of all muscle
groups directly or indirectly concerned in the movement.
In the first case,the cerebellur has a <continuous and
unvarying function while in the second case, its activity

is disccentinucvs and variable {Holmes,1922).

Fancticnal Considerations

In the 1939 9paper, Hclmes described in detail the
effects of destructive lesicn of the cerebellum, in man
and higher primates. The recst obvious effect was a
lesicon-induced discrder in voluntary movements, usually
called ataxia. The fundamertal disturbances in voluntary
movement are {1) a delay in starting a movement, and {2)
irregularity in its acceleration. The latter dAisturbance
was attributed to irregular innervation of +the prime
MOVErs, In compound movements there may be a lack of
synchrericity in the separate components of the movement,
due to delay in the initiation of cne component relative
to the other, and excessive range of one elament of the

movemant. Dafective postural fixation was ancther fac-

tOT . The predcminance of symptoms of cerebellar defects
involves the compcnents of vecluntary moveaent, This

phenomencn indicates that "it influences dirsctly cerebr-

al mechanisms which excite and integrate such movements
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rather than the rafley apparatus of the brain stem and
spinal cord; the lattser, when isclated from the fore-
brain, are in tfact wunafitected by ablation of the
cerebellun {Holmes, 1539) . It is impcrtant *o mention
that cersbellar symptoms may gradually decrease in inten-

sity or disappear ovar tinme.

Thach's {1968; 1969; 1970a; 1970b; 1975) recent work
relied heavily on the reports c¢f Helmes as well as on his
theoretical framework., Thach{1968) studied the discharge
of dentate and interposed nmneurcns in monkeys during
rapidly alternating movements cf primate arms, He found
that neurcns in both nuclei changed discharge fregquencies
over a wide range in relaticn to movement., In an attenpt
to study the +temporal relaticn between Ss movement and
dentate-interposed discharge pattern Thach (1969) +trained
monkeys to grasp a handle and hold it against one of ‘two
parriers until the onset of the discriminative stimulus.
Reinforcement was delivered if s moved the handle to the
oprosite barrier within 300 msec. of the onset of the

discriminative stimulus, Lischarge patterns of th

[t}

se
nsurcnal c21lls were studied during the maintained posture
and for the first index of movement., The results showed
that many cells shovwed modified discharge betwesn CS and
movemant, and changes were time-locked to movsement. For
most cells, discharge changed before the EMG responss
preceding wovement, "Thus, cerebellar output mayig@i§;

initiate as well as 'regulate? noyement®,
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The same type of results were obtained by Thach{
1970,a) when mcnkeys were trained to perform +two prompt
rovements and tc maintain tuc different postures. Tha
behavicural sequence was (1) to hcld the lever against a
stop, {2) when a licht came on, tc move guickly to the
opposite stop, (3) to hold there long =2nough for a light
to be c¢p, and (4) to move guickly to the first stop. The
pericd of hclding varied +to eliminate anticipatory
responses, Ninty-one nuclear «cells were studied., Of
these 5 dentate cells and 41 dinterposed «cells, again
there 1s a change 1in nuclear discharge time-locked to
movement rather than €S onsget. While patterns of change
in discharge is different for flexion and extensicn they
are alsc time-locked to movemsnt, or preceding it.
However, +the peak of time-cf-change distribution is
earlier for the dentate neurons than for the interposed
neurons., The discharge of Furkinde cells in the interme-
diate =zone <¢f the antericr lcbke of the cerebellum was
also recorded {(Thach,1970,b). These Purkinje cells alsc
exhibited the same type c¢f prcperties as the interposed
naclear cells to which they prciect, Evarts and Thach{
1969), Herrick({1924) and Holmes (1922,1939) all lend
support to the assumption that the interposed and lateral
nucleus of the cerebellum are invcolved in dinitiation as

well as maintenance of movesent.

Gambarian et al (1969) studied the effects cf

sectioning the wmedial lemniscus in dogs trained to
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perform certain tasks. They showed that a bilateral
transaction of this pathway dces not end ability +to
perform voluntary nmovement, =nor does it interfere with
the transmissiocn of peripheral stimulation +o +the sen-
sorimctcr cortey, Adrain {1543) show=d that the body
surface is grecjected tc the cerebellum in the sane way as
the tcregrarhical arrangement din +the cerebral cortex.
Russian study by Bekaia and Moniava(1963) have determined
electrcophysiclogically the pathway betwsen the Ysensori-
motor are<a" of the cerebellum and of the cersbrum, 7Tt is
shown that these pathways originate in the paramedial and
antericr lobules of cerebellum and reach the cerebral
cortex via the ipsilateral dentate nucleus, the anterior
pedencle of the cerebellum, the mesencephalon, the thala-
mas and the red nucleus, Thus,instead of considering the
pyramidal tracts the scle servant of voluntary movement
{Gambarian,1966), +the «cerebelliur is also an area of
terminaticn of the afferent pathway of the motor analyz-
ar ., Granit{1955) showed that mctor function is greatly
served by extrapyramidal pathway via which the cerebral
structures exert control over voluntary movements by

selectively cecntrolling the gampa cfferent systen,

The bprain functions in an integrative MAanner,
Destructicn of any brain area may influence other brain
centers and neuvral circuits afferent to ,or afferent fron
the area. The delayed respcnse and temporal discrimina-

tion are very complicated tasks consisting of specific
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tasks organized in tigme. Nct surprisingly,the
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mental Tesults ar
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variakle,cften reflecting the dif-
ferent methcdologies usad in studying response timlng.
Frem the rpreceding review, howevar, one may draw two
conclusicns, First, selective lesions of the frontal-
caudate-thalaric areas will produce impairment in delayed
respense, spatial or temporal, with little damage to the
motor apparatus. On the other hand , selective lesions
of mctcr efferent systems will produce clinic symptoms
{e¢g. ataxia )} , but the S will still be <capable cf

pertorming the tasks, though with difficulty,



CHAPIER IX
THE INVESTIGATION

The present study prcposed to examine the relative
role <c¢f the frental-loke =syster and the cerebellar
efferent system in the tempcral and delay conditioning in
rats . For this purpese the delayed conditioned approach
procedure (DCA) will be used, since it ssparates the
effects of treatment which dinterferes with the S's
ability tc¢ rpezform a +task in general from those on
accuracy of timing {(Halasz,1968, Halasz & Cheng,19567,
Cheng & Halasz,1968)., It provides us with a tool which
can separate the general effects due to hyperactivity or
disturbance 1in response apparatus from the more specific
effects such as impairment of response inhibitiecn or
timing of thes response {a more detailsd éccount 0f the
theoretical framewcrk is presented in Appendex I ).

The delayed conditioned apprcach paradigm {(DCA) is a
behavioural paradige which includes 'timing' of response
as an essential ccmponent., Based on Halasz' definition
{1969; 1970; 1972), the DCA has kcth 'inhibition of delay
' and the operant differential-reinforcenent-of -low-rate
components. Essentially, it is a discrete~trial, discri-
minated interval respcnse with within and between +rial
DRL, a servomechanism- 1ike paradigm aimed at keeping
response latencies within a specified range, via reci-
procal prccesses of extincticon and reconditioning

(Halasz,156€; Halasz & Cheng,1%69). A schematic diagram

46



of the ©DCA 1is presented in figure 2. The different
components of the ICA paradigm are described and
explained in the saction on 'method?! under the heading cf

fexperimental design?,

The ©DCA has several unique features which render it
a useful tocl for behavioural assay of CNS dArugs (Halasz
& Harrazzi,19€4; Halasz,1966;Cheng & Halasz,1967); for
stability of an organism {Halasz,
1966;1S67a31967b;1468;1969) and for effects of radiation
{Cheng & Halasz,1968;%Wiseman & Halasz,1968; Halasz et
al,1970) . {1 Via trial-akort feature the DCA differen»
tiates effects due to hyperactivity from those due to
nore systematic effscts of various experimental
variables. As shown by Halasz' work on drugs, pharmaco-
logical agents which produced increased level of general
activity tend +to produce increased intertrial lever
presses and increased variation in response latencies,
without significant changes in the mean response latency.
Systematic effects on timirg ¢n the other hand,tend +to
show a drug-induced temporal shift toward shorter { LSD
study ) or longer {adult radiaticn ) latencies,without
significant changes in response variation., WNeither wers
there significant changes ip irntertrial interval lever

T

(7

S5E8. (2) The trial-abert period can differentiate

J

the =ffects cf hyperreactivity tc¢ €5 signal from the
effects ¢©f  hyperactivity. ¥hile the former will cause

increased lever presses with shcrt latency of response,
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Figurse 2. A schematic diagram of the delayed conditioned
approach diagram{DCA),{7d). The five training stages are
presented in a,b,c,d,e consscutively, S is the water
availapility period.

a. CS -5Sb

1b., ¢S =-Spand trial abcrt period

tc, institutiocn of 5% delay and 1" penalty

1d. step increment of delay to 9" and of pesnalty to
5" ,the LCA garadigm,.

1€, Ancther step increment of the delay to 13" and
of penalty

to 9% activation cf  the integral/optimal

control,
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the latter will cause a increase in trial-abort counts
not only during the between -trial DRL and during a CS
trial. {3) Penalty count <can reflect the effect of
disruption in timimg, Ss who have lesions that affect
response timing may have shortensd latencies and there-
fore an increase in the penalty count, If it be so,it
can be rTeflected 1in shcrtened response latencies in a
relatively’systgmatic fashicn. {4 Impairment on DCA
performance due tc motoric defects will manifest itself
through lengthened response latencies with decreased
reinforcement counts,because injury of the motor defects
will manifest through lengthened responses latency with
decreased reinforcement ccunts,because injury of the
motor apparatus afiect smocth execution of an act. {5)
Changes in the stability of DCA behaviour will result in
changes in the number of switchings of the correctional
progrannpe,. Lenger than required response latencies will
result in little correction while very short responss
latencies will cause much increased penalty counts due to
the correcticnal input. {#) The DCA is a servomechanism~
like raradigm. Its rTesponse latency 1is "driven" to
values demanded by the reinforcement schadule. As such
it is a self-regulating beﬁavioural system,responsive to
the fluctuating demand dimposed by the schedules of
reinfcrcement, By probing the Dbehavioural system via
changes in ccntrcl policies, the resultant history of
that ©behaviour provides insight into the governing equa-

tions for that behaviour {Halasz & Cheng,1969; Halasz,
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1970, Halasz,1972) . {6) Due tc the servomechanistic
characteristics of the DCA tehavicur, it lends itselif as
a useful paradigm via which one can apply sensitive probe
methecdclegy f£or explcering behavioural abnormality in
brain-lesicned animals. In this context ths interrela-
tionshigps ©between the brain "centers® and the bshaviour
can be studied in an active eguilibrium system approach,

rather than as static correlaticnal entities.

METHCD

Subjectss

Adult wmale albino rats of the Holtzman strain were
used in the eXperiment. Training sessions began when ths
animals reached 60 days of age. In total, 64 rTats were
used 1in the experiment of which 50 survived throughout
the whcle experiment ¢n the DCA paradigm.Assignment of
the subjects to the varicus treatment groups wWere ran-

domized via the aid of a rardecm table,

Deprivation Schedule:

55 were placed on 3 days of 23-hour water depriva-
tion schedule befores the ccmmencement of the experimental
procadures, Thereafter, all subjects were maintained on
23 hour water deprivation throughout the experiment. A
20 minute watering period was given for =ach S,one hour
after the daily sessicn. BAll Ss were put on food and
water ad 1it for 3 days pricr tc train surgery. Wet mesh

food was provided fcr the first post-operative week for
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all Ss {Whittier$ Orr,1962), followad by one week of food
and water ad 1ik, before reinstallment of +the 23-hcur
vater deprivation schedule,

411 subjects were housed in individual wire cage
measuring 6%x6"x8" in dimension .The ambient temperature
was maintained at 70 F by air conditioning. A 12-hour
light and 12 hcour darkness cycle waa used. A11  experi-
ments were conducted during the light phase éf the cycle,

Lesions were performed when subjects were between

120 to 150 days of age.
Apparatus

(i) Operant chanbsr: A1l training and testing

sessions were conducted in a sound- attenuated two-lever
Skinner Box with the right lever 'programmed to deliver
water reinforcement,. 3 lever press of 24 gm force or
more produced water reinforcement, The CS,a 1KHz, 80db.
pure tone was generated by a FEico Model 377 sine-squarse
wave Audio Generator.lVE (ILehigh Valley Electronics) 1530
print-out counter registered +the TrTesponse latency of
first —respcnse to each CS. ERS precision probability
unit ({Mcdel No.PP-1)ensured randcmizaticn of DRL dura-
tion. Experimental contingencies were programmed via BRS
logic units. Precise adjustmerts of logic were monitorad
by a Heathkit Electronics c¢scilloscope, The integrai/
optimal pregramme was programméd by a Heath Amplifier
System Hodel EUW-19-14,The éctivity of the S in the

experimental situation was mcnitored by a wmodel HT 100



BElectrocraft Movement Transducer, whose field sensitivity
ranges frcem 1/4" +to 8% above and around the senscr.
Counter sp=zed is 2/s2¢, Activity level of Ss was alsc
measured by a running wheel for rats,.

{iiy ICa: As shown in tfigure 3a the required

R

minimum delay of respense is represented by the adjustzd
duraticn c¢f a 1-shot pulse, which was triggered by the
onset cf €S, The pulse was led tc one input of a summing
amplifier., The duration of +the inverted output of a
flip-flcp;which was set by CS onset and reset by bar
press,coded the actual response latency on every CS
trial. The ocutput of this £1lip-flcp constituted the
other input of the summator. The cutput of the summing
operational amplifier {p) was then fed to the input of
the integrator operaticnal amplifier., The output of the
integrator was the cumulated error {p) and was plugged
into an adjustable-level Schmitt-trigger. If the p
exceeded *the set value, the Schmitt- trigger set a
flip-flcr tc close the <contact point of the schedule
correcticn relay which addsd the correctibﬁal capacitor
Cc to the C(E controlling the baseline DCA schedule.
After integration over 8 consecutive CS trials, a short-
ing relay then discharged the feedback capacitor Ci. The
inteqrated p was reset to zero,

In the event that the correction flip-flop was set
by a prior integration and had not exceeded tolerance
level, an ard-gate assured the rTeset of flip-flop to

restore to¢ baseline schedule., To guard against extinc-
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tion , a failure to respond dering the CS-SD period led
to immediate reset of schedule.No reset took place if p

#Was unacceptable cnce the ccrrecticnal tlip-flop was set.

{iii) The Integral/optimal control

The integral/optimal control {which will ke subse-
quently referred to as a correctional input) was pro-
grammed via a Heathkit Operaticnal Amplifier System and
was programsmeéd and contrclled Dby BRS units. fhere
computation and mathematical calculaticns were required
for the optimal/integral ccecntrcl, we constructed an
analog cemputing systen, Heathkit chopper stabilized
operaticnal amplifiers were used for integration and
subtraction of the error term {p). Motorola 4#-guadrant
Multipliers were essential in controlling the variance of
response measure distributicn. By way of Schmitt tri-
ggers and Rcvetti windows, the analog computor interfaced
with the regular BRS programming eguipment ({fixed limb of
feedback diagram) The schematic flow chart for the 0O/I

program is presented in figure 3 {Halasz & Cheng,1969).

{iv) Surgsry Egquipment

A C,.H. Stoeling Co. stersotaxic, Krieg- Model No
51220 for thke rat was used. A C.H. Stoeling Co. Lesion
Producing Device (Cat. ¥No. 5804(C) for the rat was used
for +the passage of lesioning current. The lesion elec-
trode was made from tungsten wire which was insulated at

all pcints except for the tip.



Figure 3. A schematic representation of the integraly/

optimal control (Halasz & Cheng, 1969).
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DISCHARGE(end of
summation)

—
OP/AMP - OPERATIONAL AMPLIFER Cy - SETS BASELINE SCHED.
ST ~SCHMITT TRIGGER Cc - SCHED. CORRECTION
0S - ONE -SHOT Cy - INTEGRATING CAPACITOR J

F{g sa. A st'mpl,ij"iei, {low - diagram
ff ;niegrcd/ /Opf:LmaL program”(
Slasz % Chang, 1969) ‘




Experimental design: the Delayed Conditioned Agpproach

{DCA)

"Structurally® +the DCA can te described as fcllows:
It is a conditicred approach response in which a subject
is reguired to press a lever for water raward, but the
reward is not available until a certain time interwval has
lapsed since the CS onset. This +time interval between
the onset of CS and of Reinfcrcement is the delay. &
penalty period {DRL ccmponent), the punishing component
of the paradigm starts with +the onset of CS but is
usually shorter in duraticn +than +the delay component.
Any lever pressss during.thﬁ penalty period will caussz
immediate terminaticn ¢f the CS and the scheduled rein-
forcement feriod for that trial., Immediately praceding
the C5 cnset, there is a trial-abcrt period. Indescri-
minate lever ©presses during the intertrial interval and
within the trial-abert pericd will result in postponement
of the npext scheduled +trial. This is the cther DRL
component c¢f the paradigm. Typically, at the base line
schedule the €35 is 16 s

Co penalty 5 sec; delay 9

-

(

sec. jreinforcement 16 sec; and trial abort 16 sec.

{

Figure 2 is a schematic diagram of the DCA,

In a&dition; a cerrectional scheduls was used for
DCA "Pshaping” and as a "prche'to explore the behavioural
abnormality in lesioned rats. This was done by means of

correctional changes ¢f reinforcement schedule {Halasz &
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Cheng, 19639) . Based on Ltarg tang control theory the
integral cptimal program strategically increased or
decreased the demanded value cf the delay. In detail,
the cptimal/integral ccontrcl was programmed in the fol-
lowing steps (1) The error term { p=required latency-
actual latency ) was formulated {2)Integration of p over
8 consecutive trials to obtain a {p) This p constituted a
sample of the level of DCA perfcrmance {(3) The final
error int2gral ©p wags assessed and its acceptability was
evaluated, (4) if p was below +the lower +tolerance
level,a correctional schedule, which was a "lumped" unit
increment of 4" in delay and penalty was in effect. When
the p exceeded the upper tolerance +the correctional
incrament was removed., {5} reset o0f P for next
integration.

The stapility of the ILCA system was avaluated in

terms ©f the fcllowing behaviocural indices:

{a) the mean response latency of response to the DCA
trial was used as an indicator of the absolute level of

S's parformance on the DCR.

{b) The relative error

A ratio,P=(required 1latency =~ actual latency )/
change o¢f reguired latency{ ie., a unit increm=snt of 4
seconds ), was used as an indicator of the state of +the
DCA systenm. As a dimensionless guality,the P providsd
the ratio of behavicural adjustment to +the <changes in

demand levels of +the reinforcement schedule, Fach
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ntal sessicn comprised of 40 actual daily trials.

Since there were usually much stochastic fluctuations of
a subject for every daily session,it was our practice to
use the P of each 40 daily +trials as ons data point

against a time point.

{c)the P plot--the tipe response

The relative error cf the DCA was plotted against
time {days). P=1.000 correspcnds to behaviour perfectly
adjusted to baseline contingency (delay=9,penalty=5 )
P=0,000 corresgcnds to behavicur §erfectly adjustad to
the correcticnal input (delay=13,penalty=9 y «Basically
the P plot transforms the P values into the standard forn
for the time-dcrain apalysis of +the servomechanism-like
control sSystems. It renders the bshavioural data avail-

aple fcr quantitative analysis.

{d) B{C)-P(T) Plot

Using the last day befcre the dinstallation of the
cptimal/integral ccntrol as the baseline,this difference
plct gives the day-tc-day changes in the P of the ©DCA

performance.,

{¢) tke phase-plane

The optimal control «c¢f operant behaviour is best
understcod by representing it ir a phase plane {Halasz,
1972y . The stage-space cf the DCA behaviour system has

as its ccordinates the error index P and its time

derivative DP/DT. The trajectory so derived represents
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both the level cf ccntrolled behaviour and its tendency

to increase or decrsage that level,
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PEOCEDURE

A. Delayed Ccnditioned Apgrocach (DCA) Procedure:

{1) DCA training sessicns:

Training cn the DCA was done in the following stages
for a total cf 6 to 8 wesks (figure 2 ):

{a) Rats with 23-hour water deprivation were trained
to press a lever for water reinforcement, Each dipper of
water ccntained approximately 2 to 3 drops. All Ss were
put on CEYF¥ for 3 days. Scme Ss were trained by the
method of successive approximation,

(k) SB~SA'traiaing; 4 CS of 16 sec, duration, 84
db.,10 KHz pure tone was introduced .Water reinforcement
was contingent on lever presses during CS duration, Ss
were put on this schedule fcr 5 days. Fach daily sessiocn
had #4C trials. A 8 sec trial abort period was instituted
on the 3rd day to reduce intertrial lever presses. Any
indescriminate lever presses during this period postponed
the next secheduled trial.

{eg} & 5

n

2c delay and 1 sec penalty period were
instituted. 5 daily sessicns were run under  this
procedure.,

{d) A lumped increment of delay and penality period
at a 4 sec step fashion was implemented. Ss were %rained
on this schedule fcr approximately 4 to 5 weeks.

{e) Superimposition of the integral/optimal input
was in effect. Ss were put on the paradigm for 10 days.

Fach daily session consisted of 40 daily trials. Jpon
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termination of +the +training sessions,Ss werar randomly

assigned to the treatment groups.

{2) Ss were put on fccd and water ad 1lib for 3 days.
Then brain svrgery was performsd. All subjects wsTe

given two weeks rest pericd post-operatively.

{3) EBcst-cperative Testing Sessions: A total of 16
daily sessions were Tuns:
1. Retention sessicns:All Ss were put back on 23 hour
water deprivation schedule and their performance on the
DCA were studied for ten ccnsecutive testing days. The
integral/optimal programme was superimposed on the base-
line DCA ccontingencies during this phase of testing,
Motoric activity in tke operant chawmber, and the activity
devel in the rotational Tunning wheel were monitored.
2, Retention sessions with on intergal/cptimal control:
Upcn termination of the 10 testing days on the DCA with
the integral/ ocptimal control,the Ss were then returned

to the baseline contingencies of the DCA for 5 testing

1

session

U
i

°
3. Extinction sessions:211 Ss were put on 2 days of

extinction c¢n the DC3A paradigm,

B. Procedure for lLesicning:

211 lesions and sham lesicns were electrolytic and
pilateral in nature, Operaticns were performed with

subjects under ether anesthesia.
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During surgery, a scalp was usad to make a midline
incisicn, A high speed dental drill was used to make a
small opening through the skull at points as guided by
the sterectaxic coordinates, The lesioning electrcde was
lowered in the brain sitesg, An anodal current of 3.5ma.
was passeéd between the lesicn electrode and the rectal
ground for 30 or 45 seconds to produce the desired
lesion, The nmuscle flaps vwers then closed with
autoclips,.2cc  terranmycin I.P., %as injected immediately
following the surgery to ccntrcl for infection,

{1) 4 lesicned groups:

{1) Head of Caudate Nucleus Lesioned Group {(H CD)

Six rats were assigned t¢  this group. The coor-
dinates for this group was tased on d2 Groot's Atalas for
the rat {1959 . The lesion electronde was lowered into
the brain at 1.7 mm anterior to the bregma,2.7 mm lateral
to the midline and 5.5 mn from the surface of the skull,

{2) the Dentato-interposed nuclei of the Cerebellun

Seven Ss were used in this group. La2sions were nade
at 11 nm gpocsterior to the bregma,2.2 mm lateral to the
midlipne and 7 mm frcm the surface of the skull. These
coordinates were based on Bures, Petran 5 Zachar's atlas
for the rat.

{3) the Frontal lesioned group (Ft)

Saven rats were used. The lesion coordinates were
5.2 mm anterior to the bregma, 1,5 ma to the midline and 2
mn from the surface of the gkull.

{4) the posterior caudate nucleus lesioned group { P
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Ch C)

Six Ss were assigned to¢ this group. The lesion
cocrdinates were,2 mm posterior to the bregma, 3.5 nm
lateral to the midline and 3.5 mm from the surface of the
skull,

(ii) the Normal Contrcl Group {N); Ten subjects werse
used, of which seven completed the whole experiment,

{1ii) four cperated contrcl groups:

(1) the Head of the Caudate Nucleus lesioned control

group (H CD C)

Six S5s were assigned tc the group. Same coordinates

as thos

&

of +the H CD were used,except no electrolytic
lesion current was passed through the brain loci.

{2) The Frcntal Opsrated Ccntrol Group{Ft C)

Five Ss were aSsigned to this group.

{3) the Dentatc-interpcsed nuclei of tha Cerebellun
Operated Ccnticl Group (D=1 C)
Five Ss were aSsigned to this group.
{4) tha posterior caudate necleus operated contrel

group. Threes subjects were assigned to this grocup.

C. Histology Procedurse:

The krain spcimen were cut into blocks , embadded in
paraffin and secticned on a microtone. Sections were of
11 or 6 in thickness. The secticns shewing the location
of the lesicn sites and the vpassage of +the electrode

tracts vwere stained with cresyl viclet, (all histologic-
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al preocedures were done in the department of physiology,

the HMedical Faculty, the University of HManitoba.)
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CHAPIER 111

RESULTS5: BEHAVICURAL DATA

The behavioural data are described in terms of
graphic representations However, it should bz stated that
statistical analyses were dcne ¢n all the groups and on
all data which are presented in the text. A1l data were

evaluated at .05 level of significance.

GECUP I tte group with kilateral electrlytic lesion

in the head of the caudate rnucleus {H CDh) 3

A. gepneral chkservaticn:

Upcn awakening frem ether after the surgery, SsS
bear{ﬂg bilateral electrolytic lesion in the ¥ CD showed
hyperreactivity to the external stimulation. A1l sSs
sheowad streng startle reaction to a light puff of air.On
the whcle they were more active in +the hone cage. Ss
showed noc dimpairment in their motoric functions, The
hyperreactivity subsided by the end of the first pPost-

operative uesk,

B. rotatical activity running wheel:

Figure 4 shows the activity lsvel of the Ss {n=¢)
before and éftex the surgery. Fach point on the graph
represents the mean o0f the +total number of rotations
tested cn that day. Data frcm 3 pre-operative days and 5
post-operative days were included, As shown on the
graph,there was nc change in the mean of the total number

of rotaticn over the 30 minute testing sessions between
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the last pre-operative day and the first post-operative
day {p >.05).0ver time,however,there was a tendency
towards decreasing of activity in the running wheel,
Similar trend was found for the H CD and the H CL C
groups { figure 4 ),The normal S5 maintained a stable

ievel of activity through cut the 8 testing sessions.

C.perfcrmance on the DCA

{1) Figure 5 shows the the means of the total number
of a) total lever presses, b)reinfirced lever presses,
Cc)penalty ccunt and d) triasl abcrt count of all 29 daily
sessions.For clarity the 29 daily sessionss were grouped
into six time blocks., O0Of which,the first and the last
blocks were on the taseline TCA contingencies,and the 4
middle blocks were c¢n [IC3 with +the integral/optimal
control {I/0). This grarh showed that: [a) thare was
reduction in the tctal numker of lever presses in  the H
Ch group rost-operatively. {b} There was also post-
operative reduction in the total number of lever presses
during the first post-operative wsek of testing(ie.3
weeks after the surgery). {€) The number of psnalty and

trial abort ccunts remained stable.

{2) The mean respcnse latencies of the H CD grcup on
the DCA and DCA with I/0 is presented in figure 6. Cf
the The pre-opszrative The first best fit of the data
points on the weighted least square polynomial is also
presented in the same figure, It represents the data

when +the wvariance ©0%f each data point is taken into



Table 2. Parameters of weighted least square fit approximation

3 *
group RMSD group RMSD
H CD pre-op 0.036 HCDC pre-op 0.025
post-op 0.333 post-op 0,03k
c-I pre-op 0.014 c-1¢C pre-op 0.035
post-op 0.028 post-0p 0.02h
Ft pre-op 0.009 Ft C pre=-op 0.033
post-op 0.039 post-0p 0,094
P CD pre-op 0.036 PCDC pre-op 0.017
post-op 0.227 post-op 0.029
N pre-rest 0.025
po. t-rest| 0.022

*RMSD = root-mean-square-deviation

Steps performed in the weighted least square polynomial approximation:

(1)

(2)
(3)

(&)

(5)

1'. ) 1

welght = variance  stendard deviation

mean performance data over a session are weighted

polynomials of orders 1 to 10 are calculated via weighted least
square mefhod, and the RMSD is examined for each order.

the polynomial which gives the first minimum RMSD is taken as the
one best describing the function f (x) . representing the behaviour.

the polynomial is of the form:

t
. . Ay
ych): Ca-’qu‘):Li“w-l'Lc

A ~ 3 5 P S ~ .
+ Y L4~1L oo v Cadyg
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consideraticn, For a more detail description of the
transformation via the weightsd least square polyncmial,
refer to taple 2. ©Cf the pre-operative sessions, the LOCA
latencies stapilized around 5 secons. During the second
phase,when the Ss were put ¢n a more stringent demand via
the I,/C contrcl,the mpean cf the latencies wsre "driven?
to a level closer to the new derand., There was a period
of distrupted performance c¢n the DCA on +the first
post-operative testing day. Subsequently, the behaviour-
ai systems with the H CD lesicns settled arcund a new
level of gperfcrmance to the DCA ccntingsncies., Snbse-
guent alterations in the centrcl demand was 4insufficient
to produce adaptative changes in the output level of
these defective systems. This was shown in +the failure
of the nmean respsnsé latencies on the DCA when the I/0C
contrcl block was removed fcr the final 5 testing days.
As shocwn o©n the graph, there was no overlap in the mean
response latsncies betwsen the pre- and post-operative
mean response latencies, The response latencies remained
at the same level when the 1/0 was in effact,

{3) relative error: Based on figure 6,the perfcr-
mance cf the H CD rats showed a transient over-shoct of
the required delay on the first post-operative testing
dayA negative P value suggests the existence of a systen
which was sensitive ans underdanped.

(#) P(0) - P(T)

This rlot graphically displayed the day-to-day

changes in the magnitude of the P, The last data point
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prior tc the installation of the I/0 was used as the
P{0). Figure 7 1s *the plot for the H CD sS,. The first
post-operative testing day showed a response pattern
which was typical of a underdamped system.

{5) P plot: The time respcnsss of H CD on the DCA
is presented 1in figure 8., The graph shows the systenm
governing equaticn resenbled a form of a damped
oscillaticn.

{6)the Phase-plane representatin (DP/DT vs P) Figure

9 is the phaseplane representation of the DCA of the H CD
group Both performance betcre and after the surgery are
evaluated together as a continucus response sSet in  the
time dcmain, assuming the noninvariance of the governing
eguaticns., While this transfcrmation of the behavioural
data does not give adeguate representation of the tran-
sient response on the first post-operative testing day,it
provides a meaningful protrait of the overall characteri-
stics c¢f the functioning system throughout the various
phases of the experiment,As shown in the graph,the
perfcrmance on the DCA was successfully constricted in a
well-daefined range when the I/C control was in effect,
Compared to the first 4 days when the system was on the
baseline contingesncies,the system showed reduction in its
relative error {5} In addition,the system also showed
reducticn in its rate of change (rsduction in the phase
velocity,as shown by the parrower distance between data
points c¢n the graph)., The last 5 data points on the

graph represented the 'decay?! c¢f the DCA system over time
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when the superimposed I/0 control was removad., Based on
this graph,it can bs concludsd that the system did npot
exhibit any tendency towards rsturning to the original
baseline {This phencmenon is unigue to +the group which
bore bilateral =electrolytic 1lesiorn to the H CD., 2All
other groups showed tendency to return +to the original
baseline ©perfcrmance upon the rTemoval of the I/0 con-
trol) . Instead, it wevclved dinto a 1limit <c¢cycle cf
maintained oscillaticn which sheowed little tendency to
further changes, Figures 10 and 11 are +the further
breakdown of the functional analysis of the system.Figure
10 is the rphase plane diagram of the system befcre the
surgery. Note that +the fccus was below the P axis
signifying a steady tendency tcwards progressively longsr
latencies with the force of extinction predominating.
When the respoense of this =system was plotted as time
response ({tigure 12),it shcwed a steady tendency towards
pregressive reduction of value ¢f +the error term over
time, Figure 11 is the phase plans diagram of the systen
after the surgery. As shown in the diagram,the systen
exhibited a sharp transient 'overshoot!,which subseguent-
1y precipitated intc a limit cycle, As time response
{figures 13),it is represented as a behavioural systen
characterized by a damped oscillation. Based on the
pravious discussion,the system under study can be sum-
merized as [ossessing a weak stability which, as a result
of the lesicn to the H CD ,has so altered its systen

characteristic that it responed to *the DCA with a
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transient *ovarshoct?,which was followed by a subsequent
evoluticn o©of the functioral system into a hard limit
cycle,non~responsive tc further changes in the variables
of the command generator. The system history {trajec-
tory) fortzaits a behavioural system which became autode-
terminated as a result of the experimental procsdure,and
it was nc¢ longer sensitive to the alteration in the

reinfcrcement ccntingency on DCA.

Figure 14 1is the behavicural data on the extinction
phase of the experiment. The zésponse of the 355 with H
CD lesions showed the same mcde of reducticon in *he total
lever rresses over the two extinction days as thoss in

the # CL € and n control grcups.

d.Collateral tehaviour and pesrformance efficiency:

Observaticns of the Ss in the operant chamber showed
that of tke 6 Ss in this grour,5 developed an alternate
pattern of respcnse atter the surgery. Corresponding +to
the develiopment of +the «<cllateral behaviour was the
improvement over the efticiency ratio on the DCA {table
. The efficiency ratio = reinforced leaver press/total
lever press in a session of 40 trials. It was calculated
according to Laties et al’s definition {1969} .
Typically,the Ss gradually developed a well organized
sequence of mctoric chain during the 5D-5& pariod. while
Ss in cther groups would gnaw at sawdusts,bite the floor

grids,chow paper in the waste pan,bite wire of the
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activity counter etc, Ss in the H CD would engage the so
-sapericd in behaviour which were the essential component
of the consumatory behaviour in the DCA paradigm. In
cther werds,the 35s  typically preSsed the indifferent
left-hand lever and *drank’ at the well during the S -S
period., Commencement of the CR's on the DCA paradign

followed the terminaticn of this behavioural chain.
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Table 1. the efficiency ratio of Sse’

performance on DCA

— Rt ERD LERa o | rat ERD FRa
3 # last day 10th day 3 4 last day 10th day
oy pre-op post-op o pre-op post-op
13 .14 .72 15 .55 .51
12 .38 .62 © 19 .32 .32
81 20 .31 .55 8 24 .36 .38
o | 11 .53 - 69 — - 31 40— .85 —
23 .50 X .63 X 40 .59 X L2 X
22 56 40 .34 99 i .50
68 .54 .34 48 .06 .24
69 .52 .25 49 .21 .37
— | 70 .21 % .19 g © 74 .59 X L4200y
&7 .32 -35 .26 o4 76 .30 29 .28 34
52 .17 .51 © 55 .32 .38
33 .94 .36 41 . 50 .30
35 .59 .36 42 .25 -
" 44 .22 .26 — © 46 .39 _ .58  _—
o 45 45 X .38 X = 59 41 X .56 X
56 .58 - 36 .49 - 36 51 Lo +43 42 43
75 .36 .32 84 .45 .27
86 45— .22 81 .50 .36 —
87 .39 X .29 X o 82 46 X .35 X
o 79 ‘45.42 ‘42.37 a .47 .33
© 185 .63 .68 ©
~ 180 .22 .29 P
43 .48 .36
21 A .34 ER (efficiency ratio ) =
17 40— Y/ - 3
66 33 X 31 X reinforced lev?r presse§ /total
z 53 47 235 .38 .38 lever presses in a session.
61 .25 .25 ERb is ER before lesion/or rest
47 .40 .58 ERa is ER after lesion/or rest




Figure 4, Mean o©of the total number of rotation in the
activity running wheel (30 minutes per session) of the H

CD, H CD C and N groups.
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Figurse 5, Mean of a) tctal lever press per session,
b) total reinforcad lever <c¢) total ©penalty count, &
d)total trial abort count. means of the 29 daily
sesesicns werse grouped into =ixXx tinme blocks. Blocks 1 & 6
were Cn baseline contingencies., Blocks 2, 3, 4,6 5 were
on  DCA with I/0 control,2ll Data collectad from the H CD

grour.,
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Figure 6. The mean response latencies of the Ss before
and after bilateral electrolytic lesicns in H CD. Each
data point is a mean cf 40 daily trials,averaged over all
5s 1n the group. The correspending curve is +the first
best fit of data on the weighted least square pclynomial.
It represents the data when the variance of each point is
considered and data transformed into a continuous func-

tion in the time dcmain.
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Figure 7. The difference plot F{0)-P{T) of H CI lesioned
group. It shows the day-to-day changes in P over the 29
daily sessions. The mean latency of the day prior *o
implementation of I/0 control was used as +the bassline

value for P.
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Figure 8. T plot of the H CD on LCA. Each point on the
graph represents the F as continuous function in time
domain., Relative error F 1s computed relative to the
delay requirerent of the I/C correctional schedule. Data
points give the mean values of F over 40 daily trials and

averagsd over all Ss in the group,
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Figure 9., The phase plane representation of +the H CD,
All 29 daily sessions in the behavioural study on the DCA
were evaluated as a continuous function in time, Imple-
mentaticn cf I/C pricr to surgery drove the system +tc¢
perform at a reduced error, The limit cycle shoag@é
talanced force Dbetween extinction and reconditioning.
The absence of further behavioural adjustment upon remov-
al of I/0 pest-cperatively shows the fialure of system tc

further changes in the governing squations,
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Figurs 10. The phase diagran of adjustment of the # CD
bafore lesicn. It shows a tendency toward steady extinc-

ticn {lcnger lantency) when system is on I/0 control,
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Figure 11, The phase diagram c¢f adjustment of H CD group
post- operatively. After ipitial overshootf,system preci-

pitated intc a limit cycle arcund the P axis.
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Figure 12. P plot of H CD system tefore lesion, showing

adjustrent of the system to I/C control demand.
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Figure 13, P Flot of H CD after lesion. Relative errors
show a largs initial wvalue followed by periodic

oscillation.,
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Figurs 14, The extinction curves of the H CB, H CD C and
N groups. The mean of total lever press per sessicn  uas
the dependent variable. the curves showed the same

tendency fcr all three grougs,
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GROUP II the group with bilateral electrolytic shan

lesion in the head cf the caudate nucleus (H CD C)

A, general cbservation:

The Ss displayed the same type of general activity
before and after +the sham lesion. They showed nc

differences in their response tc human handling.

B, activity in the rotational running wheel:

As shown in fiqgure 4,the mean activity level of the
Ss in this group did not ditfer in any systematic way

before cr atter the surgery.

C., performance on the DCA:

Figure 15 is the mean of the total number of a)total
, lever presses, b) reinforced lever presses, c) penalty
count and d) trial abort count of 29 daily sessions. For
clarity in presentation,the 29 sessions were grouped intc
six time blocks.As shown on the graph,there was reducticn
of the total number of lever presses during the ten post-
operative sessicns,when the Ss were on the DCA  with 1/0
control. The total 1level presses returned to the pra-
operative level when the ccntingencies raturned +o +the
pase€line ., The total nurber of reinforced lever press
was the greatest during the last time block, The penalty

count and the trial abort ccunts were the lowest in the
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last two time blocks. These results show the 'gain®' of

the system cn the DCA via practicse,

{2)The mean response latencies of tha H CD C group
on the [CA and the DCA with I/0 is presented in figure
16, Pre-operatively the response latencies of the Ss
showed progreSsive improvement towards +the value of
demand, The actual value cf the response latency was
shown as "driven" closer to the value of demand when the
system was put on the TI/0 control, Post-operatively,
there was a first day during which the response latency
of the system was slightly shorter than the pre-operative
level. Howevaer, the overall performance lsvel overlapyped
with these ©f the pre-operative level, Hith t+he removal
of the 1I,/0 control during the last time Dblock,the
response latencies shcwsd ccrresponding decreases., The
response latency of the syster c¢cn the DCA is a functicn
of the level of demand and of the superimpossd I/0
contzrol. The system showed scme 'gain?® as a function of
the I/0 in;ﬁt and ¢f gpractice,  However the level of
performance as measured Lty +the latency to the DCA is

largely a ftunction cf the demand of the DCA paradigm,

{3) gio;-E{T):The difference plot of the HCD € is
presented in figure 17. The difference between the
baseline error and the errcr of a peint in the tinme
dormain 1is shown as the function of the 1ével of demand

on ths DCA,
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{#) P plot: Figure 18 is the P value of the Ss over
the 29 days. The relative errcr term of the system is
shcwn to be relative tc the level of demand of the
reinforcemert centingency. Except for a slight reduction
in the P of the sys%em on the last day on the DCA,the
relative error of the system before and after the surgery
is a wmirrcer image of each other. Figures 19 and 20

showed sipilar results.

(5) the phase-plane representation (DP/DT vs B)
iFigure 21 is the trajectcry of the system as it travels
through the phase plane. Figure 22 is the phase plane
representation c¢f +the response c¢f the system to the DCA
pricr tc¢ the surgery. Figurie 23 is the same system after
the shanm lesicn, Based cn the three graphic
representations,it can be =stated +that the behavioural
system is weakly stable and it was driven to a perfor-
mance level with reduced relative error when the I/0 was
in effect. ©Of the 20 consecutive days when the I/0 was
in acticn,the functioning behavioural system moved from a
weakly stable one to that of a a limit cycle,showing a
dynamic equilibrium between alternating extincticn and
reconditioning. The performance of the system on the TCA
was ccﬁstricted to narrow range with a corresponding
reduction in the phase velocity{rate of change). Uron
the removal of +the I/0 control the behavioural systen
began to diverge frcm the equilibrium state,showing the

predominating forcs of reccnditioning(tendency towards
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shorter latencies ,the +trajectcry in th

Y

upper right

-hand segment in thke phase rlane).

D, Ccllateral behavicur and behavioral efficiency-

:Observaticn of the Ss in the operant chamber failed tc
show any systematic Dbehavioural «chain nor were there
systematic improvement in the perfcrmance efficiency on

the DCA{table 13.
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Figure 15, The mean of a)total lever press,b)reinforced
lever press c)penalty count and dytrial abort count of
the H €D C group. 29 daily sessions grouped into six
time blccks. Blocks 1 and 6 on base- line DCA. Blocks

2,3,4,and 5 on DCA with I/C control,
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Figure 16, The rmean respcnse latencies of the H CD C
group. Data pricr to and subseguent to sham lesion in
the H CD presented as continucus function in time domain
via program on the weighted least sguare polynomial {the

curves in the graph) .
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Figure 17. The difference plot of the H CL C on the DCA.
The magnpatude of the difference was a functiion of the 1,0

control.



G0

cavaD L
00°fe 0002 00°91

0h 0-

Oc0-

=

S




Figure 18, P plot ¢f the 3 CD € on DCA. Each point on
the graph represents P in time. Relativae errcr P wuas
calculated relative to the delay requirement of the I/C
contrcl reinforcament scheduls, The segments of the
curve priocr te¢ and subsequent tc sham lesion were shown

to be nrirror imagss of each other.
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Figure 19, P glot of H €D € prior +to sham lesion.
Relative error was reduced cver time with practice on the

DCA with I/0 contrcl.
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Figure 20, P plot of H CD C after sham lesion. Relative
error in performance increased when I/0 control was
removed from LDCA paradigm. Performance lesvel shown to be

a functicn of the I/0 contrcl.
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Figure 21, Phase plane representation of the H €D C
systen., All 29 daily sessicns were evaluated as con-
tinuocus time function. I/C control superimposed on +the
baseline ©DLA drove the system t¢ perfcrmance level with
reduced error arcurd the P axis,suggesting balance in

forces of extinction and reccnditioning.
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Figure 22, Phase diagram {(dE/dT vs T) of adjustment of
schedule by H €D C prior to sham lesion. Performance
approachad unstable focus prios to iwmplemsnt of I/0
control, Subseguent to activation of I/D contrel,
performance was driven tc reduced relative error in the

form of a limit cycle toward P axis,
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Figure 23, Phase diagram cf H (D C system after shan

lesion. Thea
force between
was present .

teristic urcn

csame tendency to limit cycle with balancsd
extinction and reconditioning around P axis

Perfecrmance of system changed its charac-

and subsequent to removal of I/0 control.
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GROUP TIIT th2 group with bilateral electrolytic lesion in

the dentatoc- interpcsed nuclei of the cerepellurn {D~-T)

A.general chbservation:

All Ss which suffered bilateral electrolytic lesion
to the dentato-interposed nuclei were ataxic. Upon
awakening from the surgery,ss were with no cbservable
motcric signs, Movement of the eye muscles were the only
elicited sign cf mcvement., By the second post-surgical
day,animals showsd severe signs of ataxia. The degres of
mobility gradually returned and improved over tims, but

all Ss remained permanently ataxic.

Sutjects avoided human handling and had to be fead
wet mesh food during the first post-operative week. They
began to eat regular laberatory rat chow during the
seccnd §eét~opezative week,kut they were unable to retri-
ve food from the conventional fcod bins, Ss showed signs
of intenticnal tremor when approaching the water sprout,
Intenticnal +tremor was also evident when the Ss
approachad the lever in the operant chamber. These signs
of ataxia corresponded tc the reports by Carrea and
HMettler (1947), and by Zervas {1967) which showed that

interposed nucleus lesion resulted in devastating ataxia.

One of the subjects,no. 52 suffered asymmetrical

lesion due to scme technical difficulty. This S was also
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permanently ataxic,though the behavioural signs were more

pronounced to the right side ¢f the body limbs.

B, activity measured by +the rotational crunning

wheel: Figure 28 shcws the mean of the total number of

rotations in the running wheel over sessions of 30
minutes. The results from the D-I group,D-T C group and
the normal cocntrcl group are presented, Based on this
graph,it is obvicus that the D-I lesion ?'successfully?
and permanently suppressed the running activity to a very
low level. 1In additicn,the behaviour showsd no tendency
to recover over time, When the measurement of rat no,
52 was dsleted,the activity of +the <c¢ther 5 rats were

shown to be nil.

C., 9ezf0tmaace on the DCA:

(1) Figure 25 is the pean of the total number of a)
total lever presses, b) reinfcrced 1lever presses, <)
penalty count, and 4) trial abort count of the Ss over 29
daily sesgsiocns. For <clarity the sessions were divided
into six time blocks. As shown on the graph, +there was
general reducticn in the tctal lever presses when the I/ 0
contrcl was in effect, Thers was also a slight reduction
in the mean of the total reinforced lever presses. The
m2an of the tctal reinforced lever press was the highest
during the 6th block,when the I/0 control was removed

post-coperatively,
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{2} The mean respcnse latencies of the D-I group on

il

fede

the ©DCA and cn the DCA with I,0 control is presentad
figure 26, As was the case with the previous groups, the
mean response latencies of the system was a function of
the level of demand of the reinforcement contingency.
Post-operatively,when the behavioural system was severely
ataxic, the mean response latenciss of the system was
agaln shewn to b2 a functicn of the stringency in contrcl
demand. With subsequent removal of the I/0 control,the

mean response latencies of the system showed a corres-

ponding decrease, The D-I nuclei did not produce any
apparent disruption in the performance of +the beha-

vioural system on the DCA <€ither with or without the

superimpossed I/0 ccntrel,

{3) BP{0)-P{T):The difference plot of the D-I is
presented in figure 27. Again the main factor in this
analysis is the controcldemarnd

“{&P plot:

Figure 28 is the P value c¢f the grcoup over the 29
experimental sessions, anch data point is ths mean of
the & Ss" performance in the same time point., Again the
behavioural system is shown to ke servomechanismic-like
in it s respcnse to the level ¢f control demand as denotad
by the reinforcement contengencies, Using the day of the
surgery as the midpcint the respopses of the system bhefore
and after the surgery are shown %tc be a mirror image of

each other, When the I/0 control was in effect, the
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respense of the system was confined to a narrow range,
showing littls day-to-day variations {reduced phase velc-
city). When the I/C control was removed, the behavioural
system showed a corresponding increase in its relative

error as well as in its rate of change in its error,

(5) the phase-plane representation (DP/DT vs P):

Figure 32 is.the phase~diagram of the adjustment of
the DCA to the superimposed I,0 control before the systen
underyent lesioning to the [-I nuclei. The system showed
tendency towards a limit cycle which exhibited a equili-
brium force betusen the processes of extinction and of
reconditioning, This process of a balanced equilibriun
between forces cf extinction and of reconditioning con-
tinued post-operatively. As shown in figure 33, the
system spiraled around the [ axis, However the systen
diverged frcm the limit cycle towards a larger relative
error in 1ts performance when the I/0 control was
subsequently removed., When the performance of the systen
on  the DBCA bis evaluated as a ccntinucus process in the
%ime‘dormain, the adjustment could be seen as approaching
asympotically towards a limit cycle which spiraled around
theh P axis. The behaviocural system then returned to the
previous level of rperformance, with predominately the
force of reconditicning at work, when the I/0 control was
removed, The lesicn to the ccntrolled system again did
not cause any apparent disrupticn to tne systen under

study.
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(6)Figure 34 1is +the grarphic representation of
D=1 during extinction phase of the experiment, The
showsd a response pattern which was similar to tha

control and ncrmal control ss.
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Figure 24, Mean of total number of rotations in running
wheel activity, Graph shows the activity level of the
D-I,b-I C and ¥ groups. Fach data point is an average cof
all Ss in the group, Bilateral electrlytic lesion in D-1
nuclei reduced activity to almost nil, D-I nuclei shan

lesion showed orpposite effect.
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Figure 25, The mean of a) total lsesver p)reinforced laver
press c¢)penalty count and d)trial abort count for every
daily s=ssicn. FEach data pcint is a mean of all Ss in
D-I group. 29 daily seSsions grouped into six time

blocks.
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Figure 26, The mean response latencies of D-I lesioned
system Dbefore and after surgery. Data presented as
response latanciss over 29 daily sessions and as con-
tinuous time functicon both suggestad that lesion did not

produce cbservable changes in the performance on DCA.
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Figure 27. The ditference plct P(0)-P(T) of the ©D-I
lesioned grcup. Magnitudes of difference was a function

of the reinforcement contingencias,
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Figure 28, B rlot of D-I system on DCR. 29 daily
sessions were treated as continuous time function., I/0
control reduced relative error term of the systenm,
Lesicn proeoduced no observable effect on the performancs

of the system cn the DCA,
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Figure 29, P plot of the D-I lesicned systen prior to
SUrgery. Performance of system showed the noninvariance
of governing equations when the system was functioning at

different levels cf control demand.
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Figura 30, P plot of D-I system after lssion. Perfor-
mance on the DCA apnd DCA with I/0 conitrol showed
characteristics essentially identical +to that of the

normal,
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Figure 31, Phase plane representation of D~I lesioned
system. Al]l data pcints were evaluated as continnous
time function. I/0 contrcl dreove system to perform with

reduced P and reduced 4P/dT.
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Figure 32, Phase diagram cf D-I system prior tc¢ suyrgery.
System showed servcmschanism-like adjustment +o changses
in schedule c¢f demand, While on I/0 control,systenm

tended tc apprcach limit cycle arcuond P axis,
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Figure 33, Phase diagram ¢f D-I system post-operatively.
System continued bebabioral functioning as a limit cycle
while <c¢n I/0 control. Behavicral trajectory changed its

P and dP/dT when returned tc kase line DCA.
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Figure 34, Extinction curves of D-I +0=1 ¢, and N
grcups. HMean of total lever presses per session was used
as behavicural index, 211 groups showed same type of

curve,
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GROUP IV the group with sham lesicn in the denitoio

interpcsed nuclel c¢f the cerebellum {D-I C)

o]
[}

A. general observaticn:

Ss in this group showed essentially the same general
pattern of behaviour before and after the sham lesion,
There was slight reduction in activity during the first
post-operative week,like all animals,they sowed signs of
irritation to the autcclips on the head, Overall, the
behavioural level of +the Sg& returned to normal by the

second post-operativs week,

B.activity level as measured by the rotational

running wheel: was ©ssentially the same before and after

the sham lesion. Other than for the 4th post-operative
testing sessicn when the mean Tesponse level showed a
sudden increase {caused Lty the oscillatory behaviocur
pattern of cne S5), there was cornsiderable overlap in the
activity 1level of the Ss ©befcre and after the shanm

lesion.,

L., performance on the DCAz

{1)Figure 35 is the mean of the total number of a)
total lever presses, b) reinforcsd lever presses, c)
penalty count, and d) trial abort count of the 29 daily
52551088, There was a reduction in the total number of
the lever presses during the two post-operative tinme

blocks without any corresponding changes in the total
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number of reinforced lever presses., This improved effi-
ciency in the behaviour on ths DCA corresponded to an
increased response latsncies during the same time period

E
in figure 36, This imprcvement was not accompani=sd by

tha development of a motoric chain post-operatively.

{2)Figure 36 is the mean respconse latenciss of the
D=I € group tefores and after the shan iesion, The
performance of the system showed steady imprcvement,as
driven 1ib the I/0 contrcl. The process continued post-
surgically, exhibiting a behavicural system whose rtela-
tive error and phase velccity were kept within a narrow
range. With the removal of the I/ 0 control,the response‘
latencies returned +to a level ccmparable to that of the
pre-operative,pre~I1,/0 contrcl bassline.

{3) P{O)-P{T): The ditference plot of the D-I C
group 1is presented in figure 37. The graph showed that
the 'gain’ c¢f the functioning system was the greatest
during the ten ccnsecutive time pcints which corresponded
to the ten rpost-surgical days when the S$Ss were on the I/0

control.
{4} P rlot:

When the response c¢f the systenm is cast into time
domain (figvres 38,39 & 40), the P's gave the rTatio of
behavioural adjustment to that demanded by the change in
the reinforcement contingerncies, In this case,the Pls

were ccnstricted tc a narrow range by the superimposed
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I/0 contrcl., Behavioral adjustment was also prasent when

the demand was returned to the tasgszsline level,

{5) DP/DT vs P:

Pre-operatively the rthase plane diagram of the
performance on the DCA =showed that the system moved
toward a semi-stable focus arcund the P axis when the I/0
was in iffect (figure 42). The same trend was in effect
post-operatively(figures #1 &43) when the I/0 was app-
lied. When the I/0 was remcved +the behavioural systen
deviated from the previously established active squili-
brium state,suggesting the noninvariance of the govarning

eguation in ccntrel policy.
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Figure 35, Means of a)total 1lever press, ©)reinforced
lever press, c)penalty count, and 4) trial abort count of
Ss in the D-I sham lesioned group. Values of a) and b)

seen as a function of values in reinforcement contingen-

cies on DLA,
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Figure 136, The 1nrean response latencies of D-I shan
lesioned group. Behavioral system resembles +that of
optimally «contrclly process, adjusting performance level
relative to levels c¢f demand. Behavioral efficiency

improved over practice and post-operatively.
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Figure 37,
between daily

is a functicn

P{0)-P{T) plct of D-1I c group.

sessions and the pre-1/0

of level of demand of DCA,

control

Difference

baseline
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Figurs 38. P plct of T-I C con DCA. Relative error
computed relative +*¢ 13% of deslay on I/0 ccontrocl.
Performance showed continual imprcvement post-operatively

while system c¢n DCA with I/C cocntrol. System Teturned to

baseline perfcrmance when I/0 ccntrol removed.
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Figure 39 P plot of D~I C group before sham lesicn.
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Figure 40 P plot of B~-I C grcup atter sham lesicn.
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Figure #1, Phase representaticn of D-I C group. 26
daily sessicns tr:eated as continuous function din time
domain., System response suggested servomechanism-like

behavicur ¢n DCA and DCA with I/0 control,
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Figure 42. ©Phase diagram of D-1 C system prior +to shan
lesion, System was ‘'driven' to function towards a
semi-stablse fccus by the superimposed I/0 control,with

reduction in P*s and in dPp/4T.
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Figure 43, Phase diagram of D-I C system after shan
lesion, System showed same mode of behaviour on DCA with
I/0 control :1limit cycle. System readjusted to baseline

DCA when I/C contrel wmas removed
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GEQUP V the group with bilateral electrolytic lesion

in the frontal pecle {Ft)

A.General ckservation:

$s in this group =xhibited similar genesral pattern
of behaviour prior to and subsegqguent to the lesioning,.
Animals showed no specific signs cof hyperre- activity teo
human handling., Unlike the S5s in the H CD group, they
did not shecw strong startle reaction when a puff of air

wvas blcown into the cags,

B. activity in the rotational running vhesl:

Figure 44 shows that, as compared +to the pre-
operative level and the activity 1level of +the shan
lesionad grcugp,the frontal Ss showsd an increase in the
tirst three post- lesicned testing sessions. The activi-
ty level returned tc the same general level by the 4th
post-lesioned testing sessicn.The sffect of 2.5 mg/ky of
d=-amphsetamine c¢n the frental animals were studied as a
pharmacological *verificaticn® ¢f the lesion site. The
eftect of the drug was measured in the activity running
wheel at 10 minute interval fcxr 100 minutes after ip

indjecticn o¢f the drug. As shecwn 1in figure 45, the

(]

frontal Ss displayed the double peak effaect of the

{

drug,which 1is unigue to the frontal lesioned animals

{Iversen,1971,Lynch,1969) .
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C.perfcrmance on the DCA:

{1) Pigure 46 is the mean c¢f a} total lever press
pyreinforced lesver press, ¢} penalty count and dytrial
abort ccunt of the 29 sessions which were grouped into
six time ©blccks., Reinforced lever press vwas related to
the schedule cn the DCA., Trial abert count remained at
the same level throughout the six time blocks. Penalty
count was the highest during the second time block when
the I/0 was first introduced, It remained at the sanme

level in the thres subsequent time blocks.

{2) Figure 47 is the mean response 1§t$ncie5 cf the
Ft Ss befcre and after the lesion., Pre-operatively the
performance of the system showed steady improvement as a
result o©f practice and was further driven to approximate
the demand imposed on it wvia +the I/0 control, Post-
operatively, +the performance of the system showed a
systematic shift towards that ¢f a shorter latencies on
the DCA, The mean resgpcnse latencies returned to the
baseline level as shown in bleck c¢ne,when the I/0 was

renoved,

{3) The graphs reprasenting the P(0)~-P{T) and the P
vs T (figures 48 &49) verified +the same trend in the
response o¢f +the "lesioned!? system %o changes in the

contrel pclicy.
{4) P rlot:
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Pre-operativaly the response of the system 1n  the
time dcmain is similar tc the systens described in
previous sections. The ralative error of the system was
reduced over time as a functicn of the I/0 control and of
practice{figure 50) . ?dst*cperatively,there w¥as an
increase in the relative error when compared to the
pre-operative 1éve1. Howyever, the general forms of the
trajectcries were still mirror images of =sach other
Figurs 51 ig the P plot of the Ft system before the
lesion., The I/0 control seffectively constricted relative
error of the system tc a narrow range. Post-operatively
the response of %ﬁe system showed a tendency to oscillate
towards shorter latencies {figurs 52}, However this
tendency was held under check by the I/0 control, With
the removal of the TI/0 control the behavioural systen
@xhibited a shift toward the pre-operative pre-I/0 base-

line 1levyel,
{5) DE/DT vs B

Pre-operatively the system moved toward an unstablse
focus and then diverged toward progressive legthening of
the response latencies,showing the predominating force of
extincticn during this phase of the experiment (figure
53) . Post-cperatively, the system showad a slight ten-
dency to overshoct,a characteri- stic of a slightly
underdampsd system {figure 54}, But +the I/0 <controcl
gquickly restricted the error and the phass velocity of

the trajectory of the system was precipitated into a
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limit <c¢ycle around the P axis. Upon the removal of the
170 contrcl the system readjusted its response charac-

teristic to the baseline level of demand.

{f)Figure 55 1is the extirction data on the Ft,FT C
and ncrwal ss. As with the previously cited groups, the
Ft system showed the same pattern of response reduction

over the *twc sessions,
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Figure 44, Activity level <c¢f frontal Jlesioned,frontal
sham lesioned and normal groups measured by rotational
running wheel, Data pcints represented mesan of all Ss in
each grcup. 3 pre-cperatvie days and 5 post-operative
days were presented. Frcntal group showed temporary
increase in activity count post-operatively while shan
lesicned Ss showed temporary decrease 1in same time

period.
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Figure #5., Heans of total pumber of a)total l=vel press,
b) reinforced lesver press, c)penalty count and djtrial
abort count in each daily session., 29 daily sessions

were grouped into six time blocks.
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Figure 46, Effects of 2.5mg/kg d-amphetamine on running
wheel activity in frontal,frontal operated control,and
normal rats., Exper imental session started immediately
after intraperitcnial injection of drug. Number of
rotations were counted at 10minute interval for V1DQ
minutes. Note +the second peak exhibited by frontal

animals dur ing the second half cf the session.
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Figure #47. Mean response latenciss of frontal Ss before
and after bilateral electrclytic lesicns in the frontal
area., EFach data pcint was a mean of 40 daily trials
averadged c¢ver all Ss 1inp that group. Post-operatively
system showaed reducsd respornse latencies on DCA with 1I/0
control,.Systaem returned to pre-operative pre-I/0 control
level in response latencies during last 5 days when I/0
contrcl was removed. Data was transformed to continuous

functicn via weighted lesast sqguare f£it polynomial,
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Figure 48, Difference plot E(0)-P(T) of the frontal
group., system showed tendency to perform at level which
resembled that cof pre-operative pre-I/0 contrel input,
resulting in reducad difference The peak of the curve
suggested attempt cf the =system to regain performance

level as demanded bty DCA with I/0 control.
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Pigure 49, P plot of the frcntal system over 29 daily

sessions. Graph showed P as continuous time function.

135



AN 00 20 AN 2R

(SN

I
L S

o




Figure 50. Phase plane representation of the frontal
system, A1l 29 data points were considered in descrip-
tion of the behavioural history. Prior to lesion,the
superimposed I/0 control drove the system to perform at
reduced vlaues for P and dg/dT, Post-operatively the
system showsd tendency tc deviate from the previously

achisved stats {increass=d P valuss ).
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Figure 51. P plot c¢f frontal system prior +to lesicn.
System showed reduction ip P's with practice on DCA with

I/0 centrol,
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Figurea 52, P plot of frontal system subsequent £o
lesioning. Bszhavior on ICA with I/0 control and on

baseline DCA shoued damped cscillation.
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Figure 53.Phase diagram c¢f frontal system prior to
lesion. Systenm approached unstable focus when system put
en DCA with 1I/0 control.It then meved toward still
smaller ¢ values with accelerated speed with further

practice on the schedule.
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Figure 54, Phase diagram cf frontal system subsaquent to
lesioning, Systen executed a limit cycle with center of
focus around P axis. It moved toward increassd P's when

I/0 control was removed.
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Figure 55. Extinction <curves of +the frontal, frontal
control and normal groups on DCA., Similar trend observed

for all froups,
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GROUP VI the group with tilateral sham lession in

frental pole {Ft C)

A,c¢ensral cbservation: The behavicur pattern of the

Pt ¢ =ss wuwere not different before and after the shan

lesion,

B.activity in the rotaticnal running wheels: Unlike
the Ft Ss which showed a period cof heightened activity in
the running wheel,the ¥t C Ss showed a post-operative
reducticn in this bshaviour. This group differd from the
contrcl in its pre-operative level,ie., it had a  higher
level of activity as measursd by the wheel prior to the
shar lesicn, Post-operatively the activity level was not

different from that of the control {figqure 44).

C.performance on the DCA:

{1) Figure 56 is the mean cf a}) total lever presses
per session,b)reiﬁforced lever press cipenaliy count and
d)ytrial abort count of the 29 daily sessions which were
grouped into six time blocks. The overall picture is
similar to the cother contrcl grcugs. On the whole,the
mean of the total lever press was reduced when the systen
was on the I,0 control.The number of total reinfirced
lever press was the greatest,while the total numbar of
the penalty and trial abort count were the lowest in the

last blcck.
{2) Figure 57 is the mean respcnse latencies of the
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Ft group <c¢ver the 29 experimental sessions, Post-
operatively, there was slight reduction in the mean
response latency in the I/C phase 0of the testing, Stiil,

there was ccnsiderable overlap 1n the response sanples.

P(0)=-P{T) :The difference betvween the pre-I/0 bade-
line and the subsequent sessions was a function of the
schedule of dewmand {figure 58). Upon removal of the I/0
contrcl, the P{0}-P{T) retuined to the same level as

pre~I/C sessicns,.

{4y P plot:Figures 59,60 & 617 are the p plot o0f the
system’s adjustment in the time domain. As with other
operated ccntrcls, these Ss ! Dbehavioural adjustment
pricr ard subs2guent to the sham lesion were mirror

images cf each cther,

{5)DP/0T vws P32 In gifures the system was charac-
terized by an unstable focus which subseguently diverged
towards a lengthening of responss latenciesg,with the
force cf extincton pre-dominating,just as was the case
with +the fpre-operative systes 1in the FT group.Post-
operatively, the system moved to a 1limit cycle around the
P axis. But the limit cycle was a soft one . The
behavioural =systen deviated frcm the tendency to a limit

cycle when the I/0 contrel sas renmoved{figure 62).
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Figure D5b. The means o¢f a)tctal lever press, b)
reinforced lever press, c¢)renalty count and 4)*trial abort
counts of the frontal sham lesiocned group. Data from 29
daily sessicns were averaged over all Ss 1in respective

groups. For explanation ,sce text,
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Figure 57. Mean response latencies of frontal sham
lesiored grcup. Fach data pcint was a mean of 40 daily
trials averaged over all ss., Corre sponding curve was
the first best £it on the weighted lzast sguare

polyncmial,
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Figure 58. Differsnce plct of the frontal shanm lesioned
group. Unlike the frontal system,It wmaintained perfor-

mance level after the surgery.
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Figure 59. P plot of the frontal sham lesioned prior tc

SUTgery.
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Figure 60, P plot of the itfrontal sham lesioned group

subsequent to Surgery.
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Figure 61, P plct of the system with frontal shanm
lesion.Perfo rmance before and after the surgery wsre

mirror images of =ach other.
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Figure 62. Phase diagras of the group with sham lesion

in the frontal rpole.
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Figure 62 a. phase diagrar of the Ft C system prior *o
surgerv. System approached unstable focus and then moved

to performance at still reduced P values.
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Figure 62 b, Phase diagram of Ft C systerm after shan
lesion. System functioned in limit cycle before ajdust-

ment to change in BCA,
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GROUP VIT the group with bilateral elactrolytic lesion in

the posterior aspect of the caudate nucleus (P CD)

A.general observation:Pest-operatively, the Ss were

generally sluggish in appearanceé.They spent much of the
time din the hecme cage away from the front of the cage.
They showed signs of irritation when handled, These
signs cf irritation to human handling gradually subsided

by the 2nd pcst-operative ueek,

B. activity level measured by the rotational run-

ning wheel: Figure 63 presented the mean of the total

number cf rotations over 30 minute period. Data of three
pre-operative and 5 post-cperative sessions are pre-
sented. As shcwn cn the graph, There is no differesnce in

the pre- and post-cperative level of running wheel

activity.

C., performance on the BCAa:

Figure 64 is the graphic presentation of the mean of
a) total lsver press,b)reinforced lever press,c)penalty
gount off and d)trial abort count of the 29 daily
sessions, The mean number cf total lever press and of
reinforced lever press were the highsest in the last time
block ., Post=-cperatively there was slight reduction in
the mean total c¢f reinfcrced lever press,which corres-
ponded with a reduction in the penalty count and of total
lever press. 1In cther words the effect of the lesion was

a general reduoction in the respcnsse of the system to the
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DCA. The depressed response of the system to the DCA was

not present in the second posti-operative time block,

{2)Figure 65 1s the mean response latenciess of the P
CD on the DCA. The weighted 1least sguare fit of the
pre-operative msan latenciessuggested the adjustment of
the system to the changed level of demand to be linear.
Post-operatively there was an initial period of increased
response latencies during which the behaviourwas charac-
terized by much nonresponses within a daily session, Ths
response of the system then returned to a level coapcr-
able +o +that the the pre-operative baseline. Jpon
subsequent removal of the I,/C control,the response of the

system adjusted accordingly.

P{0)Y=-P {1):2The difference plot which ussd the day
prior to the I/0 control input as the P{0) showed that
there was a large discrepancy Dpetween the baseline
performance and that of the first and secend post-

operative testing sessions (figurs 66).

P rlot: when the responses of the P CD system wast
ransforped 3into time respcnsethe response pattern of the
system before and after the operation is a amirror image
of each cther. {(Pigure 67). When the pre-operative and
post-operative sessions were analyzed separately, the
pre-operative behavioural response was shown to be linear
in its adjustment to the changed levels in demand. {figure

68) . Post-operatively, {figqure 69) the system showed large
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initial negative relative error followsd by a reducticn
in the value c¢f both the relative srror and the rate co¢f

change in the value c¢i the error.

DP/DT vs P: When the system is sesen as a continuous
functicy in the time domain cver the 29 daily sessions,
the phase -diagram of the P €D group 1is shoewn as a
behavicural system which evolved £from the process of
predcminately reconditioning dinto that o©of extinction.
Through practice the system then avolved into a limit
cycle,paintaining a active eguilibrium betwsen the forces
of extincticn and recond itioning around +the P axis
{figure 70). Yhiles the phase diagram of the systen
pre-operatively did not differ from any other groups({
figure 71)ths phase diagram of the post-operative beha-
vioural systen was that of an undserdamped sSystem which
responded to the control demand with a transient over-
shoot . Subsaquently, it evcolved into a an unstable
limit <cycle which wmoved away from the focus when the
demand of tte contrcl signal was changsed by the removal
of the I/0 control{figure 72). The responsse of the P CD
post-operatively differed frcm that of the H CD in that

the latter did not respond to the removal of I/0 control.

Figure 73 is the results on the extinction phase cf

e

the experiment. Tha extinction curves of the P €D ,P LD

&
o

normal € groups showsed the same tendencies,
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Figure 63, Mean number of reveoluticn in the rotational
running wheel in the P CD, P CD € and N groups. Each
point c¢n the Qraph was a mean of all Ss in that group.
A11 grcups maintained same levels of activity before and

after the surgsry or rest.
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Figure 64, Means of a)total lever press,b)reinforcsad
lever pre=ss c¢) penalty count and d)trial abort count of
the P CD group. Fach value was an average of all Ss in

the time block.
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Figure 65. The mean response latencies of the P €D on
DCA. System showed increassd response latencies during
initial segment cf post- operative sessions. Responsse
latencies shcwed corresponding adjustment when systenm

returned to baseline DCA,.

158




{ndu] [DUOI}O34I00) ON

_

1S3y |
B

NOILYH3dO _

|

|

indu |DUONO1OD M |

indug
| {ouonoe1100 ON

90UDWII0ID4 uolDLadQ - }S0d

auljasng uoiip4adQ - aid

9=N SS PO '1S0Od

tnduy |DUOIBLI0D ULIM _ —

00¢

009

004

008

00’6

AONZ LY ASNOLSIH NVIN

("23S)



Figure 66, Difference plot of P CD system. The peak of
the curve was during the initial segment of the post~

opaerative test sessicns,
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Figure 67, P glot of P CD system in time domain. All 29
daily sessicns were considersd continucus time function.
Curve showed system's adjustment to levels of dsmand as

damped oscillation,
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Figure 68. P plot of P CD system prior to lssioning.
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Figurs 569. P plct of P CD system sSubsesguent to

lesioning.
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Figure 70, Phase plane representation of the P CD systen
.All performance on DCA were evalnataed as continuous.
System functicned tcrwad a reduced P when put on I/0
contrcl but evolved away frcm the control was subsequent-
iy remcved. Adjustment <¢f system to changses in demand

observad,
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Figure 71, Phase diagram of P CD after Dbilateral
slectroclytic lesion. System showsd a transient overshoot
before precipitated 1inot a limit cycle. Systen sﬁowea
ad justment to removal of I/C control in moving away £fron

the limit cycle.
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Figurs 72. Phasse diagram of P CD prior to lesioning.
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Figure 73. Extinction curves of the P CD,PCD C and ¥ to

DCAa,
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GROUP VIIT the group with sham lesion 4in +the posterior

aspect of the caudats nucleus

A.gen2ral cobservation:The pre-operative and post-

operative behavicur of the Ss with sham lesions did not
differ d4in any observable manner. Other than signs of
slight irritation due to the autoclips on the forehesad,

the Ss appeared normal.

B, activity level in the rctaticnal running wheel-

2As shown in figure 63, the gpost-cperative activity in
the running wheel was essentially the same as that of the

pre-operative data.

C.performance on the DCA:

{1)Figure 74 presented the mean ofa)total lever
press b)reinforced lever press,c)penalty count, and &)
trial abort count of the P CD C group. Data from the 29
daily sessicns were grouped intc six time Dblocks. The
behavicural data displayed in this graph resumbled close~-

ly thcse of the other operated control groups.

The mean respcnse latercies cf the P CD C on the DCA
with and without the I/0 contrcl is presented in figure
5. Cf the ©pre-I/0 baseline vperformance,the systen
stabilized arcund B5¥ of delay. #ith the I/0 control
input, the system was driven over time to perform at a
longer resgponse latencies, Post-operatively +the sane

type of Dbehavioural pattern is displayed, The ddata
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points on the graph shcued the oscillatory typs of
performance on tha I/0 coentrcl. Mean latency of responsse
returnsd to that of the pre-cperative pre-I1/70 control
bpaseline upon the removal of the I/0 control. The gain
of the system is seen in the increase in the mean of the

total number of reinforced lever presses and reduction in

the total penalty and trial abort counts {figure 74),.

{3 PAD)~P{T]) vs T3 The differesnce plet of this
group is similar to the c¢ther operated control {figure

76) .

{#) P plot:The response of the P CD» C on the DCA in
the time dcmain is presented in figure 77. H®hen the 29
daily sessicns wers fitted via weighted lsast sguare
polyncrial, the post-operative section of the data is a
mirror image cf its pre-operative section. When thes pre-
and rost-operative sections wWere presentaed as separate
data sets ({figures 78 & 79), similar results wvere

obtained.,
{5) *the phase-plane regpresentaticn (DP/DT / P):

Figqure 82 is the phase diagram of the system before
it was subjectsd to the sham 1lssion, Before the I/0
contrcl was superimposed the system stabilizsed around the
P axis with a relative error clcse to 2.1. As the I/0
control wmas applied the system was driven to function
@with a much reduced error term. the trajectory told of a

system which +travelled across the phase plane with a
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prademipating force o©f extinction during the middle
section o0f the system’s 7Tattempt? to stabilize on a hew
demand. The later rhase of the trajsctory showed that
the <force ¢f reconditioning had entersd at this stage of
the system?s active adjustment. Figure 80 is the phase
diagram of the system post-operatively.Initially while on
the I/0 contrcl, the system exhibited a relatively stable
performance with a balanced processes of extinction and
reconditioning at work. The phase diagram is a limit
cycle with the focus arcund the P axis. Upon the removal
of the I/0 control, the system began to show decay of the
DCA on I/C control. During this phase the force of
reconditioning {shorter response lat- ency) became pre-
dominating, and the system showed a rapid swing to
increased relative error over tims, When the P CD C is
considered as a whole the ©phase diagram is that of a
active servomechanis- like systen which traversed
acrossed +the Dbehavicural phase plane in the form of a

limit cycle { figure 81),.

The extinction data presented in <figure 73 showed

that +the P €D C showd the same trend on the extinction

phase of the experiment.
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Figure 74. Mean of a)total lever press, b)reinforced
lever press , c)p=nalty count and d) trial abort count of
35s in the P CD C group. Values were means of each daily

sessicns ,avaraged over all Ss in =ach time block.
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Figure 75. The mean response latencies of the P CD C
group. Corresponding curve was ths first best fit via

the weighted least square pciyncmial.
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Figure 76. The difference plot of the B CD C group.
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Figure 77. P gplot of P CD C before and after the shan
lesicn., Perfcrmances Dbefcre and aftaer sham lesion were

mirror images of each other.
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Figurs 78. P rlot of P (L C prior to sham 1lesicn.

System showed adjustment to changses in denmand,
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Figure 79,

P plot cf P CD € subseguent to sham lesion,
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Fiqure 80. DPhase diagram ¢f P CD C system prior to shan
lesion, System was driven *c gperformances around 1limit

cycle by I/0 centrel.
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Figure 81, Phase diagram of F CD C system after sharw
lesicn. Similar behaviour observed as before shanm

lesion,
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. Fig.82 Phase plan representaticn of P CD C system when
all ©Dbehavioural data on DCA were evaluated as continuocus
in time. Trajectery told <c¢f a system which showed
balanced forces between extinction and reconditioning on

the DCA,
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GROUP VITIII the normal control group (N)

A, general observation:

The general behavicour of the normal control 3Ss
variad 1little throughout the different phases cf the
exper- iment., During the 19 days while the experimental
groups underwent surgery,the Ss in N were put on rest
with foocd and water ad.lib. While all Ss showed weight
gain during this period,the body weights returned to the
pre-rest level via 3 days c¢f 23-hour water depriva *ion

prior to the onset of the pcst-rest testing phase.

B, activity measured by the rofational running

wheel: Based on figure 63,the Ss in the normal group
maintained a uniformed level of activity through the 8

dally sessicns.

C,perfermance on the DCA:

(1)Figure B84 presents the mean of a) total number of
lsver press, b) total reinforced lever press, c)penalty
count , & d)trial abort ccunt of the 23 aaiiy sessions.
For clarity data were grouped into six time blocks. The
mean of total lever press and of reinforced lever press
yere the hightet durinpg the final tim2 block, while the
penalty court was the lowest during the samz block. This
shows the f?*gain' of the ©behavioural system via its
experience on the ©[CA with +the super- imposed 1I/0

control. The I/0 ccantreol reduced the mean of the total
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lever rress per session. {(The same general ph2nomena were

reported by results f£rom the other 3 groups).

{2) The mean response latencies of the N on the DCA
with and withcut the I/0 contrcl is presented in figure
85. Based o¢n this figure the response latency of the
system prior to the implement of the I,0 control stabi-
lized arocund 5% of deslay. the system was driven to
respond at a levsl around the 7" range when the I/0
control was in effect., The system responded at the sane
general level after the rest period, suggesting that DC3
showed littie deterioratién over tim=. Performance then
returned to a 1level «c¢lose to the original baselins

latency when the superimposed I/0 control was removad,

{3y P{0)~-B{T) wvs T: TFigure 86 showed that the gain
of the functicning system was the greatest when the I/0

control was in eififect.

(47 P plot:Figure 87 is +the time response cf the DCA
system. It show=ad that the performance of the system was
linear over the 20 daily sessions when the superimposed
I/0 was in effect, The behavicur of the systenm departed
from the original level of taseline performance ,showing
reduction in the P values., The system then returned to
the performance level com parable to that of the original
baseline upcn subseguent remcval of the I/0 control.
This characteristic manifested the servomechanism- like

behaviour c¢f the DCA sysitem, Figures 88 & 89 are the P
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plots o¢f the N group befcre and after the rest pericd,
These graphs exhibited similar fehavioural patterns and
are a mirror images of each other. Its basic form of
behaviour on either level of depand over time is that of

a damped oscillation.

(5 DP/DT  vs P:Figures 9C & $1 are the phase diagram of
the N before and after the rtrest. As shown 1in figure
90,the trajsectory of the systen umoved toward a reduced
relative error with the inplementation of the I/0 con-
trcl. While on the DCA with I/0 control, the systen
showed reduction both in the relative error and the ratse
of <change 0: the 1relative error The control command
effectively constricted the behavioural system to & mors
istable ' performance level over time and with a reduced
relative error term, The system adjusted to the changed
demand 1in a limit <cycie azrcund the P axis, The sanme
limit cycle was maintained after the period of rest
{figure 91).,  The system then mcved away from the limit
cycle when the superimposed I/0 control was removed,
Yhen the bzshavioural system cn the DCA before and after
the rest was considsered as a centinuum in the time domain
- {feasiable as the system shcwed virtually no <changes in
its performance over the pericd of rest) the DCA adjusted
to the «changes in the level c¢f desmand in the form of a
very tightly knit 1limit «c¢ycle,showing virtually no
changas in the values «c¢f DP/DT over time., The values

spiralled closely around the focus which was on the P
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axis {fiqura 92). The systenm then moved anay from the
L.C. when the I/0 control was removed. That the systen
showed the tendency to stabilize at two diffsrent locl in
the state- space of behévionral phase plane suggests the
noninvariance of the governing eguations at the twe
different levels o¢f the reinforcement contingencies of

the DCA paradignm,

(6)As shown in figure 73, the sxtinction curve of

the W group was similar to those of the other groups.
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Figure €4. The nmeans of a) total lever press, b} reinfor-
ced lever press ,c¢)penalty court and d)trial abort count
in each session., of all Ss frcm a particular seSsion.

Data were then grouped intc six time blocks.
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Pigure 85, The wmecan respcnse latencizss of the normal
group on DCA and DCA with I/0 ccntrol/ Fach data point
was a mean of U0 daily trisls,averaged over all ss. The
corraesponding curve was the first best £it via the

weighted least sgqguare polyncnrial.

184



( SEC.)

MEAN RESPONSE LATENCY

T T T T T T T T T T 1 i 11 rrr1rrr1r1rrr1 171710 17 1b 1 vhi
9.00 _ NORMAL Ss N=7 _—
_
Baseline _ Post - Rest Performance
7.00 -
6.00 —
_ With Correctional Input No Ooﬂwwo..:ona_ Input
500 | |
_ REST
_ "PERIOD
R N T F U U U NN U NN A0 0 1 U U O T T T O O I A B
012345678910 20 20



Figur=a 86, The difference plot E(0)-P{T) of the normal
group. The magnitude of the difference is a function c¢f

the reinforcemant contingencies.
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Pigure B87. P plot cf the ncrmal systen.
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Figure 88, P plot of the normal systasm prior to rest

period.,
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Figure 89, P plot of the normal system after the rTest

periond.
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Figure 90. Phase diagram of the normal prior to rest
period, System driven to reduced B's ,functioning around

P .axis in a limit cycle.
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Figure 81. Phase diagram cf the normal system subsequent
to rest period. Figures 9C and 91 are mirror 1images of

2ach other,

190



Uz
s -
X

Ol

SO0°0-

0

S—




Figure 92. Phase plane representation of the normal
system. System was driven to perform at reduced P and
dP/DT when I/C control was superimposed on the DCA,
System continued to spiral around special value on the P
axis after the rest period. EBEehavior stabilized with P's
and dP/DT approaching a constant,while on the DCA with
I/0 contrecl. System evolved away from the focus when the

I/0 control was repcoved,
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RESULTS: THE EBEISTCLOGICAL DATA

1. brain specimen of subiects Dbearing bilateral

electrelytic lesions in the head of the caudate nucleuss

A)GENELAL CRBSEEVATIONS:

Tte damaged brain tissues correspondad well with the
area as defined by the stereotaxic atlas of deGroot/{
1954) , ie., anterior -1.7mm from Bregma, + 2.7 mm lateral
to,the midlins, and 5 mm frcm the surface of +he skull,
The brain specimen within this boundary showsd damage to
the cortical tissues around the area where the lasioning
elactrodes entered the brain., Howsver,dus to the extrenme
thinness of the sections {Hu) and of the long period of
time ©between the surgery and the sacrifice of the
animals,there were nc 4distinct tracts observable,

The lesioning current produced a constricted arsa of
damage 1o the head c¢f the caudate nucleus. The area cof
maximal damage was confined tc the section medial to the
lateral aspect o©of the «c¢orpus calleosum, dorsal to the
anterior commissure and ventral to the medial aspect of
the <corpus callosunm, Scar tissuses and destroyed areas
{space) were readlly observable 0o the normal eye and
under +the microscope { 4x £ 10x). Disarrangement of the
corpus <allcsum due to the penetration of the elesctrcede
was also observed.

B) ARFA CF MAXIMAL LAMAGE:

The area cf maximal damage overlapped tc some extent
with the space occupied by the 1lateral ventricles,

creating a picture of much enlarged ventricular space,
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As sheown by the focllcwing diagram, the ventricular space
was approximately # +o 5 times that of a normal brain
specimen, With the enlargement of the ventricular space,
thers was a corresponding deduction in the total area
normally occupied by the caudate nucleus. In addition,
there was much <camage tc the neurcns of the caudate
nucleus in the lesioned area, leaving only a very small
portion of the caudate tissues frees of any scar tissues,

Damage t0 the section o¢f +the corpus callosum Dy
penetration of the electrode was comparable from brain
section to brain section across all subjects,.

The anterior commissure and other nearby structures
ascaped injury. The following is a serial reconstruction
of brain sections in the area of wmaximal damage via
bilateral electrolytic lesicn of HCD., All brain sectiomns
were Hu or 17lu in thickness and every 5th ssrial section
¥as presented.

ITI. ©brain specimen cf subjects served as operatad

contrcl group for the HCD lesicned ss:

A) GENERAL OBSERVATIONS

As with the hcd 1lesioned ss, the brain specimsn
within the confine of the 1esicning <ccordinatas showed
damage to the ccriical tissues. Such damage was pbilater-
al and symmetrical., As well,the amount of damage to the
surface of the cerebral cortex was comparable to thoses in
the lesicned group. In gensral the damage was a rasult
of the penetration of the electrode through the brain

tissus.
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The secticns o©f the <corpus callosum vwhere the
electrode rassed showed iisarrangement of the fiber
tracts., Thke apmpount and type of damages were also
comparable to those in the lesioned group. There was no
identifiable electrode +tracts fcund in the sections,
Again an observaticn comparable to those in the lesioned
group.

There was no okbservable damage to the HLD either
with 4% or 10x of magnification under the micrescops,.
The lateral septal nuclei and the caudate nuclei were of
normal sizes, There was no enlargement £o the lateral
yentricular spaces. Postoperatively, there were no ten-
porary hype€rreactivity or overt sensitivity to blowing
air, nor increased resistance to handling in the form of
urination and defecation, which were quite pronounced in
the HCD lesioned ss behavicurally, the data verified the
intactneSs of the septal area.

Ccmpariscn of the HBECD ard HCD operated control Ss
would give the selective eftfects of damages to the head
section of the «caudate nuclsus,and to the lateral ven-
tricle The maximal damages were sustained by the head of
the caudate nucleus which showed reduction both in the
total area and in the number c¢f neusrons.

ITI, train specimen ¢f Ss bearing bilateral =lec-

trolytic lesicns in the dentato-interposed nuclei of the

cerebellums

A) GEWERAL OBSERVATIONS:

The aresa bearing tissue damage via passage of
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alectrical currents csntered around the section as
defined by the 1lesioning coordinates by Bures =2t al
{1967y, ie. ap~1imm frcwm Bregma, lateral- 2.2 mnm from
the midline and vertical -7mm frcm the surface of +he
skull, Howaver, the majority cf the lesioned areas were
s3lightly ventral to dendate nucleus area with most De
neurons, Consequently, only the ventral portion cof the
dentats nucleus ({DE) was affected, resulting in the
sparing ¢f much DE neurons.

In general, theres weré bilateral symmetrical indent
on the surface of +the cerebslliar cortices where the
electrodes were lowered into the brain. The amcunt of
tissue damage was consistant from specimen to specimen.
Again, thers was no distinctly identifiable electrcde

tracts leift by penetratiocn c¢f th 2lectrodes into the

D

brain tissuse.

BYTHE AREA OF MAXINMAL LCAMAGES:

maximal damages were sustaiped in the ventral por-
tion of the dentate nucleus in the saction lateral to the
fourth vewntricle. There were also damages +o the
acoustic tubercle, restifcrm becdy, and trigeminal nervs,
in the vicinity of the DE. The only excsption was rat 52
which bore lesicns in the ventral portion of the DE while

escaping damage to both the CR and €SV,

Involvenment of Deiters nucleus and Bachterew nucleus
were possible but very slight. HMore anteriorly, damage

to the brachium conjunctivinz {BC) was also present.
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Due toc the <closeness of the lasioned sites to the
lateral aspect cf VIV, the specimen with lesions crezated

an illusion of larger than normal ventricular spaces.

The fcllowing diagrams are samples of a typical DE
lesion., Serial reconstruction of the sections suggested
the extent cf damage to be from AP11 to APY.0 of Bures et

al's atlas.

Ive. brain specimen of subjects bearing bilateral

sham lesion in the caudato-interposed nuclei of +the

cerebellun

A) GENERAL OBSERVATICNS:

As with +the DE 1lesioned ss, the brain specimen
showed slight bilateral damages to the cerepellar
cortices 1im the tissue block as defined by the lesicn
coordinates Of Bures et al (1967). As presented in +the
following diagram, the damages +to both cortices were
synmetrical, causing destructicn of comparable magnitude
on  both sides. Such damages were gquite comparable to

those sustained by the lesicned grocup.

Again, a8 with the lesion=ad Ss there were nc
distinctly identitfiable marks left by the passage of the
electrodes, though some secticns gave the appearence of

increased glial cells.

Cn the whole, the DE ar<a remained intact and ware

clearly identifiable under the microscope (ix).
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v.The brain specimen c¢f Ss bearing bilatsral =2lsc-

trelytic lesicns to the pre-frceontal pole of the cerebrum:

AYGENEFAL OBSERVATION:

The area of maxipal damage wherein lesion sites were
identified <corresponded to the arsa dessignated by the
lesion coordinates of deGroot (1954) ie., AP 5.2mm lateral

to the midline and 2mnm from the surface of the skull.

As shown in the following diagram, thes lesionsd
sites were triangular in shape and the area of destruc-
tion was situated in the upper medial gquadrum o¢f the
pre-frental cortex., The destroyed area was approximately

1/8 of the tctal pre-frontal cortex.

ByAREA CF MAXIMAL DAMACE:

The area Dbearing destructive electrolytic lesions
vere affectively confined to the pre-frontal cortex. No
visible damages were observed either in the lateral
ventricles ¢r in the bead c¢f the caudate mnucleus. The
subcortical structures in the pre-frontal areas were alsc

spared from darage.

C) ASYHETIRICAI BILATERAL LESIOCHN:

in rat 45, the brain specimen showsad the lesiocns to
be asymmetrical. The lesicn site was situated in  the
lower right quadrant of the left hemisphere. Comparakble

size of lesioned site was situated in the wupper 1left
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quadrant in the right hemisphere. As with all Ss saamples
described previously, there were no identifiable marks
left by the passage of the electrodses, other +than vary
slight reduction of «cortical neurons alceng the tissues

aligned with +the damaged <cortical surface and the

{

lesioned sites,.

In general, the 1lesicnirg current (3.5ma. for
30sec.) produced an elongated triangular shape or a tear
shaped damace to +the tissue. The space preduced by
destructive electrolytiic current showed presence of
glial cells., Scar tissues were present in the vicinity
of the lesicned arsa. The ventricular spaces posterior
to the lesicn sites were of mncrmal sizes.the caudate

nucleus was alsoc spared,

3

VI.train specimen of Ss bearing bilateral shan

lesicn in the pre-frontal ccrtex.

GENERAL COBSERVATION:

Both the left and right pre- frontal cortices showad
slight indent on the surface of the cortex. Based on the
locaticn of the indentaticn, cne could reasonably con-
clude that these damages were left by the penetration of
the electrcdes into the brain tissue, the extent andgd
loci of these indentation were consistant in all sections

cf the brain specimen of Ss in this group.

7III.tbrain specimen ¢t Sz bearing =electrolytic
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lesions in the posterior aspect of the caudats

A) GENERAL OBSERVATION:

The area wherein lesicned dapages to the tissue was
located corresponed «closely with +the intended lesion
sites, The site of wmaximal damage was within the
confines o¢f the lesioning coordinates of deGroot (1954),
i2,AP .2mm frcm Bregma, 3.5mm latzral to the midline and

3.5mm frcm the surface of the skull,

Scar tissue was present frcm AP 7.8 to APS5.8mm.

In general, there were bilateralsymmetrical damages
to the surface of the cerebral ccrtex wherse the elec-
trodes entered the brain. 25 was consistant with all
cther groups, there were no distinctly identifiable marks
igft by the passage of the eslectrodes, On the whols
there was much tearing in the brain tissuses, making the
verification of lesioned sites were 4ifficult at times,
pbrain secticns ¢f rat 80).

B) THE AREA OF MAXIMAL LDAFAGE

The area sustaining maximal damages was located in
the piddle section of the CPU{nucleus caudate/putansn),
medial to +the <corpus <c¢sallosum, and 1lateral tc the
internal capsule, Two ss {rats €6875) seemed +o have
sustained sonme damage to the lsteral ventricles, causing
a general enlargement of the ventricular space. 211

other Ss escaped damage to the ventricles, On the whole,

199



the 1lesicning current prcduced a constricted area of
destruction within the confines of CPU. Total area
destruction was approximately 1,8 of the CPU territory.
The length of the destroyed area was approximately 1/4 of

t+he length cf the subcortical area.

Damages to the ccrpus callcsum were limited to the
medial secticns where the electrodes passed through fc
reach the prorposed lesion sites, Disarrangement Of the
fiber tracts were clearly ckservable under the micros-
cope, The ssction of the ccrpus callosum which showed
most disturbance was slightly anterior to the section

with maximal damage to the CPU.

VIII.train specimen of Ss bearing sham lesions in

the pcsterior aspect of the caudate nucleus

GENERAL CBSERVATICHS:

As was the case with +two other sham operated
groups,the brain specimen of Ss in this group showed the
symmetrical indentation on the surface of the cerebral
cortices. Thase indents were caused by the passage of
the electrcde through the brain tissus, Again there wers
no identitiable wmarks left, Thsre was much tearing and
breakage in the brain secticn,prchbably associated with

the histological procedures,

200



n rat

es 1

N
L

i

of the lesion s

Llion

epresantat

1cr

brains,



Figure 93. Diagrammatic representation o0f the lesicn

sites in rat prains.
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area of maximel damage

Rat 35, slide # W.

tip of lesion electrode




Diagram D, A diagram <f a brain specimen Dbearing
bilateral slectro~ lytic lesicn to the frontal pole cof

the cerebral cortex.
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Diagram C.A diagram ©¢f a ©brain specinmen bearing shan

lesicn in the dentato-interpcsed nuclei of the

cerebellunm,
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Diagranm B,

electro- 1y

Diagrams c¢f brain specienmn bearing

hbilateral

tic lesions to the dentatco-interposed nuclei

in the cersbellunm, Drawing dcne under 10X

micrcsccepe.
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Diagram A, A diagram o¢f a brain specimen bearing
bilateral electrolytic lesion to the head of the caudate

nucleus, Observation done under 10X in a microscope.
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Diagram H. Diagrams of brain specimen bearing bilateral
electrclytic lesion in the P CD,ncte the enlarged ventri-

cular s£racs.




point of entry of electrode

lesioned &rea on left side

of slide

ea on right sid

of slide

rat # 85, slide # 2,area of maximal damage corresvonded to

AP 6.2 to AP 5.8 of deGroot's atlas for the rat.



Diagram G, Diagram of train specimen with bilateral
alectrclytic lesion in the posterior aspect of the

caudate nuclsus.




point of entry of electrode

l

rat # 51,
slide 13




Diagram F. Diagrams of brain specimen with sham lesion

in the frontal pole of the cereiral cortex.




lesioned area

slide # 14

scar tissue

slide # 15 d

Rat # 45 with bilateral electrolytic
lesion in the frontal area of the

cerebral cortex.




Diagram E. CLiagrawms of krain specimen bearing asymmetr-
ical bilateral =slectrclytic lesion to the frontal pole of

the cerebral cortex,



.oint of ewntry of. electrode

disarrange of corpus callosum

grea of maximal damage

rat # 87, slide # 4 AP 6.6 mm

rat # 87, slide # 3 AP 6.2 mm

Ea. Two slides from rat # 87 vhich received bilateral electrolytic lesions.

N

HL. Three slides from rat # 86 whick received vilater

Y

c
lesions. In this S the ventricular aresz was z2ffected.




CHAPTER IV

DISCUSSICN

Initiation and <Cecntrecl c¢f Hovement and Response

Inhibition

{&) the frontal-striatal systen:

Initiaticn of vcluntary movement: The present study
suggested that poth H €T apnd P CD lesions led to a
temporary impairment cf response on the DCA { c.f.,
Fiqures 7, 10, 13, 6€¢, 69 & 71 ). This phenomenon lends
support to Hansing (1968) and Denny-Brown {1962) hypoths-
sis that the striato-pallidal system is involved in the
initiation c¢f behaviour. Electrolytic destruction cf the
areas led to a temporary disruption in the initiation of
the CR's in the operant chamber., BResponses in the sane
session shcwed increased response latencies {(negative
relative errors),interspersed with many non-raspons=2s to
the 40 CS5 presentations., That the disruption wasg tenm-
porary attests to the phencmencn of behavioural recovery
after zlectrclytic lesions in the brain. As shown by the
work of Finger et al (1973), Raisman & Field {1973),
Schultze & Stein (1975) and ¥all & Egger {1971), there is

collateral reinnervaticn and functional recovery in th

0]

CNS ar<as., In addition this phencmencn is guantitatively
predictable and follows a rigid time-course and results
in a characteristic pattern of synaptic formation. The
lesioned areas in the present study wers confined in well

localized arecas tc avoid massive damage to nearby struc-
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tures. Conseguently there were some sparing of +the
caudate neurcns. Therefors it 1is conceivable that to
some extent there was functional recovery in the caudate
N2ULONs, That the recovery was not complete is shown ty
the failure of the H CD to return to baseline performance
on the DCA after removal of the 1/0 control{c.f., Figure
13).

Caudate nucleus and act inhibition {Stanley &
Jaynes?! concept of act dinbkibkiticn): If one accepts
Halasz's (18¢9) argusment +that Pavloviaﬁ inhibition of
delay develcps in the DCA,then the original tone <S5,
together with +the 5" or 9% ¢of delay acguired an inhibi-
tory quality. Thus the first 5" or 9% of the CS duration
acted as a physiclcgical stimulus for the subsequent
period cf activity. Lever presses should increase as the
reinforcement availability pericd approachad. The data
frem the H €D Ss showed that subssquent to the initial
sessicn o©of many nonresponsss to the CS after the lesion,
S5 devaloped a patterned motoric «chain %to mediate *the
CS—Sﬁ‘infervaia Such motoric chains were concommitent to
improved performance on the DCA. As presanted in the
results secticn, the components of the motoric chain were
‘anticipatory goal behaviour? which were pressnt during
the preliminary training but were later %inhibited? in
that Ss refrained from respconding during the delay period
in the DCa. Lesions in the dorsal and dorsonmsdial
aspects of the H CD presumally produced the disiphibition

of the  motcric events,as shownkby theppost-operative
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development of the ccllateral behavioural chains (table
1. Presumably ccmpensatery mctoric chains were then
developed,utilizing the disinhibited motoric saguences tco
mediate the dslay. All these events tcok place when the
I70 ccntrcl was in effect. Perseveration of the condi-
ticned behavicur was manifested when the Ss failed to
readjust their response latencies upon the removal of the
superimposed I/0 control. The apparent improved perfor-
mance cf the H CD Ss on the DCA, and in particular, of
maintained improved performance when the I/0 control was
removadcould be attributed to the failure of the defec-
tive system to overcome the initial behavioural set. The
apparent facilitatcry =ffect of +the H CD lasion could
thus be a masked form of behavicural perseveration, The
post-operative performance of the H €D group conld be
motoric disinhibiticon which facilitated the formation of
mediating behavioural chain during the delay period in
the DCA.The aksence of reducticn in Tresponse latencies
when I/0 <contrel was nc lcnger in effect could be a
result c¢f impairment to the <certral neuronal feadback
loops wessential tc rproper adjustment of the system to
changes in 'timimg’., This defective system raesponded to
the control demand with an digpnitial overshcot of an
underdamped system and then precipitated intc a hard
limit <cycle,which 1is an invariant state of the condi-
ticned beshaviour.

Pcst-cperatively *he P CD 1lesioned system also

showed an initial underdamped adijustment on the DCA with
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I/C ccecntrel, dovever,the behavioural system gquickly
returned to the pre-operative level of performance on the
third testing session,without the development of ?lesicn-
related?® wmctcric chains, Therefore it could Le assunmed
that behavioral data d4id nct suggest disinhibiticn of
previously inhibited motor Lehavicur,

Onlike the studies {eg. Fosvold,1958; Divac, 19587,
1968 ) which employed the mcre ccnventional tasks such as
delayed response and delayed alteraticn frontal lesions
did not produce behavioural effects which are similar to
that of the caudate nucleus lesicn. Rather, the frontal
system shcyed a xshift cf the response latencies tc a
shortsr value, resulting in an increase in fhe relative
errcr o¢f the behavioural syster. It suggests the possi-
bility c¢f hyperreactivity to the presentation of C5.The
absence of lesicn-induced increase in trial abort count
{Figure 45 ) weould lend support to this argquement .That
the shortened response latencies to DCA could not be
attributed to an enhanced responsivity to rewarding
stiruli supported the conclusiocns of Neill et al {1974).

{B) the cerebellar control system:

Thke conventional concept classsified the cerebellun
as the a segment of the efferent motor system which is
regulated Lty the ‘'higher'! «centers in the cerebrun
{Brooks, 1975} . The most recent ressarches hovever tend
to reccnfire Holmes?! {1907) prorosal that the cerebellun

is inveclved in the initiaticn of voluntary movement. For
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instance, Thach's work {1968,1973,1975) With primates
suggested that the cerebellium output may help initiate as
Wwell as reaqgulate behaviour, Thach's experiments studiesd
the +temporal relationship between changes in cerabellar
activity and a simple learned movement, flexion and exten-
sion of ipsilateral wrist. Measurement of the discharge
of single neurcns in the dentate and interposed nuclei
showed that many cells showed "modified discharge between
signal and movement,and changes were time-locked to
movement rather than signal.....for most cells discharge
changed even before the EWMG response preceding rovemant”,
Using the functional "relaticnship in +the vestibular-
ocular reflex arc and the supsrposed cerebellum as an
example,Itc (1970 ) considered the «cerebellum to be a
servomencanism of the feedfcrward control system which
"having the aid of a computcr having a learning capacity,
can perform much more flexikle and subtle controlling...”
{p» }. Based on his theory ,the cerebellar cortex
normally exerts a modulating function over the subcortic-
al mneurcns which receive excitatory signals from the
cerebellar afferent «collateral fibhers. The n2ocerse
bellar cortex is linked to the cerebral motor area by the
cortico-spinal and corticco-bulbar impulses via the pon-
tine puclei and the dinferior olive. The herispheric
cutput frcm the dentate nucleus returns to the motor area
via the VL nucleus of the thalamus. Ito called this
arrangement a model reference adaptative control systen.

During the learning phase of a complex motoric skill, the
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voluntary wunskilled movements were dnitiated by ths
assoclation cortex which were first transfersd to the
motor cort<€Xx and then through the pyramidal tract down to
the spinal motor centers. The final cuicome was checked
by the association cortex via the sensory pathways. This
system c¢f <ccntrol 1s a large n=gative feedback loop
"formed thrcugh the external worlid® (Ito,1970). During
the 1learning ©rphase,the cerebral cortex is continuously
aware cf the system?s performance and adijustment are made
as required. With sufficient training, the performance
of the CR's become refined voluntary skilled movements.
The large negative feedback loop via the external world
is reyplaced by an dnternal one ‘Ypassing through the
cereballum which would serve as a model of the <combina-
tion c¢f the spinal motor system,the external world and
the sensory pathways®. Thus the criginal negative feed-
pack system 1s converted by learning into a feedford
system which nc longer depend on a straightford negative
feedback 1lcoop from the output to the input. Additional
input pathways tc the cerebellum serves to adjust the
internal modsl as reguired din a sServomechanism-like
systen.

In the context of Ito's arpalysis,cerebellar dysne-
tria and intentional +tremor were viewsd as a vesult of
loss or impailrwment ¢f the irterral model. The impairment
would manifest itself in the overall performance of a
system which utilized a large negative feedback loop with

a ccmplex transtfer functicn. As is shown in the method
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sectiocn, the DCA is a complex behaviour requiring 3 to 4
months of training +to achieve relative consistency in
performance. The results showed that intentional tremor

was present 1in the conditioned Dbehaviour o©f ths D-I

1]
b

lesioned Ss in the operant chamber. However the perfor-
mance on the [CA was not impaired by the ?impairment in
the internal model in the cersbellum?., Data presented in
the result section showed that the response curves of the
D-I lesionesd system was identical with those . of +the
normal systen. Several factcrs might have contributed
buted tc the aprarent nonexistence of impairment of DCA
by the ataxic systen, One such facter could b2 the
servomechanism-like characteristic of the DCA paradigm, a
simulated modsel of optimally ccntreclled processes, While
bilateral slectrclytic lesicn in the D-I nuclei effec-
tively produced clinical symptcms of dysmetria and inten-
ticral tremor,the optimal process control paradigm pro-
vided sufficient parallel tc¢ and an substitute for the
neurcgnal +feedback for the adeguate performance of the
conditicned behavicur on the DCA. Functional recovery
could be another contributing factor for absence of
impairment in the initiation of CR's in the D-I systen.,
The histclcgical data showed that there ware sparing of
dentate neurons in the dorsal aspect of the nucleus. It
is c¢onceivable that the remaining dentate neurons were
able to compensate for the function of the destrovyed
DEUrCcns.

It 1is possible that the nature of the task demand,
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namely the ability to dslay +the conditioned behaviour
relative tc the onset of a CS presantation,enabled the
system to readjust its resrcnse during the dalay pzriod
so 1t could still adequately maintain its performance
efficiency. The exact nature of the relationship between
intenticnal tremor and performance efficiency awaits
future experimental Tesearch. The results from the
present study are at variance with Persinger?s(1971)
study, He examined the relationship between pre- and
nec-natal exposure to X-radiation or electromagnetic
fields and the ©DCA, His study showed that in the DCa
situaticn greatest behavioural effects were obtained
during transient states associated with the schedule
changes , while performance in the steady statss was
little affected. Ascribing to Harr's(1969) thecry of
cerebellar cortex Persinger conceptualized temporal or
timing function as mediated via the mossy fiber-granule-
cell parallel fiber circuit., @Pased on this hypothesis,
disruptive effects on the ICA sould manifest itself when
the context frcm the mossy fiber dinput varies fron

cerebral input., VYet in view of the two main behavioural

ot

data frcm the present study, ©pamely, (1) he H CD
lesion-induced perseveraticn on the DCA, which coincided
with the post-operative develcpment of wmotor mediating
response and (2) the failure of cersbellar dysmetria and
intentional tremor %o impair ©DCA, the complex wmo%or

learning dces not seem tc take place in the cerebellunm{

Halasz, 1978 personal communicaticn). RBather than sup-
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porting +the theory by Harr(1969), Eccles{1969,1973) and
Ito(187C), the presant study tends to give more support
to Llimas? (1967, 1971, 1972, 1974), and Sotalo?s{1975)

position that ccmplex motor learning doss not take place

in the cerebellun.

MOTIVATICNAL HYPOTHESIS:

Suggesticns have be made (Sor=nssn & Ellison,1970)
that the changes in the performance of the CD Ss could be
seccndary tc a changed motivational state, #Were this the
case, the disruptsd performanceon the DCA by the H CP and
P CD 53 could be attributed to reduced level of +thirst,
In the present study this hypothesis is made plausible in
view c¢f the fact that histological data suggested the
invasiocn of lesion damage to the lateral ventricles. The
brain ventricular system has in turn been proposed as the
active site for the dipsogenic response to angiotsnsin
{Johnsocn, 19723 Jchnson & Epstein, 1975). Thelr work
showed that even insensitive +issues in the <caudate
nuicleus could be made effective for arcusal of drinking
by angiotensin if the cannula fcr the peptide was angled
to pass through the ventricles, However,several factors
would suggest that the present effects of +he caundate
lesion on the2 DCA could nect te explained by this
motivational hypothesis, First, Buggs?(1974,1975,19756)
work suggested that there was complete racovery of
drug-inducad drinking behaviocur frem 8 to 14 days after

the lesicn cf the proposed active sites for angiotensin.
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The post-operative testing sessions in the present study
did not ccmmence until 19 days after the lasion., By that
time the ©possible disrupticon in the ventricular flow
would have recoversd. Second, Bugg's {{19767) study alsc
implicated the antericr third ventricle at +the preoptic
and hypothalanic 1level as the a&tive site for angioten-
sin, The fourth ventricle and the posterior third
ventricle were withcut ary active sites. And third,
Neill =t al {1974) ccmpared the effects of frontal,
striatal, and septal 1lesicne in paradigms thought to
measure incentive notivaticr cr behaviocural inhibition,
The results showed that rats with frontal or striatal
lesions which increased responrding for rewards in many
operant paradigms did nwnct sufficiently increase their
rate of water ccnsumption,rate of acquisition of sac-
charine drinking, 1latency to eat in a novel environment
or acquisition of runway responses. They concluded that
"the behaviotral changes seen atftter striatal cr frontal
damage in the rat are not dus to enhanced responsivity to
rewarding stimuli®, Thus, it dis more 1likely that CD
performance was due to disruption of brain structures
concerned with +tenmporal iscrimination than to any

indirect effect cn motivational systenms.



CONCLUSTICN AND SUMHARY

Based on the more recent litarature { Everts,1975;
Thach, 1975; Brooks, 1975; ILiu & Chambers, 1971 )both the
caudate nucleus and the dentato-interposed nuclei are
propcsed tc be the essential structures in the initiaticn
and contrel of lzarned behaviour, Fccles (1969,1973) , &
Ito {1%¢70) proposed +that the <channels for the neural
traffic fror the *will? to actual movement inception <run
from the cerebral association cortex to the motor cortex
with a detour for learning through the cerebellun. Kenmp
and Pecwell {1971) stressed the anatomical convergence
from asscciaticn cortex thrcugh *he basal ganglia and
cerebellum,via *he thalamic funnel of VI, to the motor
cortex., Therefore the major cersbral dinflusnce of the
cerebellum and the pasal ganglia is upon the motor area
0of the cortex, Efferently +the entire cerebral cortex
sends fibers to both the tasal ganglia and the cer=abel-
lum., Thus " the input going intc the cerebellum and into
the basal ganglia may be coded in a mor2 abstract and
complex manner than the input dinto the motcr cortex™®
{Everts, 197%). ¥ithin this context, wmotor control is
now studied in terms of relaticns of different divisions
of the central nervous system tc cne ancther and to parts
of the bedy. Many motor functions are multiply repre-
sented and coecntrcl of these functions invloves simul-
taneous action of all 1levels o¢f the nervous systen's

hierarchical organization ,The work of Thach , Everts,Ito

220



and Brocks all implisd the existencs of transcortical
feedback lcops in a servomechanism-like functional systenm
{Everts 1973,Halasz,1%73). The DCA is a self-regulating
behaviour system which is Servomechanically driven and
homeostatically stabilized {( Halasz, 1972). It c¢an bs
used as a simulated model of CNS centrol over cenditioned
behaviocur. In the present study it was used as a "proba"
methodclogy to study behavioural abnormalty which might
have resulted frcm lesions in the striatal-frontal and/cr
dentatc-interponed motor suksystems. The report in the
result secticn suggested that the DCA with the I/0
control successfully restricted the performance of the

behavicural systems in a well-defined range in the

ot

state-space of behaviour. Pricr to the surgery, he
phase diagrams of all grcups showed tendency to a soft
limit cycle with the focus around the P axis. Post~
operatively, the tftrajectcry of the H CD system showed a
temporary disruption in the ferm of an underdamped
overshoct ,then precipitated into a hard limit cycle,no
longer sensitive to changes in the governing eqguations
{eg. reinforcement contingencies).The P CD and the
frontal systems alsc showed temporary disruption . The
former responded 1n the form cf an underdamped overshoot
similar to the H CD system,while the latter responded in
the form o©0f a damped cscillatié& torward a larger
relative error,Both system returined to the pre-operative
response rpatisrns <characterized by a tendency to a soft

limit cycle on the DCA with I/0 control paradigm.The
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systems b=shaviour showed corresponding adjustment when
the noninvariance c¢f governing egunations were assuwped
{changes in reinforcement contingsncies)., The dentato-
interpcsed system was permanently ataxic. However the

system manifested the same tehavioural characteristics as

]

before +the lesicn, In addition ,its post-lesioned beha-
vioural history was virtually identical with that of the
normal systen. Thus,using the DCA and the DCA with the
I/0 control,the present study differentiated betweem (a)
the specific effects of CD lesiocn on initiation angd
control of conditicned behavicur which were constructed
on Pavlovian inhibition ot delay and {b) the effects of
dentato~interposed terposed lesicn on the same behaviour.
In addition, it differentiated +the gensral effects of
cerebral/cersbellar lessiorns c¢n notor activity such as
running wheel frcm those which are concerned with central
nervous system®s initiaticn and ccntrol of 1learned con-
plex wmotor act {(praxis). The exact nature of the
transcortical and transmeurcnal servo-loops awaits future

research.
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THEORETICAL FRAMEWOEK ANL CCNCEPTUAL MODEL

The present work developed after many vyears of
experimental ressarch in the laboratory of M.F.Halasz,
Halasz®' work leans heavily towards modern control theory
in general, and more specifically the dynamical stability
theory in which behavioural systems are sesen as self-
regulatory in the context of active stabilization. Using
the DCA as a behavicural paradigm, he attempts to seek an
improved Lbalance between fcrral adequacy and labcratory
relevance in exrpounding a +theory of the homeostatic
stabilizaticn of behaviour., Acticns (or CR's) are seen
as systems ¢f movenmsnts cocrdinated in the function of a
result. Acquisiticn of a CR comes about as a result of
experience, and through the irternal process of equili-
brium, the expression .cf a regulation or an acguired
stabilization of cocrdinative [processes., As such, he
viewed ©behavioural oscillaticn {and stability) via a
gualitative dynamical syster theory. That is, a control
theory providing a basis for an experimental analysis of

the stability of conditioning {Halasz,1968).

The Halaszian scheme 1is based on: (1) a mwmodern
physical model of a contrclled process, (2) an inclusive
but explicitly defined set c¢f integro-differential egua-
tions postulated to goverr statistical measures of beha-
vioural pertormance, applied tc, {3) a paradigmatic kind
of ({neurcmiscular) conditioned activity. ({p.2, Halasz,

1974) .
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Halasz used the elastic spring to perscnify the

7}

disturbance- resistence properties of pehaviour. While
Frend put more emphasis on the %spring like®™ restoration
of behavioural patterns, Halasz made a finer differentia-
tion between the inertia,the passive tendency of a systen
to maintain a given state cf mction, and the "restoring
force”,an active vectcrial process towards the eqguali-
prium reference state, 1In additicn, the damping constant
of a Dbehavioural system which determines the rate of
change of a perturbed syster was also given a prominant
positicr in describing the characteristics of a beha-
vioural system. When an active ©behavioural system is
thus wvisualized,it can be analyz=ad and described by the
secend crder linear differential =sguation; ie, i P+cP# kP
=0 { P=deviaticn of a tehavioural system Ffrom the
reference equilibrium di=inertia c¢=damping constant k=
elastic constant )

In the biclogical andy/or behavioural +transients,the
damped sinuscids or exponential are the solutions to this
eguaticn, as Halasz has shown, (1966,1967) the soclution
to this equation gives <comprehensice account of tran-
sients in the latencies of the delayed conditioned
responses due to disturbance in the CS-US intervals. As
such,the generality of the dynamic stability theory
renders possitle the experimental analysis of behaviour.,

as cn=-going,active controlling/controlled processes,
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Behavicral variability,as well as uniformity,is acceptad
as lawful functions of an active biological system.

#ith the &mcre complex tehavioural systems,Halasz
employed the ccncept of the servomechanism. A4 servome-
chanism 1s a ccntrcl device which adjusts a passive
controlled element by means of a sensor which compares
the actual output/conditicn of the element with that of
the demand., Its activity is actuated by an error signal
tormed at the summing pceint when command and feedback
informaticn converge, The relevance of a servomechanisn
model to the general prcblem of the stability of biolog-
ical fcrm and function is at cnce obvious, ‘It enables
the applicaticn c¢f concert cf control to neurological,

physiolecgical and psychological studies,

0]

the optimal process control is an =xtension of the
servomechanism ccncept,which may be applied to the homeo-
static regulaticn in biclogy and behaviour. in this
context, the sensor,the feedback control and +the demand
input are all statistic in nature.in the conventional
servomechanism framewocrk,tlke controlled element is a
passive device,but in the optimal process control it can
be an "operating plant" cortaining feedback locps of a
lower 9order.the present auther considers this model most
attractive in the analysis «¢f function and behaviour
which include inthem the "peurcnal circuits® as a signi-
ficant variable., in this framework, the sensor takes

statistic =samples of the performance of the plant. an
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index is computed and fed tack for «control dscisions.

The variables describing the stats of the control element

)
£

is therefors distinguished from the index describing the
conditicn of the plant, While this fine distinctiocn is
not always possible experimentally,it is nevertheless an
important consideraticn in relation to +the adaptative,
noninvariant and ncnlinear systems of control,

According to Halasz,this model gives the best poss-
ible physical picture for an essentially mathematical
treatment of behavicural  hopecstasis,bscanse it is the
most concorcant with neurcphysiological knowledge,with
the statistical nature o¢f bshavioural measurements and
the plasticity and adaptivity of conditioned responses|
Halasz,1973). It gives 1rise to the concept of control
policy,ie,the "imprcvement of the tehaviour of systems”
which "pest renders theoretically the characteristics of
CR"s considered as motor skills c¢r “"praxis®,. The CR¥%s
are ccnceptuaiized as the paradigmatic behaviour in the
treatment of hcmeostatic stabilization. These behaviour-
al systems can be studied mathematically by identifying
them with "optimal process control & coordinated with
contrcl geclicy", 1In this framework,the controlled pro-
cess blocck 1is the executive apparatus of the skill, Tt
includes muscle fibers,spinal nsurons,mnotor cortex
santerior «cersbellum,etc,,and 1is in +turn subserved by
lowser crder servomechanisms. The object of regulation is
an activesystem including the CNXS,the effectors and the

anvironment, Environment refers to the fixed limb of the
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reinforcemant gprogramming agpparatus within which the
motor skill is exercised.Perfcrrance measurement is  the
cngoing activity o¢ the brainthrough sense Oorgans,mamory
circuits etc., The internalized feedback processes are
nade explicit wvia the installation of experimental
apparatts such as counters, timers, etc.,"While +the ana-
tomy and physiology of the brain's own performance
neasurement cver 1t executive plant is so poorly unde-
rstood. ... it is the internalized content that corres-
ponds to elements of ‘praxis®Y{Halasz,1973).The state
space of a CB 1s "the conceptual +*heatre for the
operaticn of habit as contrcl pclicy™{Halasz,1973).It is
the meeting ground of the condition of performance, the
demands of the 2xternal envircnment and the available
contrgl acticns. FEccles{1967) hypothesized the possible
existance of such an area in the cerebellum at which
exteroceptive, proprioceptive and executive pathways
intersect, Halasz, on the cther hand, devoted his anerqy
to the «ccecnstructicn of the ccnceptual <theatre with
electronic hardware and scftware., The principles thus
derived were taken as to preovide the theory to appropri-
ate internal processes,

At the simple level, a state-space can be repre-
sented by a "phase-plane” which specifies the npomentary
state «c¢f perfcormance by the levsl of a response and its
tendency tc change ({ie., the first derivativel,

At the mcre complex level a state-space is statist-

ical becaus2 every pcint in the space is the status and
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tendencies ¢f a frequency distribution. This 1is s0

the actual condition of skilled performance at

[¢H

becaus
any tipe'T?! is a frequency distribution of that perfor-
mance measure which <can be described by a set of

statistical movements Pi in an empirical performance

sample., Mathematically is

vy

s
.

dpi/dT=£i {Pi,Pi)

dpi/dT=gi(Pi,Pi) ,i=1,n (& The trajectory

{iz., the sclutions t0 these equationsy describes the

history of the performance. When the performance is not

atfected by the action of +the demand generator, the

eguaticns represent the auto-determination of the beha-
viour as influenced by its cwn internal structure,

When the performance is driven by external demands

di{T) , the eguation bhecomes

dpi/di=gi (PiPi)+di(T) (2

Because of the statistic nature of decision process,
the di{T) 1is likely a discontinuous step-wise increment
of the reinforcement contingency.

When the performance measure is an error function,
Pi is an 2rror indeX. Thes origin of the (Pi,Pi) phase
plane cerrespeonds to performance perfectiy’ adijusted +tc
the demand and at egqguilibrium thers., The current condi-
tion of behaviour {as represented by +the radius vector
from the origin +to the point) gives a display of

discrepancy between the actual and desirsd state of the
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praxis.

At the higher-crder «ccntrcl systems the control
signal{wi) can bes experimentaly arplied or removed rela-
tive toc the state- space related discrepancy display.This
signal 1s applied over and above the rastoring forcses
essential 1in the auto-determined stabilization of perfor-

mance., Mathematically, it is
dpi/di=gi{Pi,Pi)+di(T)+ni (&

mi is generally binary {0,cr 1),ccnforming with optimali-
ty principle of ccntrel or "bang-kang” control {Tomvic,
1966) . Briefly, the bang-bang control action {Pi,Pi)
utilizes strategical switching in and ocut of ami in such a
way as to make the conditicred action most rapid and
stable.As the trajsctory iﬁtetsects the switching line,
correcticnal mi is activated. The position and the angle
of the switching line describes the <ccontrol ©policy in
force., {A vertical switching line means that mi will be
applied when error index Pi has exceeded a tolerated
level, an cbligque line states that the derivative Pi, or
anticipation is dincluded in the process of control
decisicon.The optimal cortrol policy can be derived mathe-
matically for a system if we know its governing equa-
tions. On the behaviour 1level, however, one is con-
fronted with the inverse problem, Various control poli-
cies are empirically constructed to probe a behaviocur
system. The optimal policy is empirically derived via

experimenatal manipulations to provide some insight in
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the unknecwn equations.
When the application cf mi ({(correctional actions) is

made functionalily dependent cn a s

]

D

gment of trajsctory |
a finite history of a behavioural systen),the principle
of optipality plays a 7rcle in the ccntrol policy{that
regulate performance about a reference pt. in its
state-space). Under this condition, the gquadratic crit-
erion is used to introduece an integral eguation which is
necessary tc compute the value ¢f ranges of T over which
mi is inp action.{Note:The quadratic criterion states that

a function

F(Pi+Pi)

0f th

[45]

squared radius vectcr described by the systen
about the origin should be wminimized or held to a sat
value cver a trajectory segment).

The «ccncept c¢f optimality provides a vital and
gqualitative understanding of system oscillations.

Based c¢n the Halaszian model of behaviour, a condi-
tioned habit is defined by a policy of control over
skilled nesurcmuscular performance, As'such,the eguations
{#) and (5) represent one of the states of the skill
which may fluctuate over time. To describe more fully
the skill, together with its variations, +the forms of
2quaticns (4) and {5) must garametrically be depsndent on

state variables
Sk=7s2.0m
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s

dpi/dt=gi{pi,pi,sk)+di(t)+ni(f (sk)ydt) (=)

the sk's are located in the control system blcock and
specify the adaptative dimensions which +the brain pos-
sesses over behaviour, and over the external stimulatiocn,
If the vpreccess control of a CR is complete in the S the
sk's are neurophysiclogical and are related +o the
plottei (reversible state changes associated with factors
such as mctivaticnal or «circadian rhythans) CNS dimen-
sions, TIf, c¢n the cther hand, the external apparatus is
used to simunlate +the higher CHNS control, sk's can mean
the adjustable decision «c¢riteria ian the regulaticn
{Halasz & Cheng,1969). 1In a S~{0)~-R paradigm, thes sk's
belong with the O variables while the pi(the state of the
controlled neurcmuscular frocess) belong to the R
variables. Thecry ¢f nonlinear oscillations

As pointed out by Halasz the sk's and their equation
dpi/dt=gipi, pi,sk)+d1i (t)+nmi(f (sk)di) (O

provide’ the dynamic basis for conceptual application of
the thecry cf nonlinear oscillaticn to the understanding
of behavioural fluctuations and homesostasis, Fixed State
of Praxis=gerfcrmance oscillaticn about an egualibriur

pein. When the contrel policy is fixeﬁ,sx’%being con-

£

stant the eguaticn {B) raintain a specific form. The
conditioned performance pi®s pmay fluctuatz around an
equilibrium pcint {pi=0). Several types of fluctuations

may occur: {a) The stockastic djitter is an artifact of
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statistical estimaticn, which does not Dbear on the
deterministic aspect of tehavioural fluctuation, {5
Lawful oscillation of a kehaviour about the equalibrium
may take twc forms when the system 1is perturbed by a
demand signal .If the restoring force is such that the
trajectcry returns to the initial point, it is stable.
If the trajectery departs indefinitely from the initial
point, it is unstable, Fixed state of Praxis - oscilla-
tion during transition between equilibrium points,

Due to a change in demand a formerly stable equili-
brium point ©O' wmay beccme unstable, The behaviour
diverges from O' and heads tcward a new lavel at O and
gradually ccnverges tc it in a tightening spiral.This

equilibrium pcint is called a focus. In the time domain

44

this phase plct corresponds to a decaying oscillation.
If the gi’s are linear the spiral is a damped sinuscidal.

Fixed state c¢f Praxis- limit cycle 3

The oscillation of a ccntrclled process which ne2ith-
er decay with the passage of time, nor result from any
loss c¢f ceontrel are called the limited cycles. The
limited cycles are fully deterministic, maintained
cyclicities.In this condition, the statistic parametars
of the response measure dc not converge tp fixed values
but to an oscillation with a definite period, If +the
cycling system resists attempts *o disrupt it it is
called a stable 1limit cycling, Like other forms of
behaviocural measure, it is a mode of operation of the

behavioural system permitted by the regulatory policy in
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action,

Variatkle damping ternms, {pi,2i) ,gi's, retarded
acticn by the wi, and the inertial nonlinearities (asso-
ciated with the integral terms of the optimization
critericn) may all contribute tc the possibilities of ILC
oscillaticns, The initiation «c¢f a linit cycle can be
sott or hard, and cnce a limit cycle is attained the
antecedent history and manner of excitation no longer has
consequence cover subsequent events.

Evalyation ¢f Praxis @

The sclution portrait of a CR remains fixed in so
far as the state of the skill remains fixed.,Tf on the
other bhand, +the skill itself wundergoes evalution, the
process cf transfcrmations has significant conseguences
over the potentiality and the actualities of conditioned
performance, As the invariance of CR performance can not
be assumed under all conditicns, the variables relative
to the wevcluticn o©f a conditioned performance hold
significant implicaticns fcr the study of bioclogical
behavioural systenms,

In the context of the systems theory, tcpological
dynamics, bifurcation theory and rparametric excitations
are three of the significant ccncepts pertaining to the
consequence of the noninvariance of the policy of con-
trel, As presented in Halasz' publications {1968,1970)
all the threse ccncepts are highly relevant to the study
of behaviour in an operant lab.The present study is

indebted tc these theories for the conceptual understand-
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ing of the bahavioural systems ftoth in fixed and in
evoluting thases of a CE ({a)The topological dynamics
concept shows that in the domain of the evolution of
behavioural ©possipilities, the solution portraits are
qualitatively presented in the form of the topolegical
profilek of tte 1indicated steady-states, For instance,
the profile of the particular system may remain unchanged
for a wide rangs of sk's., However, when certain critical
value is exceeded the soluticn configuaration may involve
a disccntinuous transition into a different one.

{k) The bifurcation thecry eantails the rules accord-
ing to which a differentiaticn eguation evolves in a
continuous way. It concerns with the general guidelines
by which the new LC's and O's arise in pairs from old
onesas sk's 1n egquation {6) pass the critical values.
For instance,as implied in Halasz® 1970 paper, a stable
equilibrium point bifurcate into an unstable equillibriun
pointand a LC as a parameter of the governing equation
changes.

Parametric excitation bdeals with the phenomenon of
forcing of cscillation by a periocdic dift) input under
conditicn of d=z (5).

With a change 1in the state of the control systen,
oscillatory behaviour may cccur for no apparsnt reason.
The parameter excitation ccncept relates this phenonenon
to the forcing cof cscillaticn bty a pericdic di{ty input
under condition of invariance in (%) .0ne example is the

periodic paramater variaticn may be interchangeable with



an external fluctuation of demand conditions,

Based on thess three «concepts, stability is  a

1471

continuous characteristic of sclution profiles vwhen the
noninvariance of the gcverning equations are a possibili-
ty. Mcre over, it 1is perforce a property of actual
performance because the stability of an eguilibrium point
or cycle can be specifisd only with respect to what
happens to an actual behavicural system occupying or or
traversing it,

Based on the ifcregoing presentaticn, dynamic stabi-
lity theory has =significant bearing on the design,
ana1y5is; interpretation, and hardware cf the behavioural
experiment., For instance, within the frame of reference,
the relevant trend in the mcde ¢f variation of experi-
mental variables 1s the shift from static, factorial
levels cf treatment to dynamic, time dependent input
forns, This =shift comes weasily in the operant lab
because its apprcach is to study bshavioural processes on

a causal process in time (and nct on a set of data

7

crrelaticns ).An experiment consists of a probe of the
ongeing contrclled process ty demand inputs, alteration
of state-parameters, changes in the optimalization cri-
teria, etc. The hardware, the design and display of
experiment <¢n neurcmuscular performance is also refins=ad
from manipulaticn of a single wvariable and that of a
feedback l1cop. In analysis of data, stochastic/ deter-
ministic partition and stalble oscillaticn are taken as

lawful functioning of systenms rather than as
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noises/contamanants,
Overall, using the controcl-theoretical model, Halasz

Fe-apprcaches hcmecstasis ir psychology as pertaining to¢

ot
0]

h structure o¢f Dbehavicur rather than only to motiva-
ticnal cycles that snergize it. Utilizing the wmathemat-
ical definiticn of habit, the CR's are seen as a way of
management cver performance rather than of performance

itself, The praxis consists of a definite way to relate

behavicur output tc demand input.
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Figure 1., Conditionsd praxis as an optimally controlled

process {Halasz,1973).
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