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ABSTRACT 

The experunents 1n th1s thesl.s investLgated the 

neuropharmacology of memory 1n the caudate nucleus, uSlng the 

cond1tloneù emotlona] response (CER) wlth vlsual and olfactory 

cond1tloncd stlmull (CS). 

In eXperllnent 1, post-tralning, 1ntrastr1atal 

m1crolnjectlons of both amphetam1ne and LY 171555, but not SKF 

38393: (1) 1llto the posteroventral area 1mproved memory of a 

v1sual, but not an olfactory, CER; (2) 1nto the ventrolateral 

area 1mproved memory of an olfactory, but not a v1sual, CER. 

In experlment 2, sulplrlde, but not SCH 23390, blocked the 

memory 1mprov1ng effect of amphetam1ne. These findl.ngs are 

cons1stant w1th the hypothes1s that dopamIne 02 receptor 

stl.mUlatlon med1ates the memory enhancement effect of 

amphetamlne ln the neostr1atum. 

In three exper1ments on a visual CER, pre-tralnlng 

lntrastrlatal micrO-ln je ct ions of scopolamlne lmpa1red 

acqulslt10n; post-traln1ng mlcro-lnjections improved 

conso11datlon; and pre-testing micro-1njectlons impa1red 

retrleval. These f1nd1ngs are consistant w1th the hypothesis 

that str1atal muscarlnic receptor stlmulatlon med1ates some 

aspects of acqu1s1~lon and retr1eval of sensory-motor memory, 

and that blockade of these receptors following trdln1ng :as an 

effect on memory consolldatlon S1ml1ar to that of 02 receptor 

st1mulation. 

In experlment 6, destructlon of the dopaminergic 

nigrostrlatal neurons abollshed the memory improvlng effect of 
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1ntrastr1atal post-tralnlng mlcro-lnjectlons of scopolamIne 

and AFDX-384, a speclflc muscarinlc M2 antagoni st. 'l'IH!SP 

resul ts suggest that the post-tralnl ng memory lmpr'ovf'menl 

produced by muscarinl.c blockdde may be medlated by dn M2 

receptor, known to be located on dopamlnerglc nlgro-strldtal 

te rml.na 1 s • 
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Résumé 

Les expérlences de la présente thèse ont étudlé la 

neuropharmacologle de la mémOlre dans le noyau caudé en 

utl11sant la réponse émotionnelle conditlonnée (REC) et des 

stImulI ~onditionneis (SC) vlsuel et olfa~tlf. 

Dans 11 expérlence 1, des mlcro-lnjectlons Hltra'~ 

slrIatdJes dlamphétamlne et de LY 171555, malS pas de SKF 

38393, juste aprés l'apprentissage,: (1) dan~ la régl0n 

postéroventrale améllorèrent la mémoIre d'une REC VI suelle 

mais PdS d'une REC olfactlve; (2) dans la régIon 

ventrolatérale amélIorèrent la mémoIre d'une REC olfactIve 

malS pas d'une REC vlsuelle. Dans l'expérIence 2, sulplrlde, 

malS pas SCH 23390, bloqua l'amélIoratIon de mémOIre causée 

par l'amphétamIne. Ces résultats sont consistent avec 

llhypolhèse que la stlmulation du récepteur dopamlnerglque D2 

constItue le substrat neuronal de cet effet d'amélIoratIon de 

la mémOIre par l'amphétamIne dans le néostriatum. 

Dans troIS expérIences portant sur une REC vIsuelle, la 

mIcrO-InjectIon avant 11 apprentI ssage de scopolamIne 

lnterferra avec l'acqulsltlon; la mIcro-injectIon juste aprés 

l'apprentIssage amélIora 

InjectIon juste avant 

la 

le 

con8o~ldatlon; et 

rappel Interferra 

la micro

avec la 

récupératIon. Ces résultats sont consIstant 11 hypothèse que la 

stlmulatHtn des récepteurs muscariniques constItue le substrat 

neuronal d'au mOIns certaInes aspects de l'acqUISItIon et de 

la récupératIon de la mémOlre sensorl-motrlce dans le 
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néostrlatum, et que le blockage de ces loéceptcurs dpr'~H 

l'apprentIssage a un effet sur la consolldat 1 on de La mémtl 1 rO(" 

à celul de ]a des 

rlopaminerglques D2. 

Dans l'expérIence 6, la destructIon dAS npuronCH 

doparoinerglques nlgro-str lataux é Ilml na l' dlné Il orat J on de 1 ct 

mémol re causée par des mIcrO-ln jectlons apres dpprenl 1 ssag'.:' dl' 

scopolamine et d'AFDX-384, un antagonIste spécJflqu(-' du 

récepteur muscarI nIque M2. Ces résul tats suggèrent que Cf!U.f· 

amélIoration de la mémoire par le blockage muscarIrI1llue jus!.,! 

apres l'apprentIssage puisse avoJ.r comme subslrat rlf:':ln.Hld 1 l,· 

récepteur muscarInlque M2 dOHt la présence sur l e~i t f'rml ndlJX 

dopaminerglques nlgro-striataux a été sugger6. 
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PREFACE 

When l flrst came to McG1l1 Urll.vcrs1.ty ln September of 

1985, l was determIned to work on the neurologlcal baslE of 

memory and l earn] ng. L1. ke many othe rs l had been followlng 

closely the research on the hlppocampus and the IlmblC system 

as possIble SItes for such functIons. In my flrst weeks ln 

McGIll, Dr. Norman WhIte Introduced me to the caudate nucleus 

and exp 1 a Ined why he thought thl s structure to be an lmportant 

part of an i'ilternatIve memory system, a system deallng mostly 

Wl th S IP1[J 1 e sensory-motor J earnlng. Sorne of h lS own ea r l y work 

wlth preVIOUS graduate students on electrlcal sel E-stlmulatlon 

and amphelaml ne m1.CrO-Injectlons were among the most Important 

eVldence supportlng such a posltlon. S1nce those days my 

~onceptlon of learnlng and memory ln the braln has been 

completelyaltered. 

From the accumulated eVldence, it was clear that the 

neostrlatum was an 1mportant part of the neurolog1cal system 

underlYlng dSSOclat1ve learnlng and that dopamlne release from 

n 19ro-str lata l termlnal s mlght med la te post-tra ln Ing memory 

lmprovlng effect of dmphetamlne. However, what was not known 

at the t lmE' was the extent of ltS contrlbutl0n as weIl as the 

underJ yI ng mechanlsms. The demonstratl0n ln my Master 1 s thesls 

that speclflc sltes ln the neostrlatum seem to mediate the 

acquIslLlon of sensory specIflc lnformatlon was a major plece 

of eVldence lmpllcatlng the matrlx compartment of the 

neosl r 1.dtum w 1. th l t.s pattern of anat.omlca l relat 10ns ta the 
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cortex, Jn sensory-motor memory. The m.lSSlng elemenl wa~ the 

understandlng of the mechan:i sm for memory formdt lon dnd 

consolldatlon, that is, for creatlng permanent sensorY-nlolnr 

(S-R) connections on the baS1S of exper.lence. The purposp IIf 

this theslS 18 to begln to descrlbe that mechanlsm. 

In the end, as the reader wlll see, what hdd starlpd rlB 

an attempt at clarlfylng the lnvolvement of dopamlne imct 

acetylchollne ln assoclatlve funett.on ln the strJaLulII, hd~ 

become an integratlve model of how normal S-R learrnng mlqhl 

oeeur ln the neostr latum of the rat. 'J'he mode] uwo 1 V(~H U}(· 

dlfferent neurotransmitter systems and revo l ves a nJUnd thp 

changes ln cAMP 

autoreceptors and 

aetlvi ty 

thelr 

lndueed 

effects 

by 

on 

stlmuldtlon of D2 

lhe dopaml ne IOr] lC-

chollnergic balance. Finally, Hl addltlon ta allowlnq for thp 

explanatlon of the observed drug ef feets report:ed 1 n Lhl' 

present thes18, thls model aiso suggests expldniitlOns for 

seve -,d other learnlng phenomena and permlts sorne lnterest Inq 

predictlons. 

My greatest appreciation lS extended la my supervlsor, 

Dr. Norman Whlte, for hlS help ln both s~pportlng dnd gUldlnq 

my research. Worklng wlth h.lm was not on ly é.l 9 reat sc lent If Le 

experlence but aiso an important part of grOWJ ng up. H Il:! 

presence and especially hlS understandlng of rny Bomet.Hne 

partleular personallty were more than appreclaLed. None of 

thlS would have been posslble Wl thout hUfI behlnd me. 

1 
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THE NATURE OF MEMORY 

The Idea of a memory consoll datIon process was first 

proposed by George Muller and Alfons PIlzecker (1901). They 

based their theory on the observatIon that human subjects had 

dIfflcultles recailing a 1iSt of words If they were asked to 

learn a second list of words Immediately after the flrst one. 

These authors suggested that the most recently presented words 

Interfered wlth the recall of the oIder ones. This phenomenon 

was called retroactive Interference and It was thought that 

the interference prevented the fIxatIon or consolIdatIon of 

the memory of the flrst s~t of words. ThIS led to the proposaI 

that short-term memor1.es were gradually transformed into 10ng-

term memorles. 

More recentIy, 0.0. Hebb (1949, 1955) proposed a 

phYSlologlcal mechanism of consolidation. Hebb speculated that 

groups of neurons called cell assemblies, fired by the 

presentation of stimulI and the performance of responses, re-

excited themselves repeatedly VIa numerous interconnectlons 

causing the inItIal burst of activity to persist for sorne 

t ime. ThIS "reverberatory" neural activi ty WùS thought to 

produce permanent synaptic changes ln the network of cells. 

Therefore, Hebb suggested, memories can be represented in the 

nervous system 1.n two dIstinct forms: short-term (the lab1.1e 

electrical activity) and long-term (the changed synaptic 

relationshlps). In Muller and Pilzecker's paradlgm, according 

to thlS hypothesls the presentation of the second 1 ist of 
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words impa1red retent10n of the f1rst list by dlsrupllng lhA 

labile act1v1ty of the short-term stage, prevenl i ng lht~ 

formation of long-term memory. 

Human head in jury studies 

Ea:ly eV1dence support1ng the eXlstence of 

consolidat1on process 1nitially came from c11nlcd] sludleR of 

human head 1njury cases. McDaugall (1901) was the flrst tu 

suggest that retrograde amneS1a obRerved followlng hP.dd 

injur 1es m1ght be related to the consolida t 1 nn process. FOl

McDougall, trauma produced a defl.~it that was !'nmi Jar ln 

nature, albe1t exaggerated, to the retroact"tve lnter[erencf> of 

Müller and Pilzecker. Russell and Nathan (1946), ln their 

extens1ve reV1ew of cases of head 1njury (1,029 pat1entl:l), 

showed that 87% of human pat1ents who suffered hedd ln jury htid 

d1ff1cul ties recal11ng events that occurred short 1 y beforf! th(> 

trauma, although oider memor1es were completeJy 1ntacl. They 

hypothesized the eX1stence of a process that strengthens 

memor 1es W1 th the passage of t1me, thus makl.ng them Jess 

vulnerable to 1nterference or trauma such as head in jury. 

Electro-convuls1ve shock 

The next step 1n understanding memory conso11dat10n was 

made poss1ble by the d1scovery that electroconvu bnve Ahock 

(ECS) could produce retrograde amneS1d 1n humans (Zub1n dnd 

Barrera, 1941) and 1n the rat (Duncan, ]949). ECS allowed for 
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the first experlmental studies of memory and consolidation. 

Research on ECS-lnduced retrograde arnnesla ln anlmals used the 

one-trIal passIve avoldanee parad1gm almost excluslvely. For 

example, ln the wldely used step-down test (Pearlman et al, 

1961), anImaIs were placed on a platform surrounded by an 

electrlfled grld. When anImaIs stepped down onto the grld, 

they recelved a shock and returned to the platform. 

Jmmedlately or after sorne delay, ECS was applied to the 

an ima 1 s. Twenty-four hours later, the aluma l s were agaln 

placed on the platform and thelr latency to step down was 

measured. Whlle control anlmals usually stayed on the platform 

for the duratl0n of the test, ECS-treated rats stepped down as 

or nearly as qUlckly as they had the preVIOUS day, acting as 

If they had forgotten both the shock and the ECS. Such results 

are typlcally seen as suggestlng that the foot shock and the 

stImulI assoelated with it were st1l1 represented in the 

labIle form at the tlme of the ECS. Thus, the dlsruptl0n of 

normal neural activlty Induced by the BCS destroyed the labIle 

memory trace before lt eould be consolldated lnto long-term 

memory. Further supportlng thlS explanation is the fact that 

any substantlal delay between the shoek and the ECS decreases 

the amneSla produced by the ECS (McGaugh and Gold, 1976; 

MeGaugh and Landfleld, 1970). These flndings have been 

{ 
repllcated and extended uSlng a varlet y of amneSlC treatments, 

sueh as eonvu~sants (Pentylenetetrazol: Krlvanek and McGaugh, 

1969; Krlvanek r 1971), anaesthetlcs (Ether: Herz, 1969. 
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Halothane: Penrod and BOlce, 1971) and spreadlng deprpsslon 

(the reduction of electrical actlvlty of cortIcal Rtructure8 

by the appllc, ':10n of potassIum chloride to thp surface of the' 

cortex: Bures and Buresova, 1963; Albert, 19(6). Al t hou9h 

the se amneSlC treatments that produce il genera 1 du-n"upt 10n of 

the activity of the bra~n supported consolldatlon theory dnrl 

prov1ded 1nformat10n about the physl010glca 1 mpchan l 8ms uf 

consoI1datl0n, they did not provlde clueR about thelt" pORHLble 

localization. 

Electrical brain stimulatIon 

Subsequent studles have shown that memory consollddlion 

can aiso be affected by post-training electrlcal sllmulaLJon 

of dlscrete braln areas (EBS), uSlng chronlcally lmplanted 

eIeclrodes. As EBS affects axons, dendrItes, and cell bodlPH 

ln a way that never occurs normally as th~ resuJt of VOlleys 

of nerve lmpuI~es, experlmenters uSlng locdllzed EBS made th~ 

dssumptlon that such stImulatIon wouid dlsrupt ongo1ng n~ural 

activ1ty the v1c1n1ty of the stlmulatlng electrode by 

scrambIlng normal sFatlo-temparal flrlng patterns, whlle 

indirectly facl11tat1ng or Inhlbltlng neurdl acllvlty ln 

Interconnected neural structures dIstal ta the sIte of 

stImulation (Dot y, 1969). It was thus expected that any effect 

on mLemanlC processes wauld be a dIrect funclion of a 

disturbance of 0n-golng neural actl VIt Y at the locus of 

stimulatIon and Indirectly a funct10n of changes 1/1 excltat.l0n 
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and lnhlbltl0n ln remotely activated neural systems. This new 

research tool enabled lnvestlgators to ldentify structurf.'S 

that mlght he lnvolved ln mnemonlc processes. The neural 

regl.ons WhlCh produce amneSla when stlmulated are the amygdala 

(McDonough and Kesner, 1971; Bresnahan and Routtenberg, 1972; 

Gold et dl, 1975; Baker et al, 1981), the hlppocampus (Hlrano, 

1965; ~esn~r and Dot y, 1968; McDonough and Kesner, 1971), the 

frontal cortex (Routtenberg and Sloan, 1972; Santos-Anderson 

and Routtenberg, 1976), substantla nigra (Routtenberg and 

HoJzman, 1973; Flblger and Phll1lpS, 19·6) and striatum (Gold 

and Klng, 1972; Wilburn and Kesner, 1972: Herz et al, 1975). 

t' 

\ Even more lnterestingly, several studles showed that 

post-tral.nlng st1.mUlatlon of sorne areas of the braln can 

produce lmprovements ln retention among WhlCh are the .::mygdala 

(0 l ton and Wolf, 1981; Berman and Kesner, 1981; Kesner and 

Andrus, 1982), the Inppocampus (Destrade and Cardo, 1974; 

Destrade and Jaffard, 1978), substantla nlgra (Major and 

WhIte, 1978), and the hypothalamus (Destrade and Jaffard, 

1978; Maior And Whlte, 1978». 

One of the l.mportant findlngs of the EBS studies was the 

dlscovery that the caudate nucleus seemed to be lnvolved ln 

memory acqulsLtlon and consolldatlon. Much of the earller work 

on EBS of the caudate nucleus had focus~d on the ellcitatlon 

·f 
of mator movements (Forman and Ward, 1957; Buchwald and Erwln, 

, 
1957) as promoted by the concept of the strlatum as solely a 

motar control centre (Lashey, 1950; Hassler, 1956). Arrest of 
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movement, contraverS1Ve head turnlng, and phaslc 11mb dnd 

faCla 1 movements were noted by a number of Invf~stigcltot·s (St'f' 

review by Laursen, 1963) • Slml]ar uehavlors, lllcludlllq 

repetltlve, stereotyped movement patterns, have been obsf~rvf>d 

fcd lowing ln je ct ions of drugs .1 nto the cdudale nul' l NIH 

(Randr1p and Munkvad, 1967; Snyder et dl, 1970). 

When applled durlng tralnlng, EBS .lntensltles dnrl 

frequencles below those produclng motor movements have 

resul ted ln learnlng and retentlon def 1C Ils. Howpver, ERS 

durlng trainIng cannat be unequivocally lnterpreted Jn terms 

of memory. still, deflclts have been found wlth pClSEllVf! 

avoldance, maze learnlng, and visua 1 d 1SC r lm 1ndt Ion taKks 

(Kesner and Wllburn, 1974), In a progreFlslvely more dlfflCUJt 

visual d1scr IffiInat10n task, Buchwa 1 d and co-workcrs (1961) 

demonstrated that low frequency stImulatIon of caudale nuc]f-~l 

of cats during learnlng reduced the cats' accuracy and deJdyf'd 

lnltlatlon of the response. The def1clts were characterlKL1~ 

only of those trlals on WhlCh EBS was dellvered dftt'~r 

terminat10n of the visua l stImulus. Thus Interference W 1 th rue 

registration apparentl y lB not cr 1 tl ca 1 for 1mpd lrm(~nt. of 

visual dIscrimInatIon. However, as alrE'ady mentIonE'd above. 

because stlmulatlon was glven durlng the ]earnln. tr1aJs ln 

studles such as thlS one, 1 t 18 d Iff lCU l t to sepdra te the 

effects of stlmulation on cue-access and reglstratlon from 

effects on memory consolldatl0n. 

USlng post-tra1nlng caudate nucleus stl.ffiulatlon êJvoldH 
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confoundl.ng effects on cue regl.stratlon and storage processes. 

Wyers and hIE co-workers (Wyers et al, 1968) measured the t1me 

rats requlred to traverse a runway and press a bar to get 

water. They compared anImaIs glven bllateral caudate nucleus 

stlmulatlon 0.1 sec;c'nd to 30 seconds after an lntenS f ' foot-

shock wlth anlmals g1ven only the foot-shock. The f(11o~lng 

day, the caudate-st1mulated rats approached and drank from the 

tube fétr more rapidly than cont,rol s. These resul ts we re 

lnterpreted as eVldence for retroactl ve 1nterference Wl th 

memory consolldatlon ln the caudate nucleus. Add1t10nal 

expen ments (Wyers and Deadwy 1er, 1970) uSlng longer lntervals 

./ 

\ between foot-shock and EBS (30, 120, 300 sec. and 15 mln.) and 

repeated trlals demonstrated a temporal gradient of 

Interference with performance. Gold and Klng (1972) aiso found 

a temporal gradlent of retrograde amneSla uSlng rats ln a 

passIve avoldance task. Wlth 60 Hz., 1.5 mA. post-tralnlng 

bl1ateral caudate nucleus stlmulatlon for 1 sec., they 

obtalned a pa~Slve avoldance deflclt at a 15 ml.nute l.nterval 

between foot-shock and EBS, but not at 60 mInutes. Bllateral, 

post-tralnlng caudate nucleus stimulation also interfered wlth 

rats' learnlng of a complex maze for aFpetitlve reinforcement 

(Peeke and Herz, 1971). In order of ascend1ng 10terference 

Wl.th learnl.ng, EBS conditlons used were (1) slngle shocks 

after the rdt had eaten for 30 sec., (2) slngle shocks after 

each cholce pOl.nt, and (3) 4 to 9 pulses at 1 sec. after the 

rat had eaten. EBS delayed 10 minutes after the animal had 
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eaten was wlthout effect. In another appetltlve relnforcempnl 

procedure, caudate nucleus fltlmulation wlth sIngle shocks dt 

4 to 12 mlnutes, but not more than 12 mltlUtes, .-l.ftt'l" 

extinctlon seSSlons prolonged dr Inklng spout contact t Ime, dncl 

number of llCks durIng subsequent seSSIons was hlghpr (Herl 

and peeke, 1971). If the prlmary consequence of surh 

stlmuiatlon were a general motor InhIbltlon, number of llCkH 

would have been dlmlnlshed by caudate nucleus stImulatIon. The 

greater actl Vl ty of the experimenta l suhjpr.ts was '.akp.n dS 

eVIdence for dlsruptlon of the memory of non-relnfurcemcnt. 

AlI of these fIndIngs suggest thal post-tral.nlng eler.l.nr.al 

stImulatIon of the caudate nucleus produces dll::;ruptlon wtlllf' 

delayed stimulatIon does not, therefore ImpllC.-lLlng thJl:I 

structure ln one 1.mportant aspect of the memory proceHH: 

consolIdatIon. 

Electrical self-stimulation 

Durlng the samL years, researchers (Olds and Mllnf->r, 

1954) demonstrated that a rat wlth an electrode lnR~rted lnto 

the medlal forebra1.n bundle (MFB) would press d treadle tn 

stimulate Itself. In fact, anImaIs would forgo food eHHentldl 

to theIr survIval ln order to obtaJ.n braln stImuLillon of lhe 

MFB (Routtenberg, 1962). LeSlons of the MF'B were Rhown to 

reduce self-stImulatlon and, more Importdnt, lo damage two 

components of the dopamlne system of the mldbraln: lhe venlral 

tegmentum and the substantla nlgra, pars compacta (Roultenberg 
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and Holzman, 1973). These fIndIngs led the authors ta suggest 

that the dopamIne system of the mIdbraIn mIght be part of a 

memory system. 

However, Major and WhIte (1978) showed that retentl0n of 

a wdter-flndlng task was facl1Itated by a post-traInIng, non-

contIngent seSSIon of self-stImulatIon through electrodes 

Implanted ln the nIgro-strlatal bundle or dlrectly lnto the 

substdntIa nlgra, pars compactai electrodes Implanted in the 

medIal part of lateral hypothalamus or ln the preoptlc area 

also supported self-stImulatIon but had no effect on 

retentlon. These results led the authors to conclude that the 

( effect on consolIdatIon produced by stImulatIon of the nlgro-

strlatal pathway was not dependent on the affectIve propertles 

of rewardIng self-stlmulatlon but represented an effect on 

sorne memory consolIdatIon process. 

The demonstratl0ns that electrIcal stlmulatJon of the NBS 

lncreases dopamIne turnover ln the caudat.e nucleus (Korf et 

al, 1976), that self-stlmulatLon ln the substantla nlgra lS 

blocked by the ln je ct (~ Into Lhe caudate nucleus of the drug 

haloperldol, WhlCh selectIvely blocks dopamine transmISSlon 

(Broekkamp, 1976), and that the memory consolIdatIon produced 

by self-stimulatlon of the NSB was aboilshed by pimozide (a 

dopamlnerglc blocker, WhIte and Major, 1978> suggest that the 

effects of electrIcal stImulatIon and self-stlmulatl0n of the 

NSB on memory may be dependent on dopamlne actlvlty in the 

caudate. 

L 
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Lesion studies 

Al though - !1ere had been seve rd 1 ecl r l lf' r n~p()rts (l f 

learnlng lmpalrments accompanyinq bIlatprdl tempordl-Iulw 

damage (Glees & Grlffeth, 1952; TerZlan eUH.:! Dallf' Ore, 19r;~», 

lntensl ve study of the phenomenon on l y bpgan a f tf.> t· l hl' 

publlcatlon of papers 

Penfleld and Mliner 

by Scovllle 

(1958). These 

and Mllner (1957) 

anthors rf'port: Pel 

dnd 

t ha t. 

bilateral 8urglcal removal of medldl temporal-lobe strucLurPH, 

or unIlateral removals where the contraldterdl hlppOL'd/ll(ldl 

reglon had prevlously been damaged by epIlepllc HelZIlI'('H, 

produce severe anterograde amneSIa. 

However, further observatIons (Mllner, 19(2) led tu the' 

dlscovery of several spared learnlng and memory al:nlJ.LleH ln 

temporal-lobe and hIppocampal patIents. They hdVP norrll.d 

dlglt-span and can remember sImple ILems for aH lonq dB 

rehearsal lS allowed. More j mportant, MIl ner (] 962) showl'd 

that these amneslc patIents learn and retaln a new Vlsuo-Il\ol\}r 

Sklll (mlrror drawlng) normally, though they dJ.d not rememb('r 

anythl.ng about the tral.nl.ng seSSlons. More rec(~nt l y, ('ohen dnd 

Corkin (1981) have demonstrated that arnnesJ.c patIenLs Jmprov(' 

from day to day l.n solvl.ng the "Tower of HanoI" puzzlf', though 

agal.n they have no recollectlon of havlng seen It before. 

Research wlth hlppocampectomlzed anImais aIRa revedlpd 

spared learnlng ablIltles. For exarnp]e, hIppocdmpal rats were 

unImpaired ln the acquIsItIon of sImple brlghLnPHs 

dl.SCrlminatlon (S11veira and KImble, 1968) or V l sua) 
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dlSCr1.m1.nat1on (W1.nocur, 1979). H1ppocampally les10ned rats 

aIso acquired averslvely motlvated passlve (Wlnocur and 

81ndra, 1976) and active avoldance tasks (Duncan and Duncan, 

1971) normal 1 y. 

A number of the ma jor f1ndings concernlng memory and 

learnlng deflclts resuIt1ng from neostrlatal leslons made over 

the years are summarized ln Table 1. In fact, a varlet y of 

neostrlatal leslons have been shown to affect motor behavlors 

as weIl as to retard learnlng of numerous types of learnlng 

tasks. However, because of the varlablilty ln the results, not 

to say lnconslstencles, lt lS dlfflcult to draw any clear 

genera 11.Zatlons from the se data beyond the fact that these 

l eSlons dlsrupt many types of tasks. Furthermore, most of 

these studles, as pOlnted O'lt by Plsa and co-workers (1981), 

fa11ed ta take lnto account the regl0nal dlfferences wlthln 

the neostrlatum shown by Webster (1961) earller. Generally, 

the leslons made ln these studles were not very weIl deflned 

or loca llzed to a s 1 ng le area of the neostriatum. Furthermore, 

coagulatlon, aSplratl0n and ablatlon leslon technlques destroy 

everythlng at the leslon slte. In add1tlon to destroylng 

strlatal cells (wlthout any dlscrlmlnatl0n as to type), these 

leslons lnterrupt aU the flbers of passage, such as the 

cortlcofugal and thalamofugal flbers (Dlvac, 1972; Iversen, 

.. 1979). Durlng ablatlon, a large quantlty of cortical tlssue 
! 

surroundlng the neostrlatum lS destroyed. Stlll, electrolytlc 

leslons can be a use fuI tooi for the study of neostrlatal 
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TABLE 1 
NEOSTRIATAL LESION STUDIES: MEMORY AND LEARNING EFFECTS. 

LESION 

anteromedl.an 
neostrlatum 

lateral 
neostrl.atum 

dorsomedlan 
caudate 

ventral area 

dorsal area 

dorsocentral 
neostriatum 

SPATIAL MEMORY 

retentlon defl.Clt Wllmark et al, 1971 
ln delayed 
spatlal alternatlon (OSA) 

no deficlts ln 
DSA 

retentlon def1clt 
ln OSA 

performance deflclt 
1n OSA 

deflc1ts ln learn1ng 
and performance of 
Non-OSA (NOSA) 

deficlts ln Iearnlng 
and performance of 
NOSA 

no effects on NDSA 

same 

01 vac and ROSVCJ 1 d, 
1967 

01vac, 1972 

Chorover and Gross, 
1963 

Gross et al, 1965 

Schwartz et al, lq7q 

INHIBITION OF CONDITIONED APPETITJVE RESPONSES 

unspec1fled 
neostriatal 

same 

same 

same 

same 

retarded ext1nction Schmaitz and IssacHon 
1972 

impalred reversaI Kolh, 1977 
of pos1tl0n 

impa1red rate of bar- Hanslng et dl, lq6B 
press1ng 1n fixed 
lnterval schedule 

lmpalred dlfferentlal NeIll et al, 1974 
reinforcement of reduced 
frequency schedules 

d1scr1mlnatlon of 
lum1noslty lmpaired 

Priee and Flblger, 
1975 
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dorsal 
neostriatum 

ventral 
neostrlatum 

extended lesion 
of caudate' s 
head 

no effect on differen- Neill et al, 1974 
tlai reinforcement of 
reduced frequency 
schedules 

impa1red differentlal 
reinforcement of reduced 
frequency schedules 

NON-SPATIAL MEMORY 

same 

abnormal persistence Butters and Rosvold, 
to produce a response 1968 
reln~orced before ln 
a task of simple Go-NoGo 
alternation 

SPATIAL DISCRIMINATION 

extended dorsal def1c1ts ln Iearning Battig, 1963 
Borst, 1970 les ion of maze 

ventral les ion 

unspecifled 
neostriata l 

anterodorsai 
neostriatum 

same 

same 

posteroventral 
caudate 

head caudate 

no deficlt ln learnlng 
of maze 

Chorover and Gross, 
1963 
Gross et al, 1965 

no deflcit ln learning Mikulas, 1966 
of position habit withln 
a T-maze 

NON-SPATIAL DISCRIMINATION 

no effect on discriml
nation of Iuminosities 
in maze 

impaired ~huttle-box 
free operant parad1gm 

Hannon and Bader, 
1974 
Kirkby, 1969 

Schwartzbaum and 
Donovick, 1968 

impa1red discriminatlon Mikulas, 1969 
of position Iearned 
before the Iesion 

serious impairment of 
vlsu~1 discrimlnation 
of forms 

~o effect on visuai 
reversal of objects 

Divac et al, 1967 

same 



........ -------- -- -- ----------------------------------------------, 

ventral 
neostr1atum 

dorsal 
neostriatum 

dorsal 
neostr1atum 

AVERS IVE CONDITIONING 

deficlts in paSS1ve, 
one-way and two-way 
avoidance 

defIclts ln paSSIve, 
one-way and two-way 
avoidance 

def1clts ln paSSIve 
and two-way avo1dance 

Kirkby and Klimble, 
1968 

Kirkby and Polgar, 
1974 
NeIll and RORs,1974 

WInocur, 1974 
winocur and MJ.ll H, 

1969 
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functl0n when used cautiously and with the proper controls. 

It is possible to :'dentlfy differences in the effects of 

IeSlons made ln dlfferent parts of the neostrlatum, suggestlng 

that the neostriaturn lS not functlonally homogeneous. 

Moreover, the wlde variety of behavioral deficlts caused hy 

the lesions make lt dlfficult to attrihute thern to a 

partlcular sensory or motor functlon. These points can he 

illustrated by a cornparlson of the effects of leslons of the 

dorsal and ventral neostrlatum, uSlng data from experiments 

11sted ln Table 1. 

Dorsal lesl0ns of the neostriaturn caused deficlts in rnaze 
.. 
i learnlng (Battlg, 1963; Borst, 1970) and ln the learnlng and . 

performance of non-delayed spatlal alternatlon (NDSA) (Gross 

et al, 1965). LeSl0ns of the dorsaJ neostriatum, while causlng 

deficlts ln two-way active and passive avoidance, did not 

affect one-way avoldance (Winocur, 1974; Mitcham and Thomas, 

1972; Wlnocur and Mllls, 1970). Neill and co-workers (1974) 

demonstrated that leslons of the dorsal neostriatum did not 

lmpalr behavlor on differentlal relnforcernent of reduced 

frequency schedules (DRRFS). Finally, lesl0ns of the dorsal 

neostriatum also lead to slgnlficant increases in spontaneous 

locomotlon of anlmals durlng the night period while leaving 

the day perl0d locomotion unchanged (Whitter and Orr, 1962). 

,( In contrast to the deflcits caused by dorsal lesions, 

lesions of the ventral neostriaturn caused no apparent deficit 

in maze learning (Chorover and Gros!';, 1963; Gross et al, 



1965). Ventral leslons also caused slgnlflcant Impal rmenls of 

DRRFS tasks (Nelll et al, 1974). It was concluded thal thpse 

DRRFS deflclts could be compared to those observed afler an 

orblto-frontal decortlcatlon (Kolb, 1977 l, one of the 

corresponding cortlcal areas. Leslons of the ventt-a 1 

neostr1atum produced def1clts ln aIl types of avo1dance taskH, 

passl ve, one-way or two-way (Klrkby and Kllrnble, 1968). 

Ventral leslons resulted, like dorsal leslons, ln ]earntng ,H1d 

performance deflc1ts ln NDSA tasks (Chorover and Gross,1963l. 

Finally, leSlons of the ventral neostrlatum were shown tu 

decrease nlght locomotlon while leavlng day locomoL \Cln 

unchanged (NeIll et al, 1974). It must be noted, however, th,ll 
.' 

the modlflcatlons (lncrease or decrease) observed as cl result 

of both types of leslon, ventral and dorsal, appeared only a 

week or so after the les ions were made and dlsappeared after 

one month. 

The differences observed ln the effects of venlraJ and 

dorsal lesions of the neostriatum suggest the eXIstence of a 

functlonal heterogenelty wlthln thlS structure. However, lh~ 

deflclts observed after neostrlatal leSlons are so nuwùrous 

and dlffer so greatly from one to another that It lB dtffIcult 

to attribute them to any conslstent effects on sensory or 

motor functions. Thus, dorsal )esions affected not on]y 

spatial and locomotion functlons but aiso Impaired avoldance 

tasks (except one-way avoldance). Such multIple (-!ffects, 

especially the speciflclty of the avoidance deflcita, cannat 
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be explained eas1ly as l.mpairments of sensory or motor 

functlons. It may be the fact that aIl of these tasks require 

sorne memory funct10n that can expla1n the defic1ts produced ln 

aIl of them by d single lesion. It lS, therefore, suggested 

that these effects could be attributable to an effect on 

assoc 1at1\'e memory. St111, other explanat10ns m1ght al so 

posslble. 

More recently, lnject10ns of ka1nlc acid, a rigid 

analogue of the excltatory neurotransmltter glutamate involved 

ln the cortlco-striatal afference (Divac et al, 1977), into 

the neostr1atum have been used to cause the degeneration of 

local Intrinslc neurons without causlng any apparent damage ta 

flbres of passage or to the termlnals of extrlnS1C neurons 

(Olney et al, 1975; Coyle and Schwarcz, 1976; Mason et al, 

1978a, 1978b, 1978c). 

Several studies have evaluated the effects of ka1nlc acid 

1njectl0n on learning and memory. In the rostral neostriatum, 

kalnic acid-induced lesions produced impaired learning and 

retentlon of l-way and 2-way act1ve avoidance (Pisa et al, 

1978), of slmple go-nogo alternation (Pisa et ~1,1981), and 

abnorrnally long extinctl0n of a learned bar-presslng response 

previously contlnually reinforced (Sanberg et al, 1979). 

However, most common appetitlve behav10rs were unaffecteù. 

Injectlons of ka1nlc acid into the ventral neostriatum reduced 

retentl0n of delayed spatIal alternation (Dunnett and Iversen 

1979, 1980). The most lnteresting finding was the deficit in 
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go-nogo aiternatlon observed aftpr a rostral InjectIon. ThlR 

tends to suggest a memory deficl t independent of spatld 1 

orlentat10n alternatlcn. Furthermore, thlS phenomenon cannot 

result from a deficit J.n motor InhIbItIon Slnce the sarne 

leslon did not affect the extinctIon of a learned runnlng 

response (Plsa et al, 1981). 

However, l.t should be noted that kaln:ic aCld .lS not 

without problems. Even with very smail doses, whJch destroyed 

striatal neurons wl.thout affecting the fIbres of paRsage, 

large cell losses were found ln the neocorlex, hlppocarnpus, 

pyrlform cortex and amyçdala (Dlvac and Oberg, L979), mdklng 

the lnterpretatloP of the effects of the leslons ambLguouS. 

Dual-mode memory theories 

Takl.ng Into account thls accumuIatlng ev J.denee as we Il as 

the eVldence of spared learn1ng abl11.tles ln hl.ppocampl.u!d 

anlmals, several Investlgators have proposed "dual-mode" 

hypotheses 

researchers 

of memory. 

have tried 

In suggesting such hypolheReH, 

to account for the above mentl0n(~d 

findlngs from leslon and stlmulat.lon studles. On the one hand, 

the cognl.tive theory of learnlng and memory (ToI man, 1930; 

Hirsh, 1980) Vlews learned behavl0r not as evoked by externaJ 

stimull but rather as guided by the reiationa] .lnformal Ion 

encoded ln ItS representation. Cognltlve memory functl.on haa 

traditl0nally been assoclated wlth the hlppocampus (O'Keefe 

and Nadel, 1978). On the other hand, the aSSOCJatlve thE"ory of 
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learnlng and memo:.:y (Watson, 1913; Hull, 1943) Vlews the 

acquisltion of aSSoclatlons between stlmuli and responses (le 

S-R memory) as the hasls of learning. It Vlews behavior as 

automatically evoked by the presence of external stimull that 

are part of the aSsoclatlon. 

Because of the evidence of its involvement ln memory 

(ECS, EBS, ESS, lesl0ns) the caudate nucleus appeared as a 

llkeJy candldate for neural basis of the S-R memory system. In 

additlon to the eVldence from electrlcal stlmulation studies 

revlewed earller, caudate les ions have been shown to lmpalr 

acqulsl tlon of varl0US operant tasks (Chorover and Gross, 

( 1963; NeIll and Grossman, 1970, Winocur, 1974). 

Finally, the demonstration that stimulatIon of the nigro-

strlatal bundle WhlCh cause& an increase ln dopamlne turnover 

in the caudate nucleus (Korf et al, 1976) can lmprove 

consolldatlon of associative memory (White and Major, 1978; 

Major and WhIte, 1978) supports the raIe of this structure ln 

S-R memory. However, thlS alone does not answer the question 

of the nature of the mechanlsms Involved. 

INTERNAL ORGANIZATION OF THE NEOSTRIATUM 

Cell Types 

The caudate-putamen is generally referred to as the 

:f 
striatum or neostriatum, and this designatl0n is especially 

, 
relevant ln the rat, where it forms a large "striated" mass, 

penetrated by dlspersed fibre bundles, representing 
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corticofugal and cortlcopetal projections. Wlth the 

progreSSl.ve phylogenet1c development or the cerebral (~orL(-'x, 

many of these project ion f 1bres 9 rddua 1 1 Y co Il e(·t j nt 0 d 

masSlve flbre plate, the l.nterné,l cdpsulf:-', WhlCh subdlvldeH 

the strlatum mure or l ess compl ete l y 1 nto two Pdt-tH, the 

caudate nucleus and putamen. However, the dlRtlnction belween 

caudate and putamen may be largel y topographlc; lhe 

cytoarchitectural features, apparently, are ldentlcal ln the 

two subdlvis1ons, WhlCh, furthermore, are rostrally cnntlnllou;,; 

wlth each other thanks to brldges of strlatal neurons t hd!. 

separate the bundles of the InternaI capsule. The functlonal 

differences that eXlst between 'de caudate nue leus and 

putamen are ln part related to the fact that the two 

Bubd1vlSlons rece~ve thelr neocort1cal lnput from dl(ferenl 

parts of the cerebral cortex; the putamen re~elves mosl of 1 Ls 

neocortlcal Input from the sensory-motor cortex, whereaH the 

caudate lB more closely related ta cortical reglonH known ,H! 

"asf30c latlon cortex" • Nevertheless, anatomlcal and 

histochemical data favour the Vlew that the caudat,e ,md 

putamen represent two parts of the same anatomlcal entIty. 

Con8equently, in the rat, no attempt 18 made to 1dentlfy the 

two subdl vis lons (Helmer et al, 1985). 

It was thought for a long tlme, on the baBls of 

cytologlcal and uJ trastr'lctural Chai"acter lSt lCS revea led by 

the Nissl methods and Golgi impregnations, that a medIum 91ze 

sp1.ny neuron was the most common and probably on 1 y type of 
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cell ln thlS region of the central nervous system (Marchl, 

1886). Untll recently, conceptions of the internaI 

organizatlon of the strlatum were llmIted to this facto 

More recent ly, correlated llght and el ectron mIcroscopic 

studies have revealed that the neostrlatum contalns several 

different morphologlc cell types, but thelr classlficatlon has 

been problematlc, and ln the pa:~t It has been especially 

dIfficult to make the lmportant distInction between 

interneurons and projection neurons. Recently, however, lt has 

bec orne pOSSIble to stain neurons seIectlvely and to trace 

axona l project 10ns by the use of lntracell ular staIning 

( technIques, and to Identify projectIon neurons by lnje::::tlng 

retrograde tracers into putatlve termination sltes of 

neostriatal neurons. 

Most descriptions of striatal neurons are based on the 

size of the soma and the appearance of the neuronal processes 

with speclal emphasls on the occurrence and frequency of 

dendr i tIC splnes. Several c lassif lcatlon schema have been 

proposed (Mori, 1966; Fox et al, 1971: four t.ype8; Ramon y 

Cajal, 1911; five types; Kemp and Powell, 1971: SlX types; Lu 

and Brown, 1977: seven types). 

Dimova and co-workers (1980' using ul trafine sectlons and 

a new technique to analyze Golgi Impregnations classified 

:l 
striatal cells lnto medIum size cells with four subtypes and 

1.. the giant cells. This classiflcation tends to agree with the 

count made by Paslk and co-workers (1979) who classifled the 
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cells as splny l and II and asplny l, II and III. 

The A-I type lS chollnerglc as demonstrated by the fclet 

It can be found ln the areas of the neostr Latum when~ thf' 

concentratIon of acetylchol1.ne 18 tllgh (McGeer et ét l, 1(71). 

Type A-I cells are the most common typf:-' ln the neostrlatum and 

can often be found 1.n chalns. ThIS type dJffers from othpr 

types because Its total absence of nuclear Incluslons, nllcro-

fibrlls and crystal laId bundles (Dlmova et il 1 , 1980 ) • 

Further~ore, ~t recelves many specIal afferents. Plrst, the 

topograp!tlcally organlzed glutamderg.lc cortlcv-strtalal cel Js 

terminate on these cells (Hatton et al, 1979). ln cl simllar" 

fashion, GABAergic thalamostr 1.ata 1 and dopdmlnerg 1 (' 

nlgrostrlatal fIbres project ta the type A-I neurons (HatLorL 

et al, 1980; KOCSlS et al, 1977). 

It appears possIble therefore that type A-I cells mlght 

be one of the Important elements crltlcal for the I ntegrat Ion 

of the nlany dlfferent Inputs to the neostrlatum. Such an 

integratlon lS a requirement for the estabi ishment of S-R 

associations ln thlS structure. 

The other two asplny neuron types al so seem to be 

interneurons. However, the glant type A-II lS somewhat of a 

mystery. It resembles medium slzed SpI ny neurons ln that 1 t 

possesses somatic spines and moderate sp1ne densl ty of the 

proximal dendrite that decreases wlth distance from the soma 

(Chang et al, 1982). It has aiso been proposed on thf! baBls of 

Its resemblance ta glant GABAerglc cells found 1n the 
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eerebellum that the type A-II could have a slrn1lar funet1on, 

a GABAerg1c lnhlbltl0n of excltatory neurons (Hattofl et al, 

1979). Type A-III lS known to be GABAerglc (McGeer and McGeer, 

1975) and pro)ects to type S-I and S-I l output neurons 

(Hattorl et al, 1979). 

Sorne afferent flbres, as weIl as lnterneurons sueh as A

III, make contacts wlth efferent neurons ln the neostrlaturn as 

demonstrated ln a study uSlng 1ntracellular lnjectl0ns of 

horseradlsh perox1dase (KOCS1S et al, 1977). These efferent 

neurons are the two spiny types suggested by Paslk and co

workers (1979). ThlS lS ln agreement wlth electrophys101ogical 

data suggestlng that there are at least two types of strlatal 

efference, strlato-nlgral and strlato-pailldai (Malllan and 

Purpura, 1967; LeVlne et al, 1974). It appears that S-I and s

II fibres constltute the only sources of output from the 

neostrlatum. The 8-1 efferenee lS lnhibltory. It uses GABA as 

neurotransmltter (Klm et al, 1971; Follum et al, 1978) and 

lnnervates the substantla n1gra as weIl as the globus pallidus 

(Grofova, 1979). Type S-II seems to be excltatory. Sorne 

eVldenee suggests substance P as the possible neurotransmltter 

for 8-11 flbres (Hong et al, 1971; Kamasawa et al, 1977) while 

others propose that leu-enkephalln may be a neurotransmitter 

in the striato-palll.dai 8-11 flbres (Fonnum and Walaas, 1979). 

Recently, Chang and co-workers (1982) have described 

dwarf (5um - 10um) neurons, WhlCh have both dendritic splnes 

and an identiflable axone The difflculty ln observlng these 
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small neurons 1S eml-'haS1Zed by the fact tha t very fpw eXdmp 1 t~H 

were obta1ned. 

striatal Compartments 

The "matrlx", one of the lwo Htr~alal cornpartmcntH, haH 

a high AchE act1vIty (Herkenham and Pert, 1981; Grayhlel el 

al, 1981) as weIl as a dense plexus of flbres dlspldylnq 

somatostat1n-Ilke lmmunoreact1vity. The 

projectIon to the matrlx orlglnates ln the dorsal part of th~ 

substantla nlgra pars compacta (Gerfen el d J, 1987). J t dl HO 

recel ves thalamic flbres (Herkenharn and Pert, 1981; Roy('(', 

1978), and topograph1cally organlzed projectlons from the 

sensory and motor cortical areaH (Ragsda] e and Grayb1e l, 1981; 

Donoghue and Herkenham, 1983). These lasL pr01ect~ons (!ome 

prl.mar1ly from the sensory-motor areas (Goldman and NdULô, 

1977; Jones et al, 1977; Kunzle, 1975). The mdtrJX projecl H 

prl.marIly to the substantla nlgra pars retlculata, the Hource 

of the non-dopamlnerglc nlgro-thalamlc and nJgrotcctal syRt~m 

(Gerfen et al, 1987), Accordl.ng to sorne researchen; (Gerfen, 

1985) it 1S ln thls pattern of organlzatl0n that can be round 

the basls for the sensory-motor functlon of the neost r J dLum dS 

demonstrated by electrophyslo1og1cal data (Hikosakd, 1983). 

The other compartment 1S characterlzed by pdtches of 

dense oplate receptor b1nd1ng (Herkenharn and Pert, 19B 1 }, and 

is rich in enkephalln- and substance P-11ke l~munoreactlvlty 

(Graybiel et al, 1981). The dopam1nergic projectlon tu thlH 
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"patch" compartment develops earller than that to the matrlx 

(Gerfen, 1984; Gerfen et a J, 1987) and orlg1nates l.nstead in 

the ventral part of pars compacta and ln pars retlculata of 

the substantla nlgra (Gerfen et al, 1987). studies have shown 

that dopamlnerglc neurons orlglnatlng ln the ventral tegmental 

area project to the ventra 1 striatum WhlCh may conSI.st largely 

of a type of patch tlssue (Gerfen, 1985). The patches also 

recelve afferents from Ilmblc aredS: the medlal frontal 

prehmblc cortex Whlch, ln turn, lS lnnervated by direct 

l imblc lnputs from the amygdala (Krettek and Prlce, 1977; 

Gerfen, 1984), the hlppocampus (Swanson and Cowan, 1977; 

Swanson, 1981> and the amygdala (Kelley et al, 1982; 

Phllilpson and Grlfflths, 1985). Patches project to the 

substantla nlgra pars compacta, the source of the 

nlgrostrlatal dopamlnerglc system (Gerfen et al, 1987). They 

al so project dl. ffusel y to the substantia nigra pars reticulata 

(Flshell and Van der Rooy, 1989>. 

Whl te (1990) suggests that the pattern of organizatl0n of 

the matrlx compartment, its connectl0ns and its relatlonship 

wi th sensory-motor functl0n are add i tl0nal evidence for an 

assoclatlve S-R type memory functlon for the neostriatum. To 

attribute an S-R assoclatlve memory functlon to this structure 

requl res only the demonstration that the ma trix contains a 

mechanlsm for memory formation and consol idatlon, that lS, for 

creatlng permanent sensory-motor (S-R) connectIons on the 

baslS of experl.ence. 
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PROJECTIONS TO THE NEOSTRIATUM 

Two of the projectIons ta the neostrlatum seem to pl ct Y ail 

Important raIe ln this possible mechanl l'lm for S-R [Tlpmol'Y 

formation and consolIdation: the cortico-striatal projectIon, 

because of 1 ts highly organized Lopograplllcal sensory and 

motor lnput ta the neostriatum; dnd the nlgro-strJaLal 

projectlon, because of Its demonstrated aln}l ty ta support 

brain self stlmulatlon and to produce memory 1mprovement. 

Cortico-Striatal Projection 

The cortico-str Iata] projectIon was demonst rated w 1 th 

silver staining technIques ln varlOUs speCles InclUlhng thE' 

rat (Carman et al, 1965 i Webster, 1961). 1 n genera l, the 

flbres are Ipsilateral (Webster, 1961; Kemp and Powell, J970); 

however, in the rat, it lS pOSSl b le ta Identify d modest 

contralateral projectIon originatlng 1 n the flensory-motor 

cortex (Carman et al, 1965; Veenings et al, 1980). 

Donoghue and Herkenh. \ 1..985) have recently re-examlned 

the corticostrlatal projectIon and lts relatlon to patches and 

matrix compartments ln the rat neostr latum. They observed 

three patterns of cortlcostrlatal projectIons wh1ch Vdrled dS 

a function of the specific cortIcal ared of ong1n. Med Id 1 

prefronta 1 cortex showed a preferential bl1ate ra l termlnat~ lon 

in enkephal inergic patches; ag ranula r moto r cortf-~X dnd 

cingulate cortex showed bilateral termlnaLlons 1n matr) x dreas 

of the caudate-putamen, with the clngulate cortpx projectJng 
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to the dorsal and medIal strIatum and the motor cortex 

projectlng to the lateral thlrd of the head of the caudate-

putamen (Domeslck, 1969). Flnally, Ipsilateral projectlons 

from prImary somatosensory and vlsual cortex reach strlatal 

matrlx zones ln the body of the caudate-putamen caudal to the 

zone recelVJ.ng projectIons from the motor cortex. 

Somatosensory terminaIs are dense ln the dorsal and lateral 

parts of the caudate-putamen, whlJe the sparse projections of 

vlsual cortex reach the dorsomedlal strlatum. 

Hedreen (1977) found that the cell bodIes of the cortico-

strIatal projections are located in layers 3 to 5 of the 

cortex. They are pyramIdal cells, 14 to 16 micrometers in 

dlameter. This lS taken as eVldence that the cortlco-striatal 

projectlon constltutes an Independent neural system rather 

than belng a collateral projectIon of another pathway, such as 

the cortlco-spinal system. The terminaIs of the cortlco-

strlatal cells seem to group themselves wlthin the neostriatum 

ln cl listers, each cluster representlng the terminaIs of fibres 

orlg1natlng ln one partlcular group of cortical cells (Kemp 

and Powell, ]971; Jones et al, 1977). The corticostriatal 

projectIon fIbres apparently termInate on, and eXCIte, the 

medlum slzed spiny striatal neurons 'Buchwald et al, 1973; 

Kitai, 1981) as weIl as on the A-I chollnerglc interneurons 

(Hattorl et al, 1980), and there is good eVldence that they 

use glutamate as their transmitter (Dlvac et al, 1977; Fonnum 

et al, 1981; Spencer, 1976). 
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Nigro-striatal Projection 

The E'arll..est eVl..dence of the eX1stence of a n19ro

striatal projection came from several retrograde degeneratlon 

studies in whl..ch the death of cells ln the substant 1 ,i ni gra 

was observed follow1ng lesl..ons of the neostr1dtum (F~rrdro, 

1928; Mettler, 1942; Anden et al, 1964). More recently, the 

Flack-H1l1arp h1stochem1cal fluorescence techn1que was uRed 1:..0 

demonstrate the eX1stence of dopamlnerglc cells (Anden et al, 

1966; Dahlstrom and Fuxe, 1964) in the substantla nHJra. 

Fallon and Moore (1978 a, 1978 b), uS1ng dnterogr~dc 

transport-autorad1ograph1c tracing and horseradlsh peroxlddYE' 

retrograde transport methods, stud1ed the major D~-forebrdln 

systems, lnclud1ng the n1grostr1atal system (Hls1ng irom 

Dahlstrom and Fuxe's (1964) A8 and A9 cell groups. The auLhors 

reported that the DA neurons projectlng to the ncostrltitum 

followed a topography organ1zed ln three planes, dorsd]

ventral, med1al-Iateral and anter1or-posterlor. DA cells were 

found almost exclusively ln the substant12 n1grri - ventraJ 

tegrnental Area complex (SN-VTA). Stlll, sorne DA cells located 

ventrally in the pars ret1culata of the substant1a nlgra thdt 

project to the neostriatum were found. Slml] arly, venlra l 

cells of the SN-VTA complex project to the neostrlatum. The 

medial-lateral topography lS organlzed such that the medld 1 

regions of the SN-VTA complex project to the mp.dlal partH of 

the neostriaLum while lateral reg10ns project to the laleral 

neostr1atum. F1nally, 1n the anter1or-posterlor pldne, 
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anterior parts of the SN-VTA complex project more anteriorly 

whereas the post.erior SN-VTA projects posterior ly l.n the 

neostr1atum. Another character1st1c of the nl.grostriatal 

project1on is that the cells project1ng to the neostriacum 

have thelr somas d1strlbuted 1n d1screte clusters within the 

substantia nigra whlle thelr terminaIs distribute themselves 

through the entire neostr1atum without any s1gn of clustering 

(Kemp and Powell, 1966). Two types of term1nals are formed, 

one of WhlCh is a large terminal makl.ng an asymmetric synapse 

predominantly on sp1nes, and a second small "en passant" 

terminal making symmetrical contacts w1th several types of 

postsynapt1c elements (Kaiya and Namba, 1981; P1ckel et al, 

1979). The dopaminerg1c terminaIs appear to synapse w1th 

GABAerg1c and cho11nergic neurons in the caudate-putamen 

(Hattori et al, 1976). 

CHEMICAL MANIPULATION OF THE NEOSTRIATUM 

Dopaminergic Manipulations 

The pr1mary act10n of amphetamine is to stimulate 

act1vity ln catecholam1nergic synapses primarily by caus1ng an 

1ncrease ln the release of the endogenous neurotransmitters 

noreplnephr1ne and dopamine 1nto the synapse and then 

preventing theit" deactivat10n by reuptake 1nto the nerve 

terminal, thereby prolong1ng the1r synaptlc activity (Fuxe and 

Ungerstedt, 1970; Biel and Bopp, 1978). 
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peripheral injectlons of amphetamlne have been shown to 

affect motor behavlors, Includlng Increases ln locomoLor 

activity, the emergence of certain specles-typlcal behavlorH, 

and -'i tendency fol' aIl behaviors t.o be repeated ln a 

stereotyped way (Fink and SmIth, 1980; Rebec and Bashore, 

1984). Th~ evidence that amphetamlne-induced st.ereotyped 

behavl0r lS medlated by release of dopamIne from neurons WhlC'h 

innervate the strIatum has beL 1 extenslvely revIewcd 

prevl0usly (Randrup and Munkvad, 1970). In addltlon to 

amphetamine, a varlet y of other drugs also produce the 

stereotyped behavlor syndrome. These 

methamphetamlne, methylphenldate, plpradol, 

drugs 1 ne 1 ude 

apomorphl ne dnd 

cocaine (Randrup and Munkvad, 1970). ConsIstent wlth the Vlew 

that stereotypy is medlated by a dopamlnergie mechanlsm, many 

of these drugs have been shown to lnerease t.he release of 

dopamine 1nto a ventriculoclsternal perfusate (Me-Kensle and 

Szerb, 1968; Chiueh and Moore, 1974, 1975). 

that the neostrlatum lS involved 1n amphetamlne stereotypy 

cornes from demonstrations that It. can be atLenuaLed hy 

Intracaudate Inject10ns of neuroleptlcs such as haloperldoJ 

(Fog et al, 1968; Pijnenburg et al, 1975) and thdt 6-0HDA 

les10ns of the caudate nucleus produce a reduetLon of 

amphetamIne-lnduced stereotypy (Creese and Iversen, 1974; 

Asher and Aghajanlan, 1974; Kelly et. al, 1975). Slffil1arly, 

intranIgral InjectIons of 6-0HDA al so black amphetamlne

induced stereotypy (Creese and Iversen, 1972, 1975; FIblger et 
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al, 1973). 

Peripheral injectl.ons of amphetam1ne aiso produce effects 

on learnl.ng and memory, 1ncluding increases 1n rates of 

acqulsit10n, faci11tation of conso11dation and 1mproved 

retr1eval (GoreI1ck et al, : 975). 

Numerous exper1ments have demonstrated facilltatory 

effects on the consoll.dation of memory when amphetam1ne is 

adml.n1stered shortly after a training session. Post-train1ng 

amphetamine facil itates the consoll.dation of an avoidance-

discrl.minatl.on response (Dot Y and Dot y, 1966). The effects of 

amphetam1ne on dlscrim1natl.On mlght be related to the 

complexity of the task as suggested by Hall's fl.nding (1969) 

that post-tra1ning amphetamine failed to affect consolidation 

of a two-choice v1sual discr1mination task whl.le it 

faC1ll. tated consoll.dation of a three-cholce dl.scr1ml.nation 

task. However, LY 171555, a dopaml.nergic D2 agonist, when 

lnjected after tralnlng, 1mproved memory for both appetitive 

and adversl ve tasks (Packard & Whl.te, 1989). Simi larily, 

amphetamine has been reported to f~cl.litate the consolidation 

of paSS1ve avol.dance responses. For example, Johnson and Waite 

(1971) found that post-training methamphetamine fac1litated 

the consol idat10n of a slng le-trlal Inhlbltory avoidance 

response. In thls experlment, the effect was not apparent 

until 7 days following training which ~uggests that 

amphetamine mlght facl11tate the malntenance of consolidated 

1nformatlon. Similar effects of post-trainlng amphetamine were 
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found wlth shuttle-box avoldance (Evangellsta and Izquierdo, 

1971) and ln a conditl0ned emotlonal re8ponse (Carr dnd Whlte, 

1984). However, 1 t 18 1mportant to note tha l ev ldence suggf'sLs 

that amphetamine exerts a dose-dependent bldlrectlondl effect 

on memory consolldatl.on processes. Krl vanek and McGaugh (1 <)69) 

reported that post-tralnlng amphetamlne InjectIon (0.5 - 2.0 

mg\kg) facliitated consolldatlon of dn appellllve 

discrlminatlon response ln mlce, whlle doses of 2.5 mg\ kg 

proved Ineffectlve. Even hlgher doses of amphetamlne (3 - 50 

mg\kg) were shown to dlsrupt the consolldatlon of a slnqle

trlal lnhlbitory avoldance response (Welssman, 1967). 

The results of these experlments ln Whlch ampheldmlne 18 

admlnlstered shortly after tra1n1ng have been lnterpre'.ed d8 

indicat1ng that amphetamine facllltates the consollddLlon of 

recently acqulred Informatlon, that thls facl~'talJon lS nol 

specific to one type of memory task and works W1 th bolh 

appetltlvely and averslvely motlvated tasks, dnd that 

amphetamlne exerts a dose-dependent bldlrectlonal actIon on 

consolidatl0n, Slnce memory dlsruptlon IS observed dt hlgher 

doses. 

Early implicatl0n of neostrlatal dopamIne ln the memory 

lmprovlng effect of post-tralnlng amphetamine came [rom an 

experlment 1n wh1ch dlrect injection of amphetarnlne 

lmmediately after tra1ning into the str latum was shown lo 

lmprove a conditloned emotional response (Carr and White, 

1984). Another experlment (Vlaud and Whlte, 1989) supports 
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further the role of neostrl.atal dopaml.ne l.n memory 

consolidatl.on, and, at the same time, supports the hypothesls 

that the topographlcally organized cortico-str1atal afference 

to the matr 1 x 1S lnvol ved in assoc iatl ve memory. Rats were 

trained on one of two cond1tl0ned emot10nal response tasks: 

one in which a visual stimulus was pal.red wlth shock, the 

other ln WhlCh an olfactory stimulus was pa1red wlth shock. 

lntra-cerebral micro ln je ct ions of amphetamlne 1nto the 

posterlor ventral part of the caudate nucleus, also called 

"dorsolateral striatum", wh1ch is l~nervated by neurons from 

the vlsual as~'Ociatlve areas of the Occlpltal cortex, 1mproved 

retentl.on of the vlsual, but not the olfactory conditioning. 

The saffie lnject10n ln the lateral ventral part of the cal1date, 

the area that lS lnnervated by neurons from the olfactory 

assoclat1ve area of the parietal cortex, improved retention 

for the 01 factory , but not the vlsual conditlonlng. ThlS 

double d1ssoclation lmpllcates the topographically organlzed 

corL' _o-str1atal lnnervatlon of the matr1x compartment ln the 

str1atal memory functlon affected by post- trainlng amphetamine 

in je ct lons. 

AlI this accumulated eVldence that post-tralning 

lnjectlons of amphetamlne (Dot Y and Dot y, 1966; Krlvanek and 

McGaugh, 1969; Evangelista and Izqul.erdo, 1971; Martinez et 

al, 1980; Martinez et al, 1983; McGaugh, 1989) as weil as 

intrastriatal post-training microinjections of amphetamlne 

(Carr and White, 1984; Viaud and Whlte, 1989) have an 
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improving effect on assocIative memory consolldat.10n suggests 

that striatal catecholamlne release, posslbly Includlng bath 

dopamlne and noradrenaline (Blel & Bopp, 1978) r may mpdldLp 

thlS potentlatl0n of assoclatlve memory consolldallon. ThIS 

hypotheslS lS strongly supported by a study ln WhlCh dopamlne 

speclf~c lesions of the nlgrostriatal neurons, producpd by 

injecting 6-0HDA 1nto substantla rngra r hlocked the post-

trainIng memory 1mprovlng actl0n of amphetaml ne (wh] te, 1988). 

However, unt!l recently, little was known about !'ipeclflc 

neurochemical mechanisms that mIght be Involved. 

There lS now conslderable eVldence for the eXIstence of 

at least two, and probably more, categorIes of dopamIne (DA) 

receptors (or blndlng sites) ln the braIn: type Dl, coupled 

with adenylate cyclase, and type D2, not coupled or negaLJ.vely 

coupled wlth adenylate cyclase (Spano et al, 1978; Spano pt 

al, 1979; Kebablan and CaIne, 1979; Seeman, 198]). 

However, until recently, the relatIve Invo] ve'nent of 

these DA receptor subtypes ln central dopamlnerglc 

neurotransmission remalned uncertaln due 1...0 the Jack of 

specific drugs for the dlfferent DA receptors. More recently, 

several drugs have been found that discrImlnatp these two 

dopamine blndlng sltes, among them two compounds apparentJy 

speclf lC to Dl, SKF 38393, and D2, LY 171755, receptord 

(SetIer et al, 1978; 'fsuruta et al, 1981; Watll.ng and Oowllng, 

1981). Further studles wlthln the neostrlatum uSlng these two 

compounds, and others, revealed that stI.mulatlon of the Dl 
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receptor 1ncreases C-AMP formation (Kebabian et al, 1982) 

while st1mulat10n of the D2 dopamine reeeptors decreases the 

same C-AMP formation (stoof and Kebabian, 1981). 

Addi tiona l eVidence support1ng 02 dopamine receptor sites 

as the substrate of the post-training amphetam1ne memory 

J.mproving effect 1n the neostriatum comes from studies showing 

that a subtype of D2 dopamine receptors, ealleù autoreceptors, 

are located on the dopaminergic nigrostriatal terminaIs where 

they control the synthesis and release of dopamine by the se 

terminaIs (Roth, 1984; Nowycky & Roth, 1978; Lehman et al, 

1983; Salah et al, 1989). These are the same terminaIs 

( destroyed by 6-0HOA injection 1nto substantia n1gra and whose 

destruct10n blocks post-tra1ning memory improvement of 

amphetam1ne (Wh1te, 1988). Finally, Packard and White (1989) 

have shown that apomorphJ.ne, LY 171555 and BH-T590 (a specifie 

dopaminergic autoreceptor agonist) aIl improved mernory when 

J.njected after training. 

Cholinergie manipulations 

The role of central cholinergie neurons, especially those 

found ln the striatum, in learning and rnemory also has long 

been of 1nterest (see Hagan and Morris 1987 for rev1ew). This 

interest was rekindled by recent reports of a posltive 

( 
correlation between mental status and chol1nergie markers 1n 

'- brains of Alzheimer's disease deceased pat1ents (Perry et al, 

1978). In addition to many peripheral injection studies, 
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dlrect mlcro-lnjections of acetyl_hollne (McLennan and York, 

1966) and of chol ine (Prado-Alca la and Cobos-Zapi an, 1(79) 

have been used to lncrease neostrlatal chollnerglc actlvlty. 

Injections of scopolamine, WhlCh blocks chollnergic 

transmlsslon (Prado-Alcala et al, 1979) , of pOldSS l Hm 

chloride, WhlCh produces a generalized Interference Wl th 

neural actlvity (Prado-Alcala et al, 1979), and of atropIne 

(McLennan and York, 1966) have been used to decredse 

neostriatal cholinerg1c actlvity. 

The centrally acting muscarinlc blocklng agents, atr"OIJlne 

and scopolamIne, have been found to disrupt the acqulsition of 

actlve avoldance (Herz, 1960), succeSSIve dlscrlffitndLlon 

(Whitehouse, 1964, 1967>, maze (PazzagJ land Pepeu, ] 964), and 

passive-avoidance responses (Meyers, 1965; Dllts and Berry, 

1967). When these agents are Injected prlor to tralnlng and 

retentlon lS measured sorne tlme l ater (1. e., when the ri ruq 

effects have subslded), def iCltS ln performance have been 

observed. Buresova and hlS collaborators (1964) found tha t 

atropIne (6 mg/kg) dl.srupted the retentlon of d paSSIve

avoidance task ln rats. ThIS effect was greatest when th#'! 

injectIon-trainIng Interval was 20 mInutes, a time at whlch 

the maXImal alteratlons of EEG actlvlty were observed. 

AtropIne and scopol&mine are known to produ~e a dlSSOcIatlon 

between behavlor and EEG, consisting of the apped rance of 

synchronous hlgh-voltage slow waves wlthout co~comltant 

inductIon of behavioral sleep or drowslness (Longo, 1956, 
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1966). Intraventrlcular adrninlstratlon of the selective 

muscarlnlC antagonist pirenzeplne lrnpalred paSSlve avoldance 

learnlng when given 20 rnlnutes before tralnlng (Caulfleld et 

al, 1983). Pre-tralnlng scopo lamlne has also been found to 

dlsrupt pole-jump avoldance response (Gruber et al, 1957) and 

pasSlve avoldance responses in rats (Bohdanecky and Jarvik, 

1967) and mlce (Calhoun and Smlth, 1968). 

Micro-injectlon studies also revealed deficits ln 

instrumental respondlng following chollnerglc blockade of the 

neostrlatum wlth scopolamine (Prado-Alcala et al, 1972, 1978). 

Nelll and Grossman (1970) showed that pre-training injectlons 

of 10 ug of scopolamlne into the dorsal portion of the caudate 

nucleus lmpalred acqulsltl0n of an avoidance response whlle 

the same lnjectl0n lnt" the ventral pétrt of the caudate 

nucleus lmproved acqulsition. others reported lmpalrrnent of 

several lnstrumental tasks followlng appllcatlon of 

antlchollnerglc drugs lnto the caudate nucleus: deflclts on 

bar-presslng on a contlnuous relnforcernent schedule and maze 

performance (Prado-Alcala et al, 1972), ln actlve (Neill and 

Grossman, 1970) and passive avoldance (Cruz-Morales et al, 

1978; Fernandez et al, 1977; Haycock et al, 1978), and ln a 

complex spatlal alternatlon task (prado-Alcala et aIr 1978). 

Furtherrnore, leslons of chol1nerglc neurons in the striatum 

have been shown to 1mpalr acquisit10n and retentlon of a 

passive avoidance response (Sandberg and Sandberg, 1984). 

Studies have also demonstrated that lncreased strlatal 
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cholinergic activIty affects memory. An Improvement ln pdASlve 

avoidance respondlng was round upon InjectIng chollne Lnto the 

neostrlatum of rat~ (Fernandez et al, 1977); Prado-Alcala dnd 

Cobos-Zaplan (1979) found a dose-dependent mod.l f lca t 10n 0 f 

performance on a bar-press lng task [0 llow l ng ln je ct. Ion 0 f 

choline lnto the neostriatum of rats: small doses l.mpL"oved .. wd 

large doses lmpalred lever presslng. These flndlngs suygesLs 

that chollnerglc agents mlght be actIng on memory proceRses Jn 

quite different ways dependlng on the doses used as weIJ dS 

the tIme of admInistratIon. 

Gould and YatvIn (1972, 1973), uSlng X-lrrddl.atlon as tJ\f~ 

US ln a condltloned taste averSl.on task, found thal atropine 

sulfate blocked the acquIS.lt10n of condl.tioned aversIon ta 

saccharln. More Important, they also found that atl"OpIne 

sulfate lnjected just before testing hdd a slml1ar blocklng 

effect suggestIng that antlchollnergic agents affect ret rleVd 1 

processes as weIl. Simllarly, scopolamIne adml.nIstered prlor 

to test seSSl.on has been reported to dlsrupt spatIal worklflg 

retrI.eval (Beatty and B1.erley, 1986). Flnally, scopolamIne 

slgnIfIcantly lmpalred retrIeval of a radIal maze ln dnJmdls 

previously traIned without the drug (Watts et al, 1981). 

Scopolamlne has also long been consldered cllnJcally lo 

be a retrograde amneS1C agent (Roelle, 1970). ClIck dnd 

Zimmerberg (1971) uSlng a sIngle-trIal paSSIve avoidance tdsk 

found that high doses of scopolamIne (5 - 20 mg/kg) produced 

retrograde amneSIa when admlnlstered up to 1 hr post-tra 1nlng. 
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Furthermore, these effects were shown to be time dependent, 

since injections 6 hr following train1ng had no effect. In a 

cond1t10ned emot10nal responsc task, post-tralnlng 

Intracaudale Injectl0n of 5 ug of scopolamine impalred 

retentlon of a slngle shock-CS palrlng (Haycock et al, 1973). 

Welssman ( 1967> also reported that a varlet y of 

antlchollnerglc agents produced retrograde amnesia, although 

less than that observed following electroconvulsive shock 

(ECS). Taken together, these resul ts tend to suggest that hlgh 

doses of ant ~chollnerglc a lents such as scopolamlne when 

admlnJstered post-tralning can produce an lmpairment ln 

memory-storage processes. 

However, several studies have fa1led to demonstrate 

amneSlc effects when scopolamlne was admlnistered follow1ng 

trainlng (Bohdanecky and Jarv~k, 1967). In thelr reVlew of the 

Ilterature, Spencer and LaI (1983) even proposed tha 

centrally-actlng muscarlnlC chollnergic antagonlsts such as 

scopolamlne and atroplne dlsrupt mechanlsms of encodlng and 

retrleval whlle sparlng memory storage mechanisms. 

Furthermore, ln a few other lnstances, post-tralnlng 

adm~nlstratlon of low doses of atroplne (2 to 10 mg/kg) have 

been reported to facIlltate the retentlon of a shuttle-box 

avoidance response (Evangesllsta and Izqulerdo, 1971, 1972). 

Slmllarly, chollnerglc agonist agents have been shown to 

lmpalr consolidatlon. Physostlgmine (1.0 mg/kg) adm1nlstered 

followlng tralnlng disrupted an appetlt1ve maze-learning 
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1963) • Carbachol, a 

choilnomiroetic agent, lmpaired the consolidatlon of a CER when 

lnjected ln the caudate nucleus after traInIng (Deadwylpr el 

al, 1972). These lesults suggest the Interestlng pOSRlblllty 

that muscarInlC antagonlsts may praduce a bIdlrecLl0nal dctlon 

on memary-storage processes; at low doses they Improvt' 

consolI.dati0n while at high doses they diSl"Upt It. Tt. should 

be kept ln mind that atroplne exerts effects on Ach ael'] v l Ly 

Whlch are much less potent. than those of scopolamIne (I.ongo, 

1956, 1966) (2 to 10 mg/kg of atropIne beIng equlvaient of O.] 

to 0.5 mg/kg of scopolamine) and that most of thp prevlously 

cited studles that showed retrograde amneSla wlth BcopuldmJne 

or atropIne used falrly hlgh doses . 

Flnally, while It has been generally thouqht thdt the 

10ss of muscarInic stlmulatlon is the crUCl al aspect of 

Al zhelmer' s dlsease that resui ts ln memory lfTlpal rment, tht· 

Invoiveroent of nlcotinlc receptors ls supparled by [lndlngs 

that nlcotlnlC receptor blndlng is decreased ln the brains of 

patients wlth Alzheimer's dlsease (WhItehouse et dl, ]986). Tt 

lS, therefore, not surprlslng that nicotlnlc receplor 

blockade has been found to ImpaJ r cugnltlv~ functlon ln d 

varlet y of tasks (DIltz and Berry, 1967; Flood et al, ]9Rli 

Blozovoski, 1983; LeVln et al, 1987; LeVln et dl, ]989). 

However, most of these stud les used systemlca Il y appllf'!d 

nicotinic agents WhlCh do not allow conclusions as ta where 

and how they aet to produce these impalrments (F]bJq~r, 1991). 
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Another reason ta be cautlous with these results is that these 

studies have not investigated associative memory but rather 

used so-called cognitlve tasks WhlCh are more related to the 

hlppocampus as seen prevlously. 

INTERACTION OF DOPAMINERGIC AND CHOLINERGIe SYSTEMS 

The results of other pharmacological studles have 

suggested an antagonlstic interaction between muscarlnic and 

dopaminergic neuronal systems ln the braln (Anlsman, 1973; 

Carlton, 1963). MuscarlnlC receptor antagonists enhance and 

muscarlnic receptor agonists depress the central stlmulant 

actlons of amphetamlne-llke drugs. In rodents, atroplne, 

scopoJamlne, and other antlmuscarinlc drugs act 

synerglstlca lly with amphetamlne on stereotyped behaviors 

(Arnfred and Randrup, 1968; Naylor and CostaJl, 1971; Klawans 

et al, 1972) and conditloned avoldance respondlng (Carlton, 

1963; Carlton and Dldamo, 1961). Atroplne also enhances 

amphetamlne sel f -administration ln rats (Davi sand Smlth, 

1975). On the other hand, chollnerglc agents such as 

oxotremorlne, physostlgmine, or arecoline reduce stereotyped 

behavlcrs lnduced by amphetamine CArnfred and Randrup, 1968; 

Colstall et al, 1972a, 1972b; Klawans et al, 1972) or 

methylphenldate (Janonsky et al, 1972); they also inhibit 

amphetamlne- .lnduced locomotor acb Vl ty (Mennear et al, 1965). 

Furthermore, several studies have shown slmilarlties 

between the effects of scopolamlne, atroplne and amphetamlne 



------------ ---------------------------------------------

-. 

)<) 

on memory • .2\mphetamlne disruptlon of well-learned responses lS 

remarkably Slmllar to the aetlon of Aeh anldgonlsts dtroplnp 

and scopol amine on such responses (Dews and f-lorsf:', 19(1). 

AmphetamIne has al so been reported to dl s rupl the dCqU 1 Hl 1 1011 

of paSSl ve avoidance (Cardo, 1959). Flna Il y, uoth mUHCd ri ni (' 

antagonls t agents and dopamlnerg IC agon 1 si agentH Sf'em Ln 

exert a dose dependent bl.dlrectlona 1 aetlon on memoqr-sLordgp 

processes (Deadwyler et al, 1972; Evang~sllsta dnd l~qulerd(), 

1972; Krlvanek and McGaugh, 1969; WelsHman, 1967). 

Llttle 18 known about the meehanu'lITIs and locallzdLlon of 

thls lnteractlon between strlatal dopamlnerglc ilnd chuJ UH'ry le 

systems. As a pOS sl.ble explanatlon for Lh 1. S Ryne 'Ag IHm bptwE'f:'n 

dopamlnerglc agonlsts and muscarlnlC antagonlHls, the'! InlLldJ 

hypotheslS was that muscarlnlC blocklng drugs enhdnce the 

functlonal actlons of dopamlnergle agonI sts, such as 

amphetamlne, by Inhlblting furthpr the cho 1 J nerg 1 (' 

transmlssion proeess (Trabuceh 1 et al, 1975). A more recpn t. 

theory proposes that muscan nle antagonlsts affected dopaml n('! 

release by actIng on muscarlnlC receptors located on thp 

dopaminerglc nlg rostrlata 1 termIna 1 s (OndruHek el d J, ] 90] ; 

Hagan et al, 1987). 

Further supportlng this Interaction between dopamlnerqlc 

and chollnerglc systems, Scatton (1982) rppo rted that LY 

171555 but not SKF 38393 lnereases Ach dnd dp.crer:lHf~S 

homovan1l1lc aCld (HVA) and dlhydroxypheny J aCeLl(' (lC H] (DOPAC) 

level s ln the neostrlatum of rats dfter systenllC 1 n jt'cL Ion. Ile 
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conc l uded that 02 but not Dl DA receptors are invol ved ln 

dopamlnerglc control of strlatal cholinerglc transmlssion, a 

known element of this structure' S memory funct Ion. Ear lier, 

Selhy (1979) presented simllar flndlngs when he reported that 

acety lchollne content lS Increased by D2 dopamlne receptor 

agonlsts dnd J s decreased by 02 dopamine receptor antagonlsts. 

ThIS dopamlnergl.C regulatlon of neostrlatal Ach levels lS 

correlated wlth the presence of synaptlc contacts between 

dopamlne contalnlng neurons wlth choline acetyltransferase

stal.nlng neuronal elements ln the neostrlatum (Hattorl et al, 

1976) • 

There lS aiso eVl.dence for a possl.ble lnteract10n between 

nlcotlnlC and dopamlnerglc mechanisms in the str1atum. It has 

been suggested that nlcotinic receptors eXlst on the termlnals 

of DA projectIons to the stnatum (De Belleroche et al, 1979), 

and nicotlnic stImulation stlmulates DA efflux (Glorguleff

Chesse l et et al, 1979). ThlS effect was seen even after 

tredtment wlth tetrodotoxln, WhlCh lmplles that lt acted on 

the presynaptic term1nal s of DA axons. Furthermore, McGurk and 

co-workers (1989) have reported that, although both nicotinic 

and muscarln1C cho11nerglc systems are lnvol ved ln radIa l-arm 

maze performance and antagonlsts of these receptors are 

addItive ln the deflcits they cause, nlcotlnlC and muscarlnlC 

interactIons wlth dopaminergic systems are OpposIte ln nature. 

However, the same cautl.ons mentl0ned earlier apply to these 

studles since they used systeml.cally adminlstered nicotlnic 
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agents and concentrated on cogn~tlve rather than assocl~llve 

memory. 
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THE PRESENT STUDY 

Based on the eVldence suggesting that dopamIne release 

from nlgro-strlatal termInaIs might medlate the post-training 

memory Jmproving effect of amphetamine and that sueh release 

might be controlled by 02 dopamine autoreeeptors located on 

the se termlnals, lt was hypothesized that the post-traInIng 

memory improvlng effect of dopamlnergic stl_mulatl0n .Ln the 

neostrlatum lS mediated by 02 bu', not by Dl DA receptors. In 

experlment 1, the effects of post-trainlng intrastriatal 

InjectIons of amphetamIne, a Dl agonist (SKF 38393) and a 02 

agonlst (LY 17155~) lnto the posteroventral and ventrolateral 

sltes on the re:entl0n of the vlsual and olfactory CERs were 

examined. ThlS experiment also constltuted an attempt at 

repl icating previous flndings suggestlng that aSSOCIatIve 

memory functlon ln the neostrlatum may be localized in terms 

of sensory modallty, deflned in terms of the specifIe cortical 

Input of each neostrlatal area (VIaud & WhIte, 1989). 

As further test of the hypothesis that DA 02 receptors 

are critical for memory-Improvlng effeets, ln experlment 2, 

the effects of post-traIning InjectIons of amphetamine alone 

or together wlth a Dl antagonlst (SCH 23390) or a 02 

antagonlst (Sulplrlde) lnto the posteroventral sIte on the 

retentlon of the visual CER "ere examlned. 

Based on the eVldence suggesting that neostriatal 

chollnerglc functI0n lS Involved ln the different stages of 

assoc iatlve mer\\ory as weIl as on the evidence that muscarinic 



b lockade of the striatum has dose-dependent effects on memory, 

1t was hypotheslzed that.. stn.atal muscarlnlC b loekade W.l t h low 

doses of scopolamlne would impalr acquIs~tlon and rptrJPvdi 

whIle .lmprovlng consol1datlon of aSsocldtlve memory. In 

experlment J, the effect of pre-t ra ln Ing uajecl lons (l f 

scopolam.lne Into the posteroventral slte on the acquIslll0n of 

the visual CER were examlned. In experIment 4, the effecl of 

pre-testIng .ln je ct Ions of scopolam~ne Into the posleroventrdl 

SIte on the retrleva l of the v .lsua 1 CER were exaon ned. 1 fi 

experlment 5, the effect of post-traln.lng l.njectlonH of 

scopolamIne lnto the posteroventral S.lte on the consolIdaLlon 

of the vlsuai CER were examlned. 

Based on the eVldence that strlata 1 dopamlnerglc agonlstH 

and muscarInic antagonlsts act synerglstlcally on stereotyped 

behavl0rs and on condltloned avoldance respondJng; and on thp 

eVldence that destructIon of the dopamlnerglc nigroslrldlal 

termInaIs abollshes the post-traInIng memorY-lmpt-OV1I1Y act. I()n 

of amphetamine Injectlon, .lt was hypotheRlzed that UIP H.ltJ~ of 

InLeractIon of the two systems, dopamlnerglc and chollnprglc, 

lS the dopamlnerglc nlgrostrlatal termInal and, thus. thal the 

post-traInIng memory Improvement effect of mUSCdrln] c blockade 

ln the neostrlatum IS medlated by cl M2 rnuscar l.nl.C rcceptor 

locallzed on the nlgrostrlatal termInaJ. In experlment 6, 

uSlng anImais ln whl.ch dopamlnergl.C strl.atai termlndls hild 

been prevlously lesloned wlth 6-0HDA, the effect of post

trainIng InjectIons of scopolamIne and a M2 specIfIe 
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muscarinlc antagonist, AFDX-384, Into the posteroventral site 

on the consolidation of the vlsual CER were examined • 



Chapter 2 

General Methods 
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The falIowlng sectIons descrlbe the general methods and 

techniques used throughout the thesIs. They apply to aIl the 

experIments except when stated otherWlse ln the descrIptions 

of the lndlviduai experlments. 

Sllbjects 

Subjects were nalve male hooded rats obtalned from 

Charles RIver Canada Inc., weighIng 325-350 gr. at the slart 

of the expen ments. The numbers of animaIs used ln the 

] ndl v Idual experIments are IndIcated in the procedures for 

each experIment. They were housed ln indlvldual cages in a 

rOOIn wIth the llghts on between 7 a.m. and 7 p.m. Purlna Rat 

( chow and waler were contlnuously avai lable, except as 

Indlcated ln the procedure. 

ApparatuB 

The training chamber was a box (20 x 25 x 20 cm) made of 

clear Plexlglas mounted on four legs (3 cm long) so as to 

rdIse l t above the f Ioor. This made It possible to Insert a 

dlSh contalnlng Amyl Acetate under the floor of the chamber to 

provlde an 01 faclory conditloned stimulus when required by the 

procedure. The chamber was sltuated inslde an insulated wooden 

enclosure. The floor of the traIning chamber consisted of 

stainless steel rods. As requlred by the procedure, the rods 

could be connected to d Grason-Stadler shock generator (Model 

700) WhlCh del1vered a scrambled electncal shock. Durlng 
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other phases of the procL~ure the grld floor was connected tu 

a drinkorneter clrcuit together wlth d stalnless steel drlnkJrl~l 

tube protruding from a 2 cm dlamete r open_L ng ln a !i Idp- Wd 11 l) f 

the traInlng chamber. Normal C'hamber III um 1 nat Ion WdH prov uied 

through a plastic wlndO\~ ln t.he front of the wooden pnc IOHurp 

by the dim llght of the laboratory. Two 25 W,ltt lrlC'andesct'nl 

bulbs were suspended outslde the tralnLng chamber (lnRldp the 

enclosure) to provlde a vlsual conchtloned stLmulus whf:'n 

requlred by the procedure. 

Surgery 

In aIl the animaIs cannulae were Implanted unilaLerdlly 

or bi latera lly, as required by the expe r Imenta 1 procedurr;>, 

using standard stereotaxlc technIques under sod i um pentobarbJ

tal anaesthesia (55 mg/kg) supplemented by atropIne su]phrll~ 

(0.2 mg/kg) • Coordinates were 

experlence from the atlas of PaXlnos and Watson (1982) ilnd 

rneasured from bregma (anterior-posterl.or and Idtera]) wlth the 

depth determlned by lowering the precut eannu] d untl1 t-hf"~ 

plastlc sleeve touched ~ne skull. As required by the 

experlmental procedure, cannulae were a Imed el ther at the 

posteroventral (PV) or the ventroldterdl (VL) parts of the 

caudate nucleus. For the PV plaeement, the cuordlnates wer~: 

-0.3 mm anterlor. 4.0 or -4.0 mm laterai and 6.5 mm below the 

skull. For the VL placement, the coordlnales were: 0.6 mm 

anterl0r, 4.0 or -4.0 mm lateral and 6.1 mm helow the skull. 
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Followlng surgery, a screw-on Wlre stylet was lnserted ln each 

cannula to keep lt clean. After surgery, aIl anlmals were 

glven one to three da1ly ln je ct ions of penlcl111n (Derapen). 

They were glven a m1nimum of one week to recover before the 

experlment started. 

Histology 

Wlth the exception of experlment 6, after completl0n of 

al! behavloral testlng the bral.ns of the animaIs were prepared 

for histological examinatlon. Anlmals were anaesthetized wl.th 

an overdose of chloral hydrate and perfused lntracardlally 

with physlo1aglcal sallne followed by 10% formahn. Thelr 

bralns were removed from thelr skull sand stored in 10% 

formalln for at least three days. Twenty mlcron frozen 

sectl0ns were cut at 100 mIcron lnterval sand mounted for 

hlstologlcal examinatlon on pregeled slldes. The mounted 

sectlons were then stalned using a modlfied Kluver and Barrera 

(1953) technlque. 

Veriflcation of pldcements was done using the atlas of 

PaXlnos and Watson (1982). The areas for acceptable placements 

of the posteroventral and ventrolateral canilulae tips are 

shown ln flgure 1. The data of anlmals whose cannulae fell 

outslde those areas were rejected from aIl statlstlcal 

analyses. 

( 
", 



Figure 1. Tips locat10ns of posteroventral and ventroldt~ral 
1mplanted cannulae. The hatched a eeas show the locdllons of 
the tips of the 1nner cannulae ln the brains for dii ralH 
included ln the dlfferent statlstlcal andlyH"lH. Tn th,~ 
anter1or-posterior plane the placements for the ventrolaleral 
cannulae ranged between 0.2 - 0.7 mm anterlor to brpgmd; the 
placements for the posteroventral cannulae ranged belween 0.3 
- 0.8 mm posterlor to bregma. 
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General Procedure 

On day 1 of the exper1ment, water was removed from the 

an1.mals' cages and, on the same day, each rat WdS handlf'd (ut 

a few minutes. The next day, the handJ lng WdS repE>ated dnd 1I\f~ 

rats were given free access to water for 20 ml nutes ln the l t" 

home cages. Twenty-four hours la ter, each anlma l Wd S pl dCf'd 

into the traIning chamber for 15 mInutes Wl th dlm chamber 

111 uminatlon. The grld f loor was connected to the dn nkomeLer 

circul t. Water was ava llabl e through the dn.nk 1.ng t.ube, .:trlc! 

the latency for each anlma l to complete 15 seconds of drInk 1 ng 

was recorded. Aftcr thlS pre-exposure to the chamber", thp 

dnlmals were returned to thelr home cages and 9 1 ven free 

access to water for 20 mInutes. ThIS pre-exposure procedure 

.... a"l repeated on each of the next. two days. If the dnnkJng 

latency on the thlrd day was above 100 seconds, an add l L lOtlci 1 

day of pre-exposure was glven. Only rats wlth ldt.encles of 

less than 100 seconds on day 3 0 r clay 4 we r-c us~d ln thp 

rernainder of the experlment. The fInal pre-exposure clay 

latencles were used to asslgn the animaIs to the dl ffet"f~nt 

experimental groups ln a manner that mlnlmi zed the d if f erenceH 

among the mean drlnklng latencles of the groups. The anlmals 

were allowed free aecess to water. 

Twen~y-four hours after the last clay üf pl"(~-exposure, the 

rats were welghed and water was removecl from thelr home cagPR. 

If any pre-tralnlng injectlons were requlred, they were done 

accordlng to the procedure descrlbed ln each experHnent before 
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placing the animal S Into the chamber. Each rat was then placed 

Into the training chamber. The grld floor was connected to the 

shock generator. As requlred by the procedure, each anlmal 

recelved a number of foot-shocks (0.8 mA for 0.5 sec.) at the 

rate of one per minute. After the Iast shock, the animaIs 

remd~ned ln the trainIng chamber for 1 addltlonal m~nute. For 

ratR ln a vlsual condltloned stimulus (VCS) group, the two 25 

Watt bu1bs ln the enclosure were turned on <VCS+) for the full 

duratl0n of the training session. For rats ln an olfactory 

conditloned stimulus (OCS) group, amyl acetate was piaced 

beneath the grld f Ioar of the training chamber (OCS+) for the 

full duratlon of the traIning session. If post-trainIng 

Injections were required, they were performed as descrlbed ln 

the procedure for eê'ch experiment after the animal was removed 

from the trainIng chamber and put ln his cage. 

At the end of the 1:ralnlng session (or, if required, 

after post-training InjectIons), the animaIs were returned to 

thelr home cages. Rats ln a deIayed Injection group were aiso 

returned to thelr home cages at the end of training. However, 

two hours lat:er, they were Injected as descrlbed ln the 

procedure for each experlment. 

Twenty-four hours after tra Inlng, testlng began. In cases 

where pre-testlng Injections were required, they were do ne 

accordlng to the procedure descrlbed ln each experlment. Each 

rat was placed lnto the chamber. Durlng the testlng seSSions, 

the grld floor was connected to the drlnkometer Circuit. For 
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sorne of the anlma 1 s ln the 'les groups the llghts WP l'e on 

(VCS+) while for sorne others they werp off <VCS-). Slmllarly, 

for sorne of the anImaIs ln the oes yroupR ctH" sme 1 1 WdH 

present <oes+) wh11e for sorne othf>rs no srneJ 1 WdS pr'esp.nt 

(QCS-). The rats were allowed to drlnk (reel y dnd tht> 1 dt ency 

ta dl' Ink for 15 seconds was medsured and recorded. Aft(~r' ) 'i 

mInutes ln the chamber, each ra t \<Jas rpturned tOI tH huml:' Cdl::JP 

and a llowed to d r Ink for 20 nu nutes. Th 1 R procedu re WiiS 

repeated on the next day. 

Statistical Analysis 

For each anlmal tncluded ln the andlysls (·ifler hHitO\O

gicai verIfIcatIon, the drlnklng latencles fur" lhf--' 1 wo Iyst 1 ng 

days were added togethf'r tu glve a f:ilnqle cumuldtlVf' \dtf'nc'y 

score. Prior ta any furlher analysls, homogenp.lly of Vdl'ldnc'(~ 

was checked Ul: Lng a F-max procedure. Tf a serlOUR VIO!rlt ton of 

the assumption homogenelty of varlanC(-! was found (p r O.05), 

dally latenc1es were transformed to reslore h()mugf~nt'l Ly and 

then added ln a cumulatIve lransformed l'itenc:y. Th" 

transformatIon used was determJned by the type of 

lClentlfled (Kruskal, 1978) and 18 desct'lbed 

VIU]dtlon 

ln Pnc'h 

eXFerlment. The untransformed or transfonned scon's werf' 

analyzed uSlng one-way analyses of Vdrlance. Pldnned rnujllpl~ 

cornpari sons were made WI th a rnod J f l.ed t -test u~n ng the W 1 Lh 1 n

groups rnean square from the analysls of varIance (KIrk, 1968) 

thereby Imposlng the best estimate of the populatIon Vdrldncp 

(assumlng the null hypothesls) on each comparlBon. 



Chapter 3 

Experiments: 

Procedures and Results 

( 

L 



ThIS 

POST-TRAINING INTRA-STRIATAL INJECTIONS 
OF AMPHETAMINE, SKF 38393 AND lJY 141555 

experIment was an attempl t(l pluc'Idatl' thf"! 

mechanlsms by whlch post-traInIng, Inll"dHtnat.·tl dmpheLimlTH' 

produces memory 1.mprovement. To do so, t hl"! e f f pct!:l 0 f pOP> l -

tra1.n1.ng, ~ntrastrIatal InJectIons of amt>hptanune, dnd SKI-' 

38393 (a Dl agon1.st), and LY 141555 (a 02 dgon u:;L) J ni 0 1 hf' 

posteroventral and ventrolatera] strJatal d t'PdH on 1 hf-' 

retent1.on of the Vlsua 1 and 01 factory CERs Wf::'n~ pXdm J nf-'d. 

Experimental Procedure 

Anlmals WJ.th unllalera1 cannu]ae dlrnt~d al p1t.her t.ht-> 

posteroventral s1.te or at the ventrolaterdl site w~rf-' uscd Ifa 

thlS exper1.ment. Durlng tralnlng, edch an~mal rF!Cf'lVed 4 fool-

shocks. The anImaIs were mlcro-injected thlrty seconds aflf-'r 

tra1.nlng, over a perlod of one mInute (50 fwconds fot' 

lnject1.on plus 10 seconds for dlffu~>lon). E~H~h J n jpC'!.lon 

consisted of 5 ug of d-amphetamlne sulphdLe, 1 U9 of LY 171 :)5:', 

or 0.5, 1, or 2 ug of SKF38393, edch dlSSolVf:·d ln 0.1 ul of 

veh1.cle, or the vehlcle aione. ThAse doses were ChOHf-'n after 

p1.Iot experlments revealed that 1 ug of LYl/1555 hdd mpmory 

e"1hanc1.ng propert1.es in the present paradlgm, bul that lhe 

same dose of SKF38393 dld not exh1.bl t these propertles. 

The tralnlng and test1.ng cond1tIons for each group 

together W1.th the numbers of animals ln each group are ""Iown 

1.n table 2. 



. 

Table 2. cs for PV sIte lS llght; CS for VL slte lS smell; CS
Indlcates that the conditloned stimulus IS absent; CS+ lndica
tes that lt IS present; XCS+ Indlcates that the alternative 
conditloned stimulus is present; number of 0.8 mA \ 0.5 sec. 
shocks recelved durlng training; amphe=amphetamlne; LY=LY 
141555; drug doses ln ug, volume of aIl l.jectlons 18 0.3 ul. 
In parentheses are the numbers of animaIs orlglnally tralned 
and tested ln each group; outslde the parentheses are numbers 
of anImaIs used ln the statlstlcal analysls after examlnatlon 
of the hlstologlcal materlal • 



TABLE 2 

Expe::rinlenta.1 cond,.i_t_iQns __ ~~ ___ ç _:ç_Ç)_!clP_~ 

Training Number Post-Tra1n1ng Test1ng Number 
Group Condition Shocks Treatment CondjJ.1QI\ r~ 'i[' 

----- ~--- - ----~- -- . - -- ---------- - -

1 es+ ( salIne eSt 6 (8 ) S ( 8 ) 

2 CS-f 6 amphetamlne ( 5 .0) Cs+ 5 (Il ) 6 (H) 

3 es+ 6 SKF 38393 (0.5) CS+ 6 (8 ) 6 (8 ) 

4 es+ 6 SKF 38393 (1. 0) es+ () (8 ) b ( B ) 

5 es+ 6 SKF 38393 (2.0) cs· 6 (8 ) 6 (8 ) 

6 CS+ 6 LY 171555 (1. 0) es+ 7 ( 8 ) 7 (B) 

-----------------------------------------------------------------
7 CS+ 6 amphetamlne ( 5 .0) es- 6 (13 ) 7 ( 1\ ) 

8 CS+ 6 LY 171555 (1. 0) CS- 6 (8 ) 6 (8 ) 

9 CS+ 6 delay.amphe ( 5 .0) eSt 6 (8 ) 7 (8 ) 

10 CS+ 6 delay.LY (1. 0) CS+ 6 (8 ) 6 (Il ) 

-----------------------------------------------------------------
11 XCS+ 6 amphetamlne ( 5.0) XCS-t 6 (8 ) 5 (8 ) 

12 XCS+ 6 LY 171555 (1. 0) XCS+ 7 (8 ) 6 ( 8 ) 
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Results 

No vlolatl0n5 of homogeneity of varlance were found, 50 

the untransformed hehavl0ral data were analyzed. The data for 

the PV and VL SItes groups are summarlzed in f~gure 2 and 

flgure 3, respectlvely. 

There w~re slgnlflcant treatment effects for both the PV 

(FOl, 61)=58.87, p(O.Ol> and VL (F<11, 61)=68.67, p<O.Ol> 

ln je ct Ion SItes. A s1m11ar set of multlple comparlsons was 

made on selected groups 1n both the PV and VL analyses to test 

hypolheses about the effects of the 1n]ectIons speclf lC to the 

v1sual CS for the PV group and to the olfactory cs for the VL 

group. Slnce the pattern of these results was the same for 

both s1tes, both sets of comparlsons are descrlbed together. 

AlI slgnlflcant comparlsons reached the 0.01 level. 

The mean latencles for the rats ln the groups Injected 

wlth amphetamlne or wlth LY171555 were slgnlflcantly longer 

than the mean latencles for the rats ln the groups Injected 

wlth salIne. In contrast, there were no slgnlflcant 

dlfferences between the latencles for the rats ln any of the 

groups Injected wlth SKF38393 and those for the rats ln the 

sa llne groups. 

There were s1gnlf lcant differences between the mean 

la tenc1es for the rats tested ln the presence and those tested 

ln the absence of the CSs for both amphetamlne and LY171555. 

The scores for the rats ln the drug groups tested ln the 

absence of the CSs were also signlflcantly lower than those 



Figure 2. Means of the cumulative daily latenclps for anlmdls 
tralned with post-tralnlng mlcro-lnjectlons of amphptdmlne or 
LY 171555 or SKF 38393 ln the po~lero-ventra] neostrlatum. Thp 
vertlcal 11nes on each bar are the standard r~rr()I'''l of th(~ 
mean. AlI groups except t..hose ln the r1ghlmosl prtne 1 wert' 
tralned ln the presence of the vlsua] condltlonpd st lmulus. 
Those ln the r Ightmost pane 1 were lriH ned HI the pr('sencf' () f 
the olfactory condltlofled stimulus. The post-tr.ufllng 
mlcrolnjectlons are described on the dbsc ISSd: SAL-'-Sd] 1 ne (0.3 
ul); AMP=d-amphetamlne (5ug); SKF =SKF'38 39 3 (dmOl.wt s shown 1 Tl 

ug); LY=LY141555 (lug); AMP.D=de]dyed dmphetamlnf' (~ug); 
LY.D=delayed LY141555 (lug). n+" lTldlcates groups tf!Hted ln thf'> 
presence of the cond1tloned stlmulus while "_" tndH:atf>s 
groups tested ln the absence of the condltH)fIf'd stImulus. 
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Figure 3. Means of the cumulat1ve dally latenclps for dnlmalH 
trained with post-tralnlng mlcro-lnjectl0ns of dmphelamln~ or 
LY 171555 or SKF 38393 1n the ventro-lateral neost.rIdtum. Th(' 
vertical lines on each bar are the standdrd (~rr()rR of thf-' 
mean. AlI groups except those ln the nghtmost panel w('n~ 

tralned ln the presence of the 01 factory cond111<lfled !":t Imldus. 
Those ln the rlghtmost panel were traJned ln the presenve of 
the vlsual condltl0ned stImulus. Thf' posL-trdlrllng 
microlnjectlons are descrlbed on the dbsClSSd: SAL~sdllnf~ (O.'l 
ul); AMP=d-amphetamlne (5ug); SKF=SKF38391 (amountH shown ln 
ug); LY=LY141555 (lug); AMP.O=delayed dmpheldlTllne (Sug); 
LY • D=delayed LY141555 (1 ug). "+" lnd H~ates groups t f>st.,...d ln 
the presence of the cond·~tloned stImulus Whllf~ "_" lrH]lCdlt:'H 
groups tested ~n the absence of the condltlolled stimulus. 
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for the rats ln the salIne groups tested in the presence of 

the CSs. These fInd1ngs show that the IncreaKed Idlen.Clt'H 

exhIblted by the drug groups tested ln the presenre of the CSs 

were not due to effeets of elther drugs or the CSs alone, but 

that both condltlons had ta be present for Ulf~ 1 ncredse lo 

occur. 

Among the groups tested ln the prt_!sence of the CSs, Lhf~ 

mean latencles for the rats ln the groups that recel ved 

ImmedIate injectIons of amphetaml ne or LYJ71555 wprf' 

signlflcantly longer than those for the rats Ltldt rece 1 ved 

delayed ln je ct Ions of the same drugs. ThIs flndlng SUggPHtH 

that the Increased latencles ln the ImmedIate drug groupH wen' 

not due ta any proactlve effects of the drugs on the dnlmals' 

test day behav lor. Rather, l t suggest8, both the dmpheLcw\ trI!! 

and LY171555 effects were due to an Interactlon wlth neural 

processes that perslsted for a IlmIted tIme after lhe pdlrlng 

of the CSs wIth the shocks. This flndlng 18 conslslent wlth 

consolIdatIon theory (McGaugh, 1966; MeGaugh & Herz, 1972). 

The fIndIngs for the groups tested wlLh the opposite CSs 

support the hypothesls that the vlsual and olfdctory CERH are 

meulated ln dl f ferent parts of the cauda te nue 1 eus. ThuH, t.-he 

scores for the PV animaIs that were tested wlth the OCS were 

slgniflcantly lower for bath amphetamIne and LY171555 than 

those for the PV anImaIs that were tested wlth Lhe VeR and 

recelved the same drugs. Slml.lar ly, the scores for the VI, 

anlmals tI-.at were tested Wl th VCS were sl.gnlflcantly lower for 

i 

1 

J 
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both amphetam1ne and LY171555 than those for the VL an1mals 

that were tested with oes and received the same drugs. 

j , 

f 



POST-TRAINING INTRA-STRIATAL MICRO-INJECTIONS 
OF AMPHETAMINE ALONE OR MIXE)) 
WITH SCH23390 OR SULPIRIDE(-) 

55 

The second experiment const~tuted yet another attempL at 

elucidating the mechanlsms of amphetaml.ne's actIon. rn t hlH 

experiment, the effects of post-trainlng l.njectlons of 

amphetamine alone or together wlth SCH 23390 (a Dl anti\gon\Ht ) 

or Sulpiride (a 02 antagonlst) inta the posterovent raI 

striatal area on the retentlon of the v1.sual CER we.·p 

exam~ned • 

ExperImental Procedure 

AnImaIs wlth unIlateral cannulae almed at the postero-

ventral striatal SIte were used ln thlS exper l!ll('nt. Dur j ng 

traIning, each an~mal received 6 foot-shocks. The an] ma] l:l werf' 

micro·-Injected thirty seconds after trainIng, over ci perlod uf 

one minute (50 seconds for InjectIon pl us 10 seconds for 

dIffuSIon). Each InjectIon consisted of 5 ug of d-drnphetarrlJ nt' 

wlth 20 ug of sulpirIde(-) or 5 ug of d-amphetarnJne wlLh o.~ 

pg of SCH 23390, each dissolved ln 0.3 ul of vehl.cle, or the 

vehlcle alone. 

The traInIng and testing condlt] ons for each group 

together with the numbers of animaIs ln each group are ~hown 

~n table 3. 



L 

Table 3. cs- lnd icates that the condi tl.oned stlmul us lS absent 
(llght off); C8+ l.ndicate8 that 1. t lS present (hght on); XCS+ 
indlcates that the alternative cond1.tioned stlmulu8 lS present 
(smell); number of 0.8 mA ! 0.5 sec. shocks recelved durlng 
traIning; drug doses ln ug except for 8CH 23390 (pg), volume 
of aIl lnjectlons 18 0.3 ul. In parentheses are the numbers of 
anlmdls orlglnally tralned dnd tested in each group; outslde 
the parentheses are numbers of anlToal s used ln the statlstlcal 
analysls after examlnatlon of the hlstologl.cal materlal. 



TABLE 3 

Traiolng Number Post-'l'raim ng Testlng 
Qroup Condition Shocks Treatment ~()~d l ':_LOn N!!I:n~(~r 

------- ----~-~ ----------_.- --- - - - -- ---

1 CS+ 6 sallne CS- 7 ( 7 ) 

2 CS+ 6 sal.Lne eSt ) 2 ( 1 n 

3 eSt 6 amphetamlne (5.0) CSt ( h) 

amphetamlne (5.0) 
4 CS+ 6 + eSt ( fil 

SCH 23390 (0.5) 

amphetamlne (5.0) 
5 CS+ + CS- ( 6) 

sulplrlde (20.0) 

amphetamlne (5.0) 
6 CS+ 6 + eSt ( h) 

sulplrlde (20.0) 

.'~ 
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Reau] ta 

Vr-'l"lfH"!atIon of the homogenelty of varIance prlor to 

analysls rev(~a]ed serlOUS VIolatIons. Slnce the means and 

standard devldtJ.on of the drlnklng lalencies were found to be 

proportlona l, a loga r l thmIc t rans format 1.on (log e ( x » was 

applled to the two dally latencles. Transformed scores were 

then added and analyzed. The data are summarlzed ln flgure 4. 

There WdS a l-ngnlf 1.cant overa 1] t t"eatment effect (F (5, 

35)= 26.12, p<O.Ol). l'he sallne groups tested ln the presence 

of the vlsual CS had a slgnlflcdntly longer latency thdn the 

sallne group tested ln I.ts absence (p<O.OU, demonstratlng 

thdt the Incrpased latency occurred only in the presence of 

the CS. 

LatencJ.es for the anImal s lnjected wlth amphetamlne alone 

and for those 1 n jected wI.th amphetamlne pl us SCH 23390 and 

tested ln the presence of the vlsual CS were not found to be 

slgnlf1.cantly d1.fferent (p>O. 05). These two Iatencles were 

however founn. tü be s.l-golficant ly (p<' 0.01) longer thao that of 

the group Injected wIth sallne and tested ln the presence of 

the cs. Taken te "1ether these flndlngs conflrm the prevl0usly 

demonstrated consolldatl0n Improvlng effect of post-tralnlng 

amphetam1.ne. These flndlngs also mean that thlS effect IS 

Independent of Dl receptors al tlvatlon Slnce thelr blockade by 

SCH 23390 fdIled to interfer'= ith amphetamIne's effect. 

The cumulative mean transformed latency of animaIs 

Injected Wl_ th arllphetamlne together Wl th sulpiride and tested 



Figure 4. Means of the cUI1Ulat_lve déllly latelwlPS fnr dllllll,!IH 
tralned with post-tra1.nulg mlc!"o-lnjp.ctlons of amphe·t.dllllnl' 
alone or w1.th SCH 21390 or wlth Rulplrtde(-) ln th,.. pOfltf'I°\)

ventral neostrlatum. The vertlcal 11nes on p,lc'h bar dt"(- th,. 
standard errors of th,~ medn. The numbprs 1 nR ide> Pdch bd 1 cl tOi' 

the number of rats ln each <jtOOUp. 'l'hp. P()~lI.-t.todlnlfl~J 
mlcrolnjectlons are descrlbeù on the ,ÜJSCIRSd: SAI.'::Hdllne 
(O.3ul)i AMP=d-amphetamlne (Sug); r\/SCH=-d-dmphetarnlnp & 

SCH23390 (5ug & O.5P9)i A/SUL:.d-ampht"tiHnlne & H11]plr-ldp(-) 
(5ug & 20ug). Il +" means tested ln the presence () f ,IH-~ VI HUd 1 
condltloned stImulus wh1.1e "_" merlns tpHt.ed in tIlt' rÜlHP(lf'P of 
the v1.sual COnd1.tloned stImulus. 
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ln the presence of the vl.sual CS \4'a3 found to be l:ngnJf\('dlltly 

shorter than that of the group JnjeC'ted WJth ampheLtmlnp dnd 

tested ln the presence of the cs (p~'O.Ol). Tn fc-lct, anll1lcdH 

lnjected wlth amphelcwllne together wlth sulplrlde rlnd teHtt'd 

ln the presence of the cs were found not to Lw S J gn l f Il'd n t 1 Y 

d1fferent (p'>O.05) from those In)ected wlLh sdllne and LI.~Stf~d 

ln the presence of the cs. Flnally, anlnlctls llljPctJ·d wlth 

amphetam1ne together Wl t.h SUlUl rlCle and Lested 1 fi the db!-H'rH'(' 

of the cs were found not to be sl.gnlflcantly dlfferf-'nl 

(p>O.05) from those lnjected Wltt· saline dnd tpstpd ln !hf' 

absence of the cs. These flndlngs [1\pan that ,-\llll'l!f'!ilmln<,'!'.. 

effect on consolldatlon lH dependent on D.! 

act1.Vatlon ~,lnce the1r blockade by sulplrldp J:-ll-evf'ntpc:! t\w 

memory lmprovlng effect of dmphetamlne. 
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PRE-TRAINING INTRA-STRIATAL MICRO-INJECTIONS 
OF SCOPOLAMINE 

58 

ThiS experiment was the fll'st of a series of three 

experl menls conducted to el uc ldate the ro l e of the chol inerg lC 

strlatal system ln aSsoclatlve memory. More preclsely, thlS 

eXpel'lment WdS rieslgn to test the effect of muscarlnlC 

blockade on the acqulsltlon of assoclatlve memory. To do so, 

the effects of pre-trainl.ng, "lntrastrl.atal lnjectlons of 

scopolamlne lnto the posteroventra l str latal area on the 

acqulsltlon of the vlsuaJ and olfactory CERs were examlned. 

Experlmental Procedure 

Anlmal S wlth bllateral cannulae almed at the postero-

ventral str1atal sIte were used ln thls experlment. On 

trdl nlng ddy, 10 mlnutes prl0r to bel ng placed in the tralning 

chamber, aIl the anlmals were micro-lnjected bllaterally 

slmultaneollsly, uSlng two syrlnges, over a perlod of one 

mlnute (50 seconds for lnjectlon and 10 seconds for 

dLffuSlon). Each lnjectlon conslsted of 0.1 ug of scopolamlne 

dlssolved ln 0.3 uI of vehlcIe, or the vehlcle aIone. During 

tralnlng, each anlmal recelved 10 foot-shocks. 

The tralnlng and testlng conditIons for each group 

together wlth the numbers of anlmals ln each group are shawn 

ln table 4. 
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Table 4. CS- Indicates that the condlt.l0ned sLunuJmi tH ab~'!nt 
(llght off); CS+ l.ndlcates that lt IH present (Ilght on); XCSI 
Indlcates t.hat the alternatIve condltloned stunllluH lH pn-!spnt 
(smell); number of 0.8 mA /0.5 sec. shocokl:l r(>celv(~d dUI'ln~1 

traInIng; drug doses ln ug, volume of ail InjectlonH IR 0.1 
ul. In pdrenlheses are the numbers of anImaIs unqtrldlly 
tralned and tested ln each group; outRJde the l:1drpnt hPHf-:>S ,HOP 

numbers of anllnals used ln t,he statlsllcal éinalyl:lll:l dftl!l" 

examlnatlon of the histological materlûJ. 

1 

J 
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2 

3 

4 

5 

TABLE 4 

.Experj.rnenta.1 conditions a.nd Groups 

TrainIng 
Condition 

es+ 

es+ 

es+ 

es+ 

xes+ 

Number 
Shocks 

10 

10 

10 

10 

10 

Pre-Training 
Treatment 

sallne 

sa line 

scopolamIne (0.1) 

scopoldmlne (0.1) 

Testing 
Condition 

es-

es+ 

es-

es+ 

scopo l amlne ( 0 .1 ) XCS + 

Number 

7 (7) 

7 (7) 

5 (6) 

6 (6) 

6 (6) 



Resul ts 

Slnce no vIolatIons of the homogellelty of Vdrldnce werp 

found, untransformed behavIoral data were analY.lf::"'>d. The d.lI d 

are summarlzed ln flgure 5. 

There was a slgnlflcant overall treatrnent efff'(·t (1-'(4, 

26) = 75.92 , p< 0.01). The salIne group tesi-ed 1 n t hf-' pn'st-'n('(-' 

of the visual CS had a sJ_gnlflcantly longer latcnC'y th.HI 1 hl' 

sall.ne group tested ln l ts absence (p< 0.01 ), dC-"nlonst l°d L IllCJ 

that the Increased latency occurred only 1 n t ht> preSf>nce or 

the CS. 

The group Injected wlth scopolannne and Lf-'stf~d trI 1 hf' 

presence of the vlsual CS exhlblLed a slgnl(lcdnLly Hhorlt'r 

(p<O.Ol) mean latency than that of the group In-jectf->d wlth 

salIne and also tested ln the presence uf the VlSUdl cs. ThlH 

dlfference means thdt the decreaHed ) aLency observ('d 1 fi t ~}(' 

group that recelved scopolamIne prior tu t r.l1n1ng cl Id not 

depend upon the inject10n procedure IlRelf but rathE'l' on d 

speciflc effect of the drug. 

The latencles for the an1mals In]ected wlth scopoJdTrllnt> 

and tested ln the presence of the vlaual CS wpre not rellahly 

different from those of an.lmal s Injected Wl th scapa lanllne dnd 

tested ln the absence of the cs (p,' 0 .05). Tdken togethe ri 

the se two groups' mean latencles werp nol reliably dlfferpnt 

(p>O. 05 ) from tha t of the group Injecl:ed wlth Sd 1 Hlt' and 

tested in the absence of the vIsual cs. These flnd1ngH mean 

that scopolamine injected ln the postero-ventral str lata 1 S l te 
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Figure 5. Means of the cumulatlve daily latencies for animaIs 
trained wlth pre-tralnlng micro-lnjectlons of scopolamine in 
the postero-ventral neostriatum. The vertlcal lines on each 
bar are the standard errors of the mean. The numbers Inslde 
each bar are t.he number of rats ln each group. The pre
tralning microlnjectl0ns are described on the absclssa: 
SAL=sallne (O.3ul); SCO=scopolamlne (O.lug). "+" means tested 
ln the presence of the visual condltioned stimulus while "-" 
means lested ln the absence of the vlsual conditioned 
st l.mulus. "CS'" means that the group was trained and t.ested in 
the preHence of the olfactory conditioned stimulus. 
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Impalred the acqulsltl0n of a vlsual CER. 

The group lnjected wlth scopolamJ ne, then tralned and 

teRted Ln the presence of the olfactory cs had a slgnificantly 

longer mean latency (p< 0.01) than the group lnjected Wl th 

scopolamIne, tri:llned and tested ln the presence of the visual 

CS. Moreover, the latencies for the scopolamlne-OCS+ and 

sa 11 ne-VCS 1- groups were not re llably dlfferent (p> 0.05). These 

f1.nrhngs mean that scopolamIne injected lnto the postero

ventral striatal SIte had no effect on the acquIsitIon of an 

olfactory CER. 



POST-TRAINING STRIATAL INJECTIONS 
OF SCOPOLAMINE 

6\ 

This experlment was the second almed at C'lucldatlng Ille-' 

role of the cholinergIc striatai syslem ln aSl:>OCldLlVt' I\\t-'IDOI'Y. 

More precIseIy, thlS experiment was deSIgn ro tf:'sl lhf' pfff'('1 

of muscarlnlC blockade on the conso lldal Ion of ."issue l cl LI Vf' 

memory. To do so, the effects of posr-lraInlng, InLr.H;Lrldlal 

lnjectlons of scopolamIne lnto t.he posleroventr(;L~ Htrldrdl 

area on the consoiidatl.on of the vlsuai and olfactory CEHs 

were examined. 

Experimental Procedure 

AnImaIs with bllateral cannllliH~ i}Jrned .:d. tll(~ !lusl ('!-o-

;;'entrai strlatai slte were used ln thlS expCl'lnt(·nt. Durlrl~~ 

tralnIng, each anlma l rece 1 ved 6 foot-shocks. The dnirucll S Wf'j"(' 

bllaterally mIcrO-ln jected thirty seconds artel' t rd III UHJ, 

US1.ng two syringes, over a perlod of one m.lnule (50 !:H'(:onds 

for injection and 10 seconds for dl (fusIon). As rc-'qu J red by 

the procedure, sorne anImais recelved the same InjectlCHIS bul 

delayed two hours after the end of the trainl.ng seSSl<Jn. E-ich 

lnjection conslsted of 0.1 ug of scopolamIne dlSl'lolved ln 0.3 

ul of vehlcle, or the vehlcle alone. 

The tralnlng and testlng condlt10nH for p-éich group 

together wlth the numbers of animaIs 1n each group are shown 

ln table 5. 



Table 5. CS- lndicates that the cond1t10ned stlmulus ]8 absent 
( l ight of f); cs + IndIcates that 1. t lS present (11 ght. ün); XCS 1 

Indicates that the al ternatI ve cond l tl oned sL "tmu 1 us ] H prPHen t 
(smelUi number of 0.8 mA / 005 sr~o shocks rerelved dunnq 
tral.nlng; drug doses ln ug, volume of dll Injectlons IS Oo'l 
ul. In parentheses are the numbers of anlmalH ongHlrdly 
trained and tested ln each group; outs 1_de the parpnt heses ci t·p 

nurnbers of anImal., used ln the statIstlcal analYHu; afl0" 
examlnatlon of thE' hI stalog Ical mater l.a J 0 
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TABLE 5 

E~peri~enta1 conditions and Gro~ps 

Training 
Condition 

CS+ 

CS+ 

CS+ 

CS+ 

CS+ 

XCS+ 

Number 
Shocks 

6 

6 

6 

6 

6 

6 

Post-Training 
Treatment 

saline 

sallne 

scopolamlne (0.1) 

scopolamlne (0.1) 

Testing 
Condition 

CS-

CS+ 

CS-

CS+ 

delay scopolamine(O.l) CS+ 

scopolamlne (0.1) XCS+ 

Number 

6 (12) 

12 (12) 

8 (12) 

8 (12) 

5 (6 ) 

6 (6 ) 
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Results 

Verif lcatlon of the homogenel ty of va r lance pr .lor 1.0 

analysis revealed ser10US vl0latlon of lhe assumption. Slncp 

the means and standard devlatlon of the dnnklng létlelwlPs 

were found to be proportlonal, a logarlthmlc Lr"ansfonnal Ion 

(log e(x» was applled to the two datly IdU~ncleB. Cumulallvc' 

transformed latenc les were ana lyzed, and are liumma r l zed ln 

fIgure 6. 

There was a slgnlflcdnt overall tredtment effpct (F'(~, 

40)= 13.96, p<O.OU. The salIne group tested ln the Pl"(-~Ht'nce 

of the vlsual CS had a slgnlflcantly longer latency than thp 

saI ine group tested J.n 1 ts absence (p<. 0.0 1) 1 showl ng th<ü. Lhp 

lncreased latency occurred only ln the presence of Lhe cs. 

The group Injected with scopolamIne and tesled ln Lhp. 

presence of the v1sual CS exhlhlted a mean cumulatJve ]d\.(~ncy 

slgn1-f lcant 1 y longer (p< 0 .01) than that of the group ln jC'cted 

wi th sa Il ne and tested 1 n the presence of the CS. 'l'h J H 

difference means that the Increased latency observed .ln the 

group that recelved scopolamIne Immediate ly after l rdj n lng dl d 

not depend upon the InjectIon procedure itself but rather on 

a speciflc effect of the drug. 

The mean cumulative latency of Lhe group Injected wllh 

scopolamine and tested 1n the presence of the vlsual CS WdH 

also slgnlflcantly longer (p>O. 01) than that of the ~roup thaL 

-.. received a delayed InjectIon of scopolamIne and was lested ln 

the presence of the CS. ThIS shows that the effect of 
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Figure 6. Means of the cumulatlve dally latencles for anlmals 
tralned wlth post-training mlcro-lnjections of scopolamine in 
the postero-ventral neostriatum. The vertical lines on each 
bar are the standard errors of the mean. The numbers inside 
each bar are the number of rats in each group. The post
tralnlng mlcrolnjectl0ns are descrlbed on the abSClssa: 
SAL=sallne (O.3ul); SCO=scopolamlne (O.lug). "+" rneans tested 
ln the presence of the vlsual condltloned stlmulus while "-" 
rneans tested ln the absence of the vlsual condltioned 
stlrnulus. "cs'" means that the group was tralned and tested ln 
the presence of the olfactory condltioned stImulus whlle "DEL" 
rneans that the post-training IDlcroinjection was delayed two 
hours. 

1 
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scopolamlne was restrlcted to processes occurrlng shortly 

aiter the :;;hock-l J ght palrlng. ThlS f l.ndlng lS conslstent Wl th 

conso 11datlon theory (McGaugh 1 1966; McGaugh & Herz, 1972) and 

a hw ellml ndtes the posslblilty of proactlve effects of 

scopolamlne on the test seSSlon. 

The mean cumulatlve latencles of the group lnjected with 

sallne and tested ln the presence of the visual cs and the 

group lnjected Wl.th scopolamlne but tralned and tested in the 

presence of the 01 factory cs were not rellably dl fferent 

(p>O.05). The group lnjected wlth scopolamlne and tested in 

the presence of the vlsual CS had a signlficantly longer mean 

cumulatlve latency (p<O.Ol) than these two groups. These 

flndlngs mean that scopolamlne lnjected ln the postero-ventral 

stl"Jatal slte had no effect on the consolidatlon of an 

olfactory CER. 

r , 



PRE-TESTING INTRA-STRIATAL 
MICRO-INJECTIONS OF' SCOPOlJAMINE 

64 

ThIS experiment was the tlllrd almed al elucl<iallng the 

role of the cholInergIe slrlatal system ln ciR!:iOClatIve memOl"y. 

Mor~ precisely, thiS experlment was desIgn ta tesl the pffecl 

of muscar InlC blockade on the retrleva 1 of rt!:i!:iOC la t 1 ve memOI"y. 

To do so, the effects of pre-testing, InlraHtrlaldl lnjPcllonH 

of scopolamIne Into the posteroventra 1 Htriiita 1 at"ea on the 

retrieval of the visual and olfactory CERs were examlned. 

Experimental Procedure 

AnImaIs wlth bilaterdl cannulae dlmed at Lhf-~ pORLero-

ventral strlatal sIte were used ln thlS expp.runpnt. DUl"lng 

traInIng, each anImal recelved 10 fool-shocks. On lest ddy, 1 0 

mInutes pr Ior to belng placed ln the tra J.n 1 ng chrtmbe 1", ci 1 I the 

animaIs recelved bllateraJ ml~ro-lnjectl0ns clone 

slmultaneously, uSIng two syrInges, over Il perlod of ont:' 

minute (50 seconds for injectIon dnd 10 seconds for 

dIffusion). Each InjE:.'ctlon conslsted of O.] U of scopolamIne 

dlssolved ln 0.3 ul of vehlcle, or the vehlcle aIone. 

The traInIng and test Ing condl tIans for edch group 

together wlth the numbers of anlmais ln ea~h group are Hhown 

in table 6. 

Resulta 

Slnce no VIolations of the homogenelty of varIance were 
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Table 6. cs- i ndlcates that the condi t 10ned stlmul us is absent 
(llght off); CS+ lndlcates that 1 t lS present (hght on); XCS+ 
lndlcates that the al ternatlve condltl0ned stlmulus lS present 
(smel! ); number of 0.8 mA / 0.5 sec. shocks recelved durlng 
tralnlng; drug doses ln ug, volume of aIl lnj2ctlons is 0.3 
ul. In parentheses are the numbers of anlmals origlnally 
trdl ned and tested ln each group; outs lde the parentheses are 
numbers of an l ma 1 s used ln the stat 1stlca 1 ana 1 ysis after 
examlnatlon of the hlstologlcal mater1al. 



TABLE 6 

Trainl.ng Nurnber Pre-Testl.ng Testing 
Group Condition Shocks Treat_ment CondItion ,Nump.Ç.I 

---- ---- .. --------- - - ---

1 cs+ 10 sa ll.ne cs- 6 (12) 

2 cs+ 10 sa ll.ne CS+ 12 ( 1 2 ) 

3 cs+ 10 scopolamlne (0.1) cs- 10 (12) 

4 cs' 10 scopolamlne (0.1) CS~ 10 (12) 

5 xcs+ 10 scopolamlne (0.1) XCSI 6 (6) 
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found, untransformed behavloral data were analyzed. The datd 

are summarlzed in fIgure 7. 

There was a slgnlflcant overall treatment effect (F(4, 

39)= 84.13, p<O.01). The salIne group tested ln the presence 

of the vlsual CS had a slgnlflcantly longer latency than the 

salIne group tested ln ItS absence (p<O.01), demonstratlng 

that the Increased latency occurred only in the presence of 

the CS. 

The group Injected wlth scopolamIne and tested ln the 

presence of the vlsual CS exhlblted a slgnlflcantly shorter 

(p<O.OU mean latency than that of the group injected wIth 

salIne and also tested ln the presence of the vlsual CS. ThIS 

dLfference means that the decreased latency observed ln the 

group that recelved scopolamlne prlor to test lng dld not 

depend upon the InjectIon procedure ltself but rather on a 

speclflc effect of the drug. 

The latenclps for the anImaIs Injected wlth scopolamIne 

and tested ln the presence of the vIsual CS were not rellably 

dIfferent from those of anImaIs lnjected wlth scopolamlne and 

tested ln the absence of the cs (p>O.05). Taken together, 

these two groups' mean latencles were not rellably dlfferent 

(p'O.05) from that of the group Injected wIth salIne and 

tested ln the absence of the vlsual CS. These fIndlngs mean 

that scopolamIne lnjected ln the postero-ventral strlatal site 

ImpaIrs the recall of a vlsual CER. 

The group Injected wlth scopolamIne and tralned and 



Figure 7. Means of the cumuldtlve dûlly IdtencleH fOl" dnlmdlH 
tralned wlth pre-testlng mlcro-lnjPct lonH of sCnp()I.Hntrl~' ln 
th~ post,ero-vcntral neoHtrlatum. The verLlcdl Ilnps on ~'él('h 

bar are the standard errors of thf' medfl. Till-' num1)('."s InHldr> 
edch bar are \ he number of rats 1 fi f'élc'h group. Thf~ pn~-tf>l:;I_ 1 nq 
ffilcrolnjectl0ns dre descrlbed OTl th/-' ah"l('lHl->d: S/\Los.d!rH' 
(0.3u1); SCO=scopo1anllne (O.lug). "t" lllf'dTl!:i ICHlpd ln t~1f' 

presence of the vlsual condltlOnf-'d Htlmulus whtl/' "_" IIIPdTlS 

tested ln the ahsence of thp vIsu.!1 C'ondltlfHH"d ~llrnuluH. 

"CS'" means that the group was Lt"dlnpd .lnd tp!->Lf'd tri Ihp 
presence of the olfactory condillonpd stlffiUluR. 
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tested ln the presence of the olfactory CS had cl sJgnlflcdnt ly 

longer mean latl~ncy (p(O.Oll than the gr'oup lnjecLed wlth 

scopolamlne and tralned and tested ln the presenCf> of 1 hf' 

vlsual CS. Moreover, the latencles fot" the scopolanl1ne-nCs , 

and sallne-VCS+ groups were not rellably rhfff!t'ent (pJO.Oc)l. 

These findlngs mean thaL Rcopolaml ne 1 n jecleo ltltn t !t" 

postera-ventral str1atal site had no effect on the rt~('d 11 of 

an olfactory CER. 
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POST-TRAINING INTRA-STRIATAL MICRO-INJECTIONS 
OP SCOPOLAMINE AND AFDX-384 

IN ANIMALS WITH 6-0HDA LESIONS 

67 

ThIS experiment was an attempt to elucidate the 

mechanlsms by whlch post-traInIng, Intrastriatai scopolamIne 

produces memary Improvement. Ta do so, the effects of post-

traInIng, Intrastriatai InjectIons of scopolamIne, and AFDX-

384 Intù the posteroventral striatai area of prevI0usly 6-0HDA 

lesloned anImaIs on the consolIdation of the visual CER were 

examined. 

Experimental Procedure 

Rats were treated with pargyline Hel (50mg/kg) 30 minutes 

before anaesthet Izatlon done with sodium pentobarbital 

(55mg/kg) Rupplemented by atropIne sulphate (0.2 mg/kg). 6-

Hydroxydopamlne HBr was made up as ~ ug/ul (base) ln vehlcle 

consistlng of 0.3 mg/ml of ascarbic aCld ln 0.9% salIne, and 

kept on Ice ln the dark nefore use. Unilaterdl InjectIon af 6-

hydroxydopamule solutIon or vehicle (sham leslon) was do ne 

Into the mediai forebraln bundle via a 30-gauge stainless-

steel cannula attached by pol yethy lene tublng to a 5-ul 

HamIlton syrInge. During Injection, the 6-hydroxydopamlne was 

shlelded from 11ght. For greater accuracy, stereotaxic 

coordinates were derlved from the mean of two coordinate 

systems: 5.9 mm anterI0r, -2.3 mm lateral and 2.2 mm above the 

Interaural zero; and -3.0 mm anterior, -2.0 mm lateral and 7.8 

below t.he bregma (skull surface). The cannula was lowered 
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through a burr hole made ln the skull to the Injectlon sIte 

and, after a two mlnute delay, 2 ul was lnjected at the rdle 

of 0.1 ul every 30 seconds. After a further 5 mlnutes to allow 

for dlffuslon the cannula was removed and the burr holp closed 

wlth bone wax. A unl1ateral cannula almed dt lhe postPt·o

ventral strlatal site was then Implanted. 

Durlng tralning, each anlmal recelved 6 or 10 foot

shocks. With the exceptIon of groups 1 and 2, aIl the rtnimals 

were unilaterally mlCrO-l.n jectf~d ':31 xty seconds after tt'a ln 1 ng, 

over a perl0d of one mlnute (50 seconds for ~njecllon plus 10 

seconds for diffUSIon). ~ach ln je ct Ion consJsted of O.] ug of 

scopolamIne or 5 ug of AFDX-384 each dissolved Ln 0.3 ul of 

vehlcle, or the vehIcle alone. 

The trainlng and testlng conditlons for ('!ach group 

together with the numbers of animaIs ln each group are shawn 

in table 7. 

Determination of dopamine depletl0n and CHAT activlty 

Upon completl0n of behavlorai testlng, determlnatlon of 

brain dopamIne and ChAT actlvlty was done. Rats were kIII ed by 

cervIcal decapltat 10n and the brain was rapHll y removed and 

frozen in Iso-butane at -50 CelSIUS. Th~ braln WdS cuL dt the 

mid thaiamic level and one 1.5 mm thlck coronal seclion was 

taken with a freezlng mIcrotome. The sectlon spanned From 0.5 

mm anterior to 1.0 mm posterior ~o bregma (from PaXlnos and 

Watson, 1982). The sectIon was placed on Ice-cold fllter paper 



Table 7. 6-0HDA lndlcates that the anlmal was lesioned with 6-
OHDA; SHAM lndicates that the animal was not lesloned with 6-
OHDA but instead was mlcro-injected with vehlcle only; cs
indlcates that the condl tloned stimulus lS absent (llght off) ; 
CS+ lndjcates that it is present (light on); number of 0.8 mA 
/ 0.5 sec. shocks recelved durlng tralnlng; drug doses in ug, 
volume of ail injections lS 0.3 ul. In parentheses are the 
numbers of animaIs orlglnally tralned and tested ln each 
group; outslde the parentheses are numbers of anlmals used in 
the statistlcal analysls after examlnatlon of the histologlcal 
mater] al. 



TABLE 7 

Tralning Number Post-Training Test1-ng 
Group Lesion Condition Shocks Treatment ~()ncllt ton Ny@l>~_t:: 

-----

1 6-0HDA CS+ 10 saline CS- 7 ( 7 ) 

2 6-0HDA CS+ 10 sa I1ne CS~ 7 ( 7 ) 

3 6-0HDA CS+ 6 sallne 7 (8) 

4 6-0HDA CS+ 6 scopolamlne (0.1) eSt 5 (B) 

5 6-0HDA CS+ 6 AFDX-384 (5.0) CS+ 5 (fi) 

6 SRAM CS+ 6 saline cS~ 6 (8) 

7 SRAM CS+ 6 AFDX-384 (5.0) CS+ 7 (8) 
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dampened wlth salIne. WIth the ald of blnocular magnifiers, 

tIssue samples were hand-dlssected out on both sides of the 

braln from the area correspondlng approxlmately to the 

posteroventral SIte, as lilustrated ln fIgure 8. Each 

dissecred sample was then dlVlded Into two. One set of samples 

w;:;s used to determine dopamIne depl etlon and the other Chol ine 

Acetyltransferase actlvlty followlng 6-0HDA leslon. ThIS 

procedure Y1elded mean tissue weights of 4.76 mg from the 

lesioned slde and 5.14 mg from the control side. 

For the determlnatlon of dopamIne depletlon, tIssue 

samples from lesioned and control sldes were welghed and 

disrupLed by sonication ln Ice-cold ln 150 ml of 0.1 M 

,,( perchlorlc acid contain1ng 40 ug DHBA as an Internal standard • . 
After 15 mInutes of centrIfugatIon (15000 rpm at 5 degrees 

C. ), allquots of 5 ul of the supernatant were Injected 

dlrectly Into a reverse phase analyt1cal column (Bondapak C18, 

10 um, 3.9x150mm, Waters) with a mob1le phase of 0.1 M sod1um 

acetate, 0.02 M cltr1c aCId and 0.01 M sodIum oct yI sulphate 

to WhlCh was added 50 mg/L sodIum EDTA and 2% methanol. The pH 

was 4.0. QuantIfIcatIon was by electrochem1cal detection. AlI 

measures were correct wlthIn a one percent error marg1n. 

Chollne acetylt.ransferase actIv1ty was measured uSIng a 

modIf1cation of ct rad10metr1c method fIrst developed by Fonnum 

(1969) and modlfled by Tucek (1978). Tissue samples from both 

r sldes were homogenlzed ln 500 ul of a medIum contalnlng 200 mM 

NaCl, 40 mM Na Phosphate (pH 7.4) and 0.5 % Triton X-100. 35 



Figure 8. Posteroventral strIata l area cl ll:isect:pd fot· 
neurochemical assay. Coronal ser.tlons of frozp.n hraln wp.rp 
laid f lat for dlssectlon; thlS 111 ustrat] ons lS I:aken f rom thp 
atlas of PaXlnos and Watson (1982), and the haLched c.lJ"ed 

depicts the approxlmate appearance of t~he uppf-'rmost !'lllrf c.lCf' of 
the dlssected area. 
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ul allquots of the homogenate were transferred lnlo dupl Jedb'> 

Eppendorf IncubatIon tubes located ln an lcewater bath. 15 ui 

of an 1ncubation med1um was added. Incubatlon medIum W<'lS 

prepareJ by mixIng ; parts NaCI 4 M, 1 part chollne chlond(' 

0.625 M, 1 part eserIne sallcylate 10 mM, 5 pdrts [}-14(') 

acetyl-CoA 2.5 mM (speclflc rddloaC"tlV.lty ] .~-1 Cl./mol) 1 2 

parts human serum a Ibumln sol ut lon (12.5 mg Iml) and 4 pent H 

water. The incubatlon was done by transferrLng the Lubes from 

the 1ce water bath to the dry Incubator for 15 IlnnuteR. 

Temperature was 37 degrees C. The incubatlon WdS slopped by 

transferr1ng the tubes back the lce waler bellh and by dddJfl<j 

500 ul of an ice cold solution of Na phosphate 10 mM (pH 7.4) 

and ACh chlor1de 0.2 mM. After aIl the reactlons were stopped 

500 ul of an extract] on medl um was added. 'l'he ex tréH' L 1 on 

med1um conslsted of 15mg/ml of sod1um tetraphenylboron ln 1-

heptanone. The resul tIng sa l ut Ion was shdken 4 mlTlU Lt·s .lnd 

then centr1fuged 4 mlnutes ta separate the organ 1 c .:lnd éiqueouH 

phases. 300 ul allquots of the organlc phasp were lrdnsferred 

to sClntillatlon v1als and 5 ml of ecaIlle addf:"'d. 

Radioactivlty was measured a ll.gUl.d SCIntIllation 

spectrometer. 

The results of dopamlne depletlon analysls showed thdt 

compared to the control slde the posteroventral Hlte on the 

lesioned slde retalned an average of 4.67 per cent of norma] 

dopamine (control slde = 55.99 ug/g; lesl.oned !'ilde "- 2.61 

ug/g). One animal was rejected from the stallstlcal ana]ysls 
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because lt dld not show any dopamlne depletlon followlng 6-

OHDA ln je ct lon. The results of ChAT actIvlty analysis showed 

that compared to the control slde the posteroventral slte on 

the lesioned side retained an average of 95.9 per cent of 

normal ChÀT actlvity (control slde = 103.74 nmol/mg.prote'nl 

hour; lesloned side = 99.48 nmol/mg.proteinl hour). Two 

anIma l s were rejected because of abnorma Il y low amounts of 

proteln suggesting a manlpulatlon error. 

Resulta 

Ven flcatlon of the homogenelty of varlance prl0r to 

analysls revealed serl0US violations. Slnce the means and 

standard devlatlon of the drlnking latencies were found to be 

proportlona l, a logarlthmlc transformation (log e (x» was 

applled to the two daily latencles. Cumulatl ve transformed 

latency scores were then analyzed, and are summarlzed ln 

llgure 9. 

There was a significant overall treatment effect (F(4, 

24)= 5.714; p<O.OS). 

The lesl0ned group given 10 shocks and tested ln the 

presence of the vlsual CS had a significantly longer latency 

than the lesloned group given 10 shocks and tested in its 

absence (p< 0.01), demonstratlng that the increased latency 

occurred only ln the presence of the CS and that the 

unl1ateral 6-0HDA leslon dld not lmpalr the acquisition of the 

vlsual condltl0ned emotional response. 
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F1gure 9. Means of t.he cumuldt~ve daJly laten<..!lps for anImdlH 
trained With post-traInIng mIcro-InjectIons ()f Rcopoldml rtf:' 0'" 

AFDX-384 ln the postero-ventrd] neostrlatum. LesIon mpanR Ihdt 
anImaIs had been lesloned unllateraly wlth 6-0HOA Whllp Shdln 
Indicates that. an1mals had rP-C"elved on]y vf~hH:It-· InjectIon. 
The vertIcal llnes on each bar arp thf-' stdndi'"ird en"o .. ~ nf UIP 

mean. The numbers Inside earh bar .3rp lhf' numbpr of rclt~ Irl 

each group. AlI groups were tralnpd dnd Lested ln Lhp P'"PBf!nr'e 
of the vlsua1 condltloned stlmulus. The post-tra1rllng 
microinjections are descri bed on the absc 1 RBd: SAL=Sd Il np 
(0.3ul); SCO=scopolamine (0.1ug); AFDX=AFDX-384 (5U9). 
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The cumulatlve mean Iatencles of Lesloned and unles10nerl 

animaIs Injected ',"1 th sallne were 

slgniflcantIy dlfferent (p>O.OS). ThIS 

found 

t-esu 11-

Ilot Lu 

that unIlateral dopamIne depletlon of the poslp.rovPllt l'dl dt'('d 

of the striatum dld not lmpalr the learnln9 dnd (Jet'formdlwP of 

a visual condltloned emotlonal response. 

The cumulatIve mean latency of unleslllnpd dnlnl.llH 

Injected with AFDX-384 was found to be slç)nl.fH-:ant ly 1 1 H1ÇJt.'r 

(p<O.Ol) than that of urdesloned arl1mals lnjected wlth sdllnp. 

Th1s flnding suggests that blockade of M2 muscarlnll; rp(.ppt on; 

lS an event tha t promotes h:<Ô.J1tUry conso 1 uL-t t Ion 1 n LIu' 

strlaLum. 

Latencl es for the ln je ct pd wlth 

scopolamlne and those 1njected Wl.th AFDX-384 wprp nnt rOllnd t () 

be slgnlf1cantly dl.fferent (p>O.05). Taken togeUwr 1 hPHf' 

latenc1es were not dlfferent (p>O.OS> from thaL of IpHlorwd 

animaIs lnjected w1th the sal1ne veh1cle only. The.sp flndu\lIH 

demonstrate that destructIon of strl.atal dopam 1 rH~ '-y II' 

termlna 1 s blacks the memory Improv l ng ef f ec: t rd mused ri ri 1(' 

antagonists. 

These flndl.ngs mean that the effect of mUSCdrlfllC 

antagonlsts on memory consolldatlon 1n lhe strlalum of the l'rit 

is dependent on dopamlnerglc termlnaIs' Integrlty rlnd mdy bf' 

medlated by the M2 muscar l nlC receptor Iocated on Ulf!SP 

terminaIs. 
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DISCUSSION 

The results of experlmenL 1 conslltute a repllcdtlon or 

earl1er f1ndlngs (V1aud & Whlte, 1989) w1th dIrect 1111 t",-t

caudclte microinject10ns of amphetam 1 ne, dnd exlends t Iwm 1 () 

the D2 agonlst, LY 171555. Inject10n of thesp sllhHLdlW('S 

dur1ng the immediate post-Lralnlng per10d fdCLlltdtt·S Lllt, 

consolidation of memory for recently exper1enrpd palrlngH (If 

a CS w1th sho<.:k. Moreover, thlS effect 18 spec 1 [1 C 1 () UlP 

sensory modallty of the CS: Injectlon Into the PV arPd of the 

caudate Improves retention of cl CER wlth d VlSUd] ('s but not 

of a CER w1th an olfactory CS. In contrdst, Inject1<Hl lnlo t1lf' 

VL area of the caudate improves memory for a CER W 1 th dn 

olfactory CS, but not wlth a v1sual cs. An IntF'r"esLln~~ 

Impl1catlon of th1s double dissoclation lS th~ posslblllly 

that the cortIcal area of orlgln of the topo(Jrdph Ica Il Y 

organized cortico-striatal l nnervat Ion (Webster, 1961; IId L Lur 1 

et al, 1979; Veening et al, 1980; McGeorge & FaulJ, 1909; 

Gerfen, 1989) determines t.he nature of the sens ory Inforrnc:tI )CHI 

that lS processed ln each part of the cauda te. The [u 1 1 

1mpl1catlons of thlS posslb111ty cire seen when consJderlng d 

pOSSIble 1nteract10n between the dopamJ nerg1c and 

glutamaterg1c afferent 1nputs to the neostrlatum. TheHc 

1mpl1catlons WIll be consldered ln the conc 1 us j on of th 1 S 

thesis. 

The fact that the effects of LY171555 were qUlle 

comparable ln amplitude to those of amphetamine and thaL 
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SKF38393 was wlthout effect suggests that actlvatlon of 

caudate D2 receptors can account cornpletely for the effect of 

amphetamine ln thlS experlrnental paradigme However, the 

pOSRlbllIty that Dl receptors might be Involved ln the post

tra Ining memory enhancement effect cannot be complete ly ruled 

out on the hasls of these results alone. Although the present 

data provlde no eVldence for a role of caudate Dl receptors ln 

aSRor.latlve memory consolidatIon, it is possible that hlgher 

doses of SKF38393 or that sorne other Dl agonlst mJght produce 

an improvement of retentlon ln thlS or sorne other memory 

paradlgm. In fact, a memory enhanclng effect of post-traIning 

j ntrastriatal Inject10ns of SKF38393 ln a win-stay radial maze 

task was observed recently (Packard & White, 1990). This 

effect was observed wlth a higher dose of thls drug than was 

used ln the present experiment and, as these agonlsts tend to 

lose the]r speclflclty at hlgher doses, It is unclear if the 

effect was due excluslvely to Dl receptor b1ndlng. Slmilar 

doses of SKF38393 have produced extensive damage to the area 

surrounding a cannula tlp in the neostrlatum of rats (Del fs et 

al, ] 989). However 1 no eVldence of such damage was observed by 

packard and White (1990). 

The results of experlment 2 further support a role for 

the 02 dopamlne receptor ln the memory enhanclng effect of 

amphetamine. The fact that sulplride completely abolished the 

post-traInIng memory improving effect of amphetamine while 

SCH23390 did not affect It at aIl constltute addltl0nal 
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evidence that the actl.vatl.on of caudate 02 receptot's can 

account compl ete Iy for the effect of ilmphet ,lml. ne 1 n th tH 

experlmentai paradlgm. Agal.n, the present datd Pl'ovIde no 

eoncl~slve eVLdence concernl.ng a raIe of caudate Dl recepLors 

ln assoclatl.Ve memory consaildatl.on. In faet, ln a dlffer~nl 

paradigm, an amphetaml.ne COndl.tloned place preference, 

systemic SCH23390 (Wl. th S 19n1f leantly hl ghe r doses) AS we Il dH 

systemlc sulplrl.de (-) were shown to block both the aequ 1 H 1 t ion 

and the expressl.on of thlS task (Hlrol and Whlte, ]989). ThlH 

again raises the poss 11.)1] l ty of Dl receptors 1 nvo 1 vement. 

However, Slnee prevl0us studl.es have llnked th 1 s }!artl.Cl..d,H 

paradigm to the nucleus aecumbens (Van der Kooy ~t al, 1982; 

Vaccarino et al,1985; Wh1te et al, 1991), lt 18 possIble Lu 

suggest that such data do not contradl.ct the present. 

eoncluslons. 

ThlS leaves the questlon of WhlCh one of the strlatal D2 

receptors lS responslble for the post-tralnlng memory 

1mprovement effect of LY 171555. As prevlously nolcd, HLrl,üal 

02 receptors are found on the terml na] s of ùopaminerglc n19ro

striatal neurons, where they cont roI the synthes 1 sand re 1 eas(' 

of dopamlne (Roth, 1984; Saiah et al, 1987). In addjt.lon to 

these presynaptlc autoreceptors, 02 receptors can be round al 

two other locatIons. 

The flrst of those two SItes 18 probably on the terr01naJR 

of glutamaerglc cortico-striatal neurons (Schwarc et al, 1978; 

Theodorou ~t al, 1981). Although there lS sorne eontroverAy 

1 



76 

concerning these f1nd1ngs (Trugrnan et al, 1986; Joyce & 

Marshall, 1987), there lS functlonal eV1dence that doparnlne 

can control glutamate release (Maura et al, 1988) and that 

dopamlne releclse can be control1ed by glutamate (Roma et al, 

1986; Cheramy et al, 1986; Carter et al, 1988; clow et al, 

1989). These f1ndi ngs suggest that both systems might be 

1 nteractlng ln a feedback-loop fash10n. 

The second post-synaptic locatl0n of D2 receptors is on 

the cell bodies of one or more speCles of post-synaptJ c 

neurons (ühno et al, 1987), at least one of WhlCh 1'3 hlghly 

11kely to be the striatal chollnerglc wterneuron (Joyce & 

Marshall, 1985; 1987). ThlS receptor plays a role in the 

medlatl0n of strJ .. atal aC'etylcholl.ne release (Fuj1..warêt et al, 

1987: stoof & Kebablan, 1982; Stoof et al, 1982), as weIl as 

ln chollnerg1..C~ neurotransrnl..SS1..on within the strlatum (Scat ton, 

1982; Drukarch et al, 1989). In addJ..tl0n, acety lcho 11ne 

modulates dopamlne function ln the striatum (Schoffelmeer et 

al, 1988; stoof et al, 1987) again suggestl.ng that these two 

systems rnlght be interactl..ng ln a feedback-loop fashlOn. 

Sorne recent eVldence imphcates the pre-synaptic dopamine 

autoreceptor ln the memory Improving actlon of apomorphine 

( Ich lhara et al, 1988a; Ichihara et al, 1988b). Furtherrnore, 

it has also been found that the selectl.ve actlvatlon of this 

receptor by very low doses of other dopamine agonlsts durlng 

the post-trainlng per10d facilltates consolidation (Packard 

and White, 1989). 
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Therefore, based on the flndlngs of experlments ] and 2, 

and on the memory lmprovlng aetl0n of dpomorphlne (Ichlhara et 

al, 1988a; Ichlhara et al, 1988b), 1 t can be suggestf"d Uld t 

the stlmulation of the dopaminerglc 02 autorereptor JocaLed on 

the nlgro-strlatal dopam1nergic termlnals lS a 

candidate as the slte of the post-tra Lnlng memory effecl of 

intrastrlatal amphetamlne. The fact that 6-0HOA l esj ons of the 

nigro-strlata 1 dopamlnerg lC term:ina l s dbo 11Sh lhe 

consolidatlon Improvement effect of amphetamlne (White, 1988) 

lS also conslstent wlth thlS hypothesls. 

As described ln the IntroductIon, there lS ample reason, 

on the behavloral and pharmaeologica 1 leve l s, to cons 1 der t.h€· 

role played in assocIatIve memory processes by the stnata 1 

cholinerg1c system, as weIl as ItS Interactl0n wlt.h the 

dopamlnerglc system. In thelr reVlew of the IlterdLure, 

Spencer and LaI (1983) proposed that dnt j chollnergic drugs 

(i.e. scopolamine and atroplne) disrupt learnlng and memory 

performance hy Interfering wlth or dlstorting encod.lng and 

retrleval processes whlle sparing memory storage. However, 

others have reported effects on storage and ImprovemenLH of 

retention followlng post-tralnlng admInIstratIon of the 

chollnergie antagonists atroplne and scopolamlne (Evangellsta 

& Izqulerdo, 1971; Singh et al, 1974; Matthles et al, 1975). 

The fIndlngs reported ln experlments 3, 4 and 5 are 

partially consIstent with Spencer and Lal's hypothesis. Pre

training admlnistratlon of scopolamlne disrupted acqulsl tlon 
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(] .e. encodlng) and pre-testlng admInistratIon disrupted 

retrievd 1 (i. e. decoding) but post-traIning admInIstra LIon 

]mproved retentl0n (I.e. consolldatlon). On the one hand, the 

resul ts of expenments 3 and 5 provide further support for the 

hypothesls proposed by several researchers (Buresova et al, 

1964; Caul f leI d et al, 1983; Sandberg and Sandberg, 1984) that 

strlatal chollnerglc actlvlty lS lnvolved ln the acqulsitIon 

and ] n the retrleval of new sensory-motor memorles. On the 

other hand, the results of experlment 4 reveal a clear memory 

Improvl ng effect of post-tralning mlcrolnjectl0ns of low doses 

of scopolamlne ln the caudate nucleus. However, one must be 

cautlous wlth the results from only a sIngle dose of any drug 

(Fiblger,1991). 

It had been suggested that scopolamine mlght increase (or 

decrease) sensltlvlty or reactivity to footshock (FeIgley et 

al, 1976). If thlS was the case then It would be lmpossible to 

lnterpret the observed performance lmpalrments following pre-

traInIng and pre-testlng adminIstratIon of scopolamIne. 

However, SmIth (1978), ln an automated verSIon of the flinch-

jump paradIgm, observed no trend toward Increased or decreased 

sensltlvlty followlng scopolamIne Injection and concluded that 

the changes ln respondlng after scopolamIne admInIstratIon 

observed by prevI0us researchers were contingent on the 

InclUSIon of an operant response ln the dependent measure. 

Furthermore, ln the present experlments, the lack of effect of 

pre-training and pre-testlng posteroventral mlcrolnjections on 
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the olfactory CER seems to rule ouL dny posslble effect of 

strlatal muscarlnlC blockade on sensltlvlty or reacllvlLy Lü 

footshock. These results also rule out any possIble 

explanatlon of the effect of muscarlnlC blockade ln terms of 

general motlvatlonal, attentlonal, motor, or other non-memory

related changes (Cheal, 1981). Slmllarly, uccduse tilt' 

Injectlons ln experlment 4 were glven after lraullny, 'he 

results observed cannot be Interpreted ln Lerms of sensory, 

attentl0nal or motor processes. Rather, they demonst rdte 

clearly that the muscarlnlC antagonlst HcopolamHIe glven 

after-tralnlng potentlates the consolldatJon proceAs. 

In an effort to undersLand how scopo 1 amlne adml ni S 1. (> 1"(>d 

after tralnlng mlght have acted to Improve memory, we mdy look 

at another subst~ance known to produce such memory 

facilitatIon: d-amphetamlne (Carr and Whlte, 1984; Vlaud dnd 

White, 1989). An IndIrect dopamlnerglc agonlst, amphelamlne's 

prlmary actl0n lS to stlmulate actIvjty in catecholanllne,"glc 

synapses by causlng an Increase in the reJease of the 

endogenous neurotransmltters norepinephrlne dnd dopamIne lnlo 

the synapse and then preventing theIr deactlvaLlon by reuptake 

lnto the nerve termInal, thereby prolonglng thelr l'lyndpllc 

activity. (Puxe and Ungerstedt, 1970; Blel and Bopp, 1970). 

The findlngs ln experlments 1 and 2, together wlth ot~hers 

(Whlte, 1988; packard and White, 1990), have suggested that 

Increased stimulatIon of 02 autoreceptors ] ocated on thE.' 

dopaminerglc nigro-striatal termlna]s may be the basls of the 
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lmproved memory consolldation produced by post-tralnlng 

amphetamlne. 

perIpheral Injp-ctions of amphetamlne also strongly affect 

motor behavlors, Including Increased locomotor actIvlty (Van 

Rossum et al, 1963) the emergence of certaIn specles typlcal 

behavlors, and a tendency for many behavlors to be repeated ln 

a stereotyped way (Van R05sum et al, 1962; Smlth, 1963; 

Randrup and Munkvad, 1970; FInk and Smlth, 1980; Rebec and 

Bashore, 1984). The main evidence that the caudate nucleus lS 

Involved ln amphetamine-lnduced stereotypy cornes from 

demonstratlons that stereotypy lS attenuated by lntracaudate 

Injectlons of dopamine antagonists (Fog et al, 1968; 

Pljnenburg et al, 1975). However, it 15 also known that 

chollnerglc mU5carlnlC antagonlsts such as scopolamine enhance 

the stereotypy produced by dopaminergic agonlsts (Arnfred and 

Randrup, 1968; Pycock et al, 1978). More precisely, Infusion 

of the muscarulic chollnerglc antagonists scopolamine and 

atropine lnto the ventral striatum potentlates apomorphlne 

Induced stereotypy (Sc~eel-Kruger & Arnt, 1985; Wolfartn and 

Kolaslewlcz, 1977). ThIS apparent synergism ln the action of 

amphetamlne and scopolamine has led to the suggestion that 

excltatory dopaminerglc and Inhibltory chollnerglc agents act 

ln a synergistlc manner on motor function (Anisman, 1973; 

Carlton, 1963). 

These data, together wlth the results of experlments 1 

and 4 where both post-tralning amphetamine and post-training 
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scopolamine lmprove consolldation of the COnd1.tloned emotlonal 

response, lead to the suggestIon t.hat a synerglsm Blml Id'· t 0 

the one demonstrated for motor functlon ml ght ex 1 sl bpLwpen 

the actlons of dopaml.ne agonlsts dnd scopo 1 ami ne on DH'mo ry 

processes. 

admlnistered 

Accordlng 

after 

to thlS 

tralnlng ln 

hypotheH LS, 

expe rIment. 

Hcopn 1 am 1 nI-' 

4 lmp,·oved 

consolidatIon by actIng on the same mechanlsm as ampheLamuH' 

and LY 171555 ln experiment 1, that lS, by Increaslnçl 02 

autoreeeptor stlmulatlon. 

Inltlally, lt had been thought that dopamuwrçpc dgnnlst':l 

and muscarinlc antagonlsts aeted Synerglst lcillly ln t hp 

strlatum via the cholInergie l.nterneurons. For eXdmple, 

Trabueehl and hls collaborators (1975 ) suggesled thaL 

muscarlnlC blockers enhance the functlona 1 dct Ions of 

dopamlnerglc agonlsts, such as amphetamlne, by further 

inhibiting the cholInergie tranSml.SSlOn proeess. lIowever, !::luch 

an hypothesls cannot explaln the s] mll a r ef f eets on memo ry 

consolidatlon of both amphetamlne and scopolaml.ne Hl the Iight 

of evidence pOlntlng to the D2 autoreceptor as the substra LlO! 

of the effect of amphetamine on memory. 

On the other hand, It lS known that local appllcatlOn of 

muscarinlc antagonlsts to the substant la nlg rd st imul cl tes 

synthesis and ut1.1izatlon of dopam1.ne 1.n the neoslriatum and 

redu('<::!s the turnover of dopamlne ln nl~Jro-str l ata l 

dopaminerglc neurones (Javoy et al, 1974) whlle ac:tlvatlOn of 

muscarinic receptors decreased K+ -evoked dopam1.ne r~ledse ln 
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strIatal sllces (Westfall , 1974 ) or synaptosomes (De 

Belleroche and Bradford, 1978). F1.nally, Joseph and Roth 

(] 989) showed that act1.VatIon of muscarInlC heteroreceptors 

with carbachol, dn Ach agon1.st, l.nhIbits neostrlatal 02 

autoreceptors, preclsel y those, stImulatIon of WhlCh, has heen 

Ilnked ta the past-tralnIng memory consoildatlon improvement 

effect of amphetamIne and LY 171555. Therefore, It seems 

reasonable to suggest that Ach antagonlsts such as scopolamIne 

may have the hypotheslzed effect necessary to explain the 

simllar effects on memory consohdatI0n of amphetaml.ne and 

scopolamIne, and actually somehow stimulate D2 autoreceptors. 

If scopolamIne acts on memory consolidatIon hy affecting 

( strIata 1 dopamlnerg lC mechanlsms, i t mlght he predIcted that 

pre-traInIng and pre-testlng manIpulatIons of these receptors 

should have the same effects as pre-traInIng and pre-testing 

scopolamine on acquls1tl0n and retrie"'7al. Indeed, sorne studies 

have reported that pre-trainlng amphetamine dlsrupts the 

acqUl sltion and performance of a passive-avoidance response 

(Cardo, 1959) and of fixed-interval operant learning (Dews and 

Morse, 1961) • Beatty and his co-workers (1984) showed that 

pre-testlng adml.nlstratlon of 2.0 mg/kg of amphetamine 

Impalred reference memory ln a radial maze task. More 

recently, using LY 171555, Levin and Bowman ( 1986) 

demonstrated that stImulation of 02 receptors before tralnlng 

impalred radlal maze learning. FlnalIy, as additional evidence 

of SI ml1ar effects, a recent experiment showed that 02 
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stImulatIon with LY 171555 exacerbated the Impall"lng effect of 

scopolamIne on choice accuracy ln the radld l mc:lze when the t Wo 

drugs were 9 1 ven together twenty mInutes before tf"'8t 1 nq (Lev 1 n 

and Rose, 1990) 

Therefore, based on the flndlngs of experiments 3, 4 dnd 

5 and on the prevl.ously accumulated eVldence, li. 1.8 sl1ggestf~d, 

wl.th aIl the 11.mItations Impll.ed by the use of cl single dosf' 

of scopolaml.ne, that strIatal musea 1" 1 n IC b lockade hy 

scapo 1 aml.ne l.mpa1. rs acqui!'ll tIon and reLrlev··l of cl new 

sensory-motor aSSOCIatIon while Improving Its consollddtl0n, 

thus actIng ln a manner slmllar ta ampheh:imlne nnd LY17155Cj, 

probably by stimulatlng 02 autoreceptors. 

The remaining question IS the 1 OCéi Il. zatlon and de LUn 1 

mechanlsm of thlS hypothet lcal actIon of mURCdrlnlC 

antagonlsts on 02 autoreceptors. 

At flrst, It was hypothesized (Wauqul er et al, 1975) Uldl 

scopolamIne 1 nhibi ted dopamIne uptake - a mecharllsrn that coul d 

account for the Increased locomotIon and stereotypy produced 

by scopolamIne (Coyle and Snyder, 1969; Thornburg and Moore, 

1973) as weIl as for the increased 02 autoreceptar stimui a t j on 

necessary for memory consolIdatIon Improvement. However, Il 

was shown that the abIllty of 6-0HOA to destroy dopamlnerglc 

fIbres is not affected by antichalinergic drugs, suggel:lting 

that these drugs are not patent in VIVO InhIbltors of the 

uptake mechanisms system for dopamine (Breese and 'fray lor, 
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1971>. 

Another hypothesls was proposed on the basls of studles 

on clrcllng behaVlor ln unllaterally 6-0HDA leSloned rats. 

When these anlmaJ s were glven systemlc ln je ct ions of dlrect 

dopamlne receptor agonlsts, they rotate away from the side of 

the leSl0n (UngerstecJt and Arbuthnott, 1970); but Wl th the 

lndlrect agonlst amphetamlne rotatlon lS toward the lesloned 

slde. Amphetamlne's actl.on on rotatlon lS known to be medlated 

by dopamlne release from the lntact nigro-strlatal pathway. In 

such rats chollnerglc agonists glven systemlcally are lnactive 

when glven alone but lnhlblt amphetamlne-lnduced rotatl0n 

(Pycok et al, 1978). In co' trast, antagonists gl ven alone 

lnduce moderate lpslversive rotation (like amphetamlne) and 

markedly facilltate amphetamlne-induced rotatlon (Ungerstedt 

& Arbuthnott, 1970; Pycock et al, 1978; Ondrusek et al, 1981). 

Systemlcally adminlstered cholinerglc antagonlsts appear to 

exert thelr net effect through lntact dopamlnerglc neurones, 

as scopolamlne induced rotatlon lS blocked by pre-treatment 

with the monoamlne synthesls inhlbltor alpha-methyl-P-tyroslne 

(Pycock et aJ, 1978; Ondrusek et al, 1981) and the dopamine 

antagonlsts haloperldol, chlorpromazine and plmozide (Kelly & 

M1l1er, 1975). Flnally, inhlbltion of dopamine beta

hydroxylase falled to block the effect of scopolamine, 

lndlcating that its action was associated with pre-synaptic 

dopamlnergic function (Ondrusek et al, 1981). 

AlI of these flndings are consistent with a report of 
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decreased densIty of muscarlnlC cholInergIe receplors dft (""1- b

OHDA treatment (De Belleroche eL al, 1979), suggestlng th.tl. 

muscarlnlC receptors are located on pre-synapt IC dopanll nf:'l"g 1 (' 

fIbres. Furthermore, addlLlonal eV.ldence from penpht'l"cll 

nervous system studles suggests that there art-' at lf'dSt t wo 

types of muscarI nlc receptors: Ml receptol"f; are poslsyndpt le 

and excItatory; M2 receptors are presynapt.lc and Inl1l1ntor-y 

(North et al, 1985). Recent studles have suggesLed !ha! Il\(' 

muscarlnlC receptor located on pre-synaptlc dopamlnerglv 

fIbres may be of M2 type (Schoffelmeer el al, 1988). LJslng 

unIlaterally 6-0HDA lesloned rats, Hagan and 1118 co-workprH 

(1987) showed that Scopoldmlne dnd other mUHCdrlnl(' 

antagonlsts fac i Il tated amphetam1ne-Induced ruta L lOB and !-hd t 

thIS effect lS carrel ated Wl th the drugH 1 dff in It. y fo r M2 

b1ndulg SItes. 

The results of experIment 6, uSIng anImaIs Jn WhlCh 

dopaminerglc strIatal terminaIs had prevJously been lesloned 

wIth 6-0HDA, are consIstent wlt .. h the hypothe!:ns thaL t.he 

effect of post-traInIng muscarInIc blockade on t.he 

consolidatIon of new sensory-motor associat lons 18 medlated by 

M2 muscarinIc receptors located on the termIna 1 S of thp. 

dopaminerglc nlgro-str1atal neurons, as suggested by t.he 

reported decreased denslty of strIatal muscarlnlC cholJnerglc 

receptors after 6-0HDA treatment (De Bellerochp et a], 1979). 

However, again, due to the use of only a slngle dose of AFDX-

384, the InterpretatIon of such resul ts must be cautJ ous. 
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Furthermore, considering the faIr ly large dose of AFDX-384 

used (5 ug), It 18 not known If, at that aose, AFDX-384 IS 

stIll very speclfic ln lts actIon. 

Recent eVldence shows that muscarInlC and dopamlnergie 

receptors are both coupled to dopamIne-sensItive adenylate 

cyc l ase (Aklyama et al, 1986; Schoeffelmeer et al, 1988) and 

that stimuldtlon or blockade of 02 reeeptors af[ect.s the 

coupling of M2 receptors to adeny l a te cye lase (Schoef felmeer 

et al, 1988). Furthermore, 1 t has been shown that forskolln, 

an actIvator of adenylate cyelase used tn enhanee cAMP levels, 

3tImuiates dopamIne release ln a dose-dependent manner ln 

strldtal sllces (Lee et al, 1990). ThIS suggests that the cAMP 

effeetor system 1.S Involved 1.n meehanlsms that decr~ase or 

Increase dopdmine release. F1.nally, Slnce M2 receptors InhIbi t 

at least sorne aspects of adenylate eyelase act1.Vlty in 

homogenates of dl fferent rat braln regions including the 

strIatum (Gd and Wolfe, 1985; OI1.anas et al, 1982, 1983a, 

1983b), It lS pOSSIble that M2 antagonists sueh dS AFDX-384 

and scopolamIne (non-specIfie) have an Opposlte effect on 

adenylate eycldse and stImulate dopamine release, actlng llke 

amphetamlne or forskolln. 

ln another recent experlment (packard et al, 1990), AFDX-

116, also a speCIfIe M2 receptor antagonist, improved 

consolldat1.on of a win-stay radial maze when administered 

systematleally Immedlately after traIning. The authors 

suggested that the memory improvement mlght have invol ved the 
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blockade of M2 autoreceptors WhlCh would have resu 1 h~ci 1 n 

lncreased Ach release. In llght of the present flndln~l, tt 

seems unllkely that AFDX-116 acted on chollnerglc lntet'nf!Ul"lHlS 

to lmprove memory; more probably, as hypotheSIZf'd ht"'rl' fo.' 

AFOX-384, AFOX-116 acted on M2 rcceptors coupled wlth 

adeny late cyclase on the dopamlnergl c nigro-str Iata l Le rm 1 nd 1 H 

and lncreased dopamlne release. Indeed, lt has been shawn thdL 

AFDX-116 lS a patent blocker of the lnhibitlng pEfec!- nf 

carbachol on adenylate cyclase actIvity (McKlnnf!y et cl l, 

1989). 

Finally, considerlng that the effectH of lTIUSCdrUI1C 

agonists and antagonlsts on memory 1n the strlatum have ofLpn 

been shown to be dose-dependent (Longo, 1966; Prado-Alcdld & 

Cobos-Zaplan, 1979), i t can be suggested that the memo ry 

lmprovlng effect of low doses of post-tralnlng SCOpOldITIlne dncl 

atroplne (Ev ange 11sta & T zqulerdo, 1971; Slngh et al, 1974; 

Matthles et al, 1975) can be explawed by postulat J nC] a 

relatively speciflc actl0n on M2 receptors located on the 

dopaminerglc termlnals. The 11 Il J:-'a 1 rlng effect of lc.ir<Jer dOHP.S 

of the substances (GllCk and Zlmmerberg, 1971; Haycock et dl, 

1973) may act by affectlng muscarlnlC receptors localed 

elsewhere 1 1. e. on the pre- and post-synapt lC membranes 0 f 

cholinerglc interneurons. However, the present results do not 

allow for a conclus.lon on thlS hypothesls. 

Therefore, based on the findings of experlment 6 dnd on 
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the aecumulated eVldenee, lt lS suggested, wlth aIl the 

Ilmlt.atlons lmplled by the use of only a sIngle dose of 

scopolamine and AFDX-384 and the posslblll.ty that AFDX-384 

mlght have lost i ts speciflcl ty at sueh a hlgh dose, that the 

memory consolldation lmprovlng effect of strlatal muscarlnic 

bloekade is medl.ated through M2 pre-synaptie reeeptors loeated 

on nlgro-strl.atal dopamlnerglc terminaIs aetl.ng on adenylate 

cyc lase to affect dopamine release. The deta 11 s of this 

hypothesis are dlscussed ln the flnal sectlon of the thesis. 

Flnally, al though the present studies do not provlde any 

eVl.denee for a role of strlatai glutamatergic funetion ln 

nemory, the lmpl1catl.on of the glutamatergie cortlco-strlatal 

lnnervation of the caudate in associative memory processes by 

the anatomlcal speclflclty of the effects of direct 

appllcatlon of drugs to the structure make such a possibllity 

worthy of further lnvestl.gation. 

Furthermore, several reeent reports have shawn that many 

assoclatlve memory tasks, possibly mediated by the 

neostrl.atum, can be disrupted by systemic l.njectlons of NMOA 

antagonlsts such as MK801 or AP5. Adml..nlstratlon of MK001 

prl.or to tral.nlng dlsrupted the acqulsltion of a conditloned 

nlctl tating membrane response in the rabblt (Still weIl & 

Roblnson, 1990). Acquisition of a three-lever sequence 

". 
1 redponse was also dlsrupted by pre-training adminlstration of 

MK-801 (Cohn & Cory-Slechta, 1990). AP5, adrninistered before 
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train1ng, blocked acqu1s1t1on of Paviovian fear condit1onlnq 

in the rat, but, when adm1n1stered immediate 1 y aftp.r the fooL

shock pairlng, it failed to block retentlono[ the behav lOt" 

(Kim et al, 1990). The NMOA antagon lStS AP5 and AP7 9 i Vf'n 

pr10r to paSSlve avoldance acquIsition resu] Led HI ,lmneSlil 

(Danysz et al, 1988) wh11e adm1nlstratlon of glutamdte loLo 

the brain enhanceed retention performance (Dav l S & FI ()()ll, 

1987) • 

RecentIy, MK-801 has been shown to reduce the release of 

dopamlne ln a dose-dependent manner (Kashlhara et al, ]990) 

whlle agonlsts such as L-g 1 utamate and NMDA hdve been reporter! 

ta 11berate endogenous dopamlne from strlatum (Cdrter et al, 

.l988; Cheramy et al, 1986; Roberts & Anderson, ](79). 

Consldering the apparently crltical role played by dopamJ ne Ul 

memory processes, the hypothesls that glutamaterglc agents 

affect at least sorne type of memory through thelr actlon un 

dopamine suggests itself. 

i 



, 
i 

90 

CONCLUSION 

Based on the eVldence that the neostriatum is an 

important part of the neurologlcal system underlying 

assoclatlve learnlng and that dopamine release from nigro-

str1.atal termlnals medlate post-trainIng rnernory 

lmprovlng effect of amphetamlne, the experlrnents ln the 

present thesls attempted to identlfy sorne of the neurochemlcal 

mechanlsms under lylng this functlon of the neostriatum. As 

prevI0usly dlscussed ln the Introductl0n, WhIte (1989) 

suggests that the pattern of organization of the matrIx 

compartment, ItS connectlons and its relationship with 

sensory-motor functIon are perfectly sUIted for such a 

( functlon. The only element rnlsslng was the demonstratlon that 

the matrIx contains a mechanIsm for memory formatIon and 

consolidatIon, that lS, for creatlng permanent sensory-rnotor 

(S-R) connectIons on the basis of experlence. The purpose of 

thlS thesls was an attempt at finding that mechanism. 

It seems clear that the three main neurochemical systems 

(dopaminerglc, chollnergic, glutamaterglc) of the neostrlatum 

act together to medlate associatIve memory process ln the 

neostrlatum. For example, muscarinic agents regulate the 

turnover of dopamine in nlgro-strlatal dopamlnerglc neurones 

(Javoy et al, 1974), and actlvatl0n of muscarInic receptors 

decreases K+ -evoked dopamIne release ln striatal sllces 

(Westfall, 1974) and synaptosomes (De Belleroche and Bradford, 

1978). Slmilarly, 02 but not Dl dopaminerglc receptors are 
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responslble for control of strlatal chollnerglc trdn3mJSSI0n 

(Scatton, 1982; stoof et al, 1982). 'l'hus, lnstead of aetln~l 

independently, the dopamlnerglc and cholInergie (and pOBSlbly 

glutamaterglc) elements ln the neostrlatum prob,lbly lnt pr,H't 

as part of a SIngle system, wlth the 02 reeeptor playlng d key 

raIe in the plastlcity requlred for the dcqulsltlon, Rloragp 

and retrleval of new assaclat:ions ln d manner that remalns t 0 

be discussed. 

Based on these ideas, a hypothetleal model of how normal 

S-R learnlng mlght occur ln the neostrlatum and Involve aIl 

three neurotransmltter systems can be proposed. ThlH mode) 

must be able ta explain bath normal learul ng phenomena "nd thf" 

drug-lnduced results observed ln the present pxpcrlmenLs. The 

basls of the hypothesls is that changes ln cAMP acllvlLy and 

thelr effects on the dopaminerglc-chol.lnerglc balance 

constltute the neural substrate of consolldat10n. Indeed, IL 

has been suggested that receptor-medlated regulallon of thp 

Intracellular levels of the second messenger CyCllC AMP IS an 

important mechanlsm by WhlCh hormones and neuroLrdnsmllLers 

actIng on the extracellular face of the plasma membrdrlf~ 

produce long-lastIng changes ln cellular meLabollsm (Baron ~ 

SIegel, 1989). Furthermore, stlmulatlon of the 02 

autoreceptors located on the nlgro-strlaldl dopamlnerglc 

termInaIs lS known to lead ta decreased cAMP actlvlty, 

decreased dopamIne actlvlty, and Increased acetyJchollne 

actlvity. It lS therefore suggested that stimulatIon of thlS 
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autoreceptor constitutes the key to the more or less permanent 

changes requJred for consolidatIon of sensory-motor memory in 

the striatum. 

Slnce the model Integrates a large number of 

pharmacologlcal and behavlorai data, a clear summary of the 

known effects of the release of each of the three 

neurotranbmltters, dopamine, acetylcholine and glutamate at 

the level of neostrlatal synaptic complex lS a necessary pre-

requIsIte to a presentation of the theory. 

First, released glutamate causes the release of dopamine 

from the dopamlnerglc nIgrostrlatal terminaIs by acting 

directly on glutamaterglc receptors Iocated on those terminaIs 

(Roberts & Anderson, 1979, Romo et al, 1986; Cheramy et al, 

1986; Carter et al, 1988; Clows et al, 1989), as weIl as the 

release of acetylchollne from the acetylcholinerglc A-I 

Interneuron (Hattori et al, 1979). 

Second, released dopamine lnhlblts the release of 

glutamate from the cortlco-strlatal neurons by actIng directly 

on a 02 type dopamlnerglc receptor located on the cortlco-

strIatal termInaIs (Maura et al, 1988), and l.nhibits the 

release of more acetylchollne from the acetylchollnergic A-I 

Interneuron (Stoof & Kebabian, 1982; staof et al, 1982; 

FujIwara et al, 1987). Flnally, dopamlne stimulates 02 

r autoreceptors. These 02 receptors lnhibit adenylate cyclase 

actIvIty in the strIatum (stoof & Kebabian, 1981) and thelr 
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stimulatl.on has a long-lastlng lnhlbitory effect on cAMP 

formatlon ln the stnatum (Kelly & Nahorski, 1987). Throu~lh 

the rel ease of dopamlne lt causes, amphetamlne lnjeC"teo lnlo 

the strlatum would produce all of these effecls. Before 

trainlng or testlng, amphetamlne' s re leased dopam Lne wou 1 d 

inhibl.t or decrease the release of gluLamate and Inhlblt thf> 

acetylcholinergic lnterneurons, both of WhlCh arf' c~rltJC'dl 

elements of any acqu1.s1tion dnd retrleva l proC'ess. Aflel" 

trainl.ng r ln contrast, amphetamlne woul d enhance Lh«o' norma 1 

processes trlggered by the natural release of dopdmlne 

(triggered by glutamate or by stlmuldtlon of the substdfl Id 

nigra), ineluding stlmulatl0n of the 02 autoreceptor ll.nked lo 

consolldatl0n. 

Third, released acetyleholine aets on other chollnergle 

A-I lnterneurons and causes them tu rel ease aeety lchollne 

(McLennan & York, 1966; Prado-Alea la & CObOS-Zdp1.an, 1979). On 

the dopamlnerglc nigro-striatal termInaIs, ACh <lcts on 

musearinle M2 receptors to decrease dopdml ne re 1 bise (Lee eL 

al, 1990) probably by temporarl1y decrea~Hng ddenyldte cycJas(~ 

activity (Ollnlana et al, 1983; Gl1 & Wolfe, 1985», wtll.ch HI 

turn results in decreased 02 stimulatlon. On the other hand, 

scopolamine lnjectlons lnto the strlalum produce OppOSJ te 

effects. They lnhlblt acetylchollnerglc lnterneurons (Prado-

Alcala et al, 1979) and cause lnc reased dOpdmHIp. re J ed!'H.:! 

(Javoy et al, 1974; Ondrusek et al, 1981). Dopaml0e, ln turn, 

produces aIl the above mentloned effects. Thus, Hl causlng the 
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release of dopamlne from the nlgro-striatai termlnals by 

acting on cAMP activlty, scopolamlne acts ln the same way as 

amphetamlne (Whlch aiso causes the release of dopamine from 

the rl1gro-strlata 1 termlnai s), inhibi ting acety lchoi inerglc 

Interneurons (dlrectIy and through the released dopamlne) and 

stlmulatlng, tl, rough the released dopamine, the D2 

autoreceptor llnked to memory consolldatlon. Therefore, 1 t can 

be predlcted that, as IS the case wlth amphetamlne, pre-

tralnlng and pre-testlng scopolamine would lmpalr acqulsition 

and retrieval processes whl1e post-trainlng ln je ct ions would 

Improve consolidatIon. 

Figure 10 depicts the neuronal activity dun.ng and 

immedlately after tralnlng ln the neostrlatum. The stlmulation 

of approprlate cortical areas by the us (shock) and the CS 

( hghi- .l.eads to the release of glutamate by the cortico-

strlatai termInaIs at two speclflc sltep, called synapses l 

and II, ln the strlatum while another site (e.g. sweet taste, 

synapse III) i8 left unaffected. At the flrst two sites, 

glutamate (lndlcated by continous arrows) released from the 

cortico-strlatdi neurons excites both the dopamlnergic nlgro-

strlatal termInaIs (continuous arrow 1) onto DA-I and DA-II, 

causing the release of dopamine (lndlcated by hatched arrows) , 

and the choilnergic Interneurons (contlnuous arrow 2) A-I and 

A-II, causlng the release of acetyIchollne (lndicated by doted 

arrows) • 
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The dopamIne released by DA-I and DA-II affects (1) the 

glutamatergic cort1co-strlalal term1nals G-J and G-1 l 

inhlbIting further release of glutamate (halchpd arrow 1); (2) 

the acety lcho 1 ine 1nterneurons A- land A- t1 Wh1ch 1 t 

hyperpolarizes, Inhib1tlng release of acetylchal1ne (hatched 

arrow 2); -. (3) the D2 auto-receptors lucdted on thA 

dopamlnerg1c term1nals DA-I and DA-II, sl1mulatlnq them 

(hatched arrow 3). 

The acety lchol1ne rel eased by A- l affects (1) the dce-Ly 1-

cholIne lnterneurons A-II and A-III causing depo]arlzatlon 

(doted arrow 1); (2) the M2 receptor localed on the 

dopaminerglc termInaIs DA-II and DA-III (doted arrow 2); and 

( 3) the splny type II ef ferent neuron wh Lch prabab 1 y serves aR 

an output ta motor system (doted arrow 3). EVlden~e thdt pre

estab11shed connect Ions between speclf lC areas of the sLr l cl tum 

and speciflc motor responses eXlst cornes from stud J es showlng 

that mIcro-InjectIon f amphetam.lne 1 nta the vent l"aJ at~ rd 1 

strlatum, results ln oral stereotypIes (Kelley et al, 1988; 

Kelley et al, 1989) while slml]ar 1nject.lans ln severaJ other 

striatal reglons do not (Delfs & Kelley, 1990). 

Aiso on fIgure 10, next ta each synapse, Lhe nel 

resulting effect of 02 stimulatlOn on cAMP actlvLty 18 

indicated. Stl.mUlatlon of the D2 autoreceptor on termina l DA-1 

leads ta a long-lastIng decrease jn cAMP actlvLty wh1ch ln 

turn reduces the basal level of dopamIne actlvlty of DA-I and 

Increases the basal level of acetylchol.lne act.lVlty Jn A-I. 
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Stlmulatl0n of the D2 auto-receptor on terminal DA-II is 

somewhat decreased Slnce release of dopamlne has been reduced 

due to the stlmulatl0n of M2 receptors by the acetylchollne 

released from A-I. ThlS might lead to an unchanged or only 

sllghtly decreased cAMP actlvity. Flnally, stlmulation of M2 

receptor on termlnal DA-III leads to decreased dopamine 

release from DA-III (if any 19 actually released Slnce no 

gl utamate was Inl tlally released at thlS synapse), and thus to 

decreased stlmulatl0n of the 02 autoreceptors and, posslbly, 

to long-lasting lncrease in cAMP activlty. Repetltions of the 

paired presentatlon of llght and shock result ln an 

enhancement of the above mentloned effects. 

( A well-known phenomenon of learnl.ng lS that as 

acquisltl0n of a given task progresses lt becomes more and 

more diffl.cult to l.mprove on that learnlng (Rescorla, 1970). 

Thls lS often lllustrated by a negatlvely accelerated learnlng 

curve. ThlS observatIon can easily be explalned by the present 

model. As prevlously descrlbed, stlmulatlon of the 02 

autoreceptors located on the DA-I dopamlnerglc terminal 

decreases cAMP actlvlty, decreases dopamlne activ1ty, and 

lncreases acetylchollne activlty. Accordlng to the present 

model, lt lS stlmulation of this autoreceptor that constltutes 

the key to the more or less permanent changes required for 

consolldatl0n. However, every time this autoreceptor lS 

stimulated durlng a tralnlng trlal, the cAMP actlvlty is 

further inhlbited, WhlCh results in ever decreasing dopamine 
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actlvlty. Less dopamlne actlvity means that less dopamIne 18 

available to stimulate tt:L' D2 autoreceptor on the next 

tralnlng trIal, WhICh translates into a decreasIng rate of 

acquisition. 

Figure Il lilustrates the neural processes Involved ln d 

retrleval trial during WhICh the cs (l ight) lS ptOesf-'nll:'d 

alone. As before, stImulatIon of approprlate cortlcdl arPd the 

cs (llght) leads to the release of glutamate by lhe cortlco

striatal termInal G-I (contlnuous arrows). Agdlfl, gluldmalp 

eXCItes both the dopamlnerglc nIgro-strl.dtdl lermlnal DA-I 

(contlnuous arrow 1) and the chollnerglc A-I lnlernf'IHon 

(contlnuous arrow 2). However, because of the decredspd cAMP 

actlvity in DA-r, basdl acetylcholine actlv1ty ln A-I 18 

higher than before traIning whIle basal dopamIne actlvlly 19 

lower. ThIS hIgher acetylcholine level leads la an Jncre~sed 

acetylchollne release (doted arrows) as lhe result of 

glutamate stImulatIon of A-I. ThIS released dcptylchollnf' 

affects both A-II (doted arrow 1) and A-III (doted drrow 2) 

interneurons as well as DA-II (doted arrow 1) and DA-Il r 

Cdoted arrow 4) termInaIs. At the same l1me, glutamdLf'

produced dopamIne release by DA-I (hatched arrows) dffects G-T 

(hatched arrow 1) and A-I Chatched arrow 2), Inhlbltlng thpm. 

It also stlmulates the D2 autoreceptor on DA-I (hatched drrow 

3). Flnally, the Increased acetylchollne rpledsed dcts 

differently on A-II dnd A-III. At A-II where cAMP actlvlly has 
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remalned normal, the Increased release of acetylchollne lS 

sufficlent to stlmulate the A-II cell causlng It to release 

acetylchollne as If stlmulated by glutamate released from G

II. In turn, this acetylcholjne stlmulates the splny type II 

efferent neuron <doted arrow 5). However, at the level of A

llI, where cAMP actlvlty has Increased gradually during 

trainlng and therefore Increased dopamlne basal activlty ln 

DA-III and reduced basal acetychollne actlvlty of A-III, even 

thlS larger amount of released acetylchollne lS not enough to 

stlmulate the A-III interneuron and cause it to release its 

acetylchollne. Flnally, stimulation of the M2 receptor on the 

DA-II terminal by the acetylchollne released from A-I trlggers 

a mechanlsm slmilar to the one that leads to Increase cAMP 

actlvlty ln DA-III during traInIng. ThIS graduaI Increase ln 

cAMP actIvlty bUllds up every tlme the cs is presented wlthout 

the us. It eventually leads to lncreased dopamlne activlty and 

decreased acetylchollne actlvlty. ThlS graduaI change might 

constltute the mechanlsm of extlnctlon. 

Many predlctl0ns can be made on the basls of thlS model; 

only a few are discussed here. First, If the main role of the 

glutamaterglc cortlcal Input lS the transmIssion of 

InformatIon (stlmull) to the caudate nucleus which then 

establlshes assoclatl0ns, lt should be possible to mimic thIS 

effect pharmacologically and to replace elther of the cs or us 

by a direct Injection of a glutamate agoni st lnto the striatal 
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area receivlng the correspondlng cortical flbers. For example, 

ln a modifled CER sItuatIon, rats could be glven an 

approprlate dose of a glutamate agonlst dl recll y lnto lhe 

posteroventral area of strlatum jusl before belnq pldced Into 

the CER box and glven foot shock. DurIng the test seSS10n, 

animdls would be exposed to elther a vlsual stlmulus or dn 

olfactory one. The predIctIon would be thdt the rats expospd 

to the vIsual stImulus would more lnhlbl ted than those exposf'd 

to the olfactory stImulus. Second, It should be posslbLf-~ tu 

block acquisItIon of a modailty specIfIc CER by dlrectly 

InjectIng a glutamaterglc antagon1st Into the vorrespondJng 

striatal area. For example, a pre-trainlng dIrect JnjectJon of 

an approprlate dose of a glutamaterg1c antagornst. lnto the 

posteroventral area of the str1atum should block the 

acquIsItion of a vIsual CER while sparIng the acquIsitIon of 

an olfâctory CER. Flnally, predJ ctIons about the post-tra 1.n 1n9 

effect of glutamatergIc manlpulatlons are more complex. MORt 

llkely, a post-traInIng 1.njectlon of d glutawdlerglc agonlHl 

lnto the strlatum would dIsrupt memory consolldatlon BInee lL 

would act as a dlstractor dnd cause retroactlve Interfer0nee. 

Such a dlsruptlng effect called retroactlve InhibItIon Il:! 

well-documented (Underwood, ]957). Followlng the same IOglC, 

agI utamatergIc antagonlst ln jected dl rectly into the stn a turn 

after train1ng mlght improve memory by actually blocklng or 

decreaslng any posslble lnterference from newly 1 ncom] og 

informatlon. 

• 
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Flnally, severai elements known to eXlst in the striatum 

are lntentlonally excluded from this model because thelr 

posslble contrlbutlons are yet not weIl understood. For 

example, strlatal GABA cells, the feedbdck loop from strlatum 

to substantla nlgra, the splny type l efferents were aIl left 

out. The projection from the thdlamus to strlatum, the 

functl0n of whlch lS completely unknow, has also been omltted. 

Eventually aJl of these must be integrated ln any model that 

wi Il successfull y to resol ve the mystery of str latal function. 

( 
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Figure 10. S-R learning model: 1. AcquIsitIon and 
consolidation phases. See conclUSIon for deocrlptlon. 
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Figure 11. S-R learning model: II. Retrleval phase. See 
conclusion for description. 
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