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ABSTRACT

An Tnvestiglation of the Development and Fxpression
of Sensitization to the Locomotor Activating
Fffects of, Amphetamine and Morphine

' \

Paul Vezina, Ph.D, . -
Concordia UniveTsitv, 1987

The development and expression of behavioral sensitdization to
Y

the locomotor activating effects of amphetamine and morphine was

. . . . s \"-
investigated in,six experiments. .

Fxperiments 1 (amphetamine) and ? (morphine) tested the PA

autoreceptor subsensitivityv hvpothesis of sensitization. Animals
-
were pretreated with D=1 or D=2 DA receptor antaponists prior to

f »
each of five exposures to thé drug. Tt was reasoned that the D=2
antagnnists would provent‘tho descensitization of DA autoreceptors
and, thereby, ;revont t he Aevelonmont of _sepsitrization., Pesnlts

-

provided no support for this hypothesis, Tn Experiment 1, none,
and in Exporimeﬁt ?, only one of the three N-2 antnﬂon1an tested
attenuated the development of sensitization, Curiouslv, the D=2
antagonist, pimoXide, hlocked the development hf“ééﬁéi}iQZlioﬁ\to
morphine but not to tayine. Conversely, the D=1 antaponist,
SCH-23390, blocked the dnggoment of sensitization to
amphetamike but not to morphine. Although difficult to interpret,
‘these latter findings suggest that the mechanisms underlying the
development of sensitization to amphet%mine nndﬂmbrphipo are

»

different. . ' . N

Tn Fxperiment 3 (amphetamine) and 4 (morphine), the relation, -
between conditioning and sensitization was explored. Tt was found R

-

that the expression of sensitization to amphetamine and morphine ,

iid -



L3

Zﬂn come under.strong stimulus control. This control could be .
reduced hy ‘extinction training. This procedure, however, did not’ .
pfimfnato*evidence for sensitization. These findings suggest

that, h]thoupﬁlconditjnninv'fartors can exercise strong control

over its expression, evidence for sensitizatipn canjbe seen in

their absence. . : . ' .

The 1 inal two Pxﬁeriments were conducted to inuestigate
4 . . . . N
whether conditioning and/or sensitization would develop in

. ‘ . . .
animals exposed to intracrdnial amphetamine injections into °® . _ 4

S

either the -ventral tegmental area (VTA, Experiment 5) or the

e -

nic leus accumhens (NAC, Fxp®rifent 6). Results suggest that the

t
neuroanatomical site critical for the devélopment of .

sensitization to amphetamine is the VTA and not thé NAC. No

cvidence for conditioned activity or for stimulus control of

’ .

sensitization was found when amphetamine infusioné into either
site were paired with a specific environment.

The implications of these findings for hypotheses that

[ N

changes in mesolimbic DA neurons underlie behavioral

.oV -
. .

sensitization to stimulant and opiate drugs(aﬁd for current ideas

\

about the role played by environmental stimuli in the expression

of conditiéneq and sensitized drug effects are discussed.
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- ‘*""Sf:nce the late 19607s, ‘there has developed an increasing

interest in the pﬁihomenon of behavioral sénsitization of the
. A

i

locomotor activating effet_;s-of psychomotor stimulant drugs.
Sensitization has béen considered important for its possible
. relation to the."progressive phenomenology of atteétive 1llngsses
(e.g., Post, Rubinow and Ballenger, 1984) and td the chénging
effectiveness of drugs of abuse (see Ivérsen, 19835 Vezina,

Kalivas and Stewart,.l9.87; Ste\wart and Vezina, subinitted). ﬁany

attempts have#been made to elucidate the biological basis ot the

changing effectiveness of these drugs on thosc neural systems
thought to mediate thelr I'Scomotor activating eftects (e.g.,

Robidson and Becker, 1986).

A

Although behavioral sensitization to the psychomotor

L]
. . N

-

stimulants, and particularly .to amphetamine, has been the most \-2

LS

thoroughly investigated, recent s uﬂes have turnec;mto milar
effects following the repeated administration of the op/fate drug,

morphine; and of oploid peptides. These studies have led to the

)

,gradual emergence of the view that oplate and stimulant drugs act
| ' : '
via a common neural system important in the development ot

behavioral sensitization (see Kalivas, 1985a). This thesis

constitutes an attempt to explore similarities and

dissimilarities between t}-ne development of sensitization to the

locomotor activating effeéts of amphetamine and morphime, in the

“

rat, with a view to further elucida)'ting the requirements of a

-

biological system\recessary to mediate these effects. In this

introductory section, the acute effects of amphetamine and

. morpvhin’e on~locomotor activity as well as the neural substrates .

1



’ ~

* thought to mediate these effects will be discussed. The

-

sensitization of these efféacts will tl\en be characterized, and T

]

hypotheses ﬁroposed to account for this sensitization will be

. \ )
r eviewed. ‘\ ‘ 3

\

Characterization of the Locomotor Activating.Effects of

Amphetamine and Morphine

" Amphetamine and morphine are drugs with multiple central _

nervous system actions%ﬁcluding effects on locomotion, eating,

body temperature and pain sensation, and a host of actions on
N N ‘ N

peripheral tissue (Mansky, 1978; Moore, 1978). Moreover, the

. - .
etfects of these drugs on locomotor activity are complex.

Amphetamine. In the rat, low doses of amphetamine, ranging

. : A . .
roughly from 0.3 to 1.5 mg/kg injected systemically, produce an

1ncrease in forward locomotiond persisting for app"roximately forty
minutes to two hours. At higher doses, amphetamine elicits a
multiphasic responsevpattei’n that consists.of-early and late
phases of forward locomotion and an intert'nediat:e phase of foc?use;d

gtereotypy during which \1ocomotion is absent. In this latter
. @&
-phase, animals typically engage in the repetitive performance of

~

species—typical behaviors such as sniffing, no$é poking, head and

limb movements.énd oral behaviors (licking, biting and gnawihgj

expressed over a small area of the testing environment (Randrug
e " 4 "tgg

and Munkvad, 1967; Segal, 1975a; Kelly, 1977; Fray, Sahakian, .

—

Robbins, Koob and Iversen, 1980; Rebec and Bashore, 1984).

Amphetamine 'is thought to act primarily on catecholamine

[dopamine (PA) and norepinephrine (NE)] neurons, It has been

- -

suggested .to promote the release of the transmitter into the
LY 3 .
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synapse, to block the inactivation of the released transmitter

......

through inhibition '6f 'reaptaké into the nerve terminal thereby

prolonging its synaptic activity, and perhaps'alsd to increase
the availability of releasable t ransmitter through inhibition of.

the degradatiGE enzyme monoamine oxidase (see Kuczenski, 1983).

Not surprisingly, early views syggested that both DA and NbL were

o

_important in the expression of amphetamine-induced locomotor

activity (e.g., Tayior and Snyger,:l971). More recent

-

pharmacological, biochemical ‘and 6-hydroxydopamine (b—OHDAB
lesion studies now suggest, however, a primary role for DA
neurons, and, in particular, those neurons of the ascending,
mesolimbic DA system with.cell bodies in the‘ventral tegmental
area (VTA, the AlO nucleés) and terminals in the nucleus

accumbens (NAC) and olfactory tubercle (OT; for reviews, sec

v
1

Kelly, 1977; Unge}stedt, 1979; Groves and Tepper, 1983). Thus,
‘amphetamine—in¢gced locomotor activity has beenktound to be
antagonized when catecholamine synthesis is inhibited by-alpha-
methyl-p-tyrosine (Weissman,\Koe and Tenen, 1966), but not when
the copversion of NE from DA is prevented by DA-beta-hydroxylase
‘inhib;tors (Thornburg and Moore, 1973; although, cf, Archer,
Fredriksson, JonSS9n, pewander, Mohammed, Koss and Soderberg,
1986;AMohammed,.Danysz, Ogren and Archer, }986), by DA, but not

[y

NE receptor blockade (Maj, Sowinska, Kapturkiewicz and Sarnek,
1972; 'Rolinski and Scheel-Kruger, 1973; Pijnenburg, Honig and Van
Rossum, 1975) and by large tho;gh select}veoé—OHDA lesions of DA
cells in the substantia nigra, but not by similar lesions of the

- .
dorsal or ventral noradrenergic pathways (Creese and Iversen,




R
.

1975) . Fvidence specificaliv impl?cating the mesolimbic DA system
in the mediation of amphetamine”s locomotor activating effects
comes from n;;;::;;*éﬁﬁaiesf Pi1nénhnrg et al. (19f5),.for
nxagp]e, found that injections oflthe ﬁA‘receptor antagonist
haloperidol into the NAC antagonized the locomotor activity

induced by systemic infections of amphetamine., Conversely,

amphetamine injected into the NAC (Piinenburg, Honig, Van Der

3
Heyden and Van Rossum, 19763 Staton and Solomon, 1984; Carr and

_ White, 1987) and éhe OT (Piinenburg et al.,, 1976) elicits *

- Py
increased locomotion which is hlocked by systemic injections of

- AN N \
k2

haloperidol (Piinenburg et al., 1976). Similar findings were

obtained with injections of DA and apomorphine, a DA agonist,

- w

into these sites (Piinenburg et al., 1976). In other studies, 6-—

. N
OMDA 1esions of the NAC, but not of the caudate nucleus (Creese

*

and Tversen, 1974; Kelly, Sevoir and Tversen, 1?75; Kelly and

lversen, 1976; Koob, Stinus and LeMoal, 1981) nor of the fr&“%al

4

cortex {(Jovee, Stinus and Tversen, 1983), were found to attenuate

amphetami ne-~induced locomotion. Tnterestingly, some reports have

4

*suppested that amphetamine exerts its effects on locomotion via a

simultancous ("mass") action at several DA terminal fields (e.g.,
"ACC, OT and tho anteroventral caudate.nucleus) since lesions at
all of these sites comhiﬁedﬂ(vié'anterolateral hypothalamic 6-
OHDA 1nioct{nns) were found to produce a mo?é profound Blockade
of amphetamine locomotion than separate lesions at individual
termi nal regions (Fink and Smfth, 1979, 1980; see also Winn and
Robbins, 1985; Kafetzopoulos, 1986). Recent anatomical B
) \

investipations have estahlished that the ascehding mesolimbic DA

system proiects to the ventromedidl part of the neostriatum as

prTTTT

- sn
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»
well, and injection of the DA receptor antagonist cis- -

flupenthixol into this site, but not into other striatallsites,
has been found to atgenﬁate e*ploratory locomotgr activity in
_rats ksee Ahlenius, Hillegaa;t, Thorell, Magnusson and Fowler,
1987). ' i }

Morphine. Like amphetamine, morphine has\also been tound to
have dose—dependgnt étfects on IOCOmotor‘activity.;Ln tﬁe rat,
low doses of morphine (e.g., 1.0 to 5.0 mé/kg, injected
systemicallyi produce an increase in locomotor activit;

persisting: for two to three hours while higher doses produce an

i )
initial decrease that is followed hy an increase (Babbini- and

. . /o
Davis, 1972; Vasko and Domisqo, 1978). / - -

Although several nuclei in the‘raﬁ brain have been studied
(e.g.,‘substantié nigra, Iwamoto and Way, 1977; globusléall}dus,
Joyce, Koob, Strecker,lversen and Bloom, 1981; nucleus raphe
pontis, Broekkamp, Lefichon aﬁd Lloyd, 1984; and other sitesy
Tseng, Wei, Loh and-ﬁi, 1980), thg search for the subs}rate ot
morphine”s locomotor activating effect has centered on the VTﬁ
and the NAC. Both of these sites have been found to have high
concentrations of enkephalinergic terminals (Sar, Stumpf, Miller,

Chang and Ciatrecasas, 1978; Wamsley, Young and Kuhar, 1980) and

receptors (Homg, Yang, Fratta éﬁé Costa, 1977; Sar et al., 1978;
Goodman, Snyder, Kuhar and You&g, 1980).

Numé;ous studies h5ve now demonstrated that the
micgoinjéction of a number of opiaté substances info the VTA
- blocked or

produces an increase in locomotor activity that {

reversed by the opiate recéptor blocker naloxone /(Broekkamp,




Phillips and Cools, 1979:; Joyce and Tversén, 1679; Kelley, Stinus
and Iversen, 1980; Stinus, ¥onob, Ling, Bloom and LeMoal, 1980;

Joyce et aly, 198]; Vezina and Stewart, 1984; ¥alivas, Tavylor and

r

Miller, 1985), Several lines of evidence suggest that this

locomotnr activating effect of opiates in the VTA mav also be

1 mediated hy the ascending mesnlimbic DA system. Thg_cellé of

|

oripgin ;ﬁ this system (Fho ALO DA nuc]eus)/%re located 1n the VTA
‘dnd both systemic and iontnnhoretié'admfnistrat;nns‘of morphine
prndu&q an increase in the firing froqu;ncv of a subpopulation of
these cells (Ostrowski, Hatfield and Caggiula, 1982; Cysling ond

Wang, 1983; Mathews and German, 1984). Tniection of enkephalin

] t -
into the VTA causes a dose-dependent increase in DA turnover in

. ) 14
the NAC, a majior terminal region of the AIO DA cells.

'Furthormorn, simu]rnneo§3‘administrations of enkeyhalin {hto the
VTA and DA jnt6~th¢ NAC at doses suhthreshold For eiFher *
substance alone have heen shown to produce a significant inhrease
in locomotion (Kalivas, Widerlov, Stanlevy, Breese and Prange, |
71083).:Finn11v, destruction Qf the mesolimbic DA system by 6-
OHDA,.dr hlockade of dopamine receptors bv systemic or intra-NAC

‘Infections of nenrn]epﬁiCQ-hothginterfere with the locomotor

- L
activating effects of intra-VTA morphine or other opioids (Joyce

and }yorson,'l°7q;‘Kellev et al., 1980; Stinus et al., 1980;.

<

Jovce-et al., 1981; Kalivas et al., 1983; Vezina and Stewart,

1984),

Microiniection of morphine (Pert and Sivit, 1977) and

enkephalins (Havemann, Winkler and Kuschinskv, 1983; Kalivas et
al., }@83;'Pert and Sivit, 1977) into the NAC have also heen

shown to produce increased locomotor activity that can be blocked

!

<

3
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by naloxone. However,.unlike the motor actdivity induced'by intra-

VTA.op?;té Injections, this effect is not blocked by‘gystemic

(Pert and Sivit, 1977) or iﬁtra;NAC.(Kalivas et al., 1583)

injections of pedroleptics or 'by. déstruction of the mesolﬁnbjc DA .
- ’ .

system by 6-OHDA (Kalivag et\ald% 1983). Furthermore, \ntra—NAC

administration of-engephalin has beén found to=ra no effect on

DA turnover”in the NAC (Kalivas et al., 19;;h cf, Pollard, |

. £
Llorens, Bonnet, Constentin and Schwartz, 1977; Biggio, Casu,

Corda, DiBello and Gessa, 1978).

Cﬁaracterizationlgg the Behavioral Sensitization ot the Locomotor

'
.

. Vi :
Activating Ef fects of Amphetamine and Morphine

The term "behavioral sensitization," also known as reverse
tolerance, behavioral augmentation, and behavioral facilfatation,

refers to the progressive enhancement ot ditterent drug-induced

. behaviors produced by the repeated intermittent administration ot

a-drug. Numerous studies have now '‘demonstrated that such repeated
exposure to either amphetamine or morphine induces sensitization
~o the locomotor activating eftects of these drugs.

Ambhetmmine. In the case of amphetamine, the sensitization of
several behaviors has been reported, including locomotor ;ctlvity

(Tilson and Rech, 1973; Segal and Mandell, 1974; Short and

Shuster, 1976; Browne and Segal, 1977; Bailey and Jackson, 1978;

w,

.»Hi rabayashi and Alam, 198]; Leith and Kuczenski, 1981, 1982), tf

rotational behavior (Echols, 1977, 1979; Robinson, becker and
Presty, 1982; Robinson, 1984), stereotypy (Segal and Mandell,
1974; Browne and Segal, 1977; Nelson and Ellison, 1978} Leith and

Kuczenski, 1981, 1982; Kolta, Shreve, De Souza and Uretgky, 1985)



]

.
~

.and others (for reviehs..see Post, 1981; Robinson and Becker,

&

*1986). Sensitization of the effects of amphetamine has been

reported following a single preexposure injection although moTre

¢

— extensive sensitization is génerally seen following repeated

injections (e.g., Robinson, 1984). In either case, behavioral’
sensitization is a long;term’efEECC having been reported to (
persist for montﬁs. Robinson (1984), for example, has reported
that a single injection of a low dose of amphetamine enhances

rotational beHavior,induéed by a second injection for up to 12

weeks. It should be noted that such behavioral'sensitizatioﬁ is

obtained with a regimen of intermittent drug injections and

differs from-the éhanges in behavior obtained with a‘regimen of

(se obinson and Becker, 1986). Moreover, some have reported

.
»

g
that more ‘temporally spaced injections are more efticacious than
- -y .

injections given more frequently. For example, Hirabayashi and

neurotoxic eftects of maintained high braXn levels of amphetamine

Alam (1981) reported‘that injections given three to four or seven

»

days apart resulted in greater sensitdzation éf locomotor
activity than injections given daily (see also Nelson and
Ellison, 1978; gosg, 1980; Robinkon, 1984; Kolta et al., 1985).

In the studies cited above, tﬁé repeated administratiqﬁ of
low doses of amphetamine resulted in the sensitization of

locomotor activity, whereas the reﬁeated administration of high

doses resulted in the sensitization of both locomotor activity

o .
~

3



1§ . i : . o : -
and stereot}by. In the lattep/case, the enhégked locomqtioo

N

appears in the lété phase, fafter the stereotypy has subsided. The . .

2

-

sensitization of stéreotypy has been characterized\as the

emergence of more intense stereotyped behavior, reduced time to

A L3

the onset of sfg?éetypy following the injection and the

~elicitation of stereotypy by doses lower than wuld usually
)

elicit stereotyped behavior (Segal and Mandell, 1974; Leith and

Y

Kuczég@bi,l981,,l982). Given the obviously opposing nature of

v

locomotor activity ?nd stereotypy (e.g., see Joyce and Iversen,

1984), this latter finding, indicative of a leftward shift in the

amphetamine dose:response curve, is important. Indeed, Segal and

N ¢

Mandell (1974) have suggested that with repeatediadministrations
. .
of amphetamine, the progressive emergence of stereotypy may

compete with the expression of the sensitization of locomofor

activity even when systemic doses as low as 1.0 mg/ky are used, \\\‘///’/,

. /
They found that animals repeatedly administered ampﬁa%amine at a

low dose of 0.5 mg/kg (i.p.) showed a progressive increase in

locomotor activity throughout the experiment (no stereotypy

appeared in these animals). Other animals, repeatedly
administered a dose of 1.0 mg/kg (i.p.), showed a progressive
increase in locomotion up to a point, however,xafter which no
gurther increases were obtained (some stereotypy did appear 1in
these animals). Such findings have led some (e.g., Rebec and
Bashore, 1984; to'recommgnd the simultaneous measuring of severdl

indices of behavior (e.g., locomotor activity and stereotyped
) f ¢

behaviors) in order to adequately monitor the changes that occur

AN

when amphetamine 1s administered repeatedly. ‘Alternatively (or in

addition), the sensitization of locomotor activity obtained with
A . \ '

-

) N‘/g



low doses can be demonstrated’ by administering'even lower .

(stereotypy-free) ddbgs at éest,-a procedure concordant with the

prbgressive shift to the‘lefg in the émphet;mine dose—responsé

curve as behavioral sensitization develops (see above) .
Considerable gvideﬁge suggeété’that changes in the g

tral DA neurdns, themsélves,’ underlie thef . . .

" .
n to the effects of amphegéﬁine. Much of

functioning of ¢

behavioral sensitiz
this evidence has been reviewed {ecent;y by Robinson and Becker
'(1986; who, at the same time, concluded that there was 11Ftle %g, , /
‘ o evidence for other types of changes often suggested as possible
- . . explénations for behavioral sensitization (e.g., peripheral drug

dispositional factors: see also Rebec and Segal, 1979;

v

postsynaptic 6A receptor supersensitivity, see also Alloway and
. Rebec, 1984). Thus, it has been reported that the behavioral
‘ Jgg;;{;iation induced by repeated intermittent injectibns‘of
amphetamine is accompanied by ; Yong-term enhancement of ,

‘/p .* amphetamine-stimutated DA releafe from striatal tissue in vitro

U

(Robinson and Becker, 1982; Robinson et al., 1982). Using an in

. vitro striatal slice preparation, Kolta et al. (1985)

N
3

subsequéntly reported that the amphetamine~-stimulated reiease of . .

DA was enhanced 15 and 30 days after pretreatment with

o~ » —

A amphetamine, but,not after three days, findings which paralleled

. the time course of the development of the enhanced or sensitized

behavioral response (stereotypy) to amphetamine. Peris and

» ? . .-

Zahniser (1987) also found increased amphetamine-induced release .
! of tritilim-labelled DA in vitro,from striatal slices of animals
o * which had previously received a single injection of cocaine (a \

!

10

o £23y
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. levels-are found gbéégflowered by acute jn1ectiohs of

ﬁsvchomotor stimulant that, like amphetamine; blocks DA reuptake

but, uFIIFE amphetami ne, dée; not appear to promnfg DA release,

see Kuczenski, 1983) . In other studies, eriatal levels of, thelDA ‘ Sy
metabolites dihvdroxvphenvlacetic acid (DOPAC) znd homovnni}i{c

acig'(HVA) were assaved followéyp a qvqtemic 1niection of , ) 4
amphetamine as indices of the changing effectiveness of

AN

amphetatmine to indige DA utilization/release. DOPAC and HVA . e
pes . B S . .

-

[
AN

. ~N
amphetamine. This reduction is thought to result from blockade by

amphetamine of DA reuptake into' the neuron, where it is normally

S ' ' AN

Jdegraded by intracellular monoamine oxidase into DOPAC that {is,

/‘\

in turn, suhsequently degraded by extracellular catechol-0-

-~

methyltransferase into HVA (see Kuczenski, 1983). Thus, Kuczenski

-

and Leith (1981) found that an ipjection of amphetamine dpcrg@sod

* i ‘

L
DOPAC and HVA levels to a greater &€xtent in animals qensitjzpd to

oo

amphetamine than in control animals. Siirlarlv, Kalivas, DuMars

;ﬂﬂ Skinner (submitted) found that the decrease in DOPAC and HVA

in the striatum and the NAC induced by an acute 1njeét10n of s

cocaine was greater in rats that had been pretreated with three
daily cocaine injections 14 days earlier. This énhancpd decrease
of DA metaholites was thus interpreted to reflecp a greater
release of DA into the extracellular space which, qoﬁbined with
hlockade of DA reuptake, would further décreaqe the intracellular
DA available for degradation (Kuczeanj and Leith,. 198]; Kalivas \
- «

et al,, submitted). Interestingly, Nishikawa, Mataga, Tdkashima

and Toru (1983) reported that an injection of methamphetamine . (;

increased DOPAC levels 1B the striatum and mesolimbic terminal v

fields (NAC, OT and a part of the septum combined) in

\ . : ’ . —
11

Al
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'envitbnmental (see beldw) challenges. A notable exceptionm to this

hethamphetaming—premreated compared to saline-pretreated animals,

a finding that could also indicate enhanced DA release if it is

: ~
assumed that methamphetamine is not as potent a DA reuptake
- .
blocker as d-amphetamine (used by Kuczenski and Leith, 1981) and

cocaine*(see Robinson and Becker, 1986). It shou}d be noted Qhat

P

in all of the abové studies, no differences in resting or

baéeline levels of DA release or DA metabolites wererfound
.
© N~

between amphetaminerpretreated and saline-pretreated animals.

This éuggeSts, therefore, that it is not’a change in the steady-
i X

state level of transmitter utilization/release by DA neurons that

.~

underlies the behavioral changes dbserved in sensitized animals.

-

Rather, the imporkant underlying neuronal change would appear to

be in the wa§ these neurons respond to pharmacological and

vk

A .

lack of effect of sensitization on stéady—state or iisting levels .

of DA neuron function was reported recently by Robinupn andlgamp

-
-

(1987). They found that female rats sensitized to amphetamine

showed higher resting levels of DOPAC than gsaline-pretreated
. &«

controls in the striatum and NAC (remember, animals were not
[} ’ ‘ » »

injected with amphetamine prior to sacrifice so that there was
{ .

therefore no blockade of DA reuptake). It was initially suggestéq

by them that such increases in baseline DA function might be x

Ve *

detected more readily in females sinEe; although dehavioral
sensitization is obtained with both female and male animais,
females (and castrated malés) have, been found ta show greater

sensitization to amphetamine than intact males (whi%hm ‘\

-

incidentally, also suggests the possible modulation of the

" ol
B
RS n
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- ﬁ . . N
develoment of sensitization by a testicular hormone in ﬁales,

Robinson et al., 1982; Robipéon, 1984). These,authors observed as

well, However, that amphetamineéetnsitized females did not show

[,
higher baseline levels of locomotor activity than untreated

feméles, prompting them to suggest an alternative explanatioﬁ of

their qeurochemical'findings. They speculated that the increased -

DOPAC levels might not in fact reflect resting state, but rather

4 , . : S

IS

a‘rapid and exaggérated tesponsg to a "stress challenge" by

- sensitized females prior to decapitation. It is known that

amphetamine-sensitized animals show an increased neurochemical

1

response to a stress challenge (Antelman and Chiodo, 1983; see

below). Given the anvé sex difference in the development of’

sensitization to amphetamine, this response would be expected to
t . »

. be more ﬁronounced in females (Robinson and Camp, 1987).

. : g o . )
In addition to an enhanced cocaine~induced decrease in & °

striatal and NAC (terminal field) DOPAC and HVA levels in animalb

.-

' sensitized to cocaine, Kalivas ‘et 4l. (submitted) have also found

-

changes in DA function at the cell body level of DA neurons., They

compared] the effects of \an acute injection of°cocaine in cocaine~

Ehd sal% —~pretreated animals. In saline-pretreated animals, VTA

/

levels of DOPAC and HVA were decreased following the injection of

-’

coca}ne as was DA synthesis [indexed by the accumulation of 3,4-

drhydrox§phenylalanine (DOPA), a precursor of DA, after

inhibition of the DA synshesizing enzyme DOPA-decarboxylas€]. The

latter finding was considered, as was the decrease in DA

metabolite levels (see above), to be due to the increase in the

concentration o£j¥ilﬂi£§$de/fhe cell body brought about by
e * /

reuptake blockade; DA synthesis would thus‘behexpected to be

-

13-
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" changes in DA functioning at the cell body level did not paraldel

‘animals was reversed in cocaine-pretreated animals. It was thus

“interfascicularis, the VTA and the medial substantia nigra)

o

indirectly inhibited by the inhibitory effect of the increased
stimulation of DA somatodendritic autoreceptorsvbg DA on DA cell

- \ - «
iring (see Roth, 1984), In sensitlzggianimals, however, the

&

.
M o

those found at terminal sites. Kalivas et al. (submitted) report
t hat the‘cocaine-induced decrease in VTA leveds of DA metabolites
found in saline-pretreated animals was "signiticantly blunted" -

tor up to.,an hour post injectibn in cocaine-sensitized animals
v \ [
rather than being enhanced as in terminal areas. That is, levels

ot DOPAC and HVA in cocaine-sensitized animals did not differ

. ™

f rom those of(shline—pretreated animals nor did they differ from-

v

baseliné levels in cocaiﬁe—pretreated animals. Concordant with

this result was the additional finding that the decline in DOPA

v

accumulation seen after an acute injection in saline-pretreated

N\ \ .
\ . s
suggeéted that these finding§ reflected either a decrease in the N

Tell Eody release of DA and a corresponding decreafe in 2
autorece%:or stimulation by extracellular DA, a decrease in the
number ;;d/or aftinity of somatodendritic DA autoreéeptors or a
decrease in the gapacity of these autoreceptors to inhibit
synthes£§§~Dirgc§ support for the first possibility was /
§ubsequén£ly obtained by Kalivas and Dufty (submitted, a). They ™.
measured khe in vitro release of DA from ventromedial |

-

mesencephalic tissue slices (which included the nucleus

+

.

induced by either amphe%imine ﬂ% depolarization (by incfea31ng

the superfusate potassium concentrations). The release of DA was

—
%

" . . )
T _



less in animals pretreated with cocaine than ip those pretreated.

&ith saline.~Agaih, as was found in the DA t rminal fields, there

- - N

.were no alterations in resting or bascline levels of DA relecase

or of DOPA accumulation. There was, howevér, a decrease in VTA

-

baseline levels of DA metabolites, a finding that is without

“

explanation (Kalivas, personal communication; see also Rohinson
* . ) ’

~

and Camp, 1987, p. 825). : . .

N
Morphine, There have been numerous reports of sensitization

.

to the locemotor activating effects of morphine. Generally, 1t

3?;£\heen found that the repeated injection of high systemic doses
results in the devéiopment of tolerance to the initial depressant
effect and a, progressive enhancement of the oxcita;orv yff?ct of

morphine on locomator activity (Kumar, Mitchel]‘gﬁd Stolerman,
. \\ -
1971; Babbini and Davis, 1972; Oka, Nozaki and Hosoya, 1972;

>
Nakamura, Ishii and Shimizu, 1978; Vasko and Domino, 1978; Brady

and Holtzman, 198la, b). This ﬁ avioral sensitization‘has been
shown to hé long:term, persisting for as long as eighp months
after the last injection (Bahbini,tCaiardi and Rartalett{, 19753.
Interestingly, low doses ofa;orphine, which elicit on]y‘increnses
\in-logomot;r activity, have bheen repotted not to pfoduce_
sensitization when administered repeatedlv.(Bahbini and Davis,

1972)., Thjskfinding, together with those\obtained-with higher

doses, led some initially to view the development of

[

sensitization obtained with high doses as tﬁe progressive s

unmasking of the excitatory effects of morphine on locomotor
activity as tolerance developed to its depressant actfions (e.g.,
L ]

Babbini and Davis, 1972; see Seevers and Deneau, 196}l.

Subsequent teports, howey%r, showing that toleranceeto the.

15 '

-
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N

depressant effects of morphine diminishes quickly after drug-

ingections are terminated (within at least 20 days), but vhat

$

sensitization to the excitatdry effects remains for several

months, suggested that sensitization occurred independently -of

tolerance (Babbini et al., 1975; Bartoletti, Galardi, Gubellini,
— .
Bacchi and Babbini, 1983). Furthemore, the finding by Bartoletti

et al. (1983) that a dose of 1.25 mg/kg (i.p.), that did not

elicit increased locomotor activity in ‘naive animals, would do so:

in animﬁlé pretreated With repeated injections of a higher dose

of morphine; indicated a shift to the left of the morphine dase-

» . .
response curve for increased locomotor activity. Such findings

led to the more recent view that the development of tolerance to
the depressant effects and sensitization to the excitatory
effects of morphine on locomotor activity are mediated via

actions on separate neuronal systems and that the net effect of

¥

an injection represents the algebraic sum of drug action oen these
T ) ’ ’
two systems (Vasko and Domino, 1978; Bartoletti et al., 1983;

Schnur and Réigozéf;l986}'cf, Hinson and Siegel, 1983). 0Of

;
course, such a view does not account fg} the lack of development

of sensitization with low doses reported by Babbini and Davis
(1972), This finding remains puzzling and in neeg of an,

explanation. It may be, for example, that even though the

-

development of- sensitization and tolerance may represent changes

I3

occurring in two separate neuronal systems, gacthof these systems
h ]
may influence the changes occurring in the other, ‘especially when
A
morphine is administered systemically (e.g., see Hand and -

‘ a
Franklin, 1985). Nonethéless, in agreement with the above view

&
¥



* morphine.

-
are the findings reviewed earlier that injection of opiates into

the VTA prdduces increased locomotor activity in the absence of 5 ¢
- >

depressant effects, and, furthermore, that the repeated
microinjection of enkephalin (Kalivas et al., 1989) or morphine

(Joyce and Iversen, 1979; Vezina and Stewart, 1984) into this
( v

site results in a progressive enhancement or sensitization of
- . LN

this locomotor activity. The evidence, also reviewed earlier,

that the locomotor activating et fect of oplates in the VTA is

o~
4

mediated by the ascending mesolimbic DA system, and that changes

o

"in this system may underly the behavioral sensltization found

with repeated injections of amphetamine, suggests that simi)ﬁ? ' //

changes in this systém may underly the behavioral sénsitizatiod_
found with repeated injections of morphiné: As in the case of

amphetamine, no evidence has been Egynd for the inﬁdlvemeﬁt of

1

peripheral drug dispositional factors (Kalivas and Dufiy, 1987),
as well as postsynaptic DA receptor supersensitivity (Kalivas, oo

1985b) in the development of behavioral sensitization with

N

/

In support of the view that changes in the ascending ’ -
mesolimbic DA system similar to those found with am.&tamfne may

Qnderlie the behavioral gensitization found with répeatéd

.

injections of morphine, it has been found that sensitization of -

o

" the hyperactivity induced by repeated enkephalin injections. into

,
4

the VTA is associated with an enhanced or sensitized metabolism
(as indicated by an enhanted increase in the DOPAC/DA ratio;

remember, there is no reuptake blockade) of DA in the NAC in

.

response to the drug (Kalivas 1985b). In another study,‘Kalivaﬁ N

i

and Duffy (1987) found that the behavioTal sensitizatioﬂ:obtained -

-
¢ : i -

A

17




-

’following repeated systemic injections of mopphine was
- accompanied by an enhanced utilization (a's estimated by Qgpletion
ot DA after inhibition of the DA synthésizihg enzyme tyrosine
hydroxylaée with alpha-methyl-p—-tyrosine) and syntgesis (as
indexed by accumulation of DOPA following inhibition of DOPA-

decarboxylase) of DA in the NAC.'Surprisingly, the increase in DA
/

metabolism (i.e., DOPAC/DA ratio) in the ACC found atter

-
-

injection of morphine to saline-pretreated animals was actually

’ less in morphine-pretreated animals. Note that this finding does

-

not agree with that reported by Kalivas (1985b) in animals ’
pretreated with intra-VTA enkephalin. No explanation was given

for this anomolous finding (Kalivas and Duftfy, 1987, p. 211). In

o
)
W

addition to the enhancemenphpf DA function found in the terminal

s ——

-«

region (NAC) of mesolimbic DA neurons in animals sensitized to

morphine, Kalivas and Duffy (1987) also found changes at the cell
body level similar to>those found with cpcaine above (Kalivas et

e N

al., submitted). That is,<the increase in DA synthesis (DOPA
; .
accumulation) and metabolism (DOPAC/DA ratio) found in the VTA
after a morphine injection in saline-pretreated animals was
diminished in animaléipretreated with morphine and showing a °
seusitized behavioral respohse to morphine., Morphine sensitized

. animals aldo demonstrated a décrease in DA utilization (depletion

of DA after alpha-methyl-p-tyrosine) in the VTA. Furthermore, ,

Kalivas and Dufty (submittgd, a)'have also demonstrated that the

~ -rt
in vitro release of DA *from mesencephalic tissue slices induced
.. ‘q ' :
by potassium was reduced in morphine-pretreated compared to

safine;gfetreatequuumaégtnfindings similar to those obtained in

o 18 ~
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cocaine pretreated animals. They considered these findings to’

/reflect enhanced DA function (utilizatfion/release) in the NAC and

v \

a corresponding decrease in DA funcéioh at‘che DA cell body level
- in animals sens;tized to morphiﬁe, an interpretation similar to

that given to the findings obtained with amphetamine and cocaine.

Again, it is Important to n%té thdat in none of the’'above studies

¥
was a change found 1n stgady-state or resting lelel ot DA

~

éunction indicating, once again, that the important change
underlying behavioral éensitization appears to’ be }n the way DA
neurons respond to pharmmacological and envifonmental (see below)
challenges.

Additional evidence that sensitization to the locomotor
activating effects of morphine involves the mesolimbic DA system
comes from studies in which the DA-dependent and ghe DA-
independeng efteccé'ofimorphine and other neuropeptides on ‘
locomotor activity have been compared. For example, 1t has been
reported that the DA-dependent increases in locomotor activity
produéed by intra-VTA injections of neurotensin (Kalivgs and

Taylor, 1985), but not the DA-independent increases induced by

intra-VTA injections of substance ? (Kalivas, 1985a), showed the

s
i

development of sensitization when these injections were

administered repeatedly. Similarly, Vezina et al. (1987) found

-

that the DA—dependent increases in }ocomotor activity $roduced by
1ntr§—VTA ?njections of *morphine or the mu opioid receptor
agonist DAGO, but not the bA—independent increases produced by
intra-NAC injections of these substances, showed the development
of sensitization with repeated injections. Concordant with this

\ .

finding, Kalivas and Duffy (L987) found that sensitization to the

19
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locomotor activating effects of systémic morphinéucan be
prevented by pretreatment with intra-VTA, but not intra-NAC,

-

injections of the opiate receptor blocker naltrexone methobromide
(cf, Amalric and Koob, 1985).

Some data that may be difticult to reconcile with the
tindings reviewed thus far were reported by Bunney, Massar and
Pert (1984) . They found, for example, that electrolytic lesion;
made in either the VTA or er NAC attenuate, but do not
cémpletely bloek, the development of sensitization that occurs
w£th repeated systemic injections of morphine. Because DA cells ©
of oragin (VTA lésion) Yr DA terminals (NAC lesion) and the

intrinsic enkephalin targets at either site would beﬁahong the

neural processes destroyed by such lesions, they suggested that

e L

oplates can act at sites other than the VTA and the NAC to bring

about the sensitization of locomotor activity. One such site may

-

be the globus pallidus; enkephalin microinjections into this site

have been shown to produce an increase in locomotor activity that

i
is blocked by naloxone but not by DA receptor blockade (Joyce et
al., Iégl). It remains to be determined whether repeated opilate t
iﬁjections into this site would result in the development of
sensiti;at{on.'A likely altp;native eﬁﬁlanation of the results of
Bunney et az. (1984), however, may Se éhat, in addition to the
sensitization of the hyperactiQity induced directly by the actian

of morphine in the VTA, tolerance to the depTessant actions of
morphine contributes to the emergence or unmasking of the higher ’//

actiyity level§ seen after repeated systemic injections (Seevers

and‘beneau, lié§j Schnur and Raigoza, 1986; see above). For



o

example, the repeated administration of oplates into the nucleus

DD

. o s
raphd pontis , a site implicated in the med;dflon of thelir P
* , /” N
deprgssant effects (Broekkamp et al,, 113324Mmay result in the
e

““‘—"'M ”WM

development of tolerance to these eftects., =
3
Cross-sensitization., The above -findings, indicating that

- -
similar changes in the functioning of neurons in the ascending

mesolimbic DA system underly the developmént of'sensitization to

the locomotor activating eftects of both amphetamine and
morphine, seggest that-'cross—sensitization between the eftects of
these two drugs should occur. This possibility was investigated
by Stewart and Vezina (1987).§ho féund that the increased
locomotbr_activity induced by syé%emic or intra-VTA 1njE££}on§ of
morphine in salinerpretreated animals was indeed enhanced or
sensitized in animals preﬁréated witﬁ amphetamin;. Conversely,
animals pretreated with morphine have also been found to show
sensitized levels of locomotor activity induced by a subsequent

injection of amphetamine when compared to saline—preﬁreated

- controls (Vezina, Giovino, Wise and Stewart, in preparation),

Similar findings have been reported by Kalivas (1985b) in animals
pretreated wiLh intra-VTA enkephalin and tested with a systemic
injection of amphetamine (see also_Smee and Overstreet, 197b;
Wiechman, Wood and Spratto, 1981). Nupmerous studies -have also
demonsfrated cross-sensitization between the eftects of
ampﬁ;tamine or morphine)and environmental challenges such as
stress. It has been'shbwn that, in several ways, the effects of
acute electric foot-shock and tail-pinch stress, for example, on

DA function at-the terminal (Thierry, Tassin, Blanc and

-

Argiolas, Melis,'Tissari, Onali and

Glowinski, 1976; Fadd
¢




=
Gessa, 1978; D”Anglo, Serrano, Rivy and Scatton, 1987; for a

review, see Dunn and Kramarcy, 1984) and cell body level (Deutch,

Tam and Roth, 1985) of mesencephalic DA neurons resemble the

r 4
acute effects of amphetamine and morphine on these neurons. Thus,
L %
1t hgg/been'geported that amphetamine-induced locomotor -.activity

= v

‘(Herman, Stinus and Le Mﬁal; 1984), stereotypy (MaclLennan and
Maier, 1983) and rotational Sehavior (Robinson, Angus and Becker,
1985; Carlson, Glick and Hinds, 1987) are enhanced in animals
‘preéxposed to inescapable footﬁshodé stress compared to animalé
,not previously %tressed. Similar findings have been reported for.;
tail-pinch (Antelman, hichler,‘Black and Kocap, 1980) and other
stressorsbas well as ﬁor electrical self-stimulalion in
mes;limbicoéortigal pathways (Eichler and Antelman, 1979; see
- also Predy and Kokkinidis, 1984; for a review, see Antelman and
Chiodo, 1953). In agreement with these behavioral findings, it
has been shown tr¥m preexposure to stress~(§aline injection a;d
associated handling) enhances the amphetamine-induced release of
DA in striatum ian vitro (Wilcox, Robinson and Becker, 1986) and
pretreatment with amphetamine enhances the increase in DA -
metabolism in mesencephalic DA neuron terminals in animals given
‘.én electric foot-shock test (Robinson, Becker, Young, Akil and
Cas;anéda; 1987). Si;ilarly, Kalivas and Duffy (§ubmitted, b) -
report that DA function is enhanced in the NAC and decreased in
the VTA whether animals a}e pretreated with cocaine and tested
ﬂf;*with electric foot-shock-stress or vice versa. As with
amphetamine, Lgytof and Stewart (1987) have shown that r;ts'

~

preexposed to inescapable foot-shock were more active than no-

s
\

’
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- shock controls when subsequently tested with a systemic injection
of morphine. Siﬁii?rly, Kéliﬁas, Richardson-Carlson and Van Orden

(1986) found that animals showed sensitized levels gf_ldcomotor 4

act{&fty whether they were pretreated' with .fntra-VTA enkephalin

»

and tésted with electric foot-shock stress or vice versa. These

enhanced levels of locomotor abtiQity were paralleled by -
sensitized levels of DA metﬁbolism in the NAC (Kalivas et al.,
1986; Kglivas and Dufty, 1987). Interestingly, Kalivas and Abhold
(1987) reported that pretreatdent with intra-VTA injections ot
naltregone methobromide during preexposure to foot-ghock stress
blocked the cross-sensitization to the effects on'loc;moior

activity and NAC DA metabolism of a subsequent intra-VTA N
- injection of enkephalin, suggesting that electric foot-shock - ﬂf’”“%
o ¥

stress, and possibly other stressors, enhances the release of

enkephalin into the VTA, and that this released epkephalin)
1 .

activates mesolimbic DA neurons.

}

In summary, the results reviewed in this section, although

not without a omalies, support the notion that a change in the
4

!

functioning of mesolimbic DA neurons underlies the sensitization

to the locomotor activating effects of amphetamine and morphine.

More specifically, these findings strongly support the view that ¢

this behavioral sensitization is medimted by increased terminal
and decreased cell body ;elease of DA by neurons in this system
"in response to pharmacological and environmental challenge.
Although the more immediate and intuitive correlate of behavioral

sensitization mqy,appéﬁf”fG_BE\enhanced release of DA from
T

—
terminals in response to challenge, it should\B“nét

-
- -

////decreased DA release at the cell body level is also cdompatible -
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with a sensitized neuronal system.,?he rélease of DA from the
cell bodyy and the resulting stimulgtion of somgdendritic‘
- autorecepéors by thig_released DA, has been shown to have 4an
b inhibitory effect on DA cell firing|(Wang, 1981)'with the
‘reéultigg attenuation in release of DA from terminals (see Roth,
1984).~The ;inding that cell bo@y release of DA is decreased in
- Bensitized animals suggests, therefore, that the autoreceﬁtor-
mediated inhibition of cell firing ghould also be diminished in

L ad

t hese animals. These DA cells would then more easlly be fired by

. excitatory pharmacological and envirommental challenges and
subsequently release more DA at terﬁina%s. Given tHese

consequence$ of decreased cell body release in sensitized

animals,.it has been suggested that it is this change 1n DA

Al

#nt)of be'aviorai

5

function that is critical to the d

lease of DA is a

sensitization and that increased te™Mfnal x
re;ulﬁ of this change (Kalivas and Dufk;, submitted, a).

‘ Certainly, the biochemical data suggesting that the challengé—‘
induced utilization/release of DA from terminals is”increased in
sensitized animals is concordant with this view. Alternatively,
in vitro data also indigate tha:)amphetamine—indhced release of
DA from terminal field tissue is enhanced in amphetamine
sensitized animals (Robinson and Becker, 1982; Robinson et al.,
{982; Kolta et al., 1985). Because this terminal field tissue
does not include the DA cell bodies of origin, these data sugge;t
that changes occur at the cell teréinal_level independent from
those at the cell body. In contrast; Kalivas and Dufty

(supmitted, a) have reported that the in vitro potagsium-induced

& .

¢ \

=N
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release of DA from NAC and striatal tissue is nof’enhanced in’
.cocaine or morphine-pretreated animals, although some of these
data have been inconsistent (cf, Duffy and Kalivas, 1987). It

1Y
remains to be determined, -therefore, whether one or both of these

changes in DA neuron function, at the cell body or tefmiﬁhi; is

critical for the behavioral sensitization obtained wif% repeated

iﬁjections of amphetamine and morphine.

Neural Basis of Sensitized Dopaminergic Function !

It should be stated at the onset that the basis of the
changes in DA function described above and thought to underlie
behavioral sensitization to the locomotor activating effects of

amphetamine and morphine is unknown. Nonetheless, several

hypotheses have been proposed, ' -

<

One hypothesis is that DA autoréceptor subsensitivity
provides the neural basis of sensitized DA function (Martres,

—

Costentin, Baudry, Marcais, Protais and Schwartz, 1977; Muller

~.

~~~\ﬁ'\ -
and Seeman, 1979; AnteMan and Chiodo, 1981). DA autoreceptors

are thought to mediate the modulatory effect of DA itself on the
functioning of the DA neuron. The stimulation by DA or DA
agonists of neyron terminal, autoreceptors (Anden, Grabpwska—Anden
and Liljenberg, 1983a,b) is considered to inhibit the synthesis
and release of DA, while the stimulatgon o£ so&zdendritic
autoreceptors (Wang, 1981) is considered to inhibit DA cell
firing (see R;th, 1984). According to this view, therefore, the
repeated release of DA, induéed by pharmacological aqd |
é&vironmental stimuli, and the conséquential repeated stimulq&{pﬂ

of these autoreceptors by the released DA would lead to their

L
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down~regulation. DA would exert less of an inhibitory influence

on DA cell function 1if DA autoreceptors were subsensitive and, as

‘7 a result, neural and pharmacological events that led to DA

MT-F——*“;ETEEEE—GEGIH_§haw enhanced effectiveness. It should be noted
. \ | ~

that the term "subsensitivity" refers only to the decreased

*
AN

effectiveness ot th€ agonist (in this case, DA) to produce its

usual effects on target cell activity via the receptor and does

e

not address the nature of the change in,the regeptor (e.g.,
change in affinity or number) or other cellular changes that
might influence how the receptor-agonist complex affects cell
function. |

“b \ '

Initial support for this hypothesis'was'reported by Muller

)

and Seeman (1979) who found that repeated amphetaminer

* administrations produced a decrease in labélled apomorphine
binding in striatum. They attributed this decreased binding to
subsensitive autoreceptors (although, the significance of these
findings has been questioned, see‘Antelman and Chiodv, 1983, p.
286; White and Wang, 1984, p. 290). More recent support for DA
autoyeceptor subsensitivity following Fepeated exposure to
amphetamine has c;me from electfophysiological studies. White and‘
Wang (1984), for example, found that pretreatment with
amphetamine reduced the ability of amphetamine or apomofpﬁiné to
suppréss the firiné{of VTA, AIO, DA neurons (when injected -
4 ntravenously at doses that selectively stimulate DA
autoreceptors, Skirboll, .Grace and Bungey, 1979). The inhibitory

x

eftect of microiontophoretically applied DA was reduced lif%wise.
/

Amphetamine pretreatment also increased the number of

.
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spontaneously active/AlO cells as well as their firing rate,

furtheruindicating a Qecrease in tge[ability of autoreceptor”® -
activation by DA to tonically’inhibit these DA cells., Similar

findingg were obtained by Kamata-and Rebéc (1984a) in the AlO DA
cells as well as in theﬁ;qbstaqﬁia nigra DA cells (Antelmaq and

0, 1981; Kamata and>kebec, 1983, 1984b). Interestlngly,

Antelman and Chiodo (1981) found that #ncreasing the interval

etween the last amphetamine injection and test reduced even more -

9 .
suppressant eftect of apomorphine on DA cell firing as well -
as on locomotor activity (Antelman and Chiodo, 1983), a finding
that is reminiscent of those reviewed earlier suggesting that

more temporally spaced injections are more efficacious in :
» - o

producing behavioral sensitization than injections given'more

frequently. E '

In other studies, the eftect of preexposure to amphetamine on
P p P

(N
¢ 2

the subsequent ability of low doses of apomorphine to lower both

DA metabolite levels and locomotdr activity (effects thought to

~

be due to the selective stimuiation of DA autoreceptogs, see
Strombom, 1976) was.gvaluaﬁedz Watanabe (1985) reported, tor
example, thag pretreatmeént with amphetamiqe reduced the ability
of apomorphineito igwer DOPAC levels 1n the AbC aﬁd 0T, but not

din 3? striatum and frontal cortex. A similar lack ot change.in
e

w1982; Kuczenski, Leith and Applegate, 1983; but see M;suda,

has also been reported by others (Conway and Uretsky,

f

Murai, Saito, Kohori and ‘Itoh, 1987). In agreement with the

« Fal

» findings of Antelman and Chiodo (1983), Watanabe and Taniguchi:
(1986) also found that pretreatment with amphetamfne attenuated

the. suppressant eftect of apom3rphine on locomotor activity (see.

. 27 ‘
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also Davis, Sagt and Ellison, 1985; Mésqda et al., 1987; but cf,

2

Corway and Uretsky, 1982; Riffee and Wilcox, 1985). Given the

™ R
findings, reviewed earlier, indicating that cross-sensitization

occurs between the locomotor activating effects of amphetamine
and some streséors, it is interesting that  pretreatment with

glectroconvulsive shock stress has also been found to reduce the

ability of apomorphine to inhibit substantia nigra DA cell firing

(Chiodo_and Antelman, 1980) as well as to decrease locomotor :

activity (Serra, Argiolas, Fadda, Melis and Gessa, 1981). A

simflé?\sedgggion in the ability of apomorphine to lower

] )

locomotor activity has been repé})ed following prolonged

\ .
immobilization strEi: (Cancela and Molina, 1986). In addition to

these studies ‘that lend éupport to the view that DA a&tofeceptor

1

subsensitivity could un®erly sensitization,followgng exposure to

psychomotor stimulants, it has been suggested that DA

_autoreceptor subsensitivity could be involved in sensitization of

the effects of opiates as well (Kalivas, 1985a). According tg

this view, pretreatment with any pharmacological or environmental

stimu}us that results in the répeate& release of DA from
mesolimbié Da neurons would ge expected to lead to DA

. + 4.
hutopecep%or subsensitivity and to the subsequent enhanced
effectiveness of thsaﬁﬂmulus.to release DA.

As Robinson and Becker (1986) point out, howe{er, the

%utoreceptor subsensilivity hypothesis is not without prbblems.

4 .

The main difticulty {is that concurrenE DA adgoreceptor
subsensitivity would not seem to aqc%‘Lt for the fact that

sensitization to. the locomotor activating and DA releasing

2 .

[
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effects of amphetamine occurs after a single pretreatment p

injection of amphetamine (Browne and Segal, 1977; Antelman et '

y S

al., 1980; Robinson et al., 1982), in that such a pretrea¥ment
does not alter the ability of apomorphine to inhibit DA cell

firing in the substantia nigra (Antelman and Chiodo, 1981) or the

VTA (White and Wang, 1984). Another phenomenon that is

problematic for tﬁi§ explanation of<sensitization is that animalg

i
1

remain sensitized to the locomotor activating and DA releasing

effects of amphetamine for week§ to months after the last

aQ
3

pretreatment injection (Robinson et al., 1982; ﬁobinson. 198A;
Kolta:gf;al.,.1985). And, although Antelman and Chiodo (1981) did
. , v /
report that the ability of apomorphine to inhibit substantia
nigra DA éell fi}ing remained decreased for at le?st 1l days
after pretreatment, this igterval does not approach those . B
reported above. Moreover, White and Wang (1984) found that only
eight days after pretreatment, tﬁb decrease in the.inhibitory
effect of apomorphine was either partially (50%) or completelyr )
reversed (depending on the pretreaément‘dose regimen) compare; to
the decrease ineapomorphine’s effect in animals Eested one day
after pretreatment. These latter findi ; would indicate, -
therefore, that pretreatment dose regimens 5nown to produce long-
€§{m sensitization do not seem to produce parallel long-term

chadggs in DA autoreceptor sensitivity,

Roﬁinson and Becker (1986) make the further argument that DA

N . ' i
autoreceptor subseasitivity is probably not involved in

amphetamine sensitization inasmuch as these receptors are thought
to regulate depolarization-induced, }alcium—dependent release of

v
DA (Fischer and Cho, 1979; Langer and Arbilla, 1983), whereas
x *®

29




L

4

amphetamine has been shown to release DA via a calcium-
— ) .

independent process unmodulated by DA autoreceptors (Kamal,

»
-

Arbilla and Langer, 1981). A change in DA autoreceptor . -

sensitivity should, tﬁerefore, not result in a change in
AS 4
amphetamine-induced DA release and, conversely, enhanced

amphetamine-induced release should not be affected by the lack or
7 ;

presence of changes in DA autoreceptors (Robinson and_Becker,

1986). It should be noted, however, that this argument would not

¥

apply to changes in morphine-induced. release of DA, since

. P —— —

morphin¢ is known to increase the firing of mesencephalic DA
célls”‘and would, th;s,_promote the release of DA via a.
depolarization—induced, calcium—deéendent\process regu}ated by DA
ne;ron terminal, and, indirectly, cell body, autoreceptors.
Consistent with the argument of Robinson and Becker, however, are

those findings indicating no change in the ability of apomorphine

-to inhibit salige—induced:(Conway and Uretsky, 1982) or

amphetamine-~induced (Riftee and Wilcox, 1985) locomotor activity
after pretreatment with amphetamine. It was also found, in the -
latter study, that pretreatment with apomorpliine enhanceq the
jifcomotor activating éftects of a subsequent injection of
amphetamine. Riffee a%d Wilcox (1985) ;uggested that this cross-
sensitization between apomorphine a;d amphetamine could not be
due to autore;eptor subsensitivity since it was also fodnd that
this pretreatment, like pretreat‘:ment with amphe“ine, did not
lower the subsequent ability of apomorphine to inhibit\locomotor

activity (cf, Masuda et al., 1987). Surprisingly, Riffee, Wanek

and Wilcox (1987) also found that the development of

i, 30
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sensitization to the locomotor activating effects of amphetamine

is blocked by concomitant iniections.pf apomorphine (15 minates

after the amphetamine iniection) during preexposure. Thus, while,
these results may he difficult to interpret, they cleaFTv supgest
that sensitization to the effects of amphetamine {s not due to

autoreceptor subsensitivity.
o

The data reviewed so far in this section, indicating
equivocal support for the view that DA autoreceptory

subsensitivity 1s the basis of sensitized DA function, do not

rule out a role for DA autoreceptors in the development of

“behavioral sensitization to the effects of amphetamine andx\ L.

i

morphine, Robinson and BRecker (1986), for &xample, stggest the

possibilitv that there mayihe a céscadz\hf cellul'ar changes that
. ‘s ’ B '
leads to the enduring hehavioral and seuyochemical signs of

sensitization, and that momentarv changes in DA autoreceptors.may
: * \ .

represent but one stage in this process. This would mean that -

observed changes i{n DA autoreceptor sensitivity, for example, -

' |
would not necessarily need to parallel the time course of the

behavioral and neurochemical indices of sensitization. Suppnr&

.
.

for the idea that DA autoreceptors are necessary f&r hehnviora}
sensitization to occur was reported by Fuii&ara, Kazahavya, ¢
Nakashimaa Sato and Otsuki (1987) who found that the ahility of

repeated injections of amphetamine to produce-sens®ization

. ’ N

corresponded to the estihlishment, in the brains of rat pups, of
functionally mafure DA autoreceptors. 0f course, the naturqvpf

the contxibution, other than subsensitivity, of DA autoreceptors

7
.

to sensitized DA function would need to he determined.:

Alternatively, or possibly in addition to DAwadtoreceptpr—
: ), '
f 31
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mediated events, changes at other DA receptor sites may play a

Y

role in the sensitizatioﬁ of DA function. DA receptors are
2 .
generally classified as "W-1 and D-2 receptors. DA stimulates

adenylaée cyclase actimity at D-1 receptors and has eithﬁr no
ettect or ;n inhibitory effect on adenylate c¢yclase activity at
D-2 recépgofs. D~1 reteptors are generally»considered to be
locatéd pagtsynaptic to DA neuron terminals while D-2 réceptors :
are located post- and presynaptically (the "autoreceptors" on DA
neuron terminals and cell'godies; for a review, see Stoof and
;ebabian, 1984). Thus, .Barnett, Segal and Kuczenskﬁ (1987)
reported that pretreatment with amphetamine produced a
* desensitization of striatal postsynaptic D-1 DA receptors }as
~i{ ndexed b; reduced adenylatg cyclase activity in'rgséonse to an
ambhetamin%'challenge). No change in adenylate cyclase activity
was found in response to a saline‘challenge in amphetamine-
pretreated animals. fhege investigators proposeq that the change
- 1n adenylate cyclase acti;ity may reflect & compensatory response
by D-1 DA receptors to enhanced synaptic;éevels of DA (in ;
sé&sitized animals). Th; resulting decrease in efficacy of DA at
these receptors woulg then result in a ptredominance of
postsynaptic D-2 DA receptor activation and a corresponding
- induction of stereotyped behaviors (but see Molloy, 0”Boyle, Pugh
and Qaddington, 1986). Alternatively,.desensitization of striatal
postsynaptic D-1 DA ;eceptors may result in a decrease in the
inhibition of substantia nigra DA ‘cell firing via a striato-

nigral feedback pathway, similar to that reported to occur after

postsynaptic DA necgftot blockade (see Chiodo and Bunney, 1984).

»
————

T—
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§gch a pathway has been suggested to mediate the increased tifing
of a subpopulation of subdglntia nigra DA celis induced by
syétemic injections of the selective D-1 DA receptoé antagonist
SCH-23390 (Carlson, Bergstrom and Waltgys, }986; see also Mereu,
Collu, Omgini, Biggio and Gessa, 1985; Onali, Mereu, Olianas,
Bunse, Rossetti and Gessa, 1985; Carlson,'Bergstroﬁ. Weick and
Walters, 1987). A similar inhiﬁitory NAC-VT Asfeedback pathway has -
been proposed by Wang (1981). In addition, it has been suggested
t hat thig p;thway may mediate, in part, the inhibition of VTA DA N
cell firing Rroduced by Eo?aine, as well as th? }ncreased firing
of some VTA DA cells produced by SCH—235‘6} and‘the'ability ot
SC&—23390 to reverse the D-2 6A receptor agonist-induced
inhibition of these cells (Einhorn and Whité, 1986; Wachtel and ‘\
Wbite, 198p). Given these results, it is possible that
postsynaptic‘DA receptor desensitization (D-1 and possibly D-2)
could provide a mechanism by which DA neuronal acitvity is b
enhanced. This possibility would need to be tested and the
Televant population of postsynaptic DA receptors and the NAC
cells of origin of such a feedback pathway identified. —
Robinson and Becker {1986) suggest other possible bases for
sensitized dopamin;rgic function such as an increase in the size
of the intracellular pool of readily releasable DA (with a
possible concomitant decline in the size of the storagé pool) or
presynaptic facilitation of DA release by aftferents that would
hyperpolarize DA terminals (but see Gr;ves, Fenster, Tepﬁer, {
Nakamura and Young, 1981, who propose th;t DA autoreceptor

stimulation-induced hyperpolarization of neuron terminals is

assoclated with inhibition of DA release). Recent studies have
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demonstrated that pharmacologiéal (Romo, Ché?%g§, Godéhgu and
Glowinski, 1986a,b,; Cheramy, Romo, Godehéu, Baruch and
Glowinski, 1986) or electrical (Kilpatrick and Phillipson, 1986;
Kilpatrick,;Jones; Johnson, Cormwall and Phillipson, 1986;
Kilpatrick, Jonés, Pycgdk, Riches and Phillipson, 1986; , )
sflmﬁlation of some thaiamic nuclei indyces the release of DA
from striatal DA neuron tenmiﬁals. These eftects appear to

. .
involve a thalamo—cortlcéggtciatal neuronal loop and to be due to
the presynaptic facilitation of DA release by cortico-striatal
glutaminergic neurons. It would be interesting to determine
whether the potentially facilitatory effeets of this neuronal
loop are affected by repeated preexposure to amphetamine or
morphine and, iﬁ\so, how. Indeed, the possibility that:
'"'presyhappig facilitation of DA\release by cortico-striatal
Elutamineréic neurons. may play a role in‘sensitized dopadzﬁergic
function is quite intriguing especially when one considers the
importance of thalamic and cortical pathways in éhe relay of
sensory informagion; -The ;xistence of a thalamo-cortico-striatal
neuronal loop would provide at least the‘rudiments of a way in
which sensory stimuli, and possibly conditioning, could

\'v

contribute to sensitization,

-

In conclusion, it remains to be seen whether and, if so, how

DA autoreceptor-mediated events influence the development of

sensitized DA function. At mesolimbic DA cell terminalé, DA
autoreqeptor'éubéensiﬁivity or other, as of yet unknown, DA

autoreceptor-mediated events could participate in the enhancement

of DA released by amphetamine and morphine. At the cell body



¥

1ev;i, it is difficult to see how somatodendritic autoreceptor
subsensitivity could be coupled to thé decrease 1ﬁqce11_QQ¢y
rg}ease'@f DA reported to occur in amphetamine and mogphigg
sensitized animals (see above)._Interestingly, howe;er, both of
these changes (Aecreased DA release and autoreceptor
subsensitivity) occ;rring, perhaps inde;endently, at the cell
body would render the neuron more vulnerable to excitatory
phamacological and envirommental stimuli.

{ Alternatively, or in addition to events mediated by DA
autoreceptors, changes at othér sites may contr%Pute to
;énsitized‘DA function. These include increases in the size of

the intracellular pool of readily releasible DA, desensitization

of postsynaptic DA receptors and changes in the ettectiveness,'or

- i

——

possibly, the recruitment of presynaptic facilftaeion‘dfjsﬁ T

release~by thalamo-cortico-striatal neurongl loops. ,

.~

Conditioning and Behavioral Sensitization

As seen in the preceding sections, experiments investigating

behavioral sensitization usually involvg the repeated’

administration of a drug in the presence of a common set of
environmental stimuli. Such a procedure also provides a situation

in which animals can learn the contingent relation between such

stimuli and the drug-produced stimulus, a §®tuation in which
cbnditioning can occur. In the terminology of Pavlovian )
conditioning, the initially "neutral" environmental stimuli that
are paired repeated}y with a drug act as tﬂe conditioned stimulus
(CS), and the drug-produced stimuli act as the unconditioned

stimulus (US; see Mackihtosh, 1974, ch 2). As an association is .

B




formed between CS and US, the CS comes to be able to elicit, in
the absence of the US, effects similar to those originally

produced by the US.

It is well established that many drug effects can become

‘conditioned or elicited by C5”s previously paired with a drug

1

- (tor reviews, see Pickens and Dougher3}7—497l; Lynch, Stein and

Fertziger, 1976; Eikelboom and Stewart, }982; Stewart and—~
Eikelboom, 1987). In addition, many studdies have now demonstrated
t hat th; locomotor activating effects of amphetamine (e.g.,
Tilson ahd Rech, 1973; Schift, 1982; Beninger and Hahn, 1983;

v
Carey, 1986) and(morphine (e.g., Kamat, Dutta and Pradhan, 1%74;
Mucha, Volkovskis and Kalant, 1981; Vezina and Stewart, - -
1984,1987) can come to‘be élicited by cues (the CS; usually the
st}muli provided by the activity measuring device or environment)
previously paired with the repeated administration of these
drugs. Given these results and the fact that the same procedures
are dften used in sensitization experiments as are used in
conditioning experiments, it has, not surprisingly, been proposed
that.conditioning may account for the development of behavioral
gsensitization (Tilson and Rech, 1973; Hinson and Poulos, 1981;
Manséield, Wenger, Benedict, Halter and WObdg, 1981; Mollér,
Nowak and Kuschinsky, 1987). According to this view, effecks
produced by the CS and the drug US combine (are "additive",
Tilson and Rech, 1973; or, act "in a synergistic way", Moller ‘et
al., 1987) so that an apparently greater eftect is produced when

the two are presented together, as in a test for sensitization.

Betiavioral sensitization would be expected, therefore, to be

<
.observed only in the presence of those'cues previously paired,

»
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with the drug and x;rould not be expected to be ot\>s‘erved in their
absénce. Se\;erql reports have indicated s;‘ipport for this view. ¢
Thus, enviromment-specific behavioral.sensitization (i.e., |
sensitization that is observe‘d only when animals are tested in
the envi romment previouslyl associated" with the drug) has been
reported with amphetamine (Tilson and Rech, 1973), morphine'
(Mansfield et al.,‘19815 Vezina and Stewart, 1984), cocaine
(Hinson and Poulos, 1981; Post, Lockfe{d, Squillace and Contel,
1981) and apomorphiﬁe (Meller et al., 1987; see also Nowak,
Moller and'Kuschinsky‘,“ 1987). Such environment-speciticity in the

demonstration of sensitization to the locomotor activating

eftects of>amphetamine and morphine has also been demonstrated in

cross“sensitization studies, either in animals trained with

amphet amine énd tested with morphine (Stewart and Vezina, 1987)
or-vice versa (Vezina et al., in preparation; s;‘e also Stewart,
1981).

'Not; unexpectedly, one reaction to the view that conditioning
may account for behavioral se_nsitization has been to attempt to

demonstrate that conditioning factors are not involved in the
. -

development of behavioral sensitization. Some of the arguments
levelled in support of this opposing view have been rather weak
and/or unfounded, however. For example, Robinson and Becker

(1986) argued that conditloriing could not account for”

sensitization since the latter céuld be produced with a single

drug injection while conditioning required the repeated pairing

\ -
of the CS and the drug US. Furthermore, according to these

"\

authors, "sensitization develops with the passage of time: whereas

—
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- ) g conditioning decrements'with the passage of time. It should be

f p—

apparent, however, that the single trial conditioning of both the
= 4

aversive (e.g. conditioned taste aversion; for a review, see
- s -

Goudie, 1987) and the appetitive (e.g., conditioned place

© - preference; see Mucha, Van der Kooy, 0”Shaughnessy and Bucenicks,

1982; Bozarth and Wise, 1983; Bardo and Neisewander, 1986)

&

effects of psychoactive dfugs is a well established phenomenon.

It is equally ;ell established that conditioning is well: retained %
‘ove%.thme unless extinction training intervenes (i.e., pairing of '
-\*~_~_~_____,,,,/cﬁé/égig;th the absence of the US; KimbIé, 1961, p. 283:‘

Mackintosh, 1974, ch_8; e.g., see Hinson dnd Poulos, 1981).

One“strategy, however, wh{ch has been m:ze successful in
providigg support for the.view that conditioning does not account
. for or explain behavioral sensitization has been to attempt to
demonstrate that sensitization can be obtained in situations

where the opportunity for conditioning to occur is sliéht or

nonexistent. There is some evidence that perhaps it can. For

. example, Segal and his colleagues c:pducted experiments with -
- ' «
amphetamine using procedures designed to minimize the
contribution of conditioning factors (Segal and Mandell, 1974;

i

Segal, 1975b; Browne and Segal,\l977); This was done by housing
animals continuously in the tes;ing‘éhambers ;hroughout'the'
experiment proper as well as during a pre-experiment adaptation
v period of at least two weeks (dugingywﬁich animals were injected
Qaily vith saline). These procgdures would reduce the likelihood
of the animal forming an ;ssociation between th; amphetamine US

\ o and the testing chamber CS inasmuch aé this CS would be paired

‘not only with the drug but also with its absence. Furthermore,

' 38 | i
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the ability of cues that may have otherwise been predictive of

t he amphetami;\e us (e.g.,v“the experimenter—injection ritual

-

.complex) to predict the occurrence of the US was diminished

during the adaptation period. Not surpris'irigly, these

“

investigators reported no evidence for conditioned 1ncre¥es in
activity (as measured on a saline test) when these procedures

were useds Nonetheless, animals did shov 4 progressive increase

» :

5Tn amphetamine—induced behaviors when injected repeatedly with
amphetamine. Segal and his colleagues argued from these data that
behavioral sensitizatigm with amphetamine can occar in the
absence of conditioned actiyityland that conditioning\‘iz.s not
necessary for, and, therefore, .gannot account for behavioral
jsensitiz*ation.

In severa]: of. the studles reviewed above, in which
sensitization to the locomotor activating effects of amphetaxpine

\ Y

and morphine was demonstrated, animals had been pretreated with °

multiple injections of the drug betore ever beling \exmposed to the
Ces'ting enviromment. In these experiments, theretore, no testing—
enviromment-CS/drug~US pairings were made prior to the test for

A .
sensitization, precluding the formation of an association between
these two stimuli. In spi¥ of chis, however, significant
behavioral sensitization was demonstrated, suggesting, again,
that conditioning is not necessary for behavioral sensitization
to occur. This conclusion must be tempered, however, by the.
possibility that, in these experiments, the experimenter—
injection ritual cues could have provided a CS predictive of the

4

d}ug US; note that these cues always preceded the drug US and, in

e
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these'experiments, the drug US only. Such cues%ye been shown .

to be able to exercise strong control over behayior (e.g., see

hY

Dafters and Bach, 1985). Interestingly, a closer look at the data
of Segal and his colleagues reveals that, even in their
“ i

experiménts, the injection ritual cues may have formed a
redictive association with amphetamine. Ig_o_réler to\rule out a

) ‘ .
role for conditioning, these experipenters tested thélr animals
[ t

! 1

!

with saline and compared the activity of amphetamine animals
(totalled over three hours) to their predrug ba;seline activity.sA
comparison of the activity of these animals to those :f a saline
control group over thé same period 0;1 the previous day (these
. ' T

animals were either not given a saline test or their scores were

not reported) reveals that, in the first 90 minutes aufter the
saline injection, they were more active than“the control gtroup
animals;. Thus, conditioning,.although perhaps rela"t:ively weak ,
may have occurred (compare saline control, day 36, figure 2}, to
amphetamine groups, day 37, figure 3, .Segrél\‘, 1975b). These

f indings would indicate, therefore, that a role for conditioning
in the ;:le;elopment of behavioral sensitiza;ion could not be
preclﬁded.

In another expééiment, sald to demonstrate behavioral
sensitization in the f/abSence of conditioning, animals in one
‘group were given injéctions of amphetamine, once a week on three
occasions, immediately it_g;r_ being exposed tc; rotation testing .
boxes (Robinson, 1984; see also Kalivas et al., 19851). On a

sBubsequent test with amphetamine 1,n he testing boxes, these t
<induced rotation that were

animals showed levels of amphetamin

intemediate between the lower levels of saline control animals,

L" >
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‘that received amphetamine for the first time, and - the higher

4

levels of the conditioning group animals that had prgvioﬁ%ly

Ey

received amphetamine paired with the testing boxes. Although
Va

these\resulps were sald to demonstrate that conditioning (i.e.,

pairiqg of the test box CS with the drug US) is nog‘necesﬁary for

the development of behavioral sensitization, it should be clear

that the testing boxes were predictive of amphetamine for the *-

\ . A

animals that received the drug immediately after being removed
i ' . e A

from them (especially when one considers that this event occurréd '

only once a week). Thus, contrary to the conclusion of Robinson
(1984), conditioning factors may have been involved in the
demonstration of behavioral seasitization in this ekberimeﬁt as

well. In one amphetamine group, the testing boxes could have

provided a contingent CS (i.e., paired with the occurren&e of the *

drug) and in ‘the other amphetamine group these same boxes could
have provided a predictive CS (i:e., reliably occurring befdre

the drug). Interestingly, the contingent CS was associated with °

°

.

higher levels of amphetamine-induced rotation than the predictive:
’ ‘ ¢ . .
CS, suggesting the possibility that the two may ot intluence the

N

demonstration of conditiokﬁd effects in the same way.
N ) A -
To the extent that experimentdl procedures can minimize the

contribution of conditioning, but not prevent the development of
behavioral sensitization, it can be said that conditioning does

™~ N R \ ¢
not account for sensitization. However, as was seen above,

experiments that have adopted this strategy (purposely or

>

otherwise) have produced th}vocal.results mainly due to the fact

\

that not all spotential CS”s (e.g., injection-ritual “cles) wvere = : .

A ~
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(could be?) controlled fdr. Rather than attempting to prevent
conditioning, thereforéw perhaps another strateégy might be to
iniéstigate whether behavioral sensitfzation is affected by

procedures known to affect established conditioned etfects.
2

Hinson and Poulos (1981), for example, investigated the effect of

extinction (i.e., repeatedly exposing animals to the CS in the}

N 3

‘absence of the drug US) on already established enviromment-—

' ' 3
specitic sensitization to cocaine. They reasoned that if

.conditioning is a ¢entral factor in pehavioral sensitization,

then a procedure known to diminish it (extinction) should
. - ~

" ‘dimini$h behavioral sensitizXtion as well. And, indeed, their

findings in large part supported their hypothesis. Nonetheless,

although extinction did attenuate sensitization to the behavioral

efftectsygf cocaine, it did not completely abolish it. These
»

. r
results suggest that, although conditioning factors may -

3 !
contribute to the manifestation, of behavioral sensitization, they

'

do.not completely explaln its development.

One of the difticulties in trying to interpret much of the

]

data reviewed in this section' is that the nature of tHé relation

g}tween conditioning and behavioral sensitization is not

R3]

understood. Thus, although some of these data suggest that -

behavioral sensitization can be.demonstrated in the absence of

3

conditiened changes, it is very clear that behavioral

o

sensitization can come under strong stimulus control. What needs

to be explained, therefore, is how this oécu}ﬁé For example, .

c

. a>
while Tilson and Rech (1973) suggested that beNavioral effects

”

elicited by the CS and the drug US_ are additive and that their

\

- P . .
sum produces the sensitized response to the drug, more recent
v

- “ :
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studies have demonstrated thét-environment-specific sensitization

is more than(;he sum of conditioned and initial uncoaditioned
- . (.. ,
effects (Post ef al., 1981; Vezina and Stewart, 1984). Further,

to label the interaction betwegn conditioning and the

-
N

unconditioned drug eftfect as synergistic (Molier et al.; 1987) or

even multiplicative (Stewart and Eikelboom, 1987) only restates

-

- - 4
the need to determine the natuEF of the interaction between the
£y

two.
Ta

“ -
The Present Experiments . .

The experiments repprted in this thesis form part ot ongolng
studies, aimed at elucidating the development and expression of

sensitization to the loocomotor activating effects ot amphetamine

-

and morphine. Three main areas were investigated in the present

- experiments: the role pléyed by DA autoreceptors. in behavioral

sensitization to amphetamine and morphine, the tole ot
!

conditioning in the manifestation of behavioral sensitization to

these two drugs, and the neurpanatomical site critical for the

Y

development of conditioning and behavioral sensitization to

3

13

amphetémine. .
The dependent variablé in all of thé experiments reported was

R

locomotor activity, measurement of which often 1ncl9des both
horizontal locomotion and vertical activity counts (rearing)

pooled together to reflect “total" activity. In preliminary

s tudiés conducted in this laboratoty, however, it was found that
v, . h E AN N

~
"

. M «
horizontal locomotion and rearing were not always affected in the

same way by experimental treatments intended to elther increase

or decrease activity. These two behaviors are therefore reported

e 43 :
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separately .-below.
In Experiments 1 (with amphetamine) and 2 (with morphine),
the effect of pretieatment with D-1 and D-2 DA receptor

antagonists on the development of behavioral sensitization was

-
.

investigated. o
In experiments 3 (amphetamine) and 4.(morphine), the relation
. -

between conditioning anq‘sénsitization was explored. Thase o

)

experiments investigated what effect extinction, a procedure

known to diminish‘observable conditioned effects, would have 39

L4

established enviromment-specific sensitization..

In the final two experiments, an attempt Qas made to
d etermine whether‘conditioningnand/or seﬁéitization of the
locomotor activating effects of amphetamine woufﬁ develOp'in
animais exposed to intracranial 1njections'into.either the VTA

(Experiment 5) or the NAC (Experiment 6).

Y
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FXPERIMENT 1|

The stimulation of DA autoreceptdts hv the DA released
repeatedly by either pharmacological agents or environmental

) f . S N
stimuli has heen suggested hy some to lead to their down~

1

Y

regulation. Subsensitivity of DA autoreceptors has, in turn, heen
propésed_to play a role in the develonment of hehavioral
sensitizat{onvto amphetamine., According toytﬁis view, |
subsensitive DA autoreceptors could he directly responsible for
sg:sitization, preventing released DA from having itﬁ usual
autoinhibhitory effects on DA neuron function, Alternatively,
changes in DA autoreceptor se;sitivitv migght indirectly
contribute to sepsit{zation hy‘heing one of several cellular
chaﬁges brought ahout by the repeated adm&nistrétign of

-

amphetamine and necessary for sensitization to accur (see

Introduction).

-

Experiment 1 was designed to tést the notion that changes in
the sensitivity of DA autorecepf&?g ;re involved, either directly
or indirectly, in the development of sehsitization to the
iocomotor activating effecté of aﬁphetamine:\This was dane by
gttempting to prevgyt down-regulation of DA autbrecept?rs, during
repeated enhanced amphetamine-induced DA release, by prefreating
animals with selective D-2 DA receptor ahtagonists. DA
autoreceptor; are considered to be of the ND-2 type. Tf\wai P

reasoned that if DA were prédvented from repeatedly stimulating DA

autoreceptors, these would not hecome suhsensitive and, 1f\this

4 !

change were indeed involved in the development of hghavioral

|

. . ‘ o
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sensitization, then sensitization shéuld not.occur,

Three selective D-2 DA receptor antagonists were tested:
sulpiride (O’Connsr and B;own, 1982), pimozide kSeeman, Watanabe,
Crigoriadis, Ted;§co, Qeorge, Svens;on, Nilsson and Neumeyer,
1985) and Ro?2-2586 (Molloy et al., 1986). For purposes of
comsarison and to investigate the possibility that changes in D-1
DA roceptors.might also be involved in the development of

'
hehavinral sensitization (see Introduction), the selective D-1 DA

receptor antagonist SCH-23390 (Hyttel, 1983) was tested as well

(for a review of the binding characteristics of these and other

ligands for DA receptors, see Seeman and Grigoriadis, 1987).

-
- Methods ~

Subiects .

\‘4

Ninety-three m311>%éstar rats (Charles River Camnsada.Inc.),
welghing 250-300 g on arrival, were housed individually in
stainless steel cages (18 X 24 X 18 cm) located in a 12 h
1]ght/l2 hour dark rev;rse qule room. Food and water were

continuously available 1in this room. Each animal was handled and

; =
H »

weighed dailv during the first week after arrival. Experimental
testing began the following week. ‘Animals were always tested

during their dark cycle.

Apparatus

s

A bank of 12 activity boxes wat used to measure locomotor
activity., Fach box\(ZO X 41 X 25 cﬁ} was constructed of white
pressed wood (rear and two side wallsd, a wire screen ceiling, a
Plexiglasf%ront hinged door, and a‘tubular stainless steel floor. .

Two photocells, positioned 3.5 cm above the floor and spaced

~
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evgnly élong the longitudinal dxis of each box, estimated
horizontal locomotion. Two other photocells, positiqned on the
side walls 16.5 cm above the floor and 5 cm trom the front and
back wa4ls, estimateq rearing. The activity boxes were kept in a
room 1ilhted only by the dim red-light afforded by the photocell
lights §nd with white noise (75 dB) continuously present. They
were connected via an electrical intertacde to an Apple 1lle

computer situated in an adjacent room. Photocells were suampled

for beam interruptions at approximately 6 lz.

" Drugs

Al ergs were administered systemically at doses based on

previous reports. Sulpiride (25 mg/kg, i.p.; Sigma Chemical
4
Company, St. Louis, MO) was dissolved in 5% acetic acid (l1/8 of

}

the vehicle volume) and diluted.with distilled water. Pimozide

(D5 mg/kg, i.p.; J;hssen Pharmmaceuticals, Beerseﬁlﬁelgium) was

'l

-dissolved in a 3% solution of heated tartaric acid. Ro22-2586

¢ 4 -
ki
(0.2 mg/kg, s.c.; Hoftmann—La Roche Ltd, Etobicoke, Ont.) and

SCQ—23390 (0.04 and 0.2 mg/kg, s.c.; Schering Corporation, f
Bloomf ield, NJ) were dissolved in‘distilled wétér. d-ampgétamine
sulphate (U.5 and 1.0 mg/kg, ilp.; Smith, Kline and French,
1.A.C., Montreal, Que.) was dissolved in 0.9% NaCl solukion. The

control saline ifijections (i.p.) consisted of the 0.9%4 NaCl

!
solution. All injections were made in a 1.0 ml/kg volume.

4
Design and Procedure ’

The experiment Jnvolved two phares: training, and testing for
sensitization.

The training phase consisted of five. 3-day blocks., In each

47 =



block, animals were tested on the first day and left undisturbed

in their home cages on the other two. On test days, animals were

first weighed and injected with one of the DA receptor

antagonlsts or saline and returned to their home cages., After the

appropriate 1nter3§l, animals were removed from their home cages

and carried, in groups of 12, to the testing room where they were

injected with amphetamine (1.0 mg/kg, 1.p.) or saline and placed

immediately into the activity boxes. After a period of Ewo hours,

.during which horizontal locomotion and rearing were measured and

2

recorded at 10 minute intervals, animals were returned to thelr

+

home cages. Animals were theretore randomly assigned to one of 12

groups depending on what pretreatment injection they received and

whether they recelved amﬁhetamine or saline in the activity

boxes. These groups were:

1) SAﬁG%MP
2) SUL-AMP
3) PIM-AMP
4) Ro-AMP
5) SCH(.04)-AMP
6) SCH(.2)-AMP
7) SAL-SAL
8) SUL-SAL

9) PIM-SAL

10) Ro-SAL

11) SCH(.04)-SAL

v« 12) SCH(.2)-SAL

(n=9)"

; (n=10)

(n=10)
(n=9)
I(n=10)
(n=9) "
(n=12)
(n=5)
(n=5)
(n=4)
(n=5)

(n=5)

\
. W
saline-amphetamine

sulpiride—amphetamine

pimczide—amphetamine . .

‘ {
Ro22-2586-amphetamine .

SCH-23390 (.04 mg/kg)-amphetamine
SCH-23390 (0.2 mg/kg)-amphetamine”

saline-saline

sulpifide—saline

pimozide-saline Q?

Ro22-2586-saline
SCH-23390 (.04 mg/kg)-saline

|
SCH-23390 (0.2 mg/kg)-saline
)

Pi@ozide was injected four hours, sulpiride one hour and the

remaining pretreatment injections, including saline, one half
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hour prior to the activit;lbox injection.

rAnimgls Qere tested for sensitizagion on the day following
t he training phase (i.e., day *16). On thig day, all animals were
first administered their respective drug vehicle injections (no
antagonists were administered) and following the apprOpéiate
interval, we;e‘carfied to tﬁe testing room, administered 0,5
mg/kg amphetamine (i.p.) and tested in the ;ctivigy boxes tor two
hours. . |

The data were analyzed by between-within analyses of variance
(ANOVA) . Analysis of simple main eftects and post hoc Scﬁéﬁ{é

N

comparisons Were made according to Kirk (1968).

Results

- Training. , CoL

Figure 1 shows the mean horizontal activity counts obtained
\ ™
in Hours 1 and 2 of the five training days for each of the 12

groups} To better illustrate the data, results from the groups

pretreated with the D-]1 DA receptor antagonist are shown in

@

Figure 1A, and those from the groupé‘gretreated with khe D-2 DA
receptor antagonists are shown 1& Figure 1B. To ease the making
of comparisons, results from the two groups not pretreatgd with
antagonists (SAL-AMP and SAL-SAL) are shown in both A and B,

As can be seen, Group SAL-AMP showed levels of activity that
were consistently higher‘than thogse of Group SAL-SAL and these
increased moderately over days in the first hour. The D-1 DA
receptor antagonist SCH-23390 completely Slockéd this eftect ofm
.ampﬁetamine in a dose-dependent manner for the duration of the’

-
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. HORIZONTAL ’ '
A. D-1 ANTAGONIST
800 - HOUR 1 800 HOUR2
£ 700 ~ 700 -
§ 6004 v 600 o
E 500 500 .-y
P 1 oty |
% 400 ] ‘\“\4.‘_‘__‘ e
< p 4
E 3004 . 300 - , S
£ - “\a:t\—:
100 - 100 -
0 0
B. D-2 ANTAGONISTS
+  HOUR2
800 = HOUR 1 800 - 5 |
o 700 ] 700': )
E 600 - i 600 - . AR
§ 500 - A 560 - n/u\ﬂ—"‘“’/u
i - ¢ N 4 .\./-\H
E 400 S PN 400
o ™ - \ L
& 3004 300 - 5
‘2 200 . " 200 A ¢
4 “"’-A-’~ ___.100' > e R\
100 .__\0——-*—‘——0_.___.._ 0 g LT S
~o---0
0 T T T Y -1 0 1 i LS ¥ L)
) 1 2 3 4 5 1 2 3 4 5
DAYS DAYS

SAL-AMP
SCH(.04)-AMP
SCH(.2)-AMP
SAL-SAL
- SCH(.04)-SAL
SCH(.2)-SAL

SAL-AMP
SUL-AMP
* PIM-AMP
Ro-AMP
SAL-SAL
-0 SUL-SAL
—-a-~ PIM-SAL
—-o- Ro-SAL

Ppeoepion

Figure 1. TRAINING. Mean horizontal activity counts obtained in

1 and 2 of the five training—days for each of the 12\groups
xperiment 1. A. Groups pretreated with the D-1 DA receptor

antagonist. B. Groups pretreated with the D-2 DA receptor dntago-

Counts for the two groups not pretreated with antagonists

are illustrated in both A and B. ’

nists.
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' training phase. The D-gﬂ;A receptor antagonists, pimozide and
RO22-2586 also campié{ely blocked the locomotor activating effect

)
4 g

of amphetamine for the duration of the training- phase. Unlike

-

these antagonists, however, sulpiride actually élightly enhanced

amphetmﬁine's eftect on locomotor activity. Animals pretreated

I

. with the antagonists and administered saline in the activity
boxes (antagonist alone controls) generally ghéwed activity
levels lower than those of Group SAL—SAL: The one exception was
Group SUL-SAL whose activity‘yevels were rélatively more variable

p . ™~ -
*but genérally similar to those of Group SAL-SAL in Hour ! and
‘ -

»

lower in Hour 2. ’ '

" Four ANOVA’S were conducted on the data illustrated in Figure

¢

1, one separate ANOWA for each hour 'in each antagonist category

”

(see Table 1 for the source tables). The use of the data for
groups S$AL-AMP and SAL-SAL in the analysis of results from both
antagonist categories was compensaled for by lowering the
acceptable level of significance to 0.04 from 0.05, a reduction
proportional to the 20% contribution of thege two groups to the
total Nxfor this experiment.

4 ’ i \
All four ANOVA“s revealed significant~etfects of groups.-Post ,

.hoc comparisons revealed that, in both Hour 1 and Hour 2, Group
SAL-AMP was significantly more active than Group SAL-SAL and all

groups pretreated with SCH;21390'(p’s<0.01), and that these

A Y

lLatter groups were significantly less activg’truulcréup SAL-SAL
i Hour 1 (p”8<0.01). Group SCH(.04)-AMP was significantly more

+ active than Group SCH(.2)-AMP in the first hour only (p<0.01).

Comparisons made with groups pretreated with the D-2

antagonists showed that, although Group SUL-AMP was slightly.more

3
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Figure lA,\Hou'r l; »
Source df ' 8s MS . F P
Groups 5 1214855]).7 24297‘1‘0.3 146.9 0.001
Error A 914490.4 20783.9 )
Days ° b 172972.9 43243,2 9,2 . 0,001
G XD 20 . 283827.2 14191 .4 3.0 0.001
- Error 176 831202.7 4722,7 ' .
', Figure-lA, Hour 2. ‘ .
' .”."L’E_C_‘?.S‘.f_ PSS e M8 F B /
Groups 5 4498665.4 899733.1 38.0 ”'"‘0‘.00\1.,," /’
Error 44 1042465.0 23692.4 )
* *Days 4 135853.4 33963.3 9.8 0.001 | -
GXD 20 829945.8 4149.9 1.2 & 0,258
o brror 176 607906.6 3454.0
Figure 1B, Hour 1.
o ¥
Source  df ss T oms E 3
Groups 7 16767824.2 2395403.5 46.1 0.001
Exrror 56 2911673.1 51994,2 .
, Days 4 105766.8 26441.7 2.601 - 0.037
. GXD 28 568596.0 20307.0 1.997 0.003
A ‘Error 224 2277558.7 10167.7 '
i ~ . v . .
Figure 1B, Hour 3. _ kS .
Source df SS MS F P
'« Groups 7 6737846.6 962549.5 ° 24,2 0,001
Error 56 ~ 2230389.0 39828.4 :
Days 4 56213.0 14053.2 2.7 0,031
G XD 28 369374.,3 . 13191.9 2.54 0.001
Error 224 1163216.3 5192.9
PERN ) ’ ‘
—_ . - ' : ' A

. 1

Table 1. Source tables for analyses of variance conducted on the
. horizontal activity data illustrated in Figure 1. N
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active thaﬁ group SAL—AMP;‘thig diffe;encé was not‘significant in
either hour. Howeéer, these groups together wete~sign1ficantly
_more active than all groups pretreated &ith the other D=2 DA
receptor antagonists-iﬁ both hours (p7“s<0.01). Gr;ups Ro—-AMP aﬁd
Ro-SAL were significantly less active than Group SAL-SAL in Hour
1 (p”“s<0.01), but did not differ significanély from this group in
Hour 2, Groups PIM-AMP and PIM-SAL did not difter signl}icantly‘
from Group SAL-SAL in.gither hour. In Hour 1, the simple main
eftect of gsys was significant for Group SAL~AMP (p<0.0l) and
approached significance for Group SUL-AMP, reflecting the
moderate increase over days in tik activity levels of these two
groups. This effect was highly signiticanb in~both hours fop
Group SUL-SAL (p“s<0.0l) but, in this case, reglected the
relatively variable levels of activity shown by this group over
days. \\

Figure 2 shows the mean reariqg éounts obtainea in Hours 1
%?nd 2 of the five training days for each of the 12 g;oups. These
are illﬁstratéd and were statistically analyzed in the same way
as the h&rizon;al activity counts above (see Table 2 for the
ANOVA source tables).

As can be seen, the relation bétween éroups oﬁ this measure
closely resembles that seen with horizontal locomotor activity.
There‘bere, howevgf, some notable differences. Fog exaﬁple,
although Group SAL-AMP showea higher rearing levels than Group
SAL-SAL, this difference did not achieve statisticgllsignificance
in ﬂour 1 and only appfoached significance }anour 2 (p<0.05).
Further, %he simple main effect Qf‘days was ABt significant for

.
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A. D-1 ANTAGONIST

MEAN ACTIVITY COUNTS

225 -
200
175 -
150 -
125 =
100 -
75 -
50 -
25

N

HOUR 1

0

’

B. D-2 ANTAGONISTS

MEAN ACTIVITY COUNTS

225 -
200 -
175
150 -

125 1 .
100 4 -

75 +
50 -
25 +

HOUR 1

0

REARING

225 -
200 -
1.75 -
150

75
50_
‘25

125 - | ’
100 = .\l/'\.'\.

SAL-AMP
SCH(.04)-AMP
SCH(.3)-AMP

A SAL-SAL
-0~ SCH(.04)-SAL
A~ SCH(.2)-SAL

0 Y

HOUR 2

ebO N

-0~ SUL-SAL
-A- PIM-SAL
-0~ Ro-SAL

SAL-AMP
SUL-AMP
PIM-AMP
Ro-AMP

SAL-SAL

Figure 2. TRAINING. Mean rearing counts obtained in Hours 1 and 2 of .
the five training days for each of the 12 groups in Experiment 1.

A. Groups pretreated with the D-1 DA receptor antagonist. B. Groups
pretreated with the D-2 DA receptor antagonists. Counts for the two
groups not pretreated with antagonists are illustrated in both A and B.
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Figure 2A, Hour 1.

‘Source

+ Groups

Errqr
G

Error

df

5.

44
4

" 20
176

-ss
793867.4
233363.4
466224
25925.3
94621.1

Eigure 2A, Hour Za-

Source

Groups
Error
Days

G XD
Error

Figure 2B, Hour 1.

— N bl-\'\ﬂlﬂ-
N O ep h

6

—

)

Source

-Groups
Error .

Days\
GXD
Error

df
7

56 °

4
28
224

ss
290448.7
123427,0
27532.8
3601.6
88462.8

.,

$8

. 813316.1

494827,8

[ 37571.3
97544 .4
284530

Figure éB, Hour 2,

Source

Groups
Error
Days
G XD
Error

Table 2.

df
7
56
4
28
224

8s
565232.7

'539256.4
25272.0
43665.9
193637.7

°

MS
158773.5
5303.7
11655.6
1296.3
537.6

MS
58089.7
2805.2
6683,2
180.1°
502.6

MS
116188.0
8836.2
9392.8
3483,7
1270.2

MS
80747.5
9629.6
6318.0
1559.5
864.5

a

i)

>

29.9

21.7
24

e

20.7

13.7
0.4

rxj

13,1

N~
.

LN |
* @
- O

3

P
0.001

0.001 _
0,001°

P
0.001

0.001
0.995 -

B
0.001

0.001
0.001

. .R
0.001

0.001
0.010

s

Sourcé tables for analyses of variance conducted on the
" rearing data illustrated in Figure 2.
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Group SAL-AMP in either hour. Groups SAL-AMP and SUL—AMP. together

~ N . ‘
exhibited significantly more rearing in Hour 1§ than all groups.
a3 .
pretreated with therother. D-2 antagonists (p”s<0.01). In Hour 2,

>

however, - Groups SAL-AMP, SUL-AMP and Ro-AMP did not differ
/ 1
_bignificantly trom each other, but together displayed
significantly higher levels of rearing than.Group SAL-SAL
(p<0.04)..The simple main ettect of days’ wasﬁnificant for

Group SUL-AMP in both hours (p~“s<0.04) and, as was found with

horizontal locomotion, continued to be highly significant for

Group SUL-SAL in both hours (p’s(O.()l).

. - ‘ < .
-

Test for Sensitization.,

The mean hotrizontal activity counts for all groups obtained
-on this test, in which all animals-were pretreated w&&th their
respective vehicles and administered 0.5 mg/kg (i.p.) amphetamine

.

in the activity boxes, are shown Id Figures 3 and 4. As was done

in the training phase, these data are illustrated separately for

the two antagonist categories, Similarly, the.data illustrated in
each figure were statistically aneilyzed with separate ANOVA“s.
f .

The acceptable level of significance remained, therefore, at
™ qd

) 0.04. Results shown in each figureﬁre further subdivided

according to those groups administered amphetamine (A. antagoni-st
- + amphetamine) and those administered saline (B. antagonist alone

» controls) in the activity boxes duripg training. This was done

“ for illustration only; the data for0these groups were combined

for statistical analysis.
As can be seen in Kigure 3, Group SAL-AMP was more active
"than all oﬂler groups at the beginning of the test session,

-

demonstrating sensitization to the locomotor activating effects

v
2
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HORIZONTAL
A. D-1 ANTAGONIST+ AMPHETAMINE

A

350 - . 4
0 R cT
£+ 300 ®  SAL-AMP
3 - A SCH(.2)-AMP
. O 250 A O SCH(.04)-AMP
e 1 - A SAL-SAL
S 200
Ty 1 ‘
< 150 -
Z -
é 100 -
50 A .
» +
0 | § 1 T | 1 1
20 40 . 60" 80 100 120 -
. _ TIME (min.) .
B. D-1 ANTAGONIST ALONE CONTROLS .
350 - '
()] ) .
£  3004. | m SAL-AMP
3 . -a~ SCH(.2)-SAL
O 250 - . Fo- ScH(.04)-SAL
¢ E 1. a SALSAL
2 200
= i
< 150
. é 100 A -
 50- ; , ' 8
o 1 | 1 = 1 | -0 - 1
20 40 60 80 100 120 . ,

. ‘ TIME (min.)

- . S

Figure 3. TEST FOR SENSITIZATION. Mean horizontal activity counts

(#1 S.E.M.) obtained on the test for semsitization.for Groups SAL-AMP,
SAL-SAL and those ptetreated with the D-1 DA receptor -antagonist °
during the training phasé. A, Groups administered amphetamine in the
activity boxes during training. B. Groups administered saline in the
activity boxes during training. Cants for Groups SAL-AMMeand SAL—SAL
are illustrated in both A and B.
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N ¢ ~ N N % N
HORIZONTAL ,
A. D-2 ANTAGONISTS + AMPHETAMINE
350 -
" ]
E 3004 ®  SAL-AMP
L . § ; o SUL-AMP
250 a PIM-AMP
& 1 © Ro-AMP
> v 200 - a SAL-SAL
6 !
. < 1504
.z 1
é 100 A <
- 50 -
0 T T T o T 1
» 20 40 60 80 100 120
TIME (min.) ‘
\ - ¢ -
,' B D -2 ANTAGONIST ALONE CONTROLS .. - -
, 350 - . :
N i (0 L ’,’
, X Z 3001 | m  SALAMP.
. ' § 1 -o- SUL-SAL
- . 250 -a- PIM-SAL ,
\ E ] -0~ Ro-SAL
- = 1200 a SALSAL
5 v .
. Z 1504 !
i » .
N g 100 -
- 50 - )
Y \ . 0 T T T v L 1
20 40 60 :80 100 120 )
TIME (min.) .

Figure 4. TEST FOR SENSITIZATION. Mean horizontal activity counts /
(#1 S.E.M.) obtained on the test for sensitization for Groups SAL-AMP,
SAL~SAL and those pretreated with the D-2 DA réceptor antagonists
during the training phase. A. Groups administered amphetamine in the
activity boxes during training. B. Groups administered saline insthe .
activity boxes during training., Counts for Groups SAL-AMP and SAL-SAL
are 1llustrated in both A and B. , .
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of amphetamine. This differemce‘hétween groups diminished as the
session progressed. Interestingly, pretreatmehc with the D-1 DA
receptor antagonist during training appeared to block the
development of the sensitized levels of activity shown by Group
§AL—AMP; both Groups SCH(.2)-AMP ;nd SCH(.04)-AMP showed levels
of activity similar to those of Group SAL—SAL.&The ANOVA
Conducted on these data revealed that the grouﬁs efiect was not
significant. The groups x days interaction, however, was

significant [F(25,220)=2.86, p<0.001]. Post hoc comparisons

wC
revealed that Group SAL-AMP was' signiticantly more active than

4 -

Group SAL-SAL during the initial 40 minutes (p<0.U01) and

\

significantly more active than Groups SCH(.ZZ—AMP and SCH(ROA);
AMP during the initial 20 minutes of the test session. Although -
Group SAL-AMP was more active than Groups SCH(.2)-SAL and -
S5CH(.04)-SAL in the first 20 minutes of the session, this
difke;énce did not achieve statistical signiﬁicance.

Figure 4 shows the mean horizontal activity counts obtalned,

, \

on the test for those groups pretreated with the D-2 DA receptor
antagonists during training. It is c¢lear that none of these
antagonisfs administered during training intertered with the
development of sensitization to theflocomotor acFivating %?fects

' /, &'
of amphetamine. Pretreatment with sulpiride qGE%ng training

-

actually appeared to enhance the development of sensitization as

expressed in horizontal activity on this test, The ANOVA i

]
s

conducted on.these data revealed a significant eftect of groups
[F(7,56)=3.41, p<0.004] and a significant groups x days

interaction [F(35,280)=3.82, p<0.001]. Post hoc comparisons
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revealed that Groups SAL-AMP, SUL-AMP, PIM-AMP and Ro-AMP did not
ditter significantly from each other but that, tegether, they
diftered signiticéncly from Group SAL-SAL (p<.04). The antagonist
alone control groups showed activity levels intermediate to those
of Group SAL-AMP and SAL-SAL, but none of these grouﬁs difffered
significantly from each other.

Figures 5 and 6 show the corresponding mean rearing counts
obtained on this test for all 12 groups. As can be seen in Figure
?, repeated administration of amphetamine duriné training did not
result in enhanced amphetamine-induced rearing on this test
relative to Group SAL—SAL.‘And, although it might appear from
Figure 5B that slightly enhanced levels of ;earing,were shown by

groups pretreated with the D-1 DA receptor antagonist alone

during training, these difterences®were not significant. The

Y

ANWWA conducted on these data revealed only a significant effect

of time.

In Figure 6, it can be seen that two of the groups pretreated
with D-2 DA receptor antaéonists during training, one in
combination with amphetamine (Group SUL-AMP) and one wi;h thg
antagonist alone {(Group PIM-SAL) showed higher levels ;f rearing
than the otheg groups on the test for sensitization. The ANOVA
conducted on these data revealed a significant groups x days
interaction [F(35,280)=2.18, p(0.0dl] and post hoc comparisons
revealed that Group SUL-AMP and PIM-SAL showed significantiy more
rearing than Group SAL-SAL in the first 20 minutes of Lhe Eest
session (p<U.02 and p<0.01, respectively). The remaining_éroups

did not ditfer significantly from each other. .
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« Figure 5. TEST FOR SENSITIZATION. Mean rearing counts (41 S.E.M.)
obtained on the test for sensitization for Groups SAL-AMP, SAL-SAL
and those pretreated with the D~1 DA receptor antagonisti during the
training phase. A. Groups administered amphetamine in the activity
boxes during training. B. Groups administered saline in the activity
boxes during training. Counts for.Groups SAL~AMP and SAL-SAL are
illustrated in both A and B.
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Figure 6. TEST FOR SENSITIZATION. Mean rearing counts (4l S.E.M.)
obtained on the test for sensitization for Groups SAL-AMP, SAL-SAL
» and those pretreated with the D-2 DA receptor antagonists during the
‘ s training phase. A. Groups administered amphetamine in the activity
T boxes during training. B. Groups administered saline in the activity.
boxes during training. cbunts for Groups SAL~-AMP and SAL-SAL are
illustrated in both A and B. .
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Discussion
The results of this experiment clearly do not support the -
view that subsepnsitive D<2 DA autoreceptors are involved, either

directly ér indirectly, in Fhe developme;t_of sensitization to
the locomotor activating effects ;h amphetamine. In spite of the
fact that two of the three D-2 DA receptor antagonists blocked
the acute eftects of amphetamine during training, none ot them
attenuated the development of sensitization as ekprussed by the
enhanced levels of horizontal L;comotor éctivity in Group SAL-
AMP on the test day (see Figure 4A).

Interestingly, pretreatment during training wiéﬁ the D-1 DA
receptor antagonist, SCH—2339U,~d15 signiticantly attenuate the
developﬁ%nt of sensitization of amphetamine—induced horizontal
locomotion (see Figure 3A), a'tinding sugpgesting a role tor D-|
DA receptors rather than D-2 DA aq;oreceptors.‘This finding was
unexpected when originally obtained, but is potentially of great
interest. There was little in the literature that would have
suggested a role fpr D=1 DA receptor activation in the
development of behavioral sénsitization to amphetamine. There are
now, however, a few possible leads. For example, it was.recently
réported that; in animals with unilateral 6—0HDA leslons of the ‘
»medial forebrain bundle, prior exposure to either a D-1 or D-2
agonist enhanced the contraversive circling induced by a
subsequent iqjecéion of the D-1 agonist (Morelli, Fenu anq Di
‘Chiara, 1987; Morelli and Di Chiara, submitted; see also Parenti, -
Flauto, Parati, Vescovi and Groppetti, 1986). Altﬁéugh, as

observed by these investigators, such findings may be difticult

to reconcile with reports of the sensitization of the DA
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releasing etfects of amphetamine (see Introductign), they
nonetheless do suggest a potential, although still unknown, role
for D4£ DA receptors in the development of behavioral -:
sensitization. As suggested.in the Infrodhction, one possibility
may be that increased amphetamine~induced levels of DA leads to
desensitization of postsynaptic D-1 DA receptors which results,
via a feedback pathway, in a decreasé in the inhibition of
mesencephalic DA cells. Pretreatment with SCH-23390 during
training would prevent the desensitization of .these receptors
and thus prevent the development of sensitization. D-1 DA
receptors in the\substantfa nigra may also be involved. These D-1
DA receptors have been shown to be located presynapgically on !
striato—nigral GABAergic afferent terminals, and it has been
suggested that DA reigasea from substantia nigra DA cell
dendrites could modulate, via these receptors, the inhibition Of»
nigral cells by GABA (Matthews and German, 198?’;,Porceddu,~
Giorgl, Gngini, Mele and Biggio, 1989). It is possib%e that such
D~1 DA receptor mediated modulation of GABAergic inhibigion plays

a role in the development ot behavioral sensitization to

amphetamine. Finally, SCH-23390 has been showh to interact

-

.

potently with brain serotonin receptors (Bischoff, Heinrich,

Sonntag and Krauss, 1986). Although there is little evidence

P [

implicating serotonin in behavioral sensitization to amphetamine
(see Robinson and Becker, 1986), there is one report indicating
enhanced ventricular release of serotonin in amphetamine
sensitized animals (Sparber and Tilson, 1972; cf, Segal, £977).

Thus, although the exact nature of D-1 DA receptor involvement
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(or the mode of action of SCH-23390) in the development ot
behavioral sensitization to amphetanine remains unknown, several
potential mechanisms exist and need to be investigated.

),

Both pimozide and RSZZ—ZéBb effectively blockéd the acutek
amphetamine-induced increases in horizontal locomotion,
indicating that these antagonists‘blocked postsynaptic as well as
presynaptic D~2 DA receptors. Sulpiride, on the othe; hand, did
not block amphetamine”s acute effect on horizontal locomotion

-

but, rather, enhanced it slightly (although not signiticantly,

see Figure 1B). Moreover, sulpiride significantly enhanced

amphetamine”s acute effect on rearing during training. These

.

effects of sulpiride may be taken to indicate its preferential
activation of presynaptic DA autoreceptors-at -the dose tested in

this experiment., Sulpiride and other DA autoreceptor antagonists

have been reported, at appropriate doses, to produce increases in

locomotor activity (Costall, Domeney and Naylor, 1983; Svensson,

Hjorth, Clark, Carlsson, Wikstrom, Andersson, Sanchez, Johansson,
{ .

Arvidsson, Hacksell aéd Nilsson, 1986). The highly variable
horizontal activity and rearing levels demonstrated when
sulpiride was administered alone during traiming (Group SUL-SAL),
howeder, are difficult to interpret in this way. It may be that,
at this dose of sulpiride, the ;oncurrént induction of release

of DA by amphetamine is necessary for any enhancement of

3
,

locomotor activity to become evident; given alone, there may be

- - ¥
sutficient blockade of postsynaptic receptors to antagonize any

presynaptic effects.,

It is well known that chronic exposure/to DA receptor

antégonists renders animals suberseqsitive to subsequent .

65

“ .
. *




4

S

challenge 1injections of direct and indirect DA agonists. This

e
.

Jeftect has beéﬁ\;nterpreted to be due tp the development of DA
reéegfor supersensitivity and/or to other unspecified factors
(e.g., Seegdr, Thal ; d Gardner, 1982; D;wey and Fibiger, 1983;
Meller, Bohmaker, Goldstein, Schweitzer and Friedhoff, 1985; .

Vogelshng and Piercey, 1985; Hess, Albers, Le and Creese, 1986;

Vaccheri, Dall"0lio, Gandolfi, Roncada and Montanaro, 1987).

Although the drug regimens used in such studies (e.g., two
injections per day for 40U days) are usually much more severe than
t he régimen.uséd in tﬁe present experiment (one injection évery '
t&ird day repeated five times), the-possible effect of repeated
;xposure to DA receptor éntagonists on amphetamine-induced test -
levels of activity wad assessed nonetheless. As was seen in
Figures 3B and 48, oﬁ the amphetamine test d;y, all-D—l and D-2
antagonist alo;é‘controi groups showed levels of horizontal ’ '
activity that were initially 1ntermediéte to those of Groups SAL-
AMP and SAL—S@L, althqugh they did'not differ significantly from
either; The tihding thét‘both D—l'and D-2 antagonist alone
control group; responded in the sage direction on the test day,
'woplh appear to'rule out aupe;sensitivity of DA,réceptors as an
explanation of the difterential effect of D-1 and D-2 recepto;:
blockade on the development of behavioral sensitization to
amphetamine. The D-1 antagonist clearly blocked the déveloPment
of sensitization (an effect .that would be opposite iﬁ direction
torthe expected effect of Supersensitivity) whereas the D-2
anbagonisis did not. Further, the initial test levels of
horizontal act;&ity of the D-2 antagonists +-amphetamine groups

- X ,
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differed significantly from those of Group SAL-SAL whereas those
of the D-2 antaéoni'st alone control groups did not. One of the D-
2 antagonist alone control groups did show significantly higher
test levels of réari.ng (Group PIM-SAL, see‘l Figure 6B). However,

t hese are difticult to interpret since Group PIM-AMP did not show

“elevated rearing levels on the test.

Finally, two aspects of the rearing data obtained in this
ex.periment were surprising. Although amphetamine has Been shown
to induce 'significant ir.lc‘reases in:rearing in this (e.g., see
Experiment ‘3) ‘a‘nd ather laborétories (é.g., Russell, Giordano and
—Sanberg, 1987), the difference in rearing leve&s during training
between Croups} SAL~-AMP and SAL-~SAL in the prese‘nc experiment was

unusually small. This may have contributed to the tinding that
rearing did not. show sensitizdtion.as assessed‘on the test day
(see Figure 5). Having found a similar lack. of sensitization of
rearing, Mazurski and Beninger (1987) have’sugghested that rearing
can be disso'c'iated from horizontal activity Sy the fact that it
does not show sensitization follow;-l;g repeated expos:xre to
amphetamine. No laxplanation was oftered, however, as to why
rearing might not show the‘developmeht of sensit‘ization. FuEthern,a

such a dissociation has not always been found in this laboratory

(see Experiments 3 and 5).
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EXPERIMENT 2

In this experiment, the involvement, either direct or
indirect, of DA autoreceptor subsensitivity in the development of ’
sensitizatioé to the locomotor activating effects of intra-VTA
morphine was investigated. This was done, as in Experiment 1, by
pretreating‘animals with either D-1 or D-2 DA recephgr *
antagonists prior to repeated administrations of morphine to the

[

VTA. The four DA receptor antagonists tested in Experiment 1 wére
l
tested in the present experiment. ) ) N

Me thods

- - ; R <%

Subjects ) .

FArty‘male Wistar rats, weighing 250-300 g on arrival, were
useds The supplier and hoﬁsing conditions were as specified in
Experimen®1. Four to 12 days after arrival, during which time
t hey eru handled daily, 5;1mal§ were anaesthetized with sodium
pentobarbital (55 ‘mg/kg, 1.p.; Somnotol, M.T.C. Pharmageuticals
Ltd., Mississaugdﬂ Ont:) and stereotaxically implanted with
cgfonic bilateral guide cannulae (22 gauge, Plastic Products Co.)
aimed at the VTA and positioned one mm above the final
injection site. The VfA coordinates were: A/P -3.6, L ip.bwand
D/V -8.9 trom skull. The incisor bar was placed 5.0 mm above the
fnteraural line (Pellegrino, Pellegrino and Cushman, 1979). To
avoid puncturing the cerebral aqueduct, guide. cannulae were

angled at 16 degrees to the vertical. Following surgery, 28 gauge

Plastic Products obturators were inserted in the guide cannulae
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(these protruded one mm beyond the guide cannalae tips) and the

animals feturned to their home cages for a minimum 10 day

recovery period. During this period, animals were handled every

'

other day. Home cages were now fitt§d with a flat bottom aluminum

floor covered with beta chip and wige screen covering the front

of the cage. These precauti?nary measures prevented awimals from
dislodging their implanés. Bedding was replaced on days when
animals were removed for testing. ’ i
Following the experiment, all animals wefe perfused
t ranscardially with saline ana a 10% formalin solution under deep
anaesthesia. Brains were stored in a 10% formalfn solution for at
least 5 days. Histological verification of cannulé tip placement§
was subsequently made on 40 um thionin stained coronal sections.
This examination revealed injector cannula tip plaéeﬁeﬁts that
.were either too caudal or too ventral (cannula tracks exited
ventrally) in si# animals. Tﬂe data from these animals were,
therefore, dropped from the experiment. In 21} remaining animals,
both injector cannula tips were‘located in the VTA. Bilateral
injector cannula tip placements are illustrated in Appendix,

Figure A,

Design and Procedure

Like Experiment 1, this egperiment involved a training phase
and a test for sensitization. ’

The training phase consisted of five 2-day blocks. In each
block, animals were tested on the first day and left undisturbed
in their home cages on the second. On test days, animals were
first weighed and injected witky one of the DA receptor

antagonists or saline and returned to their home ‘cages. After the

of . \
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) ' appropriate interval, animals were removed from their home cagés . 1

: ’
and carried, in groups of-eight, to the testing room where ‘they

" \ were administered morphine. Simultaneous bilateral <

-microinjqz:t;ibns into the VIA were made in the unrestrained rat.

» [}

T Morphine sulphate (BDH Chemicals, Toronto, Ont,) was dissolved in -

A .

~

steribef‘{).()% saline and admipistere(:l at a dose of 5 pg/side.

Micr ctions werc made in a volume of 0.5 pl/side”over 4.5

)/ "@'"\ seconds with slight_ly modified 2&; gauge Pla&?tif: Products inj‘e;cto’l;
he ' ‘ . ce.mnulae inserted to a depth of one mm bel;)w the guide cannule‘ale

" tips. The injector cannulae were connected via PE-20 tubing to

o

N ' ; one pul syringes (Hamilton, Reno, NV). Seventy-five seconds after

injection, the injector cannulae were removed, the obturators
3 replaced and animals immediately placed in activity boxes. After

a period of two hours, animals were returned to their home cages.

-

Y C Animals were randomly assigned to one of five groups dependir}g on

’ what pretreatment injection they received. Thesé groups were:

-
.

- ' 1) SAL-MOR . (n=8)  saline-morphine

4 . . ~*2) SUL-MOR . (n=6) . sulpiride-morphine ) R
N B o ‘ // . , . “
. D - —~"3) PIM-MOR . (n=7) pimozide—}grphine '

(]

. [ 4) Ro-MOR . ' (n=7) R022-2586-mo rphine

s 5 ‘SEH-{\M(')’R ' (n=6)* SCH-23390-morphine ] ,
Animals we,r’e tested fc')r”sen,,sit{,zation' on the hd\ay fqllwing the

“ o -~ - . - .
training phase (i.e. ,,déy 11). On this day, all animals were v
f:irst admirlisteréd the.i,r resp]/e'cﬂ;:ive dfug vehicle injéct:lons (no /

*

L

0 . PR , s
v ‘ antagonists we'rs administered) and, following the appropriate

LY

. . v <L
, T 1nterval, were carried to the testing.room,dadministered)morphine ¢

(5 pg/side)finto the VTA and tested in the acti\;ity boxes for two

® I
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hours.
The preparation, dose, route and time of administration of

the DA receptor antagonists as well as the activity boxes used to

i test animals were as spec¥fied in Experiment 1. However, only the

[

"0.2 mg/kg dose of SCH-23390 was tested in this experiment.,

N

The data were analyze& by between-within ANOVA“s followed by

tests of simple main effects and post hoc Schefté comparisons

Al

made according to Kirk (19%8).

Results
. , e B
s

Training. \ ‘ . R
e . ' )
Due to unexpected technical diftficulties, the data-for Day 5

of the training phase were lost. leaving only the data for Days
.
*1-4 for analysis,

. ~
. Figure 7 shows the'mean horizontal activity counts obtained

+ v

during training for each of the five groups. It can be seen that, *
M ° LY

]

in both Hours 1 and i, Groups SAL~MOR and SUL-MOR showed activity

lévels that were higher than the remdlping groups and that these

!

ipcreased progressiéZIy over days. ANOVA“s conducted on the Hour
. L i

" 1,and Hour 2 data revealed significant groups eftects ? )

[F(4,29)=5.23 and 3.93, p<0.003 dnd 0.011, respectiyely] and
siénificanﬁ groups x days interactions [F(12,87)=2.12 and‘2349,
p<0.023 and 0.008, iespectively]. Postihoc co;pariséné\conftrmed
that, in both hours, Groups SAL-MOR an& SUL-MOR together Jére

f ‘ -~
significantly more active than the remaining groups (p~s<0.03) -

which did not differ significantly ftom each other. ﬁhe simple

'. main effect of days was significant for both Groups SAL—MOR

:%$ (p<0:0l)vand SUL-MOR (p<0.01) in both -hours, re%}ecting the

-

-
1

. | |
P 7 ) ‘ J ' . C
. a 71 4 o

4 > i B ) {r

4

¢
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* HORIZONTAL LOCOMOTION
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Figure 7. TRAINING., Mean horizontal activity counts obtained in
Hours 1 and 2 of ‘the five training days for each of the five groups
in ExperYment 2. . , o
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progressive increase over days in the activity levels of these
two groups. %‘ .
»

Figure 8 slwws the corresponding mean rearing counts obtained

on the first four days of training for each of the five groups.
~

"It can be seen that all groups, with the exception of Grbup SAL-

N .

MOR, showed relatively low levels of reJring throughout trailning.,
The ANOVA“s conducted on the Hour 1 and the Hour 2 data revealed
a significant eftect of groups in Hour 1 [F(4,29)=3.47, p<0.020].

Group SAL-MOR reared significantly more than all other groups in

Y

this hour (p”s<0.05). -

Test for Sensitization

Figure 9 shows the mean horizontal activity (A) and rearing
(B) cpunts obtained 6n the test d;y, in which all animals were
pretreated with theirArespective,vehicles and given an intra-VTA
morphine~injection in the actlj&ty boxes.

\

As can be seen in Figure YA, Groups SUL-MOR, Ro-MOR and SCH-

i

MOR all showed, in Hours 1 and 2, horizontal activity levels

similar to the sensitized levels of Group SAL-MOR. In contrast, '

"Group PIM-MOR showed lower, levels of activity barely higher than

those obtained after pretreatment with pimozfde during traipning.

Surprisingly, however, the effect of groups was not statistipally

R N

sigfiticant. A closer examination of the data revealed that the:

3 "
variance in Group SUL-MOR was unusually high, perhaps reflecttng
‘ ~ -

problems of absorption and central action ot sulpiride (S.
Nakajima, personal communication). A second ANOWA was conducted,

therefore, without theldata for Group SUL-MOR and did reveal a

r

significant effect of roups [F(3,24)=3.35, p<0.036]. Post'hoc' .

1 3
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Figure 8. TRAINING., Mean rearing counts obtained in Hours 1 and 2
of the fivestraining days for each of the five groups in Experiment 2,
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Figure 9. TEST FOR SENSITIZATION. Mean (A) horizontal activity and
(B) rearing counts (3l S.E.M.) .obtained on the test for sensitization
for eachl of the five groups in Experiment.2. '
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A

. ,
comparisons revealed that Groups SAL-MOR, Ro-MOR agd SCH-MOR did
not differ sig;ificantly from one énother but tha£, together,
they.were signiticéntly more active than Group PIM-MOR (p<0.05).
As can be seen in Figure 9B, rearing levels on the test
remained comparatively low @ﬁd were characterized by high
. .
variances. The ANOVA conducted on these data revealed no
signiticant etfects,
Discussion .
The present experiment revealed marked differences in the

ability ot three D-2 DA receptor antagonists to block both the

acute eftect of, intra-VTA morphine on horizontal activity,and the

4

development of sensitizakion to this effect with repeated
injections of morphine. Pimozide and Ro22-2586 both blocked the
acute effect, whereas sulpiride had no observable ettect.
Pimozide effectively blocked the development of sensftiiation to
the locomotor activating g}fects of intra-VTA morphine, whereas
neither Ro22-2586 nor sulpiride interfered. The D-1 DA receptor
antagonist, SCH-23390, had no eftect on the development of
behavioral sensitization to intra-VTA morphine e;én though it
complet;ly b{ocked the acute effect of morphine.

Two aspects of the results are surprising. The first is the

!

ditferential efftect of the three D-2 DA receptor antagonists on
o ]
the development of behavioral sensitization to intra-vVTA |
' Lo
morphine. The second is that pimozide blocked the development&af
sensitization to intra-VTA morphine and SCH—2339Q:had no effect,

whereas, in Experiment ]l with amphetamine, the opposite result

was found.
4 .
\ of ° §
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As was discu'ssed in relation to amphetamine 1in Fxperiment 1,

the differential effect of these D-2 DA rEcoptor antagonists

.

L
during training might reflect postsynaptic as well as presvnaptic

DA autoreceptor blockade by pimozide and Ro22-2586 and

preferential hlockade of DA autoreceptors bv sulpiride at the

dose tested. There appears, however, to he sufficient discrepancv.

between the action of various D=2 DA receptor antagonists to

suggest that there are FacEprs operatiné that mav be quite .
unrelated to the effect of these compounds ;n D=2 DA receptors.
The finding that pimozide blocked the development of hehavioral
sensitization to iﬁtra—VTA morphine repticates the earlier
identical finding bv Vez&na'nnd Stewart (1984). The finding th§t
R022~2586 and sulpiride were without effect is sim;lnr to the
finding by Kalivas (1985a) that haloperidol, also a D-2 DA
receptor antagonist, did not block the development of hehavioral
sensitization to intra-VTA enkephalin. Thierry, Le Douarin,
Penit Fer;on and Glowinski (1986) also found that different D=2
' \\\ h
PA receptor antagoniste differed in their ability to block the
inhibitory influence of DA 'neurons on the electrical activigy of
medial prefrontai cortex neurons (e.g., sulpiride was effective
while haloperidol was Aneffective at all éoses tested). Given the
fact that DA receptor antagonists are of divergent chemical
structures and interact differentially wit% other
neurotransmitter systems (Kebhabian and Calne, 1979; see also

. Christensén, Arnt, Hyttel, Larse;,and Svendsen, 1984), it may be
pogsible that some of the abdve discrepancies are due to effects
ﬁf D-2 DA receptor antagonists other than their effects on DA
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receptors.
- ’,

In the present experiment, sulpiride neither blocked the.: “g - ’

M
.
(LI
‘
f

v acute effect of intra-VTA morphine on horizontal locomotor - 's* '’
;ctivity por-did it affect the developme;t of sensitization,
These results were\marked, however, with a high degree of
varlance. In order to confimm these findings, a subsequent
experiment was undertaken to test the eftects of two dosés of
sulpiride (10 and 50 mg/kg, i.p.) on the development of .

behavioral sensitization to intra-VTA morphine. Preliminafy
{

findings indicate that the lower.dose enhanced, and the higher
dose blocked, the acute ettect of intra-VIA morphine on loc&motor

activityl Neither AOSe, however, prevented the de?elopment oé
- \
behavioral sensitization. These findings obtained with sulpirfde ‘
‘ and Ro22-2586 would appear to indicate, as wasgthe case for \ ;
I amphetamine in Experiment 1, that autoreceptor subsensiti&ity 19\

\

. \
~
not involved in the development of sensitization to the locomotor\

it

‘ ¥

T,

;étivating effects of intra-VTA morphine. No explanation can as
. yet be provided for the fin ings obtained with pimozide in the
present experiment and in't1e previous study with intra-VTA
morphine (Vezina and Stewart, 1984).
As'stated above, the findings obtained with pimozide and SCH-
'233é0 in the present experiment are in contrast to those obtained
with amphetamine in Experiment 1. Even if the exact mode of

e : action of these two compounds may not be known, these results
suggest, nonetheless, that the mechanisms underlying the
development of behavioral sensitization to amphetamine and

morphine may differ even though these ultimately produce similar

changes in the activity of mesencephalic DA neurons (see
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Introduction). Inasmuch as the postsynaptic consequel{ces of

behavioral

sensitization to morphine are the same as those to

> v

amphetamine (i.e., increased quantities of released DA in

N

response to challenge), the present results, indicating a lack of

~

effect of SCH-23390, may make it difficult to entertain the

desensitization of postsynaptic D=1 DA receptors (and the

consequential reduction in the inhibition of mesencephalic DA
‘ . P

cells) as a mechanism for sen$itization to amphetamine (see

Experiment

1). Alternatively, sensitization to intra-VTA morphine

may be less dependent on a role for,:NAC—VTA feedback fibers 1in

the reduction of inhibition of DA cells in the VTA. Kalivas,

f

»

Dutfy, Dilts and Abhold (in press), for.exar;xple, have propased

that endogenous.enkephalin releases VTA DA neurons from tonic

o

GABAergic inhibition by inhibiting GABA interneurons intrinsic to

(L ‘

the VTA. Although this is not the event critical for the

development of sensitization proposed by these .authors, it is

intriguing

.

in light of reports showing that conditioned morphine-

induced effects are blocked by opiate receptor blockade

(Drawbaugh

and Lal, 1974; Lal, Miksic and Smith, 1976;

Neisewander and Ba'rdo, submitted). ~

N

Finally, even though Group SAL-MOR showed levels of rearing

t hat were significantly higher than those of the other groups in

Hour | of training, this group did not show development of

sensitization on this measure. Kalivas et al.(1985) similarly

found that
noi: to the

enkephalin

sensitization developed to the horizontal activity but
rearing induced by repeated intra-VTA injections of
at a dose that initially elicited comparable levels of

t
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each behavior (Kalivas et al., 1983). Such results, together with
those of the present experiment, suggest“’ that sensi‘tization does

N ) ! z .
not develop to the rearing induced by intra-VTA opiate

injections, Why ‘this“would be so is not immedjately cléar.
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EXPERIMENT 3 , N
4

Tﬂe presedt'experiment,was ¢onducted in an attempt to
elucidate the retation between conditioniﬁg and behavioral
sensitization to amphetamine. As discussed in the Introduction,

t here have been several demonstrations that the behavioral’
sensitization to amppetamine and other psychoactive drugs can
come under strong stimulus control; that is, the sensitization is
. apparent inathe environment where the drug was repeatedly
administered, but not in another enviromment., These findings have
suggested to some investigato}s that conditioning might be
responsible for the development of behavioral sensitization to
thesé drugs, and that conditioned activity might‘be serving to
augment the pharmacological effects of the drug.

Inasmuch as there is evidence that behavioral sensitization
can come under strong stimulus céntrol when tpe conditions for
its development meet the requirements for the development ot
conditioning, this and the following experiment were conducted to

-attempt to elucidate the relation between conditioning and

behavioral sensitization to amphetamine (the present experiment) -

and to morphine (kxperiment 4).

In the present experiment, the effect of extinction training

on previously established enviromment-specific sensitization of

the locomotor activating effects of amphetamine was investigated.

It was hypothesized that if conditioned actiQity coulq explain,

.

Oor were in some sense responsible for sensitization, then a

procedure known to cause its decrement, extinction, should also

- i '
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cause the decrement of sensitization. On the other hand, 1if

conditioned activity were not able to account for sensitization,

then extinction should have no effect on sensitization itself but -
might be seen to have an effect on the stimulus control of its

manifestation; thag is, following extinction, behavioral

sensitization to amphetamine might still remain, but no longer be

‘)

specific to the CS environment.

! Me thods

Subjects ' .

Subjects were 35 male Wistar rats, welghing 275-325 g on
arrival. The supplier, food and water availability, and the home
cages used to house the animals, were as specified'in Experiment

l. The animals were kept in a 12 h light/12 h dark animal colony

room. During the first week atter arrival, animals were handled

daily. On the latter five days of 'this week, animals were also

weighed and given saline injections (1.0 ml/kg, i.p.) in the

colony room in an effort to habituate them to the injection

‘procedure.'ﬁxperimental testing began the following week and

always took place in animals” light cycle. ’ N

Design and Procedure

This experiment involved three phases: conditioning,
extinction and testing. The testing phase consisted of three

tests. Test 1 {saline test for conditioning) was gi%en during ‘the

. conditioning phase. Test £ (given after the conditioning phase)

and Test 3 (given after the extinction phase) were tests for
o
e%vironment~specific sensitization to amphetamine. ‘

Conditioning. In this phase of the experiment, "animals in one

»
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group (Group COND, conditioning, n=8) were administered

amphetamine in a distinctive enviromment (the CS: the acti@ity
¢
boxes in the testing room descgibed in Experiment 1) and saline

+in their home cages. Animals in another group (Group PSEUDO, s

pseudoconditioning, n=8) were ;dministered saline in the activity,*Jff~”~
boxes and amphetamine in their home cages. Animals ig a third"

group (Group CTL, saline,concro%, n=8) were administered saliae .

in both énviromentss ngditipning consisted of six 3-day blocks.

Animals received their'activity box injectiéns on the first dﬁy.

their home cage injections on the second and ﬁerq lett
undisturbed_in'their home cagés on the thzfd. Thus, on the first
day éf eéch‘block, an}mals were carried, in\gfggps\qj 11 or 12,
to the testing goom, given their respective injections, tested in
the activity boxe§ for two hours and returned to their home .
cages. On the second day of.each block, animals were injected in
the colony room and }egurned immediately to their home cagésYa, /
During conditloning,‘amphetamine was dissolved in saline and
administered i,p. in a dose of 1.0 mg/kg'in a 1.0 ml/kg volume; T

saline was injected in the same volume by the same route.

~Test 1: Saline Test for Conditioning. Test 1 was given on the

first day of a 3-day block imbedded between blocks four and five

. N - -
of conditioning. All animals were administered saline and tested . -
in the activity boxes for two hours. Because this test - e
»‘"

B dr
constituted an extinction trial for Group COND,Q&mzup PSEUDO was

also given an extinction trial on the day after when all animals
R > .
1

were given saline. injections in theif home cages. On the

{

]

following day, animals were left undisturbed in their home cages.
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R
..conditionidk phase. On this test, all animals were admimistered

‘amphetamine (0.5 mg/kg, i.p3) and tested in the activity hoxes

~Test 2. This phase, consiéting of six 3-day blocks, was identical .

*all amphetamine injections. . - : RS

. COND (PTCY, conditioning passage—of-time controlv(n=6), and Group v

- These groups were treated identicallh to Groups COND and PSEUDO,

‘days as bhe within factors. Data for the first and last day of

~

—e . D ‘ - \ Ny
‘Qséitioning resumed‘;ﬁ\the next;with Flock fivé ofmaonAiEion;ng.~ A
| Test gi‘Amphetamine\Tést fBg\Environment—Spechic | L
Sedéttizat;ont\Tegt 2 Wasigivgn on-the day iollﬁﬁiné the )

- !

-

—

for two hours. - .

- e , el . . ,
Extinction. fhe extinction phase hegan two days following
‘\‘" N . - e

e'
~.

to the conditioning phase except that saline was.substituted for
t -

" ~

.
} ~

Test 3: Amphetamine Test for Environment-Specific

Sensitlzatioﬁ[ Test 3 was.given on the day fallowing thé

- g .
extinction phase and was identical te Test 2, -

In order to confirm that the effects of eéxtinction training

on conditioning and behavioral sensitization were simplw not due

P

to the passage of ‘time, two additional groups were tested: Grqop

) A
PSEUDO (PTC), pseudocondi tioning paségge—of—fime control (n=5).

A
} . -
respectively,; but were not given extinction training. During this

phase, these animals were left undisgyrbed in their home cages.

It was expected that, witﬁ‘no extinction training intervening,

— .

enQinonment;specifid sensitization would still he evident in

these two groups on Test 3.

, @
The conditioping phase data were analyzed with l-between 2~

within ANOVA“s with groiups-as the between factor and hfurs and

. 1 s, .
extinction and the test days were analyzed with l-between 1-
. . \
{
I 1 ¢ ‘ 84
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! e Gtive in Hour 2 compared to Hour' 1

! 4 -

. ) _ ’ '3

~
— e e ———— - '\

14
-y ¢

within ANOVA“s. Tests of simple mai;Jeffecfs and post hoc Schef £&

comparisons were made according to Kirk (1968).

- SN : /.
— \ ' ( B
.Results .
C;nditioning. : \ ‘ /‘ )
R \ - - -
“::i“i‘*Figgié 10 ghows the<mean horizontal activity counts obtained

v

in Hours 1 and 2 of the six conditioning days for Groups CONP,‘
PSEUDO énd’CTL. It can bé seen that, in bothlﬁours 1 and 2, Group

COND, which received amphetamine paired with the activity boxes,:

.

showed activity levels which were clearly much higher than those

. ., ,

“of the other twg'gr0qps. These inqieased whereas the activity

N7 levels of Groups PSEUDO and CTL decreased slightyy over days. The

\

ANbVA:é:lducted on these datavrevealed significant effects of

: . ' =
- . groups [F(2,21)=39.59, p<0.#01] and hours [F(1,21)=253.86,
pf0.00lJ and signiticant groups x days {F(10,105)=4,02, p<0.001]

| ————— =~
and groups x hours x days [F(10,105)=2.09, p<0.031] interactions.
' o -

Post hoc comparisons coq?irmed that, in Hours 1 and 2, Group COND

~

was significantly ﬁore active‘than pdth other groups (p”s<0.01)

. which did not differ from each other. As indicated by the

-

- signiticant hours effect, all groups were significantly 1less
p“s<0.01). The simple main
/

effect of days was significant 1

Hours 1 and 2 for Group COND
f . r

K (p“s<vU.01), reflecting, the sli@ht ihcrgagg;i? activffy over days .

-~ . .
by this group, and only in Hour 1 (p“s<0.01) for the remaining,

. groupé, reflecting the slight decrease over days in this. hour by
. N &
these groups. N .
i

Figure 11 sbdws thé corresponding mean rearing counts

v
- M

<«
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F\ture 10, CONDITIONING. Mean horizontal activity counts (1 S.E.M,)
obtained .in Hours 1 and 2 of the six conditioning’ days for Groups
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Figure 11. CONDITIONiNG. Mean rearing counts (41 S.E.M.) ‘obtained -
in Houyrs 1-and 2 of the six conditioning days for Groups COND
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" Test 1: Saline Test for Conditioning.

obtained on the six conditioning days for these groups. 1t can be’

seen that the relation between groups obtained on this measure is

~similar to that seen for horizontal activity. The ANOVA conducted

on thesé data revealed signiticant ettects of Froups
[F(2,21)=19.71, p<u.001] and hours [F(1,21)=98.16, p<U.001] and a

significant groups x days interaction [F(l1U,105)=2.09, p<0.031].

Post hoc comparisons confirmed that, in both hours, ’Group., COND

reaféd significantly mére than the other two groﬁps (p~s<0.01)
which did not diftfer significantly from each other. All groups
s howed significant§ less rédring in Hour 2 compared to Hour 1 |
-«
(p”“s<0.01), Finally, the signlticant groups x days interaction
L3
mostly reflects the fact tﬁat Group PSEUDO and-CTL showed

declining levels of rearing over days while Group COND showed

variable levels of rearing from one day to the next.

L

Figure 12 shows the group mean horizontal activity and

rearing counts obtained on the test for conditioning, in which

al]l animals were tested in the activity boxes after recelving a,

- . ;
saline injection.

It can be seen in Figure 12A that, even in the absence of

amphetamine, Group CUND continued to show horizontal activity

levels that were considerably higher than those of the other two

groups, a finding again demonstrating that the locomotor

activating effects of amphetamine could come to be eliclted by a
CS (i.e., &he activity box) that had been paired with the drug.

The ANOWA conducted on these day indicated that the groups eftect

~

[F(2,21)=12.672, p<0.001] was signiticant as well as the groups x

time interaction [F(2,21)=5.369, p<0.013]. Post hoc camparisons

¥
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Figure 12, TEST 1. Mean (A) horizontal activity and (B) rearing "
counts (i1 S.E.M.) obtained on the saline test for conditioning

for Groups COND, PSEUDO and, CTL in Experiment 3. . .’
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revealed that Group COND was significantly more active than Group
" - - !

CTL in Hours | and 2. The significant ditference between Groups

+« COND and PSLEUDO in Hour 1 (§<0.01) was no longer signiticant 1ﬁ

. * Hour 2. Groups PSEUDO and CTL did not ditteflsigniricantly from

each other.

¢
i

/As can be seen in Figdre 12B, parallel results were obtalned
w ,

with rearing. The ANOVA revealed a significant eftect of/grOups
[F(2,21)=7.29, p<0.0U4]) and'a signiticant groups x time

interaction [F(2,21)=10.41, p<0.00l]. Post hoc comparisons

. confirmed that, in Hour 1], Group COND was significantly more

1

active than both other groups (p<0.0l) which did not ditter trom %

each other. The three groups did not ditter signiticantly from

/
one another in Hour 2,

Test 2: Amphetamine Test for Environment—Specftio Sensitization.

JFigure 13 shows the group mean horizontal activity and -
X / ‘ . 4
rearing counts ohtained on the first (pre—-extinction) test tor

enviroment-specific sensitization, in which all animals were
- , - ‘ - o

tested in the activity boxes after an ihjection af 0.5 mg/kg

/

] “
i

amp hetami ne.
It can be seen-in Figure 13A thétg«even though all animals

had .received an injection of gmphé£amine, Group COND continued to

's how hiéher levels of horizoﬁtal activity than thg.other groups.

This finding again demonstrates that sensitizatlon to the

—~—
-

locomotor activating efiects/of amphetamine can come dgaé?\st[ong
stimulus control. Group PSEUDO, which had received an equal
_number of amphetamine injections as Group COND, but not paired

) / .
with the activity boxes, showed activity levelg similar to those
4 I/ v

// [
/
. . / '
- ’

S 90
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Figure 13. TEST 2. Mean-(A) horizontal activity and (BS rearing counts
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* first and last days of extinction confirmed these observations. A

~significantly from each other.

-

2

_of GFOUP CTL which, on this test, :ecei&ed amphetamine for the

first time. The ANOVA indicated a signifticant ettects ot groups

[F(2,21)=7.89, p<0.003] and a significant groups x t ime '

-

imteraction [F(2,213=5.243, p(0.0l&}, Post hoc,qagparisons showed
that Group COND was signiticantly mofe active than both gr&ups in

Hour 1 (p“s<0.01).and significantly more active than Group PSEUDO

-~

in Hour 2 (p<0.05). Groups‘PSEUDU and CTL did not difter

“

This relation between groups was paralleled in the rearing
measdre (Figure 13B), aithough’the‘ANOVA revealed'no signiticant
_eftg;ts. The probéﬁility value associated with the groups.effect\
'wés p<0.07, hqwgver:‘ﬁnd%cating that the ditterence between Grdup
COND and. the other twosgroups approached statistical

. : : by
signiflcance. . : (
Extinction.

Figure 14 shows Ehe méan horizontal activity counts obtained
in Hours 1 and 2 of the six extinction days tor*Groups CONU,
PSEUDO and CTL. Differences betwéen groups indicative of
conditioning are still evident in Hour 1 of the firsL'gay ot
extinction. These q1ffe;encés, however, quickly diminished so
.thgt, by the last day of'éktinction, no differences between

¥
groups weré apparents The ANOVA”s conducted on the data from the

éignificant groups x time ¢nteraction'was found on the first day

[F(2,21);4.82, p<0.018} and post hoc comparisons indicated that,

.

in Hour 1, Group COND was significantly more active than the A
remaining two groups comb?ned (p<0.05). Only the time eftect was

-

significant on the last day of extinction.
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The relationgbetween groups on the six days of extin‘ctign was

a ’ similar for rearing (Figure 15). On the first day, a significant
. + groups x’ time' interaction was- found [F(2,21)=4.,43, p<0.024])..and
, S post hoc comparisons indicated that, in Hourl, the difterence '

between Groups CONp .and Ehe other two groups approached N

statistical significe;née (p<0.08) . Again, only the time ettect

was signi'ficant: on th¥last day~of extinction,

Test 3: Amphetamine Test for Environment—Specif.fc Sensitization.

Figure 16 shows the group mean horizont‘al activity and

¢

~ rearing counts obtained on the second”(post-extinction) test for
t

enviromment-specific sensitization, in which all animals were

tested in the activity boxes after receivir;g a 0.5 mg/kg

injection of amphetamine.
Y,

As can be seen in Figure 16A, Group COND continuedl‘ to show

sensitized levels of horizontal ‘activity relative to Group CTL,

n

suggestiné that extinct?on training had no etfect on the
. previously’ established behavioral senstization ‘gamphegamine.
: Importantly, Cr@p PSEUbO now ‘S}IM sensitized levels ot
'horizontal activity similar to those of Gro:pr()ND, sugg"esting‘
. that extinction training reduced the control previously exexjci'sed
by enviromnentall stimuli-.on the manifestation of behavioral |
- - sensitization. The ANOVA conducted on these data confirmed these

N

observations. Althbugh the'groups effect was not gignificant, the

groups x time interaction was® [F(2,21)=3.52,p<0.048] . Post hoc

4co;nlparisons confirmed that Groups COND and PSEUDO did not difter

. gignificantly from each othe;,-but’t;hat, together, they were
significantly more active than Group CTL in Hour 1. Tile groups

.~

did not differ significantly in Hour 2. ~ .

2.

1
.
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- Curiously, extinction training had little edéfect on the -
relation between the rearing levels exhibited by Groups COND and - .

W s . P

PSEUDO,(Figure 16B). The ANOVA reveai;d that the probability

7,

N

"associated witQ\the groups effect was p<0.07, inﬁicating=that,

*

- again, the difterence in re%ging levels between Groups COND and
PSEUDO approached statistical significance. This was surprising

especially in light of the fact that conditioning was no longer °
d
.evident by the last day.of extinction. No explanation can be ..

-
.
'

) given'ﬁor this finding.
- ~ - -

Passage-0f-Time -ContTols. "y

J : “E
- ‘Figure 17 shows the mean horizontal activity and rearing . : .

-

[N

counts obtained on the six conditioning days for 6roups COND

(PTC) and. PSEUDO (PTC). As expected, these two groups showed

patterns of horizontal activity and reariqg that matched those of "’

GrOUPS'COND and PSEUDO during cohditioning (see Figures 10 and e .
» B

115. The ANOWA”s &onducted on these data confirmed tha€ Gieup
€OND (PTC) showed’ significantly higher levels of ﬁorizontali
activity iF(l,9)=52.04, p<03001] and rearing [F(1,9)=31.39,
p<0.001]ﬁthan Grup PSLUDO (PTCi.

- Similarly, on Tesgs l and 2, the passage—of-time control
4 R .
groups showed the same patterns of results as those obtained by

:Grdhps COND and PSEﬁDO on these tests. Thus, on the saline tesk

[ , /
for conditioning (Test 1, Figure I'8A), Group COND (PTC)fshowed

‘-

sigpificantly more horizontal activity fF(i 9)=9.28, p<0 014] and'
reearing [F(l 9)=9.67, p<0.,013] than Group PSEUDO (PTC), a

indicé%ing that"eg;ditioning had occurred. On the first -

’
L] ‘- :
. ,

amphetamine test for enviromnent-specific sensitization (Test 2,

[RSEESS
-
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- Figure 18B), Group COMD (PTC) showed significantly higher levels

" of horizon%al activitv than Grbup PSEUDO (PTC) [F(1,9)=R.29,

-’ T P<0.018]7, ﬁndicating that sensitization to amphetamine had come

[ .

under stimulus control. However, like their.QOunterparbs in~

- ;

X

Figure 13B, although Group-COND (Pfﬁ) showed higher rearing

levels than Group PSEWDO (PTC) on this test, this difference did

. [ « \ =~ »
not achieve statistical sigrificance.
‘Y‘-‘ )
Figure 19 shows the mean horizontal activity and rearing
counts obtained for the paééage—of*time control groups an the
Al

final amphetamine test for enviromment-specific sensitizatian,
Remember that these two groups'were left undisturbaed in thelir

home cages for the duration of the ext inctian phase and so had.

2 not been expos®ed to the activity boxes since Test 2 ({.0., 19

.

davs). It can be seen that, although hoth groups showed similar
. IR

-

levels of horizontal activity in the initial- 30 minutes and

v

‘second hour ;f the test, .the two.groups clearl; differed in the

‘1a£ter ﬁalf of the first hour. Nok surnrisingly, the ANOVA
conducted on the daga from the entire two hour test indicated
only a significant effect of time. Noting, however, that Groups
COND ;nd PSEUDC differe& significantl? on this test only in hour
,l (see %igure‘16A), the data for the two passage-of-time control

"groups on the first 60 minutes of this test were analyzed

- -

separately; This analysis produceqd a significant groups x time

-’

~interaction [F(5,45)=2.81, 6(0.026], indicating that Croup PSEUDO
(PTC) showed levels of horizontal activity that declined

ﬂsignifipantly ﬁore over time than those of Group COND (PTC). A

' - ~

similar analvsis of the data for Groups CONQ and PSEUDO revealed

no significant differences between these two groups._ It may bg

¢
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that exposure to the activity boxes and the experimental

procedures after an extended absence produced heightened levels
of activity in the initial segment of the test and that these
interfered with the demonstration of the full extént of the

o N

difference between Groups CQFD (PTC).and PSEUDO (PTC). Counsitent

'with this possibility, Hinson agd Poulos (1981), who touﬂd

greater differnces between two similar passage-of-time control

groups, habitudted their animals to the testing box for 15

minuteé prior to injection and test, )
Finally, it is clear that Groups COND (PTC) and PSEUDO (PTIC),
at no time during this test,sshowed different levels of rearthg.
X . :
The ANOVA conducted-on these data indicated onlyké significant

effect of time.

Discussion -
The results of the present experiment confirmed the findings
A .
of previous studies (see fntroduction) showing that the locomotor

activating effects of amphetamine can come to be elicited by a CS

paired with amphetamine (conditioning, Figure 12) and that the

-behavioral sensitization to amphetamine can come under| strong

kY

stimulus control (enviromment-specific sensitization, [Figure 13).
More importantly, héwever, it was also found that extfinction
training, which reduced the ability of the.CS to eli¢it

conditioned activity and to control the expression of behavioral
sensitization to amphetamine, did not cause sensiti ation to be

eliminated (Figure 16A). Two aspects of these findings are

102
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conditioning and sensitization. First, these findings confirm
that the expression of behavioral sensitization can come under
‘strong s?&mulus control and that this cgntFol is subject to
procedures th&t atfect conditioning phenomena. Seéond, they '
su»port the view that sensitization of drug-induced Béhaviors can

1
be observed when conditioned drug effects i}e absent. Thus,
although- conditioning factors may not cause or explain
.sensitization, the demonstration that tﬁey are able to control
the manifestation of behavioral sensitization to the extent of
completely preventiﬁé-its expression (Figure 13 and other
reports, see Introducton) illustrates dramatically ;hat they
cannot be treated as ;rivial‘or ar;iféétual eftect; that get in-
the way of true phamacological etfects. Rather, {t would seem
that to gain an understanding of how environmental stimuli ’
achieve such control may provide some insights into the basié of ‘
sensitization itself. At the very least, any biological system
proposed to account tor sensitization must have as one of its

requirements the provision of mechanisms whereby suth stimulus

control could occur.

. { "
As discussed in the Introduction, the relation between

conditioning and sensitizaglph‘has been ;ariouslyhgescribéd as
involving additive, multiplicative or sy&etgistic interactions
" between C$”s and drug US”s. Tﬁese views would seem to stem
largely from the widel; held view that the conditiening of drug
eftects reflects the acquisition by the CS of the ébility to
elici;, in, the absence’of the US, eftects similar to those

originally producéd by the drug US '(for a‘review,‘seefStewart and

Eikelboom, 1987). The finding, in the present experiment, of
. \ ]
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génditioned activity on the saline test (Figure 12) is consistent -
/ 4
///with this view.' The findings from the tests for sensitization

« given before and after extinction, hoWever, suggest that an
// association also develgped between the CS and the absence of the
/ drug, leading to conditioned inhibitory processes.

Y ‘ The conditioning procedure used in.the present experiment

/ —

’ ’// ' ’ (and most other drug conditioning experiments) £:volved tralning
Qs; _ . an animal\to‘discriminate bétwgen a CS palred with the drug US N
(the CS+) and a CS paired with the absence of the US (the CSs-),
Thus, fpr Group COND, the activity box was the CS+ and the Lome
cage stimulus complex, the CS-; for Group PSEUDO, the activiéy’
- box was fhe Ch— and the hpme cage, the CS#. In addition to»ﬂ
‘pfomoting the development of an excitatory association betwecn
- the CSt and the US, as described above, such a proéedure can
- ‘. impart the CS—“with inhibitory properties. On tests when the CS—
is présented alone, as when Group PSEUDQ was tested for )
. éonditioning on’TeSt 1 (Figure 12), there’is often little or no o
evidence of inhibition: Techniques,-suéh as presenting the CS-
together with an effecfive CS+ and-ohserving a reductlon in the
magnitude of the response elicited by this stimulus, have been

by

developed, however, for demonstrating conditioned inhibition (;;e

N

Rescorla and Solomon, 1967; Rescorla, 1969; Wagner and Rggcorla,

1972). o .
Interestingiy, the tests for environment—specifié

sensitization in the present experiment may’hqve provided such a

‘'situation in which inhibition by the CS- could be obser;ed. On

.these tests, the US, itself, was presented to Group PSEULO rather

~,
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than a CS+ as described above. The finding that Group PSEUDO

showed reduced levels of activity compared to Group COND and was
no difégrent f;om Group CTL on the first amphetamine fest ﬁog»
sensitization (Test 2, Figure 13A) might suggest tha{4the
activity Fox cues (the CS- for Group PSEUDO) inhibited this

~ proup’s sensitized response to the amphetamine US. This
interpretation“is supported by the results of the second
amphetamine test for sensitization (Tgst 3, Figure 16A).given
After extinction training, when the differentiation between CS+
and CS- should have been diminished. The fact that thé activity

scores of Group PSEUDO now approached those of Group COND and

were higher than those of Grouﬁ CTL suggests that the activity

v

bnx CS- was exerting reduced 3nhibipion of the sensitized

resppngl to the amphetamine US in'Group PSEUDO;

describdd in the Introduction, Hinson and Poulos (1981)
. -

conduct experiment with cocaine very similar to tﬁe present

experiment with amphetamine. They found, unlike the findings

reportea here, that extinction training attenuated the magnitude
of the sensitized response'to cocaine, although if did not
completély abolish it, Unfortunatziv, they did nat test animqls
-1n the présence of fhé‘éS— after extinction so that the
contribution of this éfimulus to the manifestition of the

environmental specificity of the behavioral sensitization could

not ‘be assessed in their experiment.

AN
&

The results tgAEMe present experiment suggest, therefore, -
that the relation between conditioning and sensitization may

’involve more than an interaction between the CS+ and the drug US.

Rather, the stimulus critical for controlling the expression of .
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sensitization may be the CS-. Int restingly, Rescorla (1985) has

!

suggested that such inhibitory and facilitatory) stimuli may act

to control a threshold_for activation of che central

) ) . . ) : l r 'ﬁ
represehtation o\f\Q\e\Us by egcitatOty'stimulh The present- '
\‘\

r;asults suggest that a C5~ may modulate the effectiveness of the

on the central nervous system.
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Experiment 3.

\EXPE RIMENT 4 '

|
! '

~ Ln this experiment, the effect of extinctien training on
, . . \
previously established environment:\specific Sensitization to the

locomotor aétivating efteftis ' of morphine was investigated in

»

arder to ¢ompare the natuNe of stimulus, control of sensitization 4

to morphine to that seen'wit phetamine. The désign and

procedutjés used, therefore, essentially dupl,icatednth(bse used 1in

§ .

n
.

Me thods | —— .
’S‘ubjects
Thirty-six mal\e Wistar rats, weighing 250-290 g on arrival

were used. The supplier, all housing conditioas, and"p're;-
experiment handling and habi.tuat,ion to the injection ‘p,rocedure ‘

were as specified in Experiment 3, v

Deslgn and Procedure

The desigﬁ of this experiment and the procedures followed k\
were identical to those of Experiment 3., The experiment had ‘three
phases: conditioning, extinction a~nd testing. Test 1, the test
for conditioning u.sing saline, was g'iven duriﬁg the eonditi'oning
phase. Tests 2 and 3, given after conditioning and after
extinction, respectively, were tests for environment-specific
sensitization to mo-rphine. |
1y . = .

Three groups were tested, group names refering to treatment

during the conﬂitioning phase:
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Group COND (n=14) morphine~activity box/8aline-home cage
| ’
Group PSEUDO (n=14) saline-activity box/morphine-home cage .

* \ s s R
Group CTL (n=8) saline-activity box/saline-home cuge

-

o) .
Morphine sulphate was dissolved in J?aline and admipistered in a
. . \ *

v

dose of 5.0 mg/kg durfng conditioning and 2.5 mg/kg on Tests 2" \

and 3, Morphine and sal.?:%pe 1njecti-were made f.p. in a 1.0

- ke o 3 \ s
ml/kg volume. T .

il ~
The conditioning phase data were analyzed with l-between 2-
- . \ N
within ANOVA“s with groups as the between factor and‘hours and °

-

‘days as the within factors. Data for the first and last days of

\extinction, the test days and the subgroup analysis were analyzed

with l-between l-within ANOVA“s. "When only two means were

compared id the subgroup analysis, the t—test for {ndependunt )
. . 1 e
3

samples was used. Post hoc Schefté comparisons were made

according to Kirk (1968).

Results

Condig ioning.
' et ’
Figure 20 shows the mean horizontal activity counts obtained

By the three groups in Hour 1 and Hour 2 of the six conditioning .
days. Group COND, which receiyed morphine paired with the
activity boxes, showed levels of horizontal aétivity that were
ge‘nerally higher than the‘ two rem'a:ining roups in both hoirs.
These remained releﬁively constar;t ;a\cross dayg. Although/Group
CTL showed act:jivity levels comparable to those of Group COND in
Hour 1 of days one to three, ghese diminished to lowet levels for

P .
the remainder of the conditioning phase. The ANOVA revealed

significant effects of groups [F(2,33)-30:55,p<0.001] and hours

‘ 108 R
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¢ . HORIZONTAL LOCOMOTION.

, HOUR 1 )
- 500 4
g { \
g § 4004 '
- g 3007 ® COND
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. & 200 - ' . x CTL
< .,
3 - . . p
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»
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>

) -
Figure 20. CONDITIONING. Mean horizontal activity counts (;l S.E.M.)
obtained in Hours 1 and 2 of ‘the~six conditioning days for each of .~
the three groups in Experiment 4. o ‘




\

?
[F(1,33)=328.46,(¢6‘.0’01] and a signilicant groups x hours : ‘

interaction [F(2,33)=16.42, p<0.00l]. Post hoc comparisons
’ . - : , .
confyrmed that, in both Hours 1 and 2, Group COND was _ ‘

’

significantiy more active overa]'.l than each ot the.other t:’wo ) T
groups (p”s<0.01); these 'did not ditter sigr;ificantly from each .
other. All groups were signitiicat’ltly l‘es:s active in Hour 2 than
in Hour$l ip”s(Oa.Ol)q although the c%ecline in e;ctivity wa's

. ) ( . ~ -
I
considerably greater for Groups PSEUDO and CTL, accowh\(ng for . »/

~

)

the significant’ interaction, ’ . ‘ ‘ -

. v N . ton
( : : ]

The corresponding mean rearing counts obtained on the six

days of conditioning for the three groups are shown in Figure 21.

&, ‘

Group COND. showed levels of rearing that were t}igher than those

of the other two groups in Hour 2. In Hour 1, all groups showed

i

comparable levels of rearing. There was no increase in reaping

over days in either hour in Group COND, The ANOVA conducted on ! ',
these data réealed significanmt etfects of groups [F(2,33)=5.15,
p<Q.011] and hours [F{1,33)=268.36, p<0.060l] and a significant

groups x hour$ interaction IF(2,33)=3SL.86,' p<0.00l]. Post hoc

comparisons cgnfirmed that the groups did not differ ¢

,
LN

significantly(\gn Hour 1. In\Hour’ 2 Group COND showed
signifi’cantly more rearling than eithe® of the other grﬁy,ps .
(p”s<0.01); these did not differ significantly from each other. h
Group-COND showed significantly less r'earing 1n Hour 2 than 1n

Hour 1 (p<0 05). This decline in rearing over hours was

conside_rabiy greater for the two other groups (p~8<0.01). s '“’

At
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: ngure 21, CONDITIONING. Mean rearing counts (#1 S.E.M.) obtained 4n
—-Hours 1 and ¥ of the six conditioning days for each of the three

" groups in Experiment 4. ’
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Test 1: Saline Tést4for Conditioning. N

Figure 22 shows the group mean horizontal activity and
rearing coun£s obtained on the test for ‘conditioning, in which
all animals were tested in the activity boxes after réceiving a
saline inject?on,, ‘

It can be seen in Figure 22A that, even in the absence of

morphine, Group QbNﬁ continded to show levels of horizontal

* -

activity that were higher Ehan'thoseJof the other two groups,
inaicagiqg that coﬁditppﬂing had occurred. The ANOVA indicafed a
significant groups effect [F(2.33)=13.79, p<0.001]~and-pdst hoc
comparisons confirmed that Group COND was significantly more
active than the other two groups combined (p<0.01). These latter
two grdups did not differﬁfrom each other,.

Par;Ilel.rébults were obtained with rearing (Figure ZiB). A
significant.groups effec% wa; found\lﬁ(2,33)=4.27, p<0.022} and
post hoc comparisons confirmed that GrOup)COND showed re;ring
levels that were significantly higher than the other two éroups
combined (p<0.05). Again, thése latter two grgups did not dfifter
significantly from each other.

-

Test 2: Morphine Test for Enviromment-Specific Sensitization.

i

Figure 23 shows the grodp mean horizontal activity and
rearing counts obtained on the first (pre-extinction) test for
enviromment-specific.sensitization, in which all animals were

tested in the activity boxes after receiving an injection of 2,5

ng/kg morphine,’ | 5
. » .
As seen in Figure 23A, Group COND showed higher levels of

horizontal activity than the other two groups even ghough all

'.

. N . .
animals had. received an injection of morphine on this test, This

P
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Figure 22, TEST 1. Meanm (A) horizontal activity and (B) rearing
“counts (#1 S¢E.M.) obtained on the saline test for conditioning for"
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finding with morphine, like that with amphetamine in Experimenﬁ

3, demonstrates that sensitization to the locomotor activating

Kl

eftects of the drug can come under stimulus control. Grpup
PSEUDO, which had recgived én equal number of morphine ﬁnjections
as Ggoup CQND, but not paired with the activity boxes, |showed:’
acg{ygty levels si;ilar, or slightlyliower, than those |of Gréup
CTL which, on this'tqst. received morphine for the firsgt time.
The AN&VA conducted on these data confirmed these observations. A
sign{ficantrgroups e%ﬁect was found [F(2,33)=3.71, p<04035] a&%
post hoc comparisons confirmed that Group COND was sig&ificantly
more active than Groups PSEUDO and CTL combined (p(0.0SP. These

. i
latter two groups did not ditter signifticantly from each other.

.
i

Unlike with horizontal activity, both Groups COND and PSEUDO

N v

s howed rearihg’leveis that were somewhat higher than those of

Group CTL on this test (Figure 23B). Only the efftect of time,

however, was found to be significant. ° \\»
Extinction. ‘ “

Figure 24 shows the mean horizontal activity counts obtaiqed
in Hours 1 and 2 of the six extinction days for the -three groups.

Evidence of conditioned locomotor activity is still apparent on

the first day of extinction after which differences between

groups diminish. ANOVA“s conducted on the data from the first and
lask days of”extinction confirmed these observations. A
significant effect of groups.was fpund 6n the first day
LF(2,33)=6.34, p<0.004] dnd post hoc comparisons confirmed that
éroup COND was signifiqgh:;y mpge active than the other tyo

e .

groups combined (p<0.01). Only the.time effect was significant on

¥
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Figure 24. EXTINCTION. Mean horizontal activity counts (il S.E. ﬁ )
obtained in Hours 1 and 2 of the six extinction days for each of the
three groups in Experiment 4,
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the last day of extinction.

l Ve 2
-

\

Simiiarly; Group CQND showed slighty more rearing than the
other two‘groups'oh the first day of eltinption (Figure 25). This
difference between groups, however, did not achieve statistical

significance. Gréups did nat difter significantly on the

remaining days of extinction, although these were punctuated with

occasional increases in yariability. Only the time effect was

-8igniticant on the last day of extinction.

‘Test 3: Morphine Test for Envi romment-Specitic Sensitization. K

& ~ -

Figure 26 shows the group mean horizontal activity’and

rearing counts obtained on the second (pdst—extincpion)'xest for

enbironment;specific sen51t;Lation, in'which all animals were

tested 1n the activity boxes after receiving a 2.5 mg/kgﬂ'
. .
injection of morphine. ° ‘ - e -

Although Group COND continued to show somewhat higher levels-*

' ¥

. ot horizéntal activity than the other two groups, the difterence

between groups was diminished from that seen on Test 2 (Eigure
26A). }Ae ANOWA conducted on these data confirmed that ;ll three
groups did' not difte; significantly from one another. Only a
sigﬁificapt effect of éime was found.

® Group PSEUDO showed somewhat higher levels of rearing than

the other two groups, but these were aékom anied by considerable
g somp y

variance (Figure 26B). The ANOVA conducted on these data revealed

N - ¢
no'significant effects, indicating that the three groups did not

difter significantly from one another on this measure.

Subgroup Analysis.

. , s
In Experiment ﬁh it was found that, althougn extinction

training eliminated the control of the C57s on the manifestation
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of behavioral sensitizatiom, it did not affect sensitization
< “ - -

itself. That is, behavioral sensitization to amphetamine was

- )

still present after extinction training,‘althodgh.it was now
apparent in the,presencé of both CS+ and €S- (seelFigure 16A). It
was suggested that extinction training ﬁay have redqéed ghe
aSility of the .CS~ to inhibit the sensitized response to

amphetamine in Group PSEUDO. ,
. -
It was, therefore, surprising to find, in the present

“ 4 . . -

experiment, that Groups COND and PSEUDO did not show levels ot
horizontal activity that were significantly higher than those ot

Group CTL on the final morphine test for sensitization (Figure

s
26A). However, upon closer examlination of the data from the tirst

morphine test for sensitization (Test Z? Figure 23A), it was

>

gound that there was consng?able overlap between individual

- scores 1n Groups COND and PSEUDU, suggesting that not all animals

in these groups.showed eﬁvironment-specitic sensitization on this
test.. Each of these two groups, therefore, was divideé into two
subgrOup; based on the relation of animals” total horizontal
activity scores on Tésg 2 to the median scoge obtained for each
group on this test. Thus, Group COND was subdivided into Grodp
COND-H1 (animas showing the highest activity scores:’n-7) éhd
Group COND-LO (animals ghéwing the lowest activity‘scores, n=7).
Likewise, Group PSEUDO was subdivided into Groups PSEUDU-H1 (n=7)
and PSEUDO-LO (n=7). | \

Figure 27A shows the méan total horizontal activity scores
obtained on Tests 2 and 3 for these subgroups and Group CTL. It
can be seen that Grogp‘COND—HI was coneidérably more active than

v
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Figure 27. SUBGROUP ANALYSIS. Mean horigontal activity counts .

(+1 S.E.M.) obtained on (A) morphine Tests 2 dnd 3 and (B) the saline
test (Test 1) and the last day of extinition for the Group COND and
PSEUDO subgroups and Group CTL. Groups COND and PSEUDO were subdivided’
into subgroups showing the highest (HI) and lowest (LO) activity on
Test 2. . / .
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GroupsxPSEUDO:LO and CTL on Test 2, providing evidence for
enviromment-specific sensitization Lo morphine., On the other
. F Y :

hand, Groups COND-LO and PSEUDO-HI showed similar levels of
activity on this test., Further, tgese were similar to those ot
Group CTL. ' _ : °
Interestingly, although all the other groups showed small
declines in gctivity levels frog Test 2 to Test 3, Group PSLUDO-
LO showed an increase, sugggsting thaL extinction training may
have reduced the inhibitory effects of the CS-~ on this éroup. An
ANOVA conducted on the data from Groups COND-lI and PSEUDO;LO and
another conducted on the data from Groups COND—LO'and PSEUDU~ﬁ1
eonfirmed khese observations., Only the first ANOVA revealed

significant effects: a significadﬁ_ettect:of groups'

[F(1,12)=21.59, p<0.00l] and a sighificant groups x test

interaction [F(1,12)=5.87, p<0.03}. Post hoc comparisons

c;nfinped that Group COND-HI was signiticantly more active than
Group PSEUDO-LO on both tests (p”s<0.01l). Further, Group PézUUO—
LO was significantly more active on Test 3 than on Test 2
(pk0.0S). Thé activity levels of Group COND-HI on Tests 2 and 3
did not difter significantly. T-tests showed that Group COND-HI
wa; significantly mdre active than Group:CTL on both tests
[t(13)=2.73 and 2.65, p”s<0.02, two-tailled]. The s ame tests
showed that Group COND-LO did not differ significantly from Group
CTL, indicating that this group did not show sensitization to
morphine.

. Figure 27B shows thé mean total horizontal activity scores

obtained by'these subgroups on Test 1, the saline test for

conditioning, and on the last day of extinction (also a saline

-
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,day). It chn be n that both Groups COND-HI and -LO and PSEUDO—l
LO and -HI showed diffterences indicative of conditioning on Test

“7 1, even though only Groups COND-HI and PSEUDO-LO showed evidence

[ 34 N

for.environment-specific sensitization, Furtherﬂ it can be seen

‘8

that, by the lagst day of extincfion, these conditioned af}%cts

»1

h were no longer evident. The ANOVA conducted on the data from
Groups COND~H1 and PSEUDU-LO and the other conducted on the data

from Groups COND-LO and PSEUDO-HI both showed sighificant groups

9 -

x test interactions [F(1,12)=12.96 and 20122; p<0.003 and 0.001].

Post hoc comparispns confirmed that both COND subgroups were v

significantly more active than their respective PSEUDO subgroups

2
on Test 1 (p“s<0.01) but not on the last day of extinction.

AN

.

-~

- : Discussion

As was fouﬁd with amphetamine in Experiment 3, the results of
the present experiment confirmed the findingé of previous studies
(see Introduction) showing that the locomotor activating effects
of morphine can come to be elicited by a CS paired with morphinme

(conditioning, Figure 22) and that the behavioral sensitization

.

to morphine can come under stimulus control (enviroment-specific

sensitization, Figure 23A). A

J

. i
Unlike the results of Experiment 3, however, extinction

~

training was found to reduce both conditioning and sensitization
to morphine (Figure 26A). This was a'surprising finding agh may
be misleading. Indeed, when Groups COND and PSEUDO were divided

into subgroups showing the highest and lowest horizontal activity‘“\'

q4 0

on the first morphine test for sensitization, it was found that

[ 4
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not all*animals showed enyiromment-specific sensitization on this
> test (Test 2, Fiéure 274A). For examplé, Groups COND-LO and N

PSEUDO-HI showed similar levels of aLtivity on this test,
Further, the activity in“Group COND-LO was similér to that ot
Group CTL, suggesting that the animals in Group COND~LO did not
become sensitized to morphiné. When these animals were tested

ne after extinction (Test 3, Figure,274), their

§
behwvior was similar to that on Test 2; Groups COND-LO and

% agfin with mo

]

PSEUDO-HI still showed similar levels of activity and those of
Group COND-LO remained similar to those of Group CTL. .
On the ‘other hand, Group COND-HI showed activity levels that

L

L were clearly higher than Groups CTL and PSEUUO—-LQ3 providing

-

[

evidence for enviromment-specific éensitizatidn to morphine (Test
2, Figure 27A). More importanily,,extincti;g training did not
significantly re?dce the sengitizeq‘acgibity lévels of Group
COND;HI but did signiticantly increase those of Group PSEUDO-LO -
(Test 3, Figure 27A). T;ese fiﬁgings are similér to-those
obtained with amphetamine in Experiment 3 and suggest that, in

animals showing envi%onment—specific sensitization to morphine,

N

. .
extinction training does not eliminate behavioral sensitization,

“ -

but does reduce the control of CS”s on its manifestation.
Alihough Group PSEUDO-LO was significantly;more active on
Test 3 tﬁln on Test 2, it remained less active tﬂa; Qroup Co&d—HI
. ) . oh this test. This would indicate that the activity box CS- may
still havé béen exeft}ng some inhibition on the sénsitized

response to morphine in this group. Similar differences, although

\'

w\ A
L\_~’ . not as great, were seen with amphetamine (see Figure 16A). Thus,

° . A

‘ although six extinction sessions maythave been sufticient to

. ‘ 124 _ - i
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eliminage the atgiligy\ of the CS+ to elicit it}creased activity

LN

i (e.g., see F;Lglsfre 27B), more may have been required to completely

™

e liminate the inhibitory prOperties‘ of the CS-. This is not an
unreasonable expectation, for, although extinction of the CS+

would require only that this stimijlus lose its predictive-

assoclative relation to the US, extinctiqn of the CS- would
N\ b v : 5

require the more complex process of diminishing the diftg{ential

. value of sthe C$- and the CS+ (see Wagner and Rescorla, 1972).

o

There is no clear explanation for the finding that not all

animals showed development of sensitization to morphine, or

evidence of inhibition by the CS-,JThat is, Group COND-LO did not

show activity levels that were higher than those of Group CTL on
either Test 2 qr 3. In addition, Group PSEUDO-HI did not show the
. ; ‘ ’ 8 -
inhibition of artivity shown by Group PSEUDO-LO on Test 2 nor the
- x >

increase in activity shown by this group on Test 3. These

ditferences between groups were not due to differences in basal

.

" levels of activity since, as can be seen in Figure 27B, all COND A

and PSEUDO sﬁbgroups' showed similar levels of activity on the

last day of extinction. Further, the dose of morphine used during

training (5mg/kg) was sufficient to elicit unconditibﬁed

-

: locomotor activity and to produce conditloned actlvity in bot:h

\

pairs of Group COND and PSEﬁ’DO subgroups (Figure 27B) This dose

may ‘have been only a ‘threshold dose for producing sensitization,

' :hoviever. Babbini and Davis (1972) showed, for example, thaﬁ lh'igh

doses of morphine (over 5 mg/kg) but no\t 1 ow doses (5mg/kg and
r ' toe .

lower) prdduced sensitization when édminisﬁred repeatedly.

Although 'their finding is also in need of an explanation (see

<
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N ~ - *
Intreduction), it may account for why'not all Group COND animals
- Py 3

e
"

showed sensitization in the present experiment. v

-,

The finding that Group PSEUDO-HI did not show any evidence wf

inhibition by the CS- on Test 2,;is. more ditficult to explain. For

example, it can be argued that the fact that these animals showed

‘

lower activity levels than Group COND-HI on Test 2 is evidence of

’

inhibitfon by the CS-, However, if,this wgre so, it would be

i

difficult to explain why the activity levels of Group PSEUDO=HI

did not increase after ‘extinction on Test 3, It can also be

arguéd that perhaps these animals did not become sénsitized‘to
\ S

morphine (like animals in Group COND-LO) and that GS- 4mhibition

‘would not develop in the absence of sensitization. However, a

1

comparison of the actfvity levels of Groups COND-LO, PSEULO-HL,
and CTL on the last day of extinction to the activi‘y levels of
these groups on Test 2 (Figure 27) reveals that the test dose of

*xnorphine used (2.5 mg/kg) ‘elicited considerable increases in

~activity in all of these groups a'ndlt'hat thesé would be

sufficient to reveal CS- inhibition (e.g., Group PSEUDO-LO).

]
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EXPERIMENT 5 », e T v . .

~ s F]
-,

As dfiscussed in the Introductiqﬁ,'in vitro studies of DA
‘reiease and biéch;mical studies of DA neuron function in the
whole animal have implicated changes in DA function at the cell
body and the teminals of mesencephalic DA neurons in the o
mediation of behavioral séﬁgfflzat;on following repeated systemic ‘
injecgions of amphetamine. And, élthough ﬁhe chénges in DA
function found at either site (inLreased DA release at terminals
and decreased DA release at the cell body to an amphetamine
challengé)\ére compati;le with a sensitized neurgnal system, it

has not yet been determined whether one, or both, of these .

:

changes 1is cricical. ) ' )

Aniintetesting, but much less used approach to‘the ques;}on
of which site m?ght.be critical to EHe development and
manifestation of sensitized responses to amphetamine, has been to
investigate the effect of repeated administrations of amphetamine ) )
into particular brain siqgs. Such an approach has been highly : .
successful at elutidating the site of action critical for the
. develgément of behavioral sensitization to opiates (e.g., Veziha7
et al., 1987). Two studies)have applied this erategy to the

. °

study of amphetamine s%?siti;ation. In one, Dougherty agd
Ellimwood (198l) reported that repeated intra-NAC administrations
of amphetamine did not produce'begavioral sensitizatio ) - . e
suggesting that amphetamine action at DA neur;n terminals (ét . o

‘least in the NAC) is-not critical for the development of .

sensitization. In the other study, Kalivas and Weber (submitted)

P — ,
H
1 AN
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a

foundl‘that twe daily admirnistrations of amphetamine ‘into the VTA,
but, as réported by Dougherl:.y and Ellimwood (1981), ot into the
NAC, produced sensitized responses to subsequent systemic U’
injections of amphetamine, cocaine and morphine, suggesting that
amphetanine.action at AlO DA ¢ell bodies is critical for the
development of behavioral sensitization. 7

It was the purpose of this exper‘iment toaattempt to replicate
some of these findings with intra-VTA amphetamine, but, more LN
importantly, t(; determine whether conditioned .activity wm;ld
develop with r:apeated administrations of aniPhet;amine to thi‘s site"
and, therefore: wh’etfll.e'r the behavioral sensitiﬂéation obtain;d ’—’\\
would come under stimulus.control ’(.j..e., e—’m,iron;nent:—,speéific
sensitization). The‘ptediction was made that! it would not.

Intuitively, it appeared that under these conditions, where

amphetamine would be acting to release DA locally but where the

-

*,

mesolimbic DA neurons and their intlerconnections were not T
activated, the conditions for the formation of associations w;)uld'
not be obtained. In the Kalivas and Webé‘r study, the clearest
evidence far behavioral sensitization had l:yeen obtained whéh
a}limals were subsequently tested with a systemi¢ injection of »
morphine. Animals in the present study, t,h\:refo,ke, were tralned
with intra-VTA amphetamine and tef;_t:ed for enviroinnent-s”;fecif ic
. ) ;

sensitization with morphine and later for conditioning with

s aline. -
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Subjects ' ,
S [

- Thirty male Wistar rats, weighing 250-300 g on arrival,:were
A |
used. Four to seven days after arrival, these were

Methods : '

° * - \ o
s tereotaxically -implanted with chronic bilateral guide cannulae

aimed at the VTA. The animal supplier, housing conditions,

handling, shrgery, perfusion and histology were as specified in

Experiment 2.

onn histological verification aftér the experiment, it was
f dund that injector cannula tié placemgnts were tob ventral
(cannula tracks exited ventrally) in three ;nimals. The data from
t hese animals were,  therefore, dropped from the experiment, In )
all remaining animals, both injector cannula tips were, located in
the VIA. Bilateral injector cannula tip placeménts are

illustrated in A%pendix, Figure B.

Design and Procedure

This experiment consisted of a qénditioning phase followed by

\
two tests, the first for enviromment-specific sensitization with

ES

morphine, and the second, for conditioned locomotor activity with
s aline.
The conditioning phas% consisted of four 3-day blocks. On the

first day of each block, animals were carried to the testing

-

room, in groups of seven or eight, administered an intra-VTA

\}rﬁection of amphetamine or saline and tested in the activity
boxes for two hours. On the second day, animals were given intra-
7 ‘'
VTA injections of amphetamine or saline in the colony room and

immediately returned to their home cages. Animals were left

‘undisturbed in their home cages on the third daye

Y
kS
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’ Animals were randomly assignQd to one of three groups

dependiqg on what injections they received on the first';nd
second days of each block of conditicning: -
bFoup COND (n=9) 'amphetamine~activ1cy gox/saline home cage
Group PSEUDU (n=9) saline—activity box/amphetamine-home cage

Group CTL (n=9) Bsaline-activity box/saline~home cage
D-amphetam%ne sulphat@ was dissolved in saline and'administered

)

in a dose of 2.5 pg/side in a volume ot 0.5 pl/side. Saline

. %
injections were made in the'same volume. Microinjection

procedures were as specified in'Experiment 2.‘£Ee testing room
and the activity boxes are described in Experiment 1.
o s
Test 1., Animals were tested fdr environmeant-specific

sensitization on the day following the conditioning phase (i.e.,

day 13). All animals were given a systemic injection of morphine

"and tested in the activity boxes for two hours. Morphige sulphate
~

°

was dissolved in saline and administered i.p. at a dose of 1.0
mg/kg;in a'l.O ml/kg volume.

Tes£ 2. Three days following Test 1, anima}s were test®d for
conditioning.‘All énhmals were given a saline injection (1 ml/kg,
i.p.) and tested in the aétivity boxes for two hours.,

The conditioning phase data were analyzed by l-between 2-

N

AN
within ANOVA“s with groups as the between factor and hours and

ey
days as the within factors. The test data were analyzed by I~

’

between l-within ANOWA“s. Post hoc Scheffé comparisons were made
; . . . (

according to Kirk (1968). - 7

1130
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Results g

-
3

Conditioning. : .

Figure 28 shows the mean horizontal activity counts obtained

[N

- during conditioninﬁ for each of the three groups. It can be seen
> N
. 4

that, overall, intra*VTA injections of amphetamine had little

\'}_‘:'
effect- on the behavior of Group COND relative to the two other
groups. Group CTIL showed somewhat lower leveis of activity than

Groups COND and PSKUDO in Hour 2 of the first two days. However,
by Day 4, all groups showed very similar levels of activity. The
‘effécts of days [F(3,72)=13.8§, p<0.001] and, hours

[F(l,é4)=84.56, p<0.001] were significaht, refiecting the declihe '

-

in activity over hours and days bx all groups.,

Figure 29 shows the corre;ponding rearing counts obtained
during conditioning for each of th%\three groups. Again, it can
be seen that, overall, intra-VTA injections of amphetaminé]had
little effect on the behavior of Group COND relative to the two
other groups. Group PSEUDO did show somewhat more rearing in Hour
1 of the first two days of conditioning. By Day 4, all groups
showed identical levels ot.;earing. The ANOVA -revealed .
significant effects of days [F(3,72)=33,52, p<0.001] and hours
[F(1,24)=96.10, p<0.00!], again reflecting the decline in this’

"behavior over hour a?d days in al% groups.

[

Test 1: Morphine Tes® for Enviromment-Specific Sensitization

The results of this test, in which all animals were tested in
the activity boxes after receiving an injection of 1.0 mg/kg
morphine, are shown in Figure 30.

Groups COND and PSEUDO clearly showed horizontal activity

levels that were higher than those of Group CTL, demonstrating .

’
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| ) HOUR 1
) 500 1
Y ‘ ! § . o /
. E 300-W " OOND
2 .1 T |8 PsEUDO
\g 200 A x CTL
. Z 1 ' s
é 100 ~ ~
o : ’ A\:
0 T ™ T m
1 2 3 4 C
. DA ' ,
 DAYS . <
‘500 -

MEAN ACTIVITY COUNTS
w
3]
o

A

0 T T Y
1 2 3 3%‘
DAYS

Ry

Figure 28. CONDITIONING. Mean horizontal activity counts (1 S.E.M.)
obtained in Hours 1 and 2 of the four conditibning days for each of
the three groups in Experiment 5.
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" Figure 29. CONDITIONING. Mean rearing.counts (¢l S.E.M.) obtained
in Hours 1 and 2 of the four conditioning days for each of the 'ghree

groups in Experiment 5.
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..~ © MORPHINE TEST . m
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‘Figure 30. TEST 1. Mean (A) horizontal éct::l,vity and (B) rearing
counts (#1 S.E.M.) obtained on the morphine test for' environment- .
specific Sensitization for each of the three groups in Experiment 5.
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b
lthat pretreatment with intra-VTA amphetamine produced a

\

.

sensitized response to morphine (Figure 3DA). Because both Groups
COND and P§EUDO showed. the sensitized response, these findings
do not show any evidence for the control of the manifestation of

behavioral sensitization by the CS“s. That is, sénsitization was

not found to ée enviromment-specitic., The ANOVA confirmed these

observafions. A significant effect of groups was found
[F(2,2£)=6.84,'p<ﬁ.005] and post hoc comparisons showed that both
Groups COND and PSEUDO were signitiéantly more active than Group
CTL in Hour 1 (p’;<0.05 and 0.01, resﬁectively). Only Group*“
PSEUDO differed signif}cantly from Gréup CTL in Heur 2 (p<0.05).
Grogps COND and PSEUDO‘did not differ gignificantly from each
other.

Similar results were obtained with rearing (Figure 30B). A

’

‘significant effect of groups was found [F(2,24)=5.29, p<0;013]

and post hoc comparisons confirmed that Groups COND and PSEUDO
¢id not differ significantly from each other but, combined,
showed significantly more rearing than Group CTL (p<0.05).

Al
Test 2: Saline Test for Conditioning.

* Figure 31 shows the group mean-horizontal-activity and
L} -

rearing counts obtained on the tést for conditioning, in which ~
all animals were tested atter receiviﬂé;;n ingectiah of ;aline.
fﬁ can be seen that in neither measure were gr0up_differences
apparent, suggesting that conditioning did not accrue with
repeated pairings of the CS and intra-VTA amphetamine
administrations. The ANOVA conducted on.the horizontal activity
data and that conducée& on the rearing data both indicated only a

™
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SALINE TEST .

A. HORI;ONTAL
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Figure 31. TEST 2. Mean (A) horizontal activity and (B) rearing counts- -
(41 S.E.M,) “obtained on the saline test for conditioning for each of
the three groups in Experiment 5.
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significant effect of time. : S

.Discussion .

-The results of the present experiment, with intra-VTA
y
)

amphetamine, replicate those reported by Kalivasl and Weber

¥ | |

(Zubmi tted). These-findings, together with those indicating that
< - \
peated intra-NAC injectiens of amphetamine do Fot produce

r

behavioral sensitization (Dougherty and Ellinwood, 1981l; Kalivas

and Weber, submitted; ,,Exp‘ériment 6), support the view that the
L 4 B N

. - -
site of amphetamine action critical for the development of

behavioral sensitization to amphetamine is the VIA. As reviewed

in thé Introduction, the repeated administration of amphetamine

1

into the VTA may produce a progressive decrease in the.DA

\
“

— >

released from the AlO DA cell “bodies Sy amphetamine (Kalivas and
Duffy, submitted, a; Kalivas and Weber, submitted). This would
result in decreased alut'oreceptor-med‘iated inhibition of these
cells and make them r;ore easil;r excited by pharmacoloéical anrd
envirommental sFimuli. The mechanism by which the repeated
administration of amphetamine (or other drugé) might bring about
such changes in the cell body release «of DA remains tc; be
deltemined.

Interestingly, conditioning did not develop in the present
experiment. Thus, while amphetamine action in the. VTA 1is
sufficient to produce sensitization, it does not appear to be
sufficient to produce conditioning, pl;oviiling further evidence

thag-conditioning cannot account for segttization. Given that

intra-VTA infusions of amphetamine would not be expected to

stimulate DA release from mesolimbic DA neuron terminals, this,

.
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finding is consistent with others suggesting that the pairing of
f - -
a CS with the postsynaptic consequences of drug-US-induced DA
N - 1Y 1 B

release is necessary for conditioning to occur (Spyraki, Fibiger

and Phillips, 1982; Beninger and Hahn, 1983; Vezina and Stewart, . - .
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"stimulus control had been removed by extinction. These findings \

@ ‘ " \EXPERIMENT 6 -

-

3 ! ‘

In Expeitmeﬁts 3 and-4, it was found that behavioral
. @ . ’

]

sensitization could still*be observed after the effects of »

. v ' " . % .
were interpreted to suggest that behavioral sepsitization and gy
- -
conditioning do not arise from the sameISet of neurochemical‘

events, but that the latter could modulate the expression of the .
. T k" ‘.

.

‘tommer. The results of Experiment 5 extended this interpretation g

by suggegﬁing that the site of Jmphetamine aétion'responsible for ~ .
- . . \ N .
the development of sensitization, but not condiiioning, was the

VTA, the site of the ALO DA cell bodies.. e ,

The present experimefit investigated whether amphetamine
- o ‘”

- . .
action in the NAC might be responsible foyethe development of

¢ I d "

conditioned control of behavioral sensitization. Tﬁis,possibiliéy

-

was suggested by findings indicating that repeated administration

of amphetamyfie into\the NAC did not produce behavioral:

ion (Dougherty and Ellimwood, 1981; Kalivas and Weber,

- 3 ®

submitted), but thaty if these were paired witﬁ a' CS, place

preference conditioning could be obtained (C?rr“ahd White, 1983, .

v
i

1986). In the present experiment, therefore, animals were R ‘

-

repeatedly administered amphetamihevknto the NAC and*tested for-

N : ' s e
conditioned locomotor activity and environment-specific . !

behavioral~sensitization to morphine and amphetamine.

.
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Subjects ~ .

A

Twenty-four male Wistar rats, weighing 250-300 g on arrivai. ’
were used. Four 'to six days after arrival, these were ‘

stereotaxically implanted with chronic bilateral guide cannulae
. .

aimed at the NAC and positioned one mm above the final injection

- N .

site. The NAC coordinAtes were: A/P +3.4, L +1.5 and D/V ~7.5
T ' .

from skuil (Pellegrino et al., 1979). The guide cahnu%ag were
angled at 10 degrees to the vertical. Thé remaihing surgical
’detailslas well as the annmal:supplier, Hodsing coﬁdicions,
handling;/ﬁgfoSion and histology were as specified in Experiment
2, » | |
. . )
Upon histological veritication after the efperiment, it was
fouhd that injector cgnnuia tiﬁ'placemeégs fell outside the NAC
in three anhnals:-The data from these animals were, the}efore.
dropped from Ehe experimenty In all rémaining animals, both
1nject§r éannula tips, were located in the NAC. Bilateral injector
‘cannulﬁ{tip ptacements are illustrated in Appéndix, Figure, C.

I3 ’

Design,K and Procedure

Th'is experimeht involved two phases: conditioning and
'tesging. Th?/;es;ing phasetééngiéted ofhthree tésts. Tests | -
(given durigg conditioning) and 2 (given after conditioning) were
.saligé tests+for conditioned locomotor activity. %ests 3 and 4
were tests for enviromment-specific sensitization to morphine and
amphetamipe, respectively. ' "
—— Tﬂk conditioning phase consistéd of'fi&e 3-day bloéks.\On thé
“first-day of each block, animals were carried to .the testing

room, in groups of eight, administered an intra-NAC injection of

140




amphetamine or saline and tested in the activity boxes for two

. 5 * \,
hours. On the.second day, animals were given intra-NAC injections

of amphetaminé or saline in the colony room and immediately

returned to their home cages, Animals were left undisturbed in

- e -

their home cages on the third day.
Animals were randomly assigned to one of three groups ,
depending on what injectioné they received on the first and

)

secoﬂd days of each block of condffioning:
Group COND ‘(n¥7) amphetamine-activity box/salihe—ﬁome‘cage
Gr;up.?SEUDO (n=7) saline—activity box/amphetamine-home cage
’Group CTL. (n=7) saline-activity box/saline—home cage

D-qmphetamine sulphate was dissolved in saline and administered

»in a dose of 2.5 pg/side in a volume of 0.5 pl/side. Saline

irUecgions were made in the same volume. Microinjection
procedures were as specified in Experiment 2. The testing room

and the activity boxes are described in Experiment 1.

- .
Test 1: Saline Test for_CoA%itioning. Test 1 was given on the

first day of a 3-day block imbedded between blocks three and four

of conditioning. All animals were administered an intra-NAC
. A .
saline injection and tested in the activity boxes for two hours.

s

Likewise, animals were give? an intra-NAC saline injection in

their home cages on the second day. On the third day, animals
[ ~N
were left undisturbed in their home cages. Conditioning resumed

on the next day wiEh_block four of conditioning.
‘e
Test 2: Saline Test for Conditioning. Test 2 was given on the

L]

day following the conditioning phase. All animals were given an

i.p. injection of saline and- tested in the activity boxes for two

¥
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hours. Saline, as well as all the subsequent injections were made

inal ml/kg volume.
o

Test 3: Morphine Test for“Environment—Specific Sensitization.

This test was given two days following Test 2. All animals were
. ! {

fgiven an infection qf‘l.Oﬂmg/kg morphine (i.p.) and tested in &he

N,
N

ac;ivitv boxes for two hours. Morphine sulphate was dissolved in
saline. ‘ .
Y
Test 4: Amphetamine Test for Environment-Specific
J
LY
Sensitization. This test was given two days following Test 3. All
animals were injected with 0.5 mg/kg amphetamine (i.p-) ‘and
tested in the activity boxes for two hours. Ampetamine sulphate

was dissolved in saline.

The conditioning data were analyzed by l-hetween Z—thhin
ANOVA“s with groups as the between\Factor and hours and days as
4 -

3 .
the within factors. The test data were analyzed by l-hetween }-

within ANOVA:s. Tests for simple main effegts and post hoc

Scheffe comparisons were made accordigg to Kirk (1968),

Results

Figure 32 shows the mean horizontal activity coﬁnts nhtained

on the ﬁive conditioning days for'each of the three groups. As
expeéted, intra-NAC inieckions of amphetamine produced sizabhle

)
increases in activity in Group COND compared to the other two

L}

groups., These 1néreased levels of activity were apparent only in

. ‘ i
the first hour and decreased somewhat over days but remained ™

A
higher than those of the aother two groups throughout
. . . .
,conditioning.s The ANOVA conducted on these data revealed

significant effects of groups [F(2,18)=10.22, p<0.001], hours
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HORIZONTAL LOCOMOTION .
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Figure 32. CONDITIONING. Mean horizontal activity counts (31 S.E.M.)
.obtained in Hours 1 and 2 of the five conditioning days for each of
the three groups in Experiment 6. - &
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[F(l,,lé)=128.'ao,‘ p<0.001}, days [F(&,72)=10.16, p<0.001] and
significant groups x hours [F(2,18)=20.90, p<0.001] and groups x
hours x days [F(8,72)=2.96, p<0.006]} interactions. Post hoc
comparisons confirmed the above 6b§eryations. Group COND was

significantly more active than both other groups in Hour 1|

(p”s<0.01) but not in Hour 2, Groups PSEUDO and CTL did not

differ significantly from each other. All groups were

signiﬁicantly less active in Hour 2 compared to Hour 1, alchoﬁgh
this decline was more considerable for Group COND (p<0.01) than
the other two groups (p’s(0.0S). The simple maln eftect ot days
was signi{ffcant in Hour 1 for Group COND (p<U.0l) and barely

significant for Groups PSEUDO and CTL (p~s8<0.05).

4
Similar results were obtained with rearing (Figure 33).

-

Again, significant eftfects of grogég [F(2,18)=9.19, p<0,002],
hours [F(1,18)=71.95, p<0.001], days [F(4,72)=19.33, p<0.001] and
significant groups x houri_[F(2,18)=18.47, p<0.001] and groups x
h9urs X da;s [F(8,;2)=3.60, p<0.001] interactions w;re-found.
Post hoc‘comparispns conf irmed that Group, COND showed

éignificantly higher levels of rearing than both other groups 1in

Hour 1 (p”s<0.01) but not in Hour 2. Groups PSEUDO and CTL did

1
not differ significantly from each other. Only Group CUND reared

¢significantly more in~Hour 1 than in Hour 2 (p<0.01l). The simplé
4

main.effect of days in Hour 1 was significant for all groups

(p”s<0.01). However, the decline in Yearing levels over days was

much more considerabl¢ for Group COND, accounting for the

AN

significant - groups x hours x days interactiom.’

. L
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Figure 33. CONDITIONING. Mean rearing counts (#1 S.E.M.) obtained in
Hours 1 and 2 of the five conditioning days for each of the three
groups in Experiment 6. .
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Test 1: Saline Test for Conditioning. A

The re'sults of this test, given during conditioning and in
. |
which all animals were tested after receiving an 1ntra—NA10’
- k injection of saline, are .shown)\n F;gure 34, 1t is clear t:hai;~no_ ¢
differences between groups i-r;iicative of conditioning are

present, The ANOWA”s conducted' on the horizontal activity and

‘rearing data indicated ponly significant effects of time,

o>
AY

‘Test 2: Saline'Test for ’Conditioning.

Figure 35 shows the results of the second test for

" conditioning, given after the conditioning phase and in which\all

animals were tested after receiving an 1i.p. 1nject16r1 of satifie.

. ¢
Again, no differences between groups indicative of conditioning’

are spparent, Only the time eftect was significant in both
’ .

measurese.

Test 3: Morphine Test for knvironment-Specific Sensitizaton,

t

The results of this test, in which all animals wére tested
after receiving an i.p. ihjection of morphine, are shown in
Figure 36. Aé"cz;n be s'een, there is no evidence for sensitization \/
in either tﬁeasure. Not surprisingly, given the results ot Tests 1
and 2, there is also no evidence for envirommental gpecificity of
activity. Both ANOVA”s again revealed only significant effects of
y time.

7

Test 4: Amphetamine Test for Enviromment-Specific Sensitization,

Figure 37‘'shows the regults of the final test, in which all \

animals were tested after receiving an i.p. injection of N

s

amphetamine. Again, no difterences between groups indicative of

sensitization or environmental speciticity can be geen. Group
; :

1

COND did show somewhat higher levels of rearing than the other

5

.. l4e
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SALINE TEST
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Fiéure 34, TEST 1, Mean (A) horizontal activity and (B) rearing
counts obtained on the first saline test for conditioning for each
o of the three groups in Experiment 6. .
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SALINE TEST
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Figure. 35. TEST 2. Mean (A) horizontal and (B) rearin@ couﬁts
obtained on the second saline test for couditioning for each-of .
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MORPHINE TEST
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Figure 36. TEST 3. Mean (A)'horizontal ‘and (B) rearihg counts

obtaiped on the morphine test for environment-specific sensitization i

for each of the three groups in Experiment 6.
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. AMPHETAMINE TEST
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Figure 37. TEST 4., Mean (A) horizdntal and (B) rearing counts
obtained on the amphetamine test for environment-gpecific . -
sensitization for each of the three groups in Experiment 6.
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two groups, but scores were highly variable. Again, both ANOVA“s

yeilded only significant effects of time.

Discussion \

e

The results of the pfesenf experiment, §howing that repeated

¢

injections of amphetamine into the Néf did not produce behavioral '
o )

sensitization, confirmed the similar findings of Dougherty and
Ellimvood (1981) and Kalivas and Weber (submitted). These

findings, together with those reviewed and obtained in kxperiment

[

5, suggest that the site of amphetamine action critical for the

L]

development of behavioral sensitization is the VIA and not the

NAC. (/ ‘ . , .

»

Such a conclusion might appear to ignore the findings

.obtained from in vitro DA release experhnen&s. As reviewed in the

~
Introduction, these studies suggest that changes at DA neuron

3

3
temminals (increased DA release in response to superfused

9mphetaﬁine), independent of cell body changes, undgrlie
. T
behavioral sensitization. What the results of the present \

7~

experiment and those cited above do make clear, however, is that

s

amphetamine action in the NAC is not responsible for the

devélggment of these changes at DA neuron temminals. These may be

o

e
brought about by the consequences ¢f -amphetamine action dt other

-
&
LEI I R

sites. Indeed, it would be 1ntéresting to determine whéther

‘1,

pretreatment with intra-VTA amphetamine would result in

: ’
sensitized amphetamine~induced levels of DA release from NAC
tissue, in vitro.

Th'e surprising finding in the present experimen@ was that no

151
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} .
¢ ; .
evidence for conditioning was obtained in any of the tests

. déspite the fact that the i&trafNAC injections of amphetamine

v

produced considerable amounts of locomotor activity during . o~

i

training. This finding, suggesting that the repeated amphetamire-

induced release of DA in the NAC is not sufticient to prodgpe
. N

conditioniniidzould appear to be at.odds with the finding that it

is capable of roduciﬁg conditioned place preference (Carr and

». White, 1983, 1986). The;e 1; no cléar explagation for this
discrepancy. It ma& be that conditioned activity is dependent on
a difterent substrate from condifioned place preterencé; a
possibility not without precedent (see Kucharski, Johangon and
Hall, }286; Durivage and Miliaressis, 1987). Thus, while intra-

."NAC injections may be sufficient to produce condi tioned place
preference, the recruitment of addi tional systems may be
necessary for t;e conditioning of locomotor activity: The

s finding; fér,example, that both conditioned activity (Vezina and °
Stewart, 1984) and conditioned place preference (Phillips and
LePiane, 1980)-are pro;uced by reﬂEated intra-VTA injections ot~
morphine may reflect the action of released DA at several
mesolimbic DA neuron terminals. * | )

This suggestion, that the development ot conditioned place
' .
prefeggnce and conditioned locomotion may involve different or
overlapping mechanisms, is not necessarlly inconsistent with the

- view that both conditioned effects reflect the rewarding

properties of drugs (Bindra, 1968; Iversen, 1983; Stewart, deWit

and Eikelboom, 1984; Stewart aud Eikelboom, 1987). Rather, it 1is-

~consistent'with the ditferent but overlapping classes of behavior

seen in each effect: approach and the maintenance of sensory.

4 ~

o )
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GENERAL DISCUSSION

.

L3

- The aim of the experiments reported in this thesis was to
investigate some of the processes that have been proposed to

o "account for the development and expression of sensitization to
: . £ . -
w . .
s the locomotor activating effects of amphetamine and morphine,

.

\\ . 'Three main areas were explored:,ﬁhe role played by DA

autoreceptors in behavioral sensitization to‘amphetamine and

RN

morphine, the role of conditioning,in the manifestation of
27 beﬁavioral sensitization to these l

twg drugs, and the
1

neuroanatomical site critical for the development of Eonﬁittnning

and behavioral sensitization to amphetamine. .

~

o

» *‘No support was found for the view that subsensitive D-2 -DA

autoreceptors are involved, either directly or indirectly, -in the

.

~ development of sensitization to the locomotor activating effects

of amphetamine and mofphine. In Experiment 1, it was found that

t none of the D-2 DA receptor antagonists tested attenuated the

o n

N ,
development af benaviofél sensitization to amphetamine, In
@ Fxperiment 2, two of these three D-2 antagonists were without

effect on the development of behavioral sensitization to intra-
rd

i

VTA‘horphine. Curiously, the D-2 DA thagbnist, pimozide, bhlocked
the development of sensitization to intra-VTA morphine although
‘it had no effect on the development of sensitization to

) t, , .
amphetamine. :Convetsely, the D-1 DA receptor antagonist, SCH-

\
" 23390, blocked the development of sepsitization to amphetamine

1 '

““but was without effect on the development of sensitization to-

-

intra-VTA morphine. ) -



*

In Experiments 3 and 4, it was found tHat the expression of
; ' . ) \
behavioral sensitization to amphetamine and morphine can come

undeg, strong stimulus control and that this control is reduced by
ext;ﬁction training. This procedure, however, did not cause
sensitization to be eliminated. Thus, while conditioning factors

can play an important role in the expression'of behavioral

4

sensitization to pyschoactivé drugs, sensitization can still be
observed when evidence for-.conditioned dwug effects is absent.

The neuroanatomical site q}itical for the development of

-

behavioral sensitization to amphetamine appears to be the VTA and

LY

n% .
not the NAC. In Experiment 5, it was found that pretreatment with

intra-vTA 1njeétions of amﬁhetaminé\sensitized animals to

a

subsequent SyStemic injections of morphine, whereas, Experiment 6
showed that pretreatment with intra-NAC injections was without

effect. No evidence of either environment-specific sensitizatioﬁ
A

\

or condltioned stimulus control of activity was found when

amphetamine injections to either 'the VTA of the NAC were paired . =

¢

with a specific environment.

Dopamine Receptors and Behavioral Sensitization

»

The‘mggn pyrpesevof E»perimentstl and 2 was to test the’
aetoreceptor subsensitivity hypotkesis of behavioral '
sensitization. The results obtained in these ex cperiments clearly ~
do not support this hypothe31s nor do they support the
possibility that DA autoreceptor changes may be indirectly
'ane}veq in the developﬁent of sensitization. The results
obtained with SCH-23390 and pimozide were syrprising, however,
and in need of explanation. I

The finding, in Experiment 1, .that SCH-2B390 blocked the

-



development of sensitization tq, amphetamine, together with the

findinakgf Barnett et al. (1987) that preexposure to amphetamine '
. . AJ
produces desensitization of D-1 DA receptors postsynaptic to DA

cell terminals, would seem to suggest that subsensitive

posﬂsynaptic"D—l DA receptors may be responsible for behavioral
“.

sensitization by reducing the inhibition of‘mesen§ephalic DA

cells via feedpack pgthways (see Introduction). This possibility )
appears unlikely; QOwever, in view of the findingi in Experimeht .
2, that SCH-23390 had no effect on the development of

Pt
sensitization to intra-VTA morphine. Furtheff the finding, in

Experiment 5, that intra-VTA injections of amphetamine could
produce behavioral sensitization is also ditficult to interpret |

in terms of concurrently developing postsynaptic D-1 DA receptor
L)

desensitization, since these injections would not be expected to

produce increased release of DA from DA neuron terminals.
B

Finally,"in Experiment 6, it was found that intra-NAC injections
of amphetamine, which do produce increased release of DA from DA
neuron terminals .and would thus provide the conditions for

postsynaptic D-1 DA receptor desensitization, did not produce

Y
behavioral sensitization.

D-1 DA\receptors have also been shown to be located

/ M

presynaptically on GABAergic afferent terminals in the Jﬁ§§tantia

—

nigra, and }t has been suggested that DA released ‘Eﬁm

mesencephalic DA cell dendrites could modulate, via these

receptors, - -the inhibition of nigral cells b§ GABA (Matthews and
German, 1986; Porceddu et al., 1986). How these D-1 DA.receptors

might be involved in the development of behavioral sensitization

-

AN
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1Y

to amphetamine and, thus, how SCH-23390 might act at this site to
prevent the development of sensitization remains, however, an
open question, Mo;eéber, the possibility that it is D-1 bA
feceptors that are involvéd is brought into question by the

lack of effect of SCH-23390 on the development of sensitizatipn
to intra-VTA morphine.

+,

Finally, the finding that pimozide blocked the development of

-~ -

behavioral sensitization to intra-VTA morphine is difficult to

interpret in terms of its blockade of D-2 DA recepto}s since the
othe; two D-2 DA receptor antagonists tested were without effect
on the development of sensitization to intra-VTA morphine. This
suggests tﬂ;t some other action of pimozide,-unrelated to its
eﬁf;ct on D-2 DA receptors, may be responsible for the findings

obtained. > -

Al
+

Whatever the exact mode of action of these two compounds,
their difte;enqial effect on the development of behavioral
sensitization to ampheFamine and morphine suggestg‘that the
ﬁechanisms underlying the devel;pment of sensitization to these
two drugs differ, even though thesé ultimately produce similar
changes in the activity of mesencephalic DA néurons. It has been
suégested. for example, that the decreased,;elease of DA from
mesencephalic DA cell bodies in response to pharmacological
challengesis the enduring changé in DA neuron function that is

-

‘“ritical for the expression of behavioral sensitization to v
amphetamine and.morphine (Kalivas and Duffy, submitted, a). -
Whether, and if so, how, SCH-23390 and pimoziée (and other DA

receptor antagonists) might influence the development of this

change in the release of DA from mesencephalic DA cell bodies‘

157 ., o .
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remains to be determined. f

Conditioning and Behavioral Sensitization

As reviewed in the Introduction, smuch of the literature

v

4
concerned with the relation between conditioning and

o, n

sensitization has, unfortunately, been concerned with
demonstrating whether conditioning does or does not account for

hehavioral seﬁsiéization (efg.t‘Robinson and Becker, 19869. The
results of Expgriments)ﬁ'ﬁhd 4 of the present thesis suggest that
a more fruitful approach to gaining an understanding of"
environment-specific control of the expression of sensitization
might be to study the relation between these two phenomena.

. Twp aspects of the results of these two experiments are
important in this regard. First, the expression of bhehavioral
sensitization can come under strong stimulus control and this
control is subject to procedufes that affect conditioning
phenomena~(i.e., extinction). Second, the sensitization of drug-
induced hehaviors can be observed when evidence fo} coﬁdittongd
drug effects is absent. Further evidence that conditioning cannot
account for sensitization was obtained in Fxperiment 5 where it
was found that amphetamine action in the VTA is spfficient to
produ;e sensitization ﬁut not conditioning.

1though conditioning may not explain or cause the

development of sensitization, the demonstration that {t is able

Al
.

to control the manifestation of behavioral sensitization to the
extent of completely preventing its expression 1llustrates
dramatically that the relation between the two 1s not trivial.

There are several reasons why an understanding of the relation’

-,
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between these two phenomena would be bene?icial.

First, 1t would seem that to gain an understanding of how ‘ﬂ/~;y
environmental stimuli achieve such strong control over the

expression of sensitization may provide some insights into the

-

basis of sensitization.itself. At the very least, any mechanism’

~

proposed to account for sensitization must have as one of its

requirements the provision whereby such stimulus control could

occur.

Second, there is an extensive literature indicating an
\

important, although not completely understood, role for

environmental stimuli in the expressign of the acute effects of
~ ' ‘ ‘!"
pyschoactive drugs (for a review, see Wise and Bozarth, in

\
3

press). What effect might prior sensitization to a drug have on s
how an animal interacts with such stimuli especially if previous
drug exposures have been paired with these stimﬁli?

Third, it has been suggested that the rewarding properties of
psychoactive drugs may aiso show sensitization (Gaiardi,

‘ Bartoletti, Gubellini, Bacchi ;nd Babbini, 1986; Mansky, 1978).

This possibility, together with the demonstration that
eAvironmental stimuli can exert strong coqtrol'over the

expression of sensitization (i.e., environment-specific

v sensitization), could have important implications for the role of

s unconditioned and conditioned drug effects ir* the self-

administration of drugs (see Stewart et al., 1984).

As discussed in the Intfoduction, the conditioning of drug
effects s widely believed to reflect,the acquisitién by the CS+
of the ability to elicit, in the absence of the US, effects

¢
similar to those originally produced by the drug US ksee Stewart

159



and Eikelboom, 1987). It should also be clear from the
Introduction, however, that the relation of the CS+ to behavioral
sensitization is not weli understood. If the additivity of CS$+
eiicited conditioned effect and initial unconditioned drug effect
is 1ncapab;e of accountidg for behaviéral sensitizatioﬁ, Qhen
what might be the role of the CS+ in sensitization? One
possibility may be that it is directive. For example, it has been
shown that water deprived rats, administered the stimulant
pipradol (Robbins, 1976) or i;tra—NAC injections of amphetamine
(Taylor and Robbiﬁ;, 1984, 1986), will press a lever that-
produces a light ﬁreviously associated with water (but not an
}nactive lever) more often than rats aﬁministered a vehicle
injection. These investigators concluded that motivationally ‘
significant stimuli (CS”s) gan direct the manifestation of the
.behavioral effects of a drug. Interesti?gly, Robbins (1976)
suggested that the lever directed responses of rats injected with
pipradol were parf of a stereotyped pattern of,beﬁavior 1ndu;ed
by the drug, and, vice versa, .that stereotyped behavior might
even arise from the persistént directing of behavior to the lever

¥

s timuli.

1f the dfug ;xperience were the event associa§?d with a CS
(as invdrug\conditioning and sensitization experiments), then 1t
might be expecged thét;the drug would come to potentiate the
directing effects of this very stimulus. Beck, Chow and Cooper
(1986), for example, found that rats administered a hfgh dose of
‘?mphetmmine engaged in stereotyped behaviors directed at those
stimuli afforded by the testing apparatus. When new stimull were

160
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5,

. been paired repeatedly with the non-occurence of the drug (CS-).

~ )
{
\

~ \

subsequently added to the testing aﬁﬁaratus, thése rats did not

respond to them, hut persevered in stereotyped behavior directed

bl

at the initial stimuli. Althougﬂ fhese data .are based on a single

drug administration, they support, together with .the findings of

Robbins and his colleagues, the possibility Ehat the CS+ may

.

have the effect of directing sensitized responding. The results

of Fxperiments 3 and 4, showing that, although extinction

1 T

training reduced the ability of the CS+ to elicit conditioped
activity, it did not significantly reduce behavioral
sensitization, suggest that the CS+ does not contribute to the o

. N
augmented responding seen in sensitization.-It would be / <

" interesting to determine, thevefore, whether the presence or

"absence of the opportunity for conditioning during the

.

development of behavioral sensitization would produce any

differenceés in the manner in-which animals subsequently -
vy - h

manipulate envi rommental stimuli on a test for sensitization.

As outlined in Experiments 3 and 4,mthe expression of . ;

. »
behavioral sensitization appears to be inhibited by a CS that has

Fxtinction of the CS-, as was found in these experiments, would
reduce-the inhibiFion exerted on the sensitized response to the
drug, making it more visible in the preéence of the CS-., Such
results suggest that .a CS- may bexable to.modulate'the
"phamacological' effectiveness of the drug it;elf (i.e.,
modulate the US properties of the drug). 1f-this were the case,
then one could imagine that the effectiveness of the inhibigoév

N\

properties of the CS- would be determined by tﬁe potency of the 0

Us. If,.for example, a high dose 6f a drug were administered on a

16r . - - v
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"test for sensitization, “it might be that the inhibitory

properties of the CS- would be 1n3ufticiegt to overcome the

.direct US action of the drug. Preliminary experiments with

amphetamine conducted in this laboratory have found, for example,

‘that when a 1.0 mg/kg training dose was used to test animals for

enviromment—-specific sensitization, variable results were \\/

1y

obtained: in some experiments, environment—specific sensitization

was observed, in others, not., If, in fact, the test US dve?whelms

the influence of the CS=, it might éxplain some of the reépotrted

failures to obtain environment-specific sensitization even when

-conditioning procedures have been followed. In the present'

experiments,. to avoid this poténtial interference between the
effects of CS”s and drug action in the manifestation of
enviromment-specific sensitization, the test dose used was half
that used in training. The potential relationship between -
training dose, test dose, and the manifestation éf environment—- 5
specific sénsitization obviously needs to ge explored more fully.
Finally, it is tempting to speculate about the neural
substrates that ﬁight mediate these directing and inhibitory
effects of C5+ and CS-. For examplé€, it has been buggested that
the neuronal associations necessary for the conditioning of
dopaminergic activity occur "beyond the dopaﬁinergic neurons'
(Moller et al., 1987); The thalamo-cortico-striatal neuronal loop
described separately By both Glowipski and colleagues ana
Phillipson and’cplleagues (see Introduction) is part{Cularly
attractive in this regard. The activation of this\loop has been

i £
shown to be capable of facilitating and reducing the release of

s,



v é‘ ¢ A
DA from DA neuron terminals in the caudate nucleus (see Cheramy
‘qt al., 1986). Further, neurons in different nuclei in this loop
v have begn 1mplicaped }n the mediation of'learning of different

[ +

contingencies in operant conditioning (Sakurail aqd'ﬁirano, 19835.
Although all the Ligﬂ:nts of a biological system that would
provide for the differential appetitive and inhibitory effects of
C5t and CS- on d&baminergic activity are Evidently not inbwn, the
above findings suggest that the neuronal processes capable of
___ mediating thésg effects exist. Furthermore, conditioned cﬁanges
in dobaminergic activity have been reported following CS-drug US
pairings. For example, increases in DA turnover have been
reported to be elicited by CS”s previously paired with morphiﬂe
(Peréz—Cruet, 1976) anq amphetamine (Schiff, 1982). And,
increases in the single-unit activity of mesencephalic DA cells

v -

have been found to be elieited by a CS previously paired with a

[}

t gustatory US (Miller, ‘Sanghera and German, 1981). It would be
- interesting to determine. what relation thalamo-cortico-striatal

fibers might hq&e to theselqdnditiod%d effects,

™

Rearing ' . . -
In preliﬁinary'studiés conducted in this léboratory, it wasg
- ’fouﬁd that horizoqtal_activity ;nd rearing were not always
. affeéied in the same way by exbe;imental manipulations intended
< to either increase‘or decrease locomotor activity. The results
obtained incthe present experiments confirmed these observations

and support the recommendation that the two behaviors be measured

A Y

.seﬁaratély, especially when the effect of repeated drug infusions

is the object of study.

0

In Experiments 3 and 4 (but not 1), systemic injections'of

- * ’ -

. ¢
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amphetamine and morphine both prdduced increased levels of
rearing as well as increased horizontal activity. Furthermore,
both produced conditioned rearing, results similar to those
obtained with horizontal activit);. However, on the tests for
sensitization, results obtained with rearing diverged f‘rom those

obtained with horizontal activity. For example, in the experiment

\\

with morphine, no evidénce for sensitization of rearing was found

~

in either drug group. On the other hand, although amphetamine

produced increases in rearing that paralleled the environment-

X

specific sensitization of horizontal aétivity, It was found that

ks 3

extinction training had no effect on thé environment—apecific%;y
oi% the sensiéized reari’ng levels seen in the pre-extinction test,
Finally, while intra-VTA morphine did not produﬁce
r;ensitiza;:ion of rearing in _Experj:ment 2 (see a}so Kallvas et _
‘al., 1985), in ii:xpc‘ariment 5, a systemic injection of morphine
produced\sensitized lev;zls of rearing in animals pretreated with
intra—-VTA amphetamine (see also Kalivas and Weber, submitted).
There is no clear explanation for these\fin‘dings. Alt hough
some have suggested that drug-induced horizontal activity and
rearing are dissociable (Itoh, Murai, Yé)Shida, Masudé, Saito dnd

Chen, 1987; Mazurski and Beninger, 1987), no basis for such-a

dissociation was proposed. i
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Figure B. Bilateral injeca)r cannula tip pl;e;nents fn the VTA
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for the 27 animals included in the data analysis of Experimént 5.
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Figure C. Bilateral 1njectof cannula tip placeme.nts in the NAC

for the 21 aﬁim;als included in the data analysis of Experiment 6.

The coronal sections are from the atlas of Pellegrino et al.

-

(1979) .1 Numbers to the left indicate mm from bregma. The

“diff.ereL)t symbols indicate group affiliation:

‘B, COND (n=7)
[+

O, PSEUDO (n=7)
J

Q, CTL  (n=D).
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