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The influence of environment on the induction of sensitization
to the psychomotor activating effects of intravenous cocaine in rats
is dose-dependent
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Abstract The acute psychomotor response and develd®y words Environment - Associative learning - Stress -
ment of sensitization to amphetamine is attenuated if R®tational behavior - R:it
injections are given in the cage where a rat lives relative
to when injections are given in a novel but physically
identical test environment. Furthermore, when the enlitroduction
ronmental cues predicting IP injections are completely
eliminated by using remotely activated IV injections ifthe repeated administration of psychomotor stimulant
the home cage, 1.0 mg/kg amphetamine produces a \dmygs, such as amphetamine or cocaine, results in a pro-
small acute response and no sensitization. The sajrmessive and persistent increase in their psychomotor ac-
treatments do produce sensitization if IV injections atigating effects, a phenomenon known as behavioral sen-
signaled by placement of the rat in a novel test cage. Fitezation (Robinson and Becker 1986; Stewart and Bad-
present experiment was designed to determine if theréard 1993). Although the exact mechanism responsible
a similar effect of environmental condition on the rder this phenomenon is not known, behavioral sensitiza-
sponse to IV cocaine, and to what extent the effect man is accompanied by long-lasting neuroadaptations,
be dose-dependent. This was accomplished by compactuding changes in dopamine (DA) neurotransmission
ing the psychomotor activating effects (rotational behafikalivas and Stewart 1991), and structural modifications
ior) of repeated IV administrations of one of eight dos@s nucleus accumbens and prefrontal cortex neurons
of cocaine (0.0, 0.3, 0.6, 1.2, 2.4, 3.6, 4.8, or 7.2 mg/K&obinson and Kolb 1997).
given in the home cage, with infusions of the same dosesThere has been considerable research on both the be-
given in a novel test cage. There was no effect of erlwvavioral pharmacology and the neurobiology of sensitiza-
ronment on the acute psychomotor response to cocatima, but the conditions necessary for its induction and ex-
There was, however, a significant effect of environmepitession are still not well understood. Because behavioral
on the induction of sensitization. A higher dose of ceensitization is accompanied by drug-induced neuroadap-
caine was required to induce sensitization when |V adtions, it is tempting to think of sensitization as an inevi-
ministrations were given in the home cage than whtble consequence of exposure to psychostimulant drugs.
they were given in a physically identical but novel te$there is, however, increasing evidence that the ability of
environment. At high doses, however, cocaine inducelgs to produce their behavioral effects can be powerful-
sensitization regardless of environmental condition. Themodulated by the circumstances surrounding drug ad-
results suggest that the effect of this environmental nmaiistration (Barrett 1987; Falk and Feingold 1987). For
nipulation is to shift the dose-effect curve for the induexample, both the acute psychomotor response to am-
tion of sensitization, and support the notion that the alphetamine and the rate of sensitization to the psychomo-
ity of psychostimulant drugs to induce sensitization céor activating effects of IP amphetamine and cocaine are
be modulated by the circumstances surrounding drug attenuated if rats are given drug treatments in their home
ministration. cage, relative to rats treated in a physically identical but
novel test environment (Badiani et al. 1995a, b, c). In ad-
dition, we reported recently that if the cues associated
with IP treatments are eliminated by using unsignaled IV
— , infusions, low doses of amphetamine (0.5-1.0 mg/kg) fail
Eigbs%/rgr%rlg%r; P’?‘é;gﬂ;?gergﬁng?g‘fsHchology, to induce sensitization. The same doses given in a physi-
The University of Michigan, 525 East University St., cally identical but novel environment do induce sensitiza-
Ann Arbor, Ml 48109-1109, US+ tion (Crombag et al. 1996; Robinson et al. 1998).
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The study by Crombag and colleagues (1996) cleatthg unconditioned rotational response produced by an injection of
establishes that the circumstances surrounding drug gPe in @ novel test environment is negligible in rats with a uni-
ministration can determine whether a given dose of a'%eral 6-OHDA lesion, whereas the locomotor response in intact

. . - . AN fs is usually very large (Badiani et al. 1995a).
phetamine is capable of inducing sensitization. Indeed,The animals were allowed to recover from the lesion for at

this study suggests it might be impossible to induce sésast 1 week, and were then tested with 0.05 mg/kg apomorphine
sitization if unsignaled 1V infusions of a psychostimular? assess the development of dopamine receptor supersensitivity
[

; ; ; : enervation supersensitivity), as expressed by the appearance of
drug are given in the home environment. Alternative ontraversive rotational behavior. Denervation supersensitivity is a

the effect of this environmental manipulation may not lg8od indicator of the size of the lesion, because with this dose it is
to gate sensitization in an all-or-none fashion, but to shiélen only after 90-95% of dopamine terminals are destroyed
the dose-effect curve for inducing sensitization. The puMarshall and Ungerstedt, 1977). Ten minutes after a subcutane-

pose of this experiment, therefore, was two-fold: 1) f§S i“jgcftionz"f .apomf’rprl‘i”eﬁ thg.d“”mber ‘I)(f full {Ota“‘;.“s were
determine if the effects of IV infusions of COCAINE GIVEThne abre rolomonor Lo ot S not Make at jeast fve rota
: . > Y 9IVEbns were re-lesioned and re-screened. If they did not make at
in a home or novel environment are similar to those preast five rotations when given apomorphine a second time, they
viously reported for amphetamine, and 2) to determinengére excluded from the study. _ _ _
these effects are dose-dependent. Within 1-4 days, all rats received an indwelling IV catheter in
their right jugular vein using procedures described previously
(Weeks 1972). Briefly, under ether anesthesia (supplemented with
methoxyfluorothane), the silicone end of the catheter was inserted
Materials and methods into the right external jugular vein. The PE 20 end of the tubing
was passed subcutaneously, exiting through the skin at the nape of
the neck, and was secured through the L-shaped tubing imbedded
in the skull cap. Before being returned to their cage following sur-
ery, the catheter was filled with B of a solution containing 50
ig/ml gentamicin. Catheters were then flushed daily with 0.1 ml
a heparin solution (30 USP/ml heparin in 0.9% saline, pH 7.4).
To check for catheter patency at the end of the experiment, ani-
mals received an IV infusion of 0.2 ml thiopental sodium (40
mg/kg dissolved in sterile saline). Animals that did not become
ataxic within 10 s were excluded from the experiment.

Subjects

Male Sprague-Dawley rats (Harlan Sprague-Dawley Inc., Indi
napolis, Ind., USA), weighing 200-225g upon arrival wer
housed in a room with a 14-h light/10-h dark cycle (lights on fro
0600 to 2000 hours), with ad libitum access to food and water.

Surgical and screening procedures

After 1 week of habituation to the main animal colony, all ra .
were pretreated with atropine methyl nitrate (dissolved in oghavioral test procedures
mg/ml in saline and administered IP; Sigma, St Louis, Mo., USA), , . . ,
and then anesthetized with sodium pentobarbital (Nembutal, Bghavioral testing took a total of 17 days and was divided into the
mg/kg, IP) supplemented with methoxyfluorothane. A 21 gauf2lowing phases.
stainless steel guide cannula was positioned above the nigrostriatal
bundle using the following coordinates, measured from bregma:
anterior/posterior-3.0 mm; medial/lateral £1.8; ventrall.0 mm Phase 1: habituation
(Paxinos 1986). In half of the animals, the cannula was positioned
in the left hemisphere and in the other half it was positioned in tAethe beginning of the 5-day habituation period, the animals were
right hemisphere. Along with the guide cannula, a 15 gauge piessigned to one of two groups. The animals in one group (IV-
of hypodermic tubing bent at a 45 degree angle and an L-shapedne) were transported to test chambers, located in a sound atten-
piece of plastic tubing were affixed to the skull using dental ceated testing room, where they were housed for the duration of the
ment and jeweler’s screws attached to the skull. The guide canradperiment. Each test chamber consisted of a circular plastic buck-
was capped with a stainless steel stylet to maintain patency étewith a diameter of 25 cm at the base with granulated corn cob
tween procedures. bedding. Food and water were available ad libitum and extraneous
At least 2 days following surgery, all rats received a unilaterabises were masked using white noise. On day 2, each rat was
6-hydroxydopamine (6-OHDA) lesion of the mesostriatal dopgethered to a liquid swivel (modified from Brown et al. 1976) fixed
mine system. Briefly, awake animals were pretreated with desipt@-a moveable counter-balanced arm suspended above the animal
mine hydrochloride IP (15 mg/kg in distilled water: Sigma) 30-88y a lightweight flexible cable secured to the post imbedded in the
min before receiving 6-OHDA (Breese and Traylor 1971). A 2&ull cap. These animals remained tethered for the remainder of
gauge stainless steel cannula was inserted into the guide canth@axperiment.
so that its tip was located 8.3 mm ventral from the surface of the Every morning, beginning with habituation day 3, between
skull. 6-OHDA HBr, 8ug in 4pl of a saline-ascorbate solution,0800 and 0900 hours, each animal had its catheter flushed manual-
was infused over an 8-min period. The infusion cannula was leffynwith 0.1 ml heparin solution, and it was attached to an infusion
place for 2 min following the infusion and then was removed frolime (a length of PE 20 tubing) filled with saline, and fixed to the
the guide cannula, and the stylet reinserted. tether that connected the catheter to the liquid swivel. PE 20 tub-
The purpose of the 6-OHDA lesion was so cocaine-induced g also connected the liquid swivel to a syringe mounted on a re-
tational behavior could be used as an index of the psychomotorraote controlled syringe pump. The experimenter then left the
tivating effects of cocaine. As discussed in detail elsewhere (Bagem and did not return until the end of the day. The syringe pump
iani et al. 1995a), the quantification of rotational behavior in ratgs activated from outside of the room at 1100, 1300, or 1500
with a unilateral 6-OHDA lesion offers a number of advantagésurs (in a counter-balanced order). The pump was programmed
over more traditional measures of psychomotor activation. For éx-deliver a total of 6Qu over 6 min. At the end of the day (be-
ample, in rats with a unilateral 6-OHDA lesion, a progressive itween 1700 and 1800 hours) the experimenter entered the testing
crease in drug effect is seen as a progressive increase in rotatimwah and disconnected the infusion line from the catheter and the
behavior (Robinson 1984). In intact rats, however, a progressbaheter was re-sealed with a stylet.
increase in drug effect is not necessarily characterized by a pro-During the habituation period, the second group of animals
gressive increase in locomotor activity, which can make it difficulgroup 1V-Novel) were housed in stainless steel hanging cages in
to quantify and interpret the development of sensitization. Aldbe main animal colony and their catheters were flushed manually
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with the heparin solution using the same schedule as for animedperimenter used direct observation to score the occurrence of
in the IV-Home group. convulsions in the IV-Novel group. For both groups, rotational be-
havior was quantified using an automated device described previ-
ously (McFarlane et al. 1992) and one rotation was defined as four
Phase 2: treatment consecutive 90° turns in the same direction.

At the beginning of the treatment phase the animals in the IV-

Home group and the IV-Novel group were assigned to one of ei ults

subgroups (a total of 16 independent groups), representing e?({ﬁ?

dose conditions. Thus, depending on their group assignment each . )

animal received: 0.0 (saline), 0.3, 0.6, 1.2, 2.4, 3.6, 4.8 or Data are included only for those animals who passed the

mg/kg cocaine, once each day for a total of 5 consecutive days,afsomorphine screen and the catheter patency test. Also,

ing the following procedures. For animals in the IV-Home grou i i
the procedure was essentially the same as during the habitu %%nplete data were not always available for every animal

phase, except the lines were filled with one of the eight doses ?Eﬁ-cause of occasional equipment malfunction. There-
ed above. Every morning between 0800 and 0900 hours, ef@fe, the finaln for each group vary somewhat for differ-
catheter was flushed with heparin, the portion of the line nearestt analyses, and the finalis indicated in the figure
the catheter was filled with cocaine (or saline, 0.0 mg/kg), and @éptions.

remainder of the line was filled with the heparin solution and con- . .
nected to the catheter and liquid swivel. The experimenter then le Doses of 3.6 mg/kg cocaine and higher produced con-

the room and did not return until the end of the day. The syringélsions in at least some animals. Approximately
pumps and behavioral monitoring equipment were turned on us#@-60% of animals infused with doses of 3.6 mg/kg and

controls located outside of the testing room. Animals were infused§ mg/kg showed convulsions, and all animals that re-

at 1100, 1300 or 1500 hours (counter-balanced across days) far ;
min at a rate of 1Q/min. Thus, each daily infusion consisted o eﬁled 7.2 mg/kg showed convulsions. Because doses of

the 20l heparin solution that filled the catheter, followed byl9 3.6 mg/kg and higher were clearly toxic, the psychomo-
of the drug/saline solution, and finally by an additionaliBhep- tor activating effects of these doses were not analyzed.
ﬁrln S?ll:ﬁon (a tO}al of Gch:l)" At the <t9ﬂéi fof thtt?hda_yf(l7_00—|_l800There was, however, an interesting effect of environment
ours), the animals were disconnected from the infusion line, ; ; ; ;
their catheters were again re-sealed. This procedure was repe%eg 9°°‘3a".‘e Cllethallty. /CS Srl]’lownd n Tab:e_l, all anlr‘rgjallls
on each treatment day. Thus, neither the apparatus, the injectimt received 7.2 mg/kg showed convulsions, regardless
ritual nor the time of day reliably predicted drug administration of environmental condition. However, this dose of co-
this group. _ _ _ caine resulted in a significantly greater incidence of le-
At the same time each day as animals in the IV-Home grzg%lity when given in the IV-Home condition than in the

were tested, animals in the IV-Novel group were taken from o -
animal room and transported to a testing room containing chafizNOvel condition. The two rats in the 1V-Novel group

bers identical to those in which the IV-Home group was houséti€d after the fifth injection of cocaine. Of the seven rats
Their catheters were flushed with 0.1 ml heparin solution and tie the IV-Home group that died, one died after the first
animals were then tethered and infused with one of the eight doﬁﬁéction, two died after the second injection, two died

of cocaine/saline, exactly as for animals in the IV-Home grou, P ; - o
Each test session lasted for a total of 60 min, after which time @fge_r the fourth Injection and two died after the fifth in

animals in the IV-Novel group were disconnected from the infiECtiON.

sion line, the catheters were re-sealed with stylets, and the animals

were returned to the main animal room. Thus, for this group drug

administration was “signaled” by transport to the testing room aE“'f‘feCt of environment on the

by placement into the test chamber.
acute psychomotor response

Phase 3: saline challenge Figure 1 shows the effects of the first IV infusion of co-
caine or saline. The mean number of rotations were aver-

On the day following the last treatment, all animals received an i : i ; ini ;
fusion of saline to test for a conditioned rotational response to%ged over the first 15 min following drug administration,

infusion of saline. The procedures were identical to those d& this captured the entire time course of the drug re-
scribed in the treatment phase above, except that all animalsSonse (see Figs. 2A and 3A). A two-way ANOVA re-
ceived saline. sulted in no effect of Environmenrf£1.180,P=0.2801),

a significant effect of Drug dosdé-£6.549,P=0.0001)
and no interactionH=0.167,P=0.9564). Thus, there was
no significant effect of environment on the acute psycho-
Following the saline challenge, all animals were treated exactlyrB©tor response to cocaine.

described for the Habituation phase (see above) for 4 days. The

drug challenge was administered on day 6 after the last drug treat-

ment. On the challenge test day, all animals in both the IV-Horm&ble 1 Incidence of cocaine-induced convulsions and letf :ality
and IV-Novel groups (both saline and cocaine pretreated animats)

Phase 4: drug challenge

received an infusion of 0.6 mg/kg cocaine to test for the expres- Convulse Lethal*

sion of sensitization as a function of treatment dose and environ-

ment. On the challenge test day, exactly the same procedures were Yes No Yes No

used as described above for treatment days, the only difference-be

ing that all animals received 0.6 mg/kg cocaine. IV-Home 9 0 7 2
Animals in the IV-Home groups were videotaped during ea¢¥i—Novel 9 0 2 7

treatment and challenge test days. The video tapes were useg-te
score the occurrence of convulsions in the IV-Home group. Th&=0.03, Fisher exact probability ti:st
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Fig. 1 The mean (+SEM) number of rotations per 3-min interval 2% | \
(averaged over the first 15 min of the test session) produced by an
acute 1V infusion of one of five different doses of cocaine (or sa- 20 +
line). Theopen circlesrepresent animals in the IV-Home group 154 %
and theclosed circlesanimals in the IV-Novel group. There was 1 \
no effect of environment on the acute dose-effect curve nMad- 1 %o
ues for each group are: 0.0 mg/kg (Homell; Noveln=7), 0.3 2 518, %%
mg/kg (Homen=7; Novel n=6), 0.6 mg/kg (Homen=8; Novel % 0 [ 3uSunssssaasennanin
n=8), 1.2 mg/kg (Homen=10; Novel n=8), 2.4 mg/kg (Home g 0 3 6 9 12 15 18

n=12; Noveln=11)
Time (3 min intervals)

Effect of environment on sensitization:
within-subjects analysis 4? Dose-effect %
.

One index of the sensitization produced by repeated co-

caine administration is provided by a within-subjects

comparison of the psychomotor response on the first day

of drug treatment with that on the last day of drug treat-

ment (i.e., day 1 versus day 5 of treatment in the present

study). This analysis is shown for the IV-Home group in

Fig. 2 and for the IV-Novel group in Fig. 3. 04
Figure 2 shows the time course of the psychomotor re-

sponse on the first (A) and the fifth (B) day of treatment

for the IV-Home group. It is apparent that the psychomo-

tor_ response _to all doses of cocaine Pef?‘k_ed Very rap ||g}{ 2A-C The effects of different doses of cocaine on rotational

(within 3—6 min), and for most doses activity returned [ avior following the first versus fifth injection in the IV-Home

control levels within 6-9 min. For the highest dose (Z2gfloup. A The mean number of rotations per 3-min interval over

mg/kg), the psychomotor response persisted a little |dme 1-h test session on day 1 in animals receiving saline (dose 0.0

ger (approximately 15 min). Sensitization is charactépd/kg; n=11) or 0.3 (=7), 0.6 (=8), 1.2 (=10), or 2.4 (=12)

: . : . /kg cocaine IV. The group that received saline is indicated by
ized by both an increase in the magnitude of a psyc >closed circlesB The mean number of rotations per 3-min in-

motor response and a more rapid onset of the respagggi on day 5 for the same animals showA i€ Mean (+SEM)
(Leith and Kuczenski 1982), and therefore, a comparisomber of rotations for the first 3-min interval on dayopéen cir-
of the rotational response during the first 3-min intervglp9 gnd ;iaytr?q;loseld ci{clte)sats 3 fu-?ﬁtizoﬂ of %se.hTmtjerisk_ .
(e.ls a functlor] of dose ‘.”md day Of Frea}tme.”t? 'S.Show é' Irt] dli(f:'f%fesnceainot?lgirr?essprgr?s?a ovr\lnday.l \%?sugs s‘?a(y)/V\',Se 2 s
Fig. 2C. In this comparison, sensitization is indicated by

a significant increase in psychomotor response between

day 1 and day 5 of treatment. A two-way ANOVA vyield-

ed a main effect of DayrE7.34,P=0.019), an effect of treated with 2.4 mg/kg sensitization was characterized by
Dose £=9.365, P<0.0001) and a significant Day byboth an increase in the magnitude of the response and by
Dose interactionH=4.766,P=0.0026). A comparison of a more rapid onset of rotational behavior.

the responses on day 1 versus day 5 (for a given dose) ug-igure 3 illustrates the time course of the psychomotor
ing t-tests with Bonferroni corrections indicated that onkgsponse on day 1 (A) and day 5 (B) of treatment for the
rats treated with 2.4 mg/kg showed a significant diffefv-Novel group. It is apparent that the psychomotor re-
ence between day 1 and dayt5-4.670,P=0.035). That sponse to all doses of cocaine peaked very rapidly (within
is, only this group showed evidence of sensitization. 1t3s6 min), and for most doses activity returned to control
obvious from a comparison of Fig. 2A and B that in raksvels within 6—12 min. For the highest dose (2.4 mg/kg),

30

20 A

Pretreatment Dose (mg/kg)
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1.V.-NOVEL with Bonferroni corrections indicated that rats treated
LI 1 with both 1.2 mg/kgtE—4.127,P=0.0176) and 2.4 mg/kg
35 - y Pretreatment (t=—7.654,P<0.001) showed a significant difference be-
% - Dose mgkg) tween day 1 and day 5. It is obvious from a comparison
25 | e of Fig. 3A and B that in rats treated with 1.2 mg/kg and
20 | 0 08 2.4 mg/kg sensitization was characterized by both an in-
T o 24 crease in the magnitude of the response and by a more

rapid onset of rotational behavior.

In summary, the within-subjects analysis indicates
that for the IV-Home group a dose of 2.4 mg/kg was nec-
essary to induce sensitization, whereas for the IV-Novel
group a dose of 1.2 mg/kg was sufficient.

Effect of environment on sensitization:
between-subjects analysis

A second, and perhaps more conservative index of sensi-
tization, is to compare the response of saline and drug-
pretreated animals to a challenge infusion of a fixed dose
of the drug. In this case, sensitization is indicated if
drug-pretreated animals show a significantly greater psy-
chomotor response to the drug challenge than saline-pre-
treated animals. In addition, in the present experiment
animals were pretreated with different doses of cocaine,
C  Dose-effect and therefore, one can also construct a dose-effect curve
40 4 for the induction of sensitization; i.e., determine what
pretreatment dose is necessary to induce sensitization.
Figure 4 shows the effects of a challenge infusion of
0.6 mg/kg of cocaine as a function of pretreatment dose
and environmental condition. Figure 4A and B show the
time course of the behavioral response in IV-Home and
IV-Novel groups, respectively. It is obvious from inspec-
tion of panels A and B that in all groups the peak psycho-

Rotations

Time (3 min intervals)

00 06 12 18 o4 motor response occurred in the first 3-min interval after
drug administration, and then declined rapidly to negligi-
Pretreatment Dose (mg/kg) ble levels (within 9 min). Figure 4C shows the dose-effect

) . _ .__curve for the induction of sensitization, based on analysis
Fig. 3A—C The effects of different doses of cocaine on rotation I}J

behavior following the first versus fifth infusion in the 1V-Nove .the first .3'mm |r_1t_erv_a| (Iie'.' th.e pealg drug effect). In
group.A The mean number of rotations per 3-min interval ovdfis analysis, sensitization is indicated if the response of
the 1-h test session on day 1 in animals receiving saline (dosedrog-pretreated animals is significantly greater than the
o oy i, & T [ESBENSE, o animals pretreated with 2 dose of 0.0 kg
thg cl%sed circlesB The gmea% number of rotations per 3-min in@a“ne)' A two-way .ANOVA resulted in ? non-5|gn|flcgnt
terval on day 5 for the same animals showrirC Depicts the overall effect of Environmen#1.945, P=0.1672), a sig-
mean (+SEM) number of rotations for the first 3-min interval ofificant main effect of DoseFE10.32,P<0.0001) and a
day 1 ppen circle} and day 5 ¢losed circlep as a function of significant Environment by drug Dose interactidf=(
dose. Theasterisks(x) indicate that rats treated with doses of 1-@.873,P:0.0284). Follow-up tests were made using Bon-
323 fferrg/llfgds:;ged a significant difference in their response @iy i orrectedt-tests. These indicated that in the IV-
Home group, only animals pretreated with 2.4 mg/kg dif-
fered significantly from the saline-pretreated controts (
the psychomotor response persisted a little longer (af3-794,P=0.0064). In the IV-Novel group, however, ani-
proximately 18-21 min). For the comparison in Fig. 3@als pretreated with 1.2 mg/k¢r¢4.268,P=0.002) and
sensitization is indicated by a significant increase in tBel mg/kg {=-2.529,P=0.0648) differed from saline-pre-
psychomotor response between day 1 and day 5 of tréi@iated controls (for all other comparisoRs0.2). It is
ment. An overall ANOVA yielded a significant effect obbvious from inspection of Fig. 4A and B (compare the
Day (F=12.773,P=0.0051), a significant effect of Dosaesponse to a 0.6 mg/kg cocaine challenge in saline-pre-
(F=16.990,P<0.001) and a significant Day by Dose intreated animals to that in cocaine-pretreated animals) that
teraction F=9.575,P<0.0001). A comparison of day lsensitization was characterized primarily by an increase
versus day 5 responses (for a given dose) ustegts in the peak drug effect during the first 3-min interval.
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|CHALLENGE TEST (0.6 MG/KG)| | SALINE CHALLENGE|

A .
i.v.-Home
15 - Pretreatment

o Dose (mg/kg)
10 - \
o)

obOge
o
(=]

Rotations

12345€6
Time (3 min intervals)

00 03 24 00 0306 1.2 24
i.v.-Home i.v.-Novel

B jv.-Novel
] Pretreatment Dose (mg/kg)

Fig. 5 The mean (tSEM) number of rotations produced by an in-
fusion of saline as a function of cocaine pretreatment and environ-
mental condition. Thepen bargepresent the peak response (first
3-min interval) of animals in the IV-Home group pretreated with
51 one of five doses of cocaine (or saline). Thased bargepresent

?ﬁ‘ o the response of animals in the IV-Novel group. Th&lues are as

o]
) ﬁ;‘g\gggggug%ﬁo’\ follows: saline (Homen=9; Novel n=6), 0.3 mg/kg (Homen=6;
. Novel n=6), 0.6 mg/kg (Hom&=8; Noveln=9), 1.2 mg/kg (Home
0 3 6 9 12 15 18 n=9; Noveln=10), and 2.4 mg/kg (Hone=8; Noveln=9). Thein-
) . sertillustrates the time course (in 3-min intervals) of the behavior-
Time (3 min intervals) al response to an infusion of saline as a function of pretreatment
condition only for animals in the 1V-Novel group. Thiwsed cir-
clesrepresent the animals pretreated with saline andpke sym-
2?_ Dose-effect bols animals pretreated with cocainv, 0.3 mg/kg,[] 0.6 mg/kg,
A 1.2 mg/kg, ancD 2.4 mg/kg;

Rotations

Oo——t

In summary, this between-subjects analysis was con-
sistent with the within-subjects analysis presented above.
That is, for the IV-Home group a dose of 2.4 mg/kg was
necessary to induce sensitization whereas for the IV-
Novel group a dose of 1.2 mg/kg was sufficient.

i.v.-Novel

Effect of environment on development
Pretreatment Dose (mg/kg) of conditioned psychomotor activation

Fig. 4A-C The effects of a challenge infusion of 0.6 mg/kg asy determine whether the drug administration procedure

function of treatment with different doses of cocaine on rotatio : o o .
behavior in both the IV-Home and IV-Novel grougs The mean sulted in conditioned psychomotor activation, animals

number of rotations per 3-min interval over the 1-h test sessiorifinboth groups received a “saline challenge” following
response to 0.6 mg/kg in animals treated with saline (dose th@ drug treatment phase. The response to the saline
mg/kg; n=10), 0.3 (=6), 0.6 (=8), 1.2 (=10), or 2.4 §=8) challenge is shown in Fig. 5. In the IV-Home group there

mg/kg cocaine IV in the IV-Home group. The group that receiv ; ; : ; _
saline is indicated by thelosed circlesB The mean number of as essentially no behavioral effect of an infusion of sa

rotations per 3-min interval over the 1-h test session in responstfi€ and no effect of cocaine pretreatmeft@.931,
0.6 mg/kg in animals treated with saline (dose 0.0 mgf), P=0.4571). In the IV-Novel group there was no signifi-
0.3 (=6), 0.6 (=9), 1.2 (=10), or 2.4 (=10) mg/kg cocaine IV cant effect of pretreatment when only the peak effect was

in the 1V-Novel group. The group that received saline is indicat ; ; : min i . ; .

by theclosed circlesC Depicts the mean (+tSEM) number of rota-%qinSIdered_ (i.e., the first 3-min I_nteryal, see Fig.5;

tions for the first 3-min interval in response to a fixed dose of c6=0-998,P=0.4219). When the entire time course was

caine as a function of pretreatment dose. @pen circlesrepres- analyzed, however (Fig. 5 insert), there was evidence for

tehnt animalj itn tfhe |V-_H0r|ne group. ngl_e ttt;]lrﬂsl<\9/0|’\lcircltlasreﬂectJr a small but statistically significant conditioned response
e same data for animals challenged in the IV-Novel group. ; i i i

dicates that in the IV-Home group only rats treated with 2.4 mg/ l{l églirygnglf_)slopretreated with 2.4 mg/kg cocaine

differed from the saline-pretreated control growgndicates that \' = e )-

in the IV-Novel group rats treated with 1.2 mg/kg differed from

saline-treated animeis

Discussion

In earlier studies, we found that the unsignaled IV ad-
ministration of low doses of amphetamine (0.5-1.0



96

mg/kg) failed to induce sensitization when given to ratgent to produce sensitization. Of course, in the present
in their home cage (Crombag et al. 1996; Robinson etedperiment the animals were given only five treatments,
1998). These doses were sufficient, however, to indwal it is possible that with more treatments lower doses
sensitization if drug administration was signaled bway begin to induce the neuroadaptive processes that are
placement of the animal into a novel test environmerngésponsible for behavioral sensitization. We know, for
The purpose of the present experiment was two-fokample, that many factors can influence the induction
first, to determine whether the ability of Isbcaineto of sensitization besides dose and environmental condi-
induce sensitization is modified by the circumstancten (for review, see Robinson 1988). Nevertheless, the
surrounding drug administration in a similar way as apeesent results emphasize that the ability of a given dose
the effects of amphetamine, and second, to determiriecocaine to induce sensitization can be powerfully
whether it is impossible to induce sensitization if cocaineodulated by the circumstances surrounding drug ad-
administration is unsignaled, or, whether the effect of eninistration, and therefore, in studying sensitization the
vironment is to shift the dose-effect curve for the induase of relatively high doses may sometimes be advanta-
tion of sensitization. The results were clear. First, tigeous (Robinson et al. 1998).
ability of cocaine to induce sensitization was modified Although the environmental conditions manipulated
by the circumstances surrounding drug administrationhiere influenced the susceptibility to sensitization, it is
a similar way as reported previously with amphetamineportant to emphasize that there was no effect of envi-
Second, the effect of environment was to shift the dosenment on theacute psychomotor response to cocaine.
effect curve for the induction of sensitization. That is, &his is consistent with the earlier study by Badiani and
higher dose was required to induce sensitization if amlleagues (1995b), who reported that the initial psycho-
caine was given at home than if it was given in a novabtor response to 20 mg/kg cocaine IP was the same in
test environment. At the highest dose tested, howewarimals given the drug at home or in a novel environ-
cocaine induced sensitization regardless of environmement. This is in contrast to the effect of environment on
tal condition. We have recently obtained a similar effeifte acute psychomotor response to amphetamine (Bad-
with amphetamine (Browman et al. 1997). iani et al. 1995a, b; Crombag et al. 1996). Nevertheless,
These results are consistent with our previous repeven in the case of amphetamine, the susceptibility to
that environmental condition can modify cocaine sensisiensitization appears to be independent of the acute drug
zation. Badiani and colleagues (1995b) reported that tesponse (Badiani et al. 1995a; Robinson 1984, 1988).
IP administration of 20 mg/kg cocaine to animals livinBerhaps the most compelling evidence that the suscepti-
in the test environment (i.e., at home), induced sensitibility of sensitization is independent of the acute psycho-
tion, but significantly less robust sensitization than if theotor response to stimulant drugs comes from studies
same dose was given in a novel test environment. In téth inbred strains of mice. For example, based on stud-
study, however, an IP injection was accompanied byies with recombinant inbred lines, Schuster et al. (1977,
number of cues predictive of drug administration evenn 185) suggested that, “the initial response to cocaine
animals living in the test chambers, for example, the amd the development of sensitization are controlled by
pearance of an experimenter, handling, and a neetifferent genetic determinants (also see, Short and
prick. In the present experiment, these cues were eliéhuster 1976).” This suggestion has been supported by
nated, and the absence of these cues may magnify tha efumber of more recent studies (Logan et al. 1988; Phil-
fect of environment on sensitization. Nevertheless, plips et al. 1995).
treatment with 2.4 mg/kg was sufficient to induce sensi- It is not clear by what mechanism(s) environment (IV-
tization in both the IV-Home and IV-Novel groups, anblome versus IV-Novel; home versus novel) modulates
the magnitude of the behavioral response to a 0.6 mgikg induction of sensitization. It is possible that the dif-
challenge was comparable in both groups, suggestinter@ences between the IV-Home and IV-Novel groups in
comparable degree of sensitization. However, a chtidle induction of sensitization may be related to differ-
lenge test with a single dose is really not sufficient &mces in the availability of associative cues in the two en-
make strong claims about the effect of environment gmonments (Badiani et al. 1995b). To the extent that
the magnitudeof sensitization. To address this issuelassical conditioning contributes to sensitization, one
properly would require generating a dose-effect curve foight expect this to have a greater effect when drug ad-
the expressiorof sensitization as a function of pretreatministrations are signaled then when they are unsignaled.
ment condition. Consistent with this idea, only animals in which drug ad-
It is interesting to note that the dose required to iministrations were signaled by placement in a novel en-
duce sensitization in the IV-Home group (2.4 mg/kgjronment showed a conditioned response when given a
was very high. The next highest dose tested (3.6 mg/kbpllenge infusion of saline. On the other hand, the only
produced convulsions in some animals. This suggegisup that showed a significant conditioned response
that, depending on the conditions under which drugs aras that pretreated with 2.4 mg/kg cocaine. Animals pre-
administered, very high doses may be required to inddiated with 1.2 mg/kg in the novel environment also de-
sensitization. It also suggests that treatment with a beloped sensitization, but did not show a conditioned re-
haviorally effective dose (that is, a dose capable of psponse. Furthermore, the unsignaled administration of
ducing psychomotor activation) is not necessarily suffz4 mg/kg at home was sufficient to induce sensitization,
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but these animals did not exhibit a conditioned responteating effects of psychostimulant drugs. Although it is
This suggests that the development of a conditioned met clear what mechanisms mediate environmental con-
sponse is not necessary for a sensitized response.  trol of sensitization, the results reported here emphasize
Another variable that may contribute to the effect tiiat sensitization is not a simple inevitable consequence
environment on sensitization is the action of a novel esf-exposure to psychostimulant drugs, but is the result of
vironment as a stressor. It is known that exposure t@anplex interactions between the neuropharmacological
novel environment is a potent stimulus for activating tkedfects of drugs and the circumstances surrounding drug
hypothalamic-pituitary-adrenal (HPA)-axis, producingdministration. To the extent that sensitization-related
neuroendocrine and neural changes indicative of stresmuroadaptations in brain reward systems contribute to
Animals reliably exhibit elevated levels of corticosterortbe development of addiction (Robinson and Berridge
following their first exposure to a novel environmerit993), further study of how environmental factors con-
(Friedman and Ader 1967), and a greater increase in titileute to sensitization may yield important new insights
plasma corticosterone response with repeated interrinito how they may also contribute to addiction.
tent exposures (Hennessy 1991). It has further been sug- led Thi h db ;
gested that the development of behavioral sensitizatioy ¥ cuiedgements Tis research wes supperted by & grent o
enhanced by stress-induced corticosterone secretionsyifik Hans Crombag and Jessica Aerni for their assistance in con-
der some conditions (for review, see Piazza and LeMaatting this experiment. Preliminary data from this experiment
1996), and cross-sensitization has been reported betw#ghpresented at the 22nd Meeting of the Society for Neurosci-
stress and psychostimulant drugs (Robinson 198&)c€: 1996.
Whatever the contribution of a novel environment as a
stressor, it appears that a stress-induced increase in “'a?
ma corticosterone is not a significant factor. Adrenaldieferences
tomy has no effect on the rate of sensitization in novelgyjiani A, Anagnostaras SG, Robinson TE (1995a) The develop-
home environments (Badiani et al. 1995c). It is possible, ment of sensitization to the psychomotor stimulant effects of
however, that another stress-related factor does contrib-amphetamine is enhanced in a novel environment. Psycho-
ute to the effect of environment on sensitization such I?sPha‘.m“3‘00'093’ 117: 443-452

. . . - - diani A, Browman KE, Robinson TE (1995b) Influence of nov-
stress-induced corticotropin-releasing factor secretion i el versus home environments on sensitization to the psycho-

non-hypothalamic systems (Cador et al. 1993). motor stimulant effects of cocaine and amphetamine. Brain
One additional interesting finding in the present study Res 674:291-298 _ _ _
was the effect of environment on cocaine lethalit. Tdfesi i, Morens i 21 o850 TE U St o
was no effect of environment on the. 'F‘C'de.”ce of co- sensitization to the psychomotor activating effects of amphet-
caine-induced convulsions. The administration of 3.6, amine. Brain Res 673: 13-24
4.8 or 7.2mg/kg cocaine IV produced a similar incBarrett JE (1987) Nonpharmacological factors determining the be-
dence of convulsions regardless of environmental condi-havioral effects of drugs. In: Meltzer HY (ed) Psychopharma-
tion. The extent to which convulsions were lethal, how- g‘c’)'rcl’(%pﬂl‘iggh_"ldsgf”era“°” of progress. Raven Press, New
ever, was greatly influenced by environmental conditiogreese GR, Traylor TD (1971) Depletion of brain noradrenaline
Although all animals that received 7.2 mg/kg had con- and dopamine by 6-hydroxydopamine. Br J Pharmacol 42:
vulsions, 77% of the animals died in the IV-Home group, 88-99 o _
shereas oy 225 of the animls n the N:Novel grofoumen K& tn » Sy T G507 oo sepnn
died. Dwork'.n and coIIeagues_ (19.95) reported a re"ateclsensitization following IV amphetamine. Soc Neurosci Abstr
effect of environment on cocaine-induced lethality. They 22: 2404
found that animals self-administering cocaine were sigrown ZW, Amit Z, Weeks JR (1976) Simple flow-thru swivel for
nificantly less likely to die than animals which received infusions into unrestrained animals. Pharmacol Biochem Be-

: : : : hav 5: 363-365
experimenter-delivered (yoked) cocaine. Dworkin a dor M, Cole BJ, Koob GF, Stinus L, LeMoal M (1993) Central

colleagues (1995) suggested that the critical variablé agministration of corticotropin releasing factor induces long-
may be whether drug administration is response-depen-term sensitization to-amphetamine. Brain Res 606
dent or response-independent. The current findings sGtpmbag HS, Badiani A, Robinson TE (1996) Signaled versus un-

gest, however, that the effect of environment on lethality signaled intravenous amphetamine: large differences in the

may not be due to response-dependent factors, but to thé{gl;t_ezgiychomotor response and sensitization. Brain Res 722:

predictability of infusions. In the present study, cocaimgvorkin S, Mirkis S, Smith JE (1995) Response-dependent versus
administration was not contingent upon the action of the response-independent presentation of cocaine: differences in
animal in either group, but there were still marked group the lethal effects of the drug. Psychopharmacology 117:

. . . . : 262-266
differences in cocaine lethality. It is not clear what e, alk JL, Feingold DA (1987) Environmental and cultural factors

fects of cocaine are responsible for its lethality, and fur- in the behavioral action of drugs. In: Meltzer HY (ed) Psycho-
ther studies will be necessary to determine the nature ofpharmacology: the third generation of progress. Raven Press,
the critical variables. New York, pp 1503-1510

; jedman SB, Ader R (1967) Adrenocortical response to novelty
In conclusion, the current study further supports thd and noxious stimuli. Neuroendocrinology 2: 209-212

notion that environmental factors can powerfully modyrennessy MB (1991) Sensitization of the plasma corticosterone
late the induction of sensitization to the psychomotor ac- response to novel environments. Physiol Behav 50: 1175-1179




98

Kalivas PW, Stewart J (1991) Dopamine transmission in the initRebinson TE (1988) Stimulant drugs and stress: factors influenc-
tion and expression of drug- and stress-induced sensitizationing individual differences in the susceptibility to sensitization.
of motor activity. Brain Res Rev: 223-244 In: Kalivas PW, Barnes C (eds) Sensitization in the nervous

Leith NJ, Kuczenski R (1982) Two dissociable components of be- system. Telford Press, Caldwell, N.J., pp 145-173
havioral sensitization following repeated amphetamine admiRebinson TE, Becker JB (1986) Enduring changes in brain and
istration. Psychopharmacology 76: 310-315 behavior produced by chronic amphetamine administration: a

Logan L, Seale TW, Cao W, Carney JM (1988) Effects of chronic review and evaluation of animal models of amphetamine psy-
amphetamine in BALB/cBy mice, a strain that is not stimulat- chosis. Brain Res 396: 157—198
ed by acute administration of amphetamine. Pharmacol BRebinson TE, Berridge, KC (1993) The neural basis of drug crav-
chem Behav 31: 675-682 ing: an incentive-sensitization theory of addiction. Brain Res

Marshall JF, Ungerstedt U (1977) Supersensitivity to apomorphine Rev 18: 247-291
following destruction of the ascending dopamine neurorRpbinson TE, Kolb B (1997) Persistent structural modifications in
guantification using the rotational model. Eur J Pharmacol 41: nucleus accumbens and prefrontal cortex neurons produced by
361-367 prior experience with amphetamine. J Neurosci 17: 8491-8497

McFarlane DK, Martonyi BJ, Robinson TE (1992) An inexpensii@obinson TE, Browman KE, Crombag HS, Badiani A (1998)
automated system for the measurement of rotational behavior Modulation of the induction or expression of psychostimulant
in small animals. Behav Res Meth Instr Comput 24: 414-419 sensitization by the circumstances surrounding drug adminis-

Paxinos G, Watson C (1986) The rat brain in stereotaxic coordi- tration. Neurosci Biobehav Rev (in press)
nates. Raven Press, New York Schuster L, Yu G, Bates A (1977) Sensitization to cocaine stimu-

Phillips TJ, Huson M, Gwiazdon C, Burkhart-Kasch S, Shen EH lation in mice. Psychopharmacology 52: 185-190
(1995) Effects of acute and repeated ethanol exposures onShert PH, Schuster L (1976) Changes in brain norepinephrine as-
locomotor activity of BXD recombinant inbred mice. Alcohol  sociated with sensitization W-amphetamine. Psychopharma-
Clin Exp Res 19: 269-278 cology 48: 59-67

Piazza PV, LeMoal M (1996) Pathophysiological basis of vulner&tewart J, Badiani A (1993) Tolerance and sensitization to the be-
bility to drug abuse: role of an interaction between stress, glu- havioral effects of drugs. Behav Pharmacol 4: 289-312
cocorticoids, and dopaminergic neurons. Annu Rev Pharmatdéteks JR (1972) Long-term intravenous infusion. In: Meyer RD
Toxicol 36: 359-378 (ed) Methods in psychobiology. Academic Press, London, pp

Robinson TE (1984) Behavioral sensitization: characterization of 155-168
enduring changes in rotational behavior produced by intermit-
tent injections of amphetamine in male and female rats. Psy-
chopharmacology 84: 466-475



