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Abstract

Rat’s reactivity to inescapable novelty can predict the subsequent psychomotor effects of many stimulants. This relation has not been

examined for methamphetamine. Experiment 1 assessed the locomotor effects of methamphetamine (0.0625–1.0 mg/kg). On average, acute

administration of methamphetamine (0.25, 0.5, and 1 mg/kg) had a stimulant effect on activity; locomotor sensitization was seen after

repeated administration of 0.5 and 1 mg/kg. In a subsequent drug-free test, rats that had the locomotor chamber paired with 0.25, 0.5, or 1

mg/kg methamphetamine on eight separate occasions were more active than controls—conditioned hyperactivity. Experiment 2 used the 0.5-

mg/kg dose to examine whether forced novelty exposure (novelty-induced activity) or free-choice novelty (approach to novel environment or

object interaction) was predictive of methamphetamine’s psychomotor effects. Only reactivity to inescapable novelty was systematically

correlated with methamphetamine-induced activity. Rats more reactive to novelty [high responders (HR)] were more active to the acute and

chronic methamphetamine challenge. Furthermore, these HR showed more conditioned hyperactivity than low responders (LR). Although

acute methamphetamine did not have a stimulant effect in LR, only the LR displayed locomotor sensitization after chronic

methamphetamine. This research extends the predictive variable of reactivity to inescapable novelty to methamphetamine’s conditioned

and unconditioned locomotor effects.
D 2004 Elsevier Inc. All rights reserved.
Keywords: Activity; Associative learning; Context conditioning; Drug abuse; Individual differences; Locomotor stimulant; Methamphetamine; Novelty; Object

interaction; Rat; Sensitization
1. Introduction

In the last 15 years, the drug abuse field has seen a

significant increase in research with nonhuman animals

attempting to identify variables that predict individual

differences in reactivity to abused drugs. This increase in

interest followed a report by Piazza et al. (1989) in which

activity induced by confined exposure to a novel environ-

ment was related to rats’ sensitivity to the acute psychomo-

tor stimulant effects of D-amphetamine sulfate (1.5 mg/kg)

and the acquisition of amphetamine self-administration (10

Ag per infusion). That is, rats more reactive to the inescap-

able novel environment were more active when challenged

with amphetamine and more readily self-administered am-
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phetamine. This predictive relation between reactivity to

inescapable novelty and subsequent behavioral effects of

abused drugs has been observed across many laboratories,

with many different drugs of abuse, and with several

different measures of a drug’s effect. For example, in

rodents, novelty-induced activity also predicts later activity

induced by caffeine, cocaine, ethanol, and morphine

(Deroche et al., 1993; Gingras and Cools, 1996; Hooks et

al., 1992), sensitivity to the discriminative stimulus effects

of amphetamine (Exner and Clark, 1993), amphetamine-

conditioned hyperactivity and conditioned taste avoidance

(Jodogne et al., 1994; Kunin et al., 2001), ethanol self-

administration (Gingras and Cools, 1995; Nadal et al.,

2002), and nicotine enhancement of a T-maze visual dis-

crimination (Besheer and Bevins, 2000). This predictive

relation between novelty-induced activity and the behavioral

effects of drugs is not universal. The most notable exception

is the lack of relation between reactivity to inescapable

novelty and the ability of drugs, such as morphine, cocaine,
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and amphetamine, to condition a place preference (Erb and

Parker, 1994; Gong et al., 1996; Xigeng et al., 2003).

(+)-Methamphetamine hydrochloride is a potent locomo-

tor stimulant and these stimulant effects tend to increase (i.e.,

sensitize) with repeated exposure to the drug (Dews, 1953;

Fujiwara et al., 1987; Itzhak, 1997). The ability of novelty-

induced activity to predict these unconditioned locomotor

effects of methamphetamine has not been investigated.

Accordingly, one goal of the present research was to deter-

mine whether reactivity to inescapable novelty was correlat-

ed with the initial (acute) and chronic locomotor-activating

effects of methamphetamine. The individual difference re-

search with amphetamine suggests that rats more reactive to a

novel environment should be more sensitive to the locomo-

tor-activating effects of amphetamine (cf. Bevins et al., 1997;

Hooks et al., 1991). Interestingly, if stimulant drug admin-

istration (e.g., amphetamine or nicotine) reliably occurs in

the presence of a distinct environment, then that environment

(context) can acquire through associative (Pavlovian) learn-

ing processes the ability to evoke increases in activity above

controls even in the absence of any drug (Bevins et al., 2001;

Palmatier et al., 2003; Stewart, 1992; Wise and Leeb, 1993).

This cue-evoked increase in activity likely reflects a condi-

tioned association between the context and the locomotor-

activating effects of the drug (e.g., Stewart, 1992). Acquisi-

tion of amphetamine- and food-conditioned hyperactivity to

environmental cues is positively correlated with novelty-

induced activity (Hooks et al., 1994b; Jodogne et al., 1994).

Thus, another goal of the present research was to determine

whether reactivity to inescapable novelty predicted metham-

phetamine-conditioned hyperactivity controlled by a distinct

environment (context).

The main focus of this report was on reactivity to an

inescapable novel environment as an individual difference

screen given its ability to predict sensitivity to the psycho-

motor effects of stimulant drugs. However, there is an

interesting distinction in the individual differences literature

between ‘‘forced’’ exposure to novelty and ‘‘free-choice’’

exposure to novelty. Forced exposure to novelty, such as the

inescapable environment, is thought to evoke physiological

responses associated with stress. Indeed, much published

research is consistent with this notion. For example, confined

exposure to a novel environment increases plasma levels of

corticosterone (Oitzl et al., 1997). Furthermore, the greater

this increase in corticosterone, the more active the rat is in the

inescapable novel environment (Piazza et al., 1989). Presum-

ably, the positive correlation between reactivity to forced

exposure to novelty and the locomotor-activating effect of

stimulants reflects at least partial overlap in the neurobiolog-

ical processes mediating stress (for a review, see Piazza and

LeMoal, 1996). In contrast, situations that allow the rat to

choose whether to approach or avoid novelty seem to

measure some other process besides stress sensitivity (e.g.,

sensation seeking; see Bardo et al., 1996, for a review).

Interestingly, these free-choice tasks (e.g., novel object inter-

action) predict the ability of amphetamine and morphine to
condition a place preference (Klebaur and Bardo, 1999;

Robinet et al., 1998; Xigeng et al., 2003). As noted earlier,

forced exposure to novelty does not consistently predict place

conditioning effects (Erb and Parker, 1994; Gong et al., 1996;

Xigeng et al., 2003). Conversely, the forced exposure, but not

free-choice exposure, predicts locomotor activity and drug

self-administration (e.g., Gingras and Cools, 1995; Klebaur

et al., 2001; Nadal et al., 2002; Piazza et al., 1989). This brief

review suggests that behavior in a forced, but not free-choice,

novelty task will predict rats’ sensitivity to the locomotor

effects of methamphetamine. Accordingly, we also screened

rats on two free-choice tasks—approach to a novel environ-

ment and interaction with a novel object.

Before we could assess individual difference in sensitivity

to methamphetamine, we first had to conduct an experiment

identifying a dose of methamphetamine that (1) has acute

stimulant effects on locomotor activity, (2) produces loco-

motor sensitization following chronic administration, and (3)

engenders a hyperactive conditioned response to contextual

cues. To accomplish this task, the first experiment in this

report assessed the unconditioned and conditioned locomo-

tor effects of a wide range of methamphetamine doses

(0.0625, 0.125, 0.25, 0.5, or 1.0 mg/kg). Then, in the second

experiment, a separate set of rats was screened for individual

differences before treatment with one of the doses of meth-

amphetamine (i.e., 0.5 mg/kg).
2. Materials and methods

2.1. Subjects

The subjects were 73 experimentally naive male

Sprague–Dawley rats, 200–224 g on arrival, from Harlan

(Indianapolis, IN). They were housed individually in plastic

tubs lined with aspen shavings. Rats had free access to water

and food in the home cage. All experimental sessions were

conducted during the light portion of a 12-h light/dark cycle

(lights on approximately 0630 h). Experimental protocols

were approved by the University of Nebraska-Lincoln

IACUC and followed the Principles of laboratory animal

care (NIH publication No. 85-23, revised 1985).

2.2. Drug

(+)-Methamphetamine hydrochloride (Sigma/RBI, St.

Louis, MO) was mixed in saline (0.9% NaCl) at a concen-

tration of 1 mg/ml and injected intraperitoneally at a volume

of 1 ml/kg. Doses are reported in the salt form.

2.3. Activity chambers

Located in a room separate from the animal colony were

eight circular chambers made from white PVC pipe. The

inside diameter of each chamber was 30.5 cm; the top edge

of the chamber was 45 cm from the wire-mesh floor. Each
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chamber was equipped with two infrared emitter/detector

units mounted 4 cm above the floor, such that they divided

the chamber into four equal sections. Each beam break was

sent to an interface and then recorded by a personal

computer. Activity was defined as the number of infrared

beam breaks in the session. General room illumination was

provided by fluorescent ceiling lights and a continuous 80-

dB white noise served to mask external sounds.

2.4. Experiment 1: Methamphetamine dose–effect function

2.4.1. Conditioning

Rats were assigned to one of six groups (n = 7–8 per

group). Five of the groups received the locomotor chamber

repeatedly paired with methamphetamine � 0.0625, 0.125,

0.25, 0.5, or 1.0 mg/kg. Rats in the sixth group served as an

unpaired control group and did not experience methamphet-

amine in the presence of the chamber (i.e., injected with

saline). Thus, once daily for eight consecutive days, each rat

was injected with its assigned solution and then placed in the

chamber for 30 min. To control for exposure to methamphet-

amine, rats in the unpaired control group (n = 8) were divided

into four pairs. Each rat in a pair received an injection of

methamphetamine (0.125, 0.25, 0.5, or 1.0 mg/kg) in the

home cage about 4 h after removal from the locomotor

chamber. Because activity for the pairs of rats did not differ,

Psz .717, we pooled them into one control for analyses and

display in figures. To control for injection experience, rats in

the other groups received a saline injection in the home cage.

2.4.2. Drug-free test

To assess whether the chamber (context) acquired the

ability to evoke a conditioned increase in activity by virtue

of being paired with methamphetamine, 24 h after the last

conditioning trial (Day 9), each rat was injected with saline

and placed in the chamber for 30 min (i.e., drug-free test).

2.4.3. Data analyses

The activity data during conditioning was first analyzed

using a two-way mixed factorial analysis of variance

(ANOVA). The between-groups factor was methamphet-

amine dose [0.0 (unpaired), 0.0625, 0.125, 0.25, 0.5, or

1.0 mg/kg] and the within-subject repeated measure was

conditioning trial (1 to 8). A one-way ANOVAwas used for

activity data during the drug-free test. Dunnett’s multiple

comparison tests were used to determine whether metham-

phetamine-paired groups differed from the unpaired control

group. Statistical significance was set at a two-tailed a of .05

for all tests.

2.5. Experiment 2: Individual differences

2.5.1. Novelty-induced activity (inescapable environment)

Rats’ (n = 30) initial reactivity to an inescapable novel

environment was measured by placing each rat in a circular

chamber for 30 min. The primary dependent measure in the
correlation matrix was the total number of beam breaks in

the 30-min session (see Table 2).

2.5.2. Novelty approach (unfamiliar environment)

This individual difference screen started 4 to 6 days after

measuring novelty-induced activity. Two similar three-com-

partment wood chambers, housed in a room different from

the activity chambers, were used to index approach to an

unfamiliar environment. One end compartment, 31�
24� 45.5 cm (L�W�H), had white walls and a mesh

floor with pine chips lining the litter tray. The other similar-

sized end compartment had black walls and a rod floor with

newspaper lining the litter tray. A smaller middle compart-

ment (15� 24� 45.5 cm) with gray walls and an aluminum

floor separated the end compartments. The experimental

room was illuminated with fluorescent lights and a white-

noise generator provided an 80-dB masking noise. Rats

were first familiarized with the black compartment for 10

min. On the following day, the solid center walls were lifted

11 cm, such that when each rat was placed in the center gray

area, it could freely explore each end compartment for the

10-min test. An 8-mm camera mounted above the chambers

recorded the test sessions. These tapes were later used to

observe time in each end compartment and number of

compartment entries. A rat was considered in a compart-

ment when both front paws were located in that compart-

ment (cf. Bevins et al., 2002). The primary dependent

measures in the correlation matrix were time and number

of entries into the novel (white) environment. We purpose-

fully did not have the novel environment be black with

mesh flooring for half the rats because this could have

biased behavior in this screen, such that individual differ-

ences might have been due to differences in approach

tendencies to the environment features rather than to differ-

ences in approach tendencies to a novel environment.

2.5.3. Novelty approach (unfamiliar object)

The day following the last test for approach to the novel

environment was a 2-min test of novel–object interaction.

Rats were placed against the outside wall of the white end

compartment; located against the outside wall of the black

end compartment was the novel object—a paint roller (7.5

cm long, 4 cm diameter) attached to a plastic scouring pad

(9 cm diameter). The main dependent measures in the

correlation matrix were time spent interacting with the

object and the number of contacts. Object interaction was

scored from video tapes. Only ‘‘directed’’ contacts with

nose or front paws were scored as object interaction. This

definition precludes such behaviors as standing on the

object looking upward (rearing) or brushing the object with

tail or side (cf. Bevins et al., 2002).

2.5.4. Methamphetamine challenge (conditioning and

testing)

Following the novel–object test, rats were randomly

assigned to either the paired or unpaired group (n = 15/
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group). All paired rats had 0.5 mg/kg methamphetamine

paired with the chamber; rats in the unpaired group had

saline injected intraperitoneally immediately before place-

ment in the activity chamber. All other procedural details for

conditioning and testing were similar to Experiment 1

except all rats in the unpaired group received 0.5 mg/kg

of methamphetamine in the home cage about 4 h after

exposure to the chambers. The first conditioning trial

occurred 3 days after the last individual difference screen.

2.5.5. Data analyses

To confirm that random assignment of rats to paired and

unpaired groups resulted in no systematic differences,

performance on each individual differences measure was

compared using pairwise t tests. Activity across condition-

ing trials employed a two-way ANOVA with group (paired

versus unpaired) as one factor and trial (1 to 8) as the

repeated measure. A pairwise t test was used to compare

activity on the test for locomotor conditioning.

2.5.6. Individual differences

We first conducted Pearson’s correlations using the

measures from the individual differences screens and loco-

motor activity on Trial 1 (acute), Trial 8 (chronic), and drug-

free test (conditioned activity) separately in paired and

unpaired rats. An individual difference screen that system-

atically predicted methamphetamine activity was subjected

to more detailed analysis. As described in the Results

section, the only screen that prompted additional analysis

was activity induced by the inescapable novel environment.

Accordingly, for each condition, we converted the total

number of beam breaks during the 30-min exposure to the

novel chamber to a z score (cf. Bevins and Besheer, 2001).

A z score was calculated using the following formula:

((individual’s value� group mean)/standard deviation for

the group) (Hoel, 1960). Rats with positive z scores (upper

portion of the activity distribution) were classified as high

responders (HR); rats with negative z scores were deemed

low responders (LR). We then examined HR and LR on

Trial 1, Trial 8, and the conditioning test in two ways. First,

activity for paired and unpaired HR (and separately for LR)

was compared with t tests to determine whether, relative to

saline, there was differential sensitivity to the unconditioned

and conditioned locomotor effects of methamphetamine.

Second, activity on these days (Trials 1 and 8, and test)

was converted to z scores before statistically comparing the

paired and unpaired conditions separately for rats classified

as HR and LR on inescapable activity. By normalizing the

activity data with a z-score conversion before this analysis

(i.e., all distributions had a mean of 0 and a standard

deviation of 1), we could determine whether HR and LR

on novelty-induced activity changed their relative position

in the distribution across experimental treatment. Notably, z

scores are less susceptible to rate-dependency effects be-

cause a methamphetamine-treated rat with 800 activity

counts can be in the same relative position in the distribution
as a saline-treated rat with 300 counts. Thus, comparing z

scores allowed us to determine whether LR on inescapable

novelty remained in the lower portion of the distribution

although this subset of rats displayed a greater degree of

sensitization than HR. That is, will HR remain HR and will

LR remain LR? If so, HR, on average, will have a positive z

score and LR will have a negative z score. Note that

nonsystematic changes in relative position in the distribution

will result in an average z score around 0 (see Bevins and

Besheer, 2001, for further discussion of this approach).
3. Results

3.1. Experiment 1: Methamphetamine dose–effect function

Fig. 1A shows the activity counts for each group across

the eight conditioning trials. There was a main effect of

dose, F(5,37) = 22.80, P < .001. Although the main effect of

trial was not significant, F(7,259) = 1.57, P=.143, there was

a significant Trial�Dose interaction, F(35,259) = 2.71,

P < .001. Post hoc Dunnett t tests comparing the overall

activity levels across each methamphetamine-treated group

to the unpaired control revealed that overall activity levels

were higher in rats treated with 0.25, 0.5, and 1.0 mg/kg

methamphetamine, Ps V .001. The significant interaction

suggests that activity differentially changed across groups.

To determine the source of the interaction and limit the

number of statistical contrasts, we calculated a difference

score between activity on Trial 1 and Trial 8 for each rat (see

Fig. 1B) and then determined whether each group differed

significantly from a hypothetical value of 0 (i.e., no change

in activity from first to last trial). The difference score for

the unpaired group and the two lower doses of metham-

phetamine was significantly below 0, indicating a decrease

in general activity by the eighth trial, tsz 3.24, PsV .018.

Rats treated daily with the two highest doses of metham-

phetamine (0.5 and 1.0 mg/kg) were significantly above 0,

tsz 2.81, PsV .031, suggesting that the locomotor-activat-

ing effects of methamphetamine sensitized by the last

conditioning trial.

Fig. 1C displays the activity data from the drug-free test

for conditioning. There was a significant main effect of

dose, F(5,37) = 10.35, P < .001. Relative to the unpaired

controls, there was significantly more activity in the groups

that were conditioned with the 0.25-, 0.5-, and 1.0-mg/kg

doses of methamphetamine, Ps < .007.

3.2. Experiment 2: Individual differences

Fig. 2A shows the activity counts for the paired and

unpaired group across the eight conditioning trials. There

was a main effect of group, F(1,28) = 90.14, P < .001,

indicating more activity in the 0.5-mg/kg methamphet-

amine-treated rats (paired group). Although the main effect

of trial was not significant, F(7,196) = 1.31, P=.248, there



Fig. 2. Panel A displays the mean activity counts (F 1 S.E.M.) across

methamphetamine (0.5 mg/kg) conditioning trials for the paired and

unpaired groups of Experiment 2 (n= 15 per group). Panel B shows the

average number of activity counts for the drug-free test for conditioning.

Asterisk (*) denotes a significant difference ( PV.05) from the unpaired

control.

Fig. 1. Panel A displays the mean activity counts (F 1 S.E.M.) across

conditioning trials for each methamphetamine dose and the unpaired (Unp)

controls in Experiment 1 (ns = 7 to 8). Panel B shows the average difference

between the first and last conditioning trial for each group. Asterisks (*)

denote a significant difference ( PV.05) from a hypothetical value of 0.

Panel C displays the mean activity counts for the drug-free test for

conditioning. Asterisks (*) denote a significant difference from the unpaired

control.
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was a significant Trial�Dose interaction, F(7,196) = 9.69,

P < .001. The significant interaction suggests that activity

differentially changed across groups. Indeed, the difference

score between activity on Trial 1 and Trial 8 for the unpaired

group (� 146F 22) was significantly below 0, t(14) = 6.75,
PV.001, indicating a decrease in activity by Trial 8. The

difference score for the paired group (144F 44) was sig-

nificantly above 0, t(14) = 3.24, P=.006, suggesting that the

locomotor-activating effects of methamphetamine sensitized

by the last conditioning trial. Fig. 2B shows the activity data

from the test for conditioning. There was significantly more

activity in the paired group than in the unpaired group,

t(28) = 5.17, P < .001, replicating the methamphetamine-

conditioned hyperactivity of Experiment 1.

Given that novelty-induced activity, novel environment

approach, and novel–object interaction were assessed be-

fore any experimental manipulations, it is not surprising that

performance for groups paired and unpaired on each indi-

vidual difference screen did not differ statistically (see Table

1 for descriptive statistics and t-test results). Table 2 shows

the correlation between each individual difference screen

and the acute, chronic, and conditioned (test) methamphet-

amine activity. For paired and unpaired rats, there was a

significant positive correlation between number of contacts

with the object and the total time spent interacting with the

object. That is, as directed contacts increased, so did the



Table 1

Descriptive statistics for Experiment 2 behavioral screens

Screen Group Mean (F 1 S.E.M.) t Value P value

Novel act Unpaired 483 (F 25) 0.473 .640

Paired 466 (F 27)

Enviro time Unpaired 164 (F 10) 0.786 .438

Paired 174 (F 9)

Enviro entry Unpaired 11.2 (F 0.6) 1.779 .086

Paired 12.6 (F 0.5)

Obj time Unpaired 32.9 (F 2.2) 1.549 .133

Paired 37.6 (F 2.1)

Obj contact Unpaired 10.7 (F 0.7) 1.030 .312

Paired 11.8 (F 0.7)

Novel act = novelty-induced activity; Enviro = novel environment; Obj =

novel object.
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total duration of object interaction. Interestingly, a similar

correlation did not exist between number of entries into

novel environment and total time spent in that environment.

For the unpaired group, there were no systematic corre-

lations across the conditioning and test phases. The two

significant correlations that occurred involved the novel

environment screen. However, the correlations were in the

opposite direction. That is, time spent in the novel environ-

ment was positively correlated with test-day activity, yet

number of entries into the novel environment was negative-

ly correlated with activity on the first conditioning session

(acute). Given the chance of a Type I error is 1 in 20, we are

hesitant to overinterpret these two nonsystematic correla-

tions. In contrast, for the paired group, activity induced by

an inescapable novel environment was systematically and

significantly correlated with methamphetamine-induced ac-

tivity (acute and chronic), as well as with conditioned

activity evoked by the environment on the test day. That

is, those rats more reactive to inescapable novelty were also
Table 2

Pearson’s correlations (r) among the behavioral screens of Experiment 2

Enviro time Enviro entry Obj time

Unpaired

Novel act � .165 .189 � .025

Enviro time – .281 .168

Enviro entry – – � .320

Obj time – – –

Obj contact – – –

Acute – – –

Chronic – – –

Paired

Novel act � .130 .361 .183

Enviro time – � .323 � .119

Enviro entry – – .510

Obj time – – –

Obj contact – – –

Acute – – –

Chronic – – –

Novel act = novelty-induced activity; Enviro = novel environment; Obj = novel ob

* PV.05.
** PV.01.
more sensitive to the unconditioned and conditioned loco-

motor-activating effects of methamphetamine. Furthermore,

acute and chronic (sensitized) activity induced by metham-

phetamine was positively correlated with each other and

with test-day activity. The only other significant correlation

was between contacts with the object and chronic metham-

phetamine-induced activity. A similar positive correlation

was not seen for acute or test-day activity levels.

Given the systematic nature of the correlations between

novelty-induced activity and the conditioned and uncondi-

tioned effects of methamphetamine (0.5 mg/kg) in the

paired group, we followed up these correlations with the

z-score split of HR and LR described in the Materials and

methods section. For comparison purposes, a similar split

was conducted on the unpaired group. Rats in the upper

portion of the distribution (positive z score) for novelty-

induced activity were classified as HR (paired group n = 7;

unpaired group n = 6), whereas rats in the lower portion of

the distribution (negative z score) were designated LR

(paired group n = 8; unpaired group n = 9). Fig. 3A shows

acute, chronic, and test session activity counts for HR (left

half) and LR (right half). Paired rats classified as HR were

consistently more active than their comparable unpaired

control, ts(11)z 2.76, PsV .019. Paired rats classified as

LR were more active than its unpaired control after repeated

treatment with methamphetamine, t(15) = 7.05, P < .001,

and on the test day, t(15) = 2.74, P=.015. Thus, in contrast

to the HR, LR were not sensitive to the acute locomotor-

activating effects of methamphetamine. Visual comparison

of acute and chronic activity for HR and LR treated with

methamphetamine suggests that only the LR showed loco-

motor sensitization. Indeed, eight of eight rats classified as

LR displayed an increase in activity from Trial 1 to Trial 8,

P=.003, and had an average difference score (195F 34)
Obj contact Acute Chronic Test

� .151 .252 .466 � .173

.306 � .182 � .074 .537 *

� .053 � .570 * � .024 .377

.781** .183 � .219 � .468

– .195 � .070 � .077

– – .521 � .144

– – – � .104

.294 .637 * .657** .654**

� .351 � .338 � .348 � .289

.192 � .064 .378 .356

.598 * � .111 .314 .082

– .311 .543 * .244

– – .592 * .548 *

– – – .869**

ject.



Fig. 3. Panel A shows the mean activity counts ( + 1 S.E.M.) after the first

(acute) and eighth (chronic) administration of methamphetamine (0.5 mg/

kg ip), and the activity from the drug-free test for rats classified as HR or

LR based on reactivity to inescapable novelty. Asterisks (*) denote a

significant difference ( PV.05) from its comparable unpaired control. Panels

B and C show the mean z-score values for HR and LR for the paired and

unpaired conditions, respectively, from the acute, chronic, and test day of

Experiment 2. Asterisks (*) denote a significant difference ( PV.05) from
the comparable LR.
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significantly above 0, t(7) = 5.68, P < .001. However, only

four of the seven rats classified as HR displayed an increase

in methamphetamine-induced activity, P=.273. Furthermore,

the difference in activity from Trial 1 to Trial 8 for these HR

(86F 85) did not differ significantly from 0, t(6) = 1.01,

P=.352.
For the paired group (see Fig. 3B), HR remained in the

upper portion of the distribution on the first exposure to

methamphetamine (acute), on the eighth exposure (chronic),

and on the test for conditioning. This observation was

supported by a significant difference between HR and LR

at each measure, ts(13)z 2.44, PsV .03. Thus, paired HR

remained HR and paired LR remained LR regardless of the

observation that LR were the only rats to display statisti-

cally significant sensitization to the locomotor effects of

methamphetamine. A similar outcome was not observed for

the unpaired group (Fig. 3C). The mean z scores for HR and

LR was around 0, regardless, and the groups did not differ

statistically on any trial, ts(13) V 1.13, Psz .278. This

pattern indicates that a subset of rats that were in the upper

end of the distribution on inescapable novel activity moved

to the lower end of the distribution on Sessions 1 (acute)

and 8 (chronic), and on the test day; vise versa was true for

LR.
4. General discussion

In the present report, we found that acute administration

of methamphetamine (0.25, 0.5, and 1 mg/kg) had a

stimulant effect on rats’ general activity. Furthermore,

locomotor sensitization occurred after repeated administra-

tion at the two higher doses. These findings replicate

previously published research (Dews, 1953; Fujiwara et

al., 1987; Wang and McGinty, 1995). If these stimulant

effects are reliably paired with environmental stimuli, then

those stimuli can come to evoke increases in activity. For

example, Itzhak (1997) treated mice with 1 mg/kg ip

methamphetamine for 5 days; on Days 1 and 5, mice were

familiarized with the chamber for 30 min before an injection

of methamphetamine and measurement of activity in that

chamber; remaining injections occurred in the home cage.

Controls received vehicle injections and comparable cham-

ber exposure. Subsequently, the conditioning test occurred

following 30 min of chamber familiarization. In this test, all

mice were injected with saline. Methamphetamine-treated

mice were more active following the injection than controls.

Itzhak (1997) took this difference as evidence for metham-

phetamine-conditioned hyperactivity. Unfortunately, the

stimuli controlling the locomotor-activating effect of meth-

amphetamine were not clearly specified, but the most likely

possibility is the injection protocol. Alternatively, because

controls were not equally exposed to methamphetamine in

an unpaired fashion, group differences might reflect a

nonspecific effect of drug exposure.

Regardless, in the present report, we found that 0.25, 0.5,

or 1 mg/kg methamphetamine paired on eight separate

occasions with a distinct context (circular locomotor cham-

ber) produced evidence for conditioned hyperactivity. That

is, paired rats at these doses were more active than the

unpaired control in a drug-free test. This result extends the

demonstration of methamphetamine-conditioned hyperac-
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tivity by Itzhak (1997) to very different conditioning param-

eters (e.g., dose, trial duration, number of conditioning

trials, etc.) that avoid an account based on nonspecific

effects altering activity in controls. On this latter point, we

included an unpaired control that received equal exposure to

methamphetamine (0.5 mg/kg in Experiment 2), but never

in a temporally contiguous manner with the chamber cues

(Pavlov, 1927).

Similar to other stimulants, such as amphetamine, co-

caine, and caffeine (Deroche et al., 1993; Gingras and

Cools, 1996; Hooks et al., 1992; Piazza et al., 1989),

reactivity to an inescapable novel environment predicted

rats’ sensitivity to the locomotor effects of methamphet-

amine. As indicated by significant positive correlations, rats

more reactive to inescapable novelty were, in general, more

active to acute and chronic treatment with methamphet-

amine and displayed greater environment-evoked (condi-

tioned) hyperactivity during the drug-free test. In contrast to

the inescapable novelty screen, none of the free-choice

screens with novelty (object interaction and approach to

novel environment) systematically predicted rats’ sensitivity

to the behavioral-activating effects of methamphetamine.

Similar to previous work, this dissociation suggests that the

ability of inescapable novelty to serve as a predictive

construct likely reflects its relation to the behavioral and

neurobiological process of stress reactivity rather than

novelty seeking (cf. Bardo et al., 1996; Dellu et al., 1996;

Klebaur and Bardo, 1999; Piazza and LeMoal, 1996). Given

that our primary focus was on the ability of inescapable

novelty to predict the psychomotor effects of methamphet-

amine, we conducted this individual difference screen

before any of the free-choice screens. Thus, there is the

possibility that exposure to inescapable novelty had some

effect on all the following screens, such that they did not

correlate with methamphetamine-induced activity.

To further examine the significant correlations between

inescapable novelty and the stimulant effects of metham-

phetamine, each rat’s activity level in the inescapable novel

environment was converted to a z score. Notably, rats in

the upper portion of the distribution (positive z score) on

inescapable activity remained HR to an acute challenge of

methamphetamine. This means the LR remained in the

lower portion of the distribution. However, LR that re-

ceived an acute challenge of methamphetamine had similar

activity levels to their respective unpaired control; HR

were more active than controls. This pattern of results

has some features in common with D-amphetamine. For

example, Piazza et al. (1989) found that HR were more

active than LR to an acute challenge of 1.5 mg/kg

amphetamine. Bevins et al. (1997) found a similar result

with 1 mg/kg (see also Hooks et al., 1991, with 0.5 mg/kg

but not with 1 or 1.5 mg/kg amphetamine). In addition, in

the present study, we found a lack of an acute response to

methamphetamine in LR; a similar pattern was not

reported in a study with amphetamine (0.5 mg/kg) that

included the appropriate comparison condition for evalu-
ating the degree of behavioral activation (Jodogne et al.,

1994).

HR remained more active than LR after repeated treat-

ment with 0.5 mg/kg methamphetamine. This result is

especially interesting, considering that only LR displayed

evidence of behavioral sensitization after chronic metham-

phetamine treatment. Piazza et al. (1989) reported sensiti-

zation only in LR treated with 1.5 mg/kg of amphetamine on

four separate occasions. However, in that study, activity

after repeated amphetamine treatment was comparable in

HR and LR. Hooks et al. (1991) also found no difference in

HR and LR after chronic exposure to 1.5 mg/kg amphet-

amine (up to nine administrations); notably though, in this

study, there was no difference in acute activity, so sensiti-

zation was similar at the 1.5-mg/kg dose of amphetamine. In

contrast, in this same paper, Hooks et al. (1991) reported

that HR, but not LR, showed sensitization to a 1-mg/kg dose

of amphetamine—a pattern opposite from Piazza et al.

(1989) with 1.5 mg/kg amphetamine and from the present

study with 0.5 mg/kg methamphetamine. Finally, in the

drug-free test for conditioning in the present study, HR and

LR were more active than comparable unpaired controls

indicating that the environmental cues that compose the

activity chamber entered into an association with the loco-

motor-activating effects of methamphetamine. Notably, HR

displayed more methamphetamine-conditioned hyperactivi-

ty than LR. Jodogne et al. (1994) found a somewhat similar

pattern with amphetamine (0.5 mg/kg), except only the HR

displayed statistically significant evidence of conditioned

hyperactivity.

Determining predictors of individual vulnerability to

drugs of abuse might help practitioners tailor better preven-

tion and intervention strategies (Donohew et al., 1990). At

present, research with other drugs has begun to elucidate the

neurobiological processes underlying the correlation be-

tween reactivity to inescapable novelty and the locomotor

effects of these drugs. To our knowledge, the present report

reflects the first paper examining the relation between the

behavioral-activating effects of methamphetamine and

forced exposure to novelty. Thus, conclusions as to whether

the predictive relation between inescapable novelty and the

behavioral-activating effects of methamphetamine reflect

overlapping processes within, say, the hypothalamic–pitui-

tary–adrenal axis and/or the mesocorticolimbic system (cf.

Dellu et al., 1996; Hooks et al., 1994a; Piazza and LeMoal,

1996; van Oosten and Cools, 2002) would be too specula-

tive at this point. However, there is clear evidence that both

systems are involved in the effects of methamphetamine

(e.g., Baumann et al., 2002; Brady et al., 2003; Kabbaj et

al., 2003; Lowy and Novotney, 1994; Wang and McGinty,

1995). Moreover, whether the differences between metham-

phetamine and D-amphetamine described earlier simply

reflect the procedural variations that exist across the studies

(e.g., dose, apparatus design, etc.) or differences in under-

lying process(es) will have to await further systematic

research.



R.A. Bevins, J.L. Peterson / Pharmacology, Biochemistry and Behavior 79 (2004) 65–74 73
Acknowledgements

The research was supported by the University of

Nebraska-Lincoln Research Council. We thank Dawn

Metschke for her technical assistance, and Michael Bardo

and Jamie Wilkinson for reading and commenting on an

earlier version of this report. We are grateful to Roger Dooley

for designing and constructing the automated infrared

emitter/detector system used to collect the activity data and

to Eliot Hearst for donating the white-noise generator.
References

Bardo MT, Donohew RL, Harrington NG. Psychobiology of novelty seek-

ing and drug seeking behavior. Behav Brain Res 1996;77:23–43.

Baumann MH, Ayestas MA, Sharpe LG, Lewis DB, Rice KC, Rothman

RB. Persistent antagonism of methamphetamine-induced dopamine re-

lease in rats pretreated with GBR12909 decanoate. J Pharmacol Exp

Ther 2002;301:1190–7.

Besheer J, Bevins RA. Nicotine enhances acquisition of a T-maze visual

discrimination: assessment of individual differences. Behav Pharmacol

2000;11:613–20.

Bevins RA, Besheer J. Individual differences in rat locomotor activity are

diminished by nicotine through stimulation of central nicotinic acetyl-

choline receptors. Physiol Behav 2001;72:237–44.

Bevins RA, Klebaur JE, Bardo MT. Individual differences in response to

novelty, amphetamine-induced activity and drug discrimination in rats.

Behav Pharmacol 1997;8:113–23.

Bevins RA, Besheer J, Pickett KS. Nicotine-conditioned locomotor activity

in rats: dopaminergic and GABAergic influences on conditioned ex-

pression. Pharmacol Biochem Behav 2001;68:135–45.

Bevins RA, Besheer J, Palmatier MI, Jensen HC, Pickett KS, Eurek S.

Novel –object place conditioning: behavioral and dopaminergic pro-

cesses in expression of novelty reward. Behav Brain Res 2002;129:

41–50.

Brady AM, Glick SD, O’Donnell P. Changes in electrophysiological prop-

erties of nucleus accumbens neurons depends on the extent of behav-

ioral sensitization to chronic methamphetamine. Ann NY Acad Sci

2003;1003:358–63.

Dellu F, Mayo W, Vallée M, Maccari S, Piazza PV, LeMoal M, et al.

Behavioral reactivity to novelty during youth as a predictive factor of

stress-induced corticosterone secretion in the elderly—a life-span study

in rats. Psychoneuroendocrinology 1996;21:441–53.

Deroche V, Piazza PV, Le Moal M, Simon H. Individual differences in

psychomotor effects of morphine are predicted by reactivity to novelty

and influenced by corticosterone secretion. Brain Res 1993;623:341–4.

Dews PB. The measurement of the influence of drugs on voluntary activity

in mice. Br J Pharmacol 1953;8:46–8.

Donohew L, Helm D, Lawrence P, Shatzer M. Sensation seeking, marijuana

use and responses to prevention messages: implications for public

health campaigns. In: Watson R, editor. Prevention and treatment of

drug and alcohol abuse. Clifton, NJ: Humana Press; 1990. p. 77–93.

Erb SM, Parker LA. Individual differences in novelty-induced activity do

not predict strength of amphetamine-induced place conditioning. Phar-

macol Biochem Behav 1994;48:581–6.

Exner M, Clark D. Behaviour in the novel environment predicts respon-

siveness to D-amphetamine in the rat: a multivariate approach. Behav

Pharmacol 1993;4:47–56.

Fujiwara Y, Kazahaya Y, Nakashima M, Sato M, Otsuki S. Behavioral

sensitization to methamphetamine in the rat: an ontogenic study. Psy-

chopharmacology 1987;91:316–9.

Gingras MA, Cools AR. Differential ethanol intake in high and low res-

ponders to novelty. Behav Pharmacol 1995;6:718–23.
Gingras MA, Cools AR. Analysis of the biphasic locomotor response to

ethanol in high and low responders to novelty: a study in Nijmegen

Wistar rats. Psychopharmacology 1996;125:258–64.

Gong W, Neill DB, Justice JB. Locomotor response to novelty does not

predict cocaine place preference conditioning in rats. Pharmacol Bio-

chem Behav 1996;53:191–6.

Hoel PG. Elementary statistics. New York: Wiley; 1960.

Hooks MS, Jones GH, Neill DB, Justice JB. Individual differences in

amphetamine sensitization: dose-dependent effects. Pharmacol Bio-

chem Behav 1991;41:203–10.

Hooks MS, Jones GH, Liem BJ, Justice JB. Sensitization and individual

differences to IP amphetamine, cocaine, or caffeine following repeated

intracranial amphetamine infusions. Pharmacol Biochem Behav 1992;

43:815–23.

Hooks MS, Juncos JL, Justice JB, Meiergerd SM, Povlock SL, Schenk JO,

et al. Individual locomotor response to novelty predicts selective alter-

ations in D1 and D2 receptors and mRNAs. J Neurosci 1994a;14:

6144–52.

Hooks MS, Jones GH, Juncos JL, Neill DB, Justice JB. Individual differ-

ences in schedule-induced and conditioned behaviors. Behav Brain Res

1994b;60:199–209.

Itzhak Y. Modulation of cocaine- and methamphetamine-induced behavior-

al sensitization by inhibition of brain nitric oxide synthase. J Pharmacol

Exp Ther 1997;282:521–7.

Jodogne C, Marinelli M, LeMoal M, Piazza PV. Animals predisposed to

develop amphetamine self-administration show higher susceptibility to

develop contextual conditioning of both amphetamine-induced hyper-

locomotion and sensitization. Brain Res 1994;657:236–44.

Kabbaj M, Yoshida S, Numachi Y, Matsuoka H, Devine DP, Sato M.

Methamphetamine differentially regulates hippocampal glucocorticoid

and mineralocorticoid receptor mRNAs in Fischer and Lewis rats. Brain

Res Mol Brain Res 2003;117:8–14.

Klebaur JE, Bardo MT. Individual differences in novelty seeking on the

playground maze predicts amphetamine conditioned place preference.

Pharmacol Biochem Behav 1999;63:131–6.

Klebaur JE, Bevins RA, Segar TM, Bardo MT. Individual differences in

behavioral responses to novelty and amphetamine self-administration in

female and male rats. Behav Pharmacol 2001;12:267–75.

Kunin D, Gaskin S, Borjas MB, Smith BR, Amit Z. Differences in

locomotor response to an inescapable novel environment predict sen-

sitivity to aversive effects of amphetamine. Behav Pharmacol 2001;12:

61–7.

Lowy MT, Novotney S. Methamphetamine-induced decrease in neural glu-

cocorticoid receptors: relationship to monoamine levels. Brain Res

1994;638:175–81.

Nadal R, Armario A, Janak PH. Positive relationship between activity in a

novel environment and operant ethanol self-administration in rats. Psy-

chopharmacology 2002;162:333–8.

Oitzl MS, vanHaarst AD, deKloet ER. Behavioral and neuroendocrine

responses controlled by the concerted action of central mineralcorticoid

(MRS) and glucocorticoid receptors (GSR). Psychoneuroendocrinology

1997;22:S87–93.

Palmatier MI, Fung EYK, Bevins RA. Effects of chronic caffeine preexpo-

sure on the conditioned and unconditioned psychomotor activity in-

duced by nicotine and amphetamine in rats. Behav Pharm 2003;14:

191–8.

Pavlov IP. Conditioned reflexes. London: Oxford Univ. Press; 1927.

Piazza PV, LeMoal M. Pathophysiological basis of vulnerability to drug

abuse: role of and interaction between stress, glucocorticoids, and do-

paminergic neurons. Annu Rev Pharmacol Toxicol 1996;36:359–78.

Piazza PV, Deminière J-M, LeMoal M, Simon H. Factors that predict

individual vulnerability to amphetamine self-administration. Science

1989;245:1511–3.

Robinet PM, Rowlett J, Bardo MT. Individual differences in novelty-in-

duced activity and the rewarding effects of novelty and amphetamine in

rats. Behav Processes 1998;44:1–9.

Stewart J. Conditioned stimulus control of the expression of sensitization of



R.A. Bevins, J.L. Peterson / Pharmacology, Biochemistry and Behavior 79 (2004) 65–7474
the behavioral activating effects of opiate and stimulant drugs. In: Gor-

mezano I, Wasserman EA, editors. Learning and memory: the behav-

ioral and biological substrates. New Jersey: LEA; 1992. p. 129–51.

van Oosten RV, Cools AR. Differential effects of a small, unilateral, 6-

hydroxydopamine-induced nigral lesion on behavior in high and low

responders to novelty. Exp Neurol 2002;173:245–55.

Wang JQ, McGinty JF. Differential effects of D1 and D2 dopamine receptor

antagonists on acute amphetamine- or methamphetamine-induced up-
regulation of zif/268 mRNA expression in rat forebrain. J Neurochem

1995;65:2706–15.

Wise RA, Leeb K. Psychomotor-stimulant sensitization: a unitary phenom-

enon? Behav Pharmacol 1993;4:339–49.

Xigeng Z, Xue K, Beiping T, Xiaojing L, Wei X, Xiaoyan Y, et al. Sus-

ceptibility to morphine place conditioning: relationship with stress-in-

duced locomotion and novelty-seeking behavior in juvenile and adult

rats. Pharmacol Biochem Behav 2003;75:929–35.


	Individual differences in rats' reactivity to novelty and the unconditioned and conditioned locomotor effects of methamphetamine
	Introduction
	Materials and methods
	Subjects
	Drug
	Activity chambers
	Experiment 1: Methamphetamine dose-effect function
	Conditioning
	Drug-free test
	Data analyses

	Experiment 2: Individual differences
	Novelty-induced activity (inescapable environment)
	Novelty approach (unfamiliar environment)
	Novelty approach (unfamiliar object)
	Methamphetamine challenge (conditioning and testing)
	Data analyses
	Individual differences


	Results
	Experiment 1: Methamphetamine dose-effect function
	Experiment 2: Individual differences

	General discussion
	Acknowledgements
	References


