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Abstract

Single morphine injections induce a state of acute opioid dependence measured by an increase in naloxone potency to precipitate

withdrawal. Repeated morphine exposure (daily/weekly intervals) results in further potentiation of naloxone potency, perhaps due to

conditioning mechanisms. The current study tested the hypothesis that previously neutral stimuli could elicit a conditioned potentiation of the

withdrawal response following acute bolus injections of morphine. Rats trained on an FR-15 schedule for food received five morphine

injections (5.6 mg/kg) at daily intervals. Four hr after morphine injection on Conditioning Days (first 4 days), naloxone (1 mg/kg)-induced

suppression of responding was paired either with operant context only, or with a tone/light conditioned stimulus (CS). On Test Day low dose

naloxone (0.001–0.33 mg/kg) given 4-h post-morphine preceded the operant session. Rats exposed to naloxone repeatedly in the operant

context without CS (Paired-Context Only) showed an increase in naloxone potency on Test Day relative to Unpaired Controls that received

all morphine and naloxone in the home cage at a different time of day than operant testing. Rats exposed to the tone/light CS on Conditioning

Days also showed a significant increase in naloxone potency relative to Unpaired Controls when the CS was represented on Test Day (Paired-

CS), but not when the CS was omitted on the Test Day (Paired-CS/Test Context). Thus, conditioning processes appear to play a significant

role in the early development of opioid dependence and withdrawal.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Leftward shifts in opioid antagonist dose–effect func-

tions resulting from opioid agonist exposure allow quanti-

tation of neuroadaptive changes associated with opioid

dependence (Villereal and Castro, 1979; Way et al., 1969).

With this method the magnitude of shift in the dose–effect

function of the antagonist used to precipitate withdrawal is

presumed to reflect the magnitude of the underlying state of
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dependence. Studies with this quantitative approach have

revealed that even a single injection of an opioid agonist can

elicit a state of ‘‘acute dependence’’ as measured by a

variety of antagonist-precipitated withdrawal signs ranging

from somatic/physiological to affective/subjective, in both

humans and animal models (Adams and Holtzman, 1990;

Azar et al., 2003; Azorlosa et al., 1994; Bickel et al., 1988;

Cheney and Goldstein, 1971; Easterling and Holtzman,

1999; Heishman et al., 1989a,b; Schulteis et al., 1997;

Young, 1986).

As would be expected if acute dependence reflects the

early stages in the development of a chronic opioid

dependence state, repeated treatments with morphine at

daily or weekly intervals can progressively increase the

severity of withdrawal-like signs elicited upon antagonist

administration (Adams and Holtzman, 1990; Azorlosa et al.,
Behavior 82 (2005) 82 – 89
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1994; Liu and Schulteis, 2004; Schulteis et al., 1999, 2003,

2004). Repeated experience with naloxone (i.e. repeated

withdrawal) following each morphine pretreatment is

necessary to produce a shift in antagonist potency under

some (Liu and Schulteis, 2004; Schulteis et al., 1999, 2003,

2004) but not all experimental conditions (Azorlosa et al.,

1994; Schulteis et al., 1997, 2003). This implies that both

naloxone-experience-dependent and naloxone-experience-

independent processes contribute to the potentiation of

withdrawal magnitude produced by repeated morphine

exposure. It has been argued previously that naloxone-

experience-independent processes reflect direct neuroadap-

tive responses to repeat administration of morphine itself

(Schulteis et al., 2004), whereas the naloxone-experience-

dependent processes may reflect underlying conditioning

mechanisms (Adams and Holtzman, 1990; Schulteis et al.,

1999, 2003, 2004).

Recently our group demonstrated that the contribution

of repeated naloxone experience was context-dependent;

repeated naloxone experience influenced subsequent with-

drawal magnitude as measured by suppression of operant

responding only when the naloxone experience occurred in

the operant environment, and not when an equal amount of

naloxone exposure occurred in the home cage environment

(Schulteis et al., 2004). Thus, a conditioned association

was apparently formed between naloxone-induced with-

drawal and the operant context in which withdrawal was

experienced.

It is well-established that withdrawal-associated stimuli

in dependent humans can ultimately come to elicit with-

drawal-like signs on their own through the establishment of

conditioned withdrawal responses (O’Brien et al., 1976;

Wikler, 1973). Evidence of conditioned withdrawal

responses in models of acute opioid dependence (Adams

and Holtzman, 1990; Schulteis et al., 2003, 2004) indicate

that conditioning may begin to play a role very early in the

development of opioid dependence. The current study

sought to further establish the role of conditioning mech-

anisms in our acute opioid dependence model using

naloxone-precipitated suppression of operant responding

as a functional index of the underlying dependence state. To

that end, we examined whether the naloxone-experience-

dependent component of the leftward shift in the naloxone

dose–effect function could become associated not only with

the operant context as demonstrated previously (Schulteis et

al., 2004), but also could become associated with a discrete

conditioned stimulus (CS) that is paired with precipitated

withdrawal from acute morphine pretreatment.
2. Materials and methods

2.1. Animals

Male Wistar rats (n =120, Harlan Labs, Indianapolis, IN,

USA) weighing 300–400 g at the time of testing were used.
All rats were group housed (2–3/cage) in a temperature- and

humidity-controlled room with a 12-h light/12-h dark cycle

(lights ON at 6:00 AM). Rats had ad libitum access to food

until the start of operant training, and had ad libitum access

to water at all times. Once operant training was begun, rats

were maintained on 15 g of rat chow per day in addition to

the food pellets earned in the operant boxes (total food

intake was approximately 20–22 g/rat/day). All training and

testing took place from 9:00 AM to 4:00 PM daily, Monday

through Friday. On days when rats were not trained in the

operant boxes (Saturday and Sunday), an additional 5 g of

rat chow was provided to ensure that total food intake

remained relatively constant. All rats continued to gain

weight at an average of 10–20 g/week throughout training

and testing. All experimental procedures were approved by

the Institutional Animal Care and Use Committee of the VA

San Diego Healthcare System, an AAALAC-accredited

facility, and are in strict accordance with the ‘‘Guide for the

Care and Use of Laboratory Animals’’ (revised 1996).

2.2. Drugs

Morphine sulfate was purchased from King Pharmaceut-

icals, Inc (Bristol, TN, USA), and naloxone HCl was

purchased from Sigma (St. Louis, MO, USA). Both drugs

were prepared for injection in sterile physiological saline,

and all injections were made subcutaneously (SC) in a

volume of 0.1-ml/100 g body weight. Doses of both drugs

are expressed as the salt. Morphine was administered at a

dose of 5.6 mg/kg, and naloxone was administered at doses

of 0.001–1.0 mg/kg.

2.3. Operant training

Eight operant chambers (Coulbourn Instruments, Colum-

bus, OH, USA) served as the training and testing environ-

ments. Each chamber was equipped with a food hopper

located 4 cm above a grid floor, a lever located to the right

of the food hopper, and an LED located above the lever. The

LED illuminated for 1 sec as a food pellet (45 mg) was

delivered each time a rat completed a fixed-ratio (FR)

component. Rats were autoshaped to lever press for food

pellets in 30 min sessions five days a week, beginning on an

FR-1 schedule and progressing to an FR-15 schedule (1 sec

timeout).

After 2–3 weeks on the FR-15 schedule, daily training

was separated into three phases: 1) a 10-min period of lever

availability (designated pre-CS Session or Pre-CS), 2) a 15-

min timeout period where levers were retracted, and 3) a 20-

min period where levers again were made available

(designated CS Session). Once responding was stable for

both Pre-CS and CS sessions of the daily training regimen

(less than 10% variation in mean response rate over 5

consecutive days), rats received two SC injections of saline-

vehicle separated by 4 h, with the 2nd injection timed to

occur during the 15-min timeout window between sessions,
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exactly 5 min prior to the onset of the CS Session. This

procedure was repeated on 2 consecutive days, with

response rates on the 2nd day serving as the vehicle baseline

to which all subsequent changes in operant responding were

compared.

2.4. Dependence induction and conditioning regimen

The conditioning regimen, modified from that designed

by Baldwin and Koob (1993), consisted of 4 Conditioning

Days and 1 Test Day, each separated by 24 h. Drug

regimens and experimental procedures for all groups are

summarized in Table 1.

2.4.1. Conditioning Days

Over 4 consecutive Conditioning Days, all rats in Paired

groups were injected with morphine (5.6 mg/kg SC)

followed 4 h later by precipitation of acute withdrawal

by naloxone (1.0 mg/kg SC). The doses of naloxone and

morphine as well as the 4 h interval between morphine and

naloxone injection were selected based upon prior work

that demonstrated reliable and reproducible acute with-

drawal under these conditions (Schulteis et al., 1997, 1999,

2003, 2004). Naloxone was always administered 10 min

after the conclusion of the Pre-CS Session, and 5 min prior

to onset of the CS Session. Precipitated withdrawal in all

Paired groups therefore was experienced exclusively during

the CS Session. Two of the Paired groups, Paired-CS and

Paired-CS/Test Context were exposed on all Conditioning

Days to the discrete tone/light compound CS (7 kHz, 85

dB tone plus house light on for 5 sec, off for 2 sec,

repeating). A third Paired Group was exposed only to the

operant chambers without the tone/light CS (Paired-

Context Only).

In addition to the three Paired groups, there were 2

control conditions. An Unpaired Control group received

vehicle prior to each daily operant CS Session, with
Table 1

Summary of experimental design

Experimental condition (all injections in home cage except t

Control groups Paired

Mor-Nal Naı̈ve Unpaired Paired-

Conditioning sessions (days 1–4)

T =0 VEH VEH+CSa MOR

T =4 h VEH+CSa MOR NAL+

T =8 h VEH NAL VEH

Test session (day 5)

T =0 MOR MOR MOR

T =4 h NAL+CSa NAL+CSa NAL+

Abbreviations: MOR=morphine, NAL=naloxone, VEH=vehicle, CS=condition
a On Conditioning Days and Test Days, a 10-min operant session (Pre-CS Sessio

administered 10 min after the conclusion of the Pre-CS Session and 5 min prior to o

received vehicle prior to the CS Session, and morphine and naloxone treatment

vehicle injection at the time when the Unpaired group received naloxone, to mainta

Conditioning Days for all groups, but varied as described in Materials and metho
morphine administered 4 h and naloxone 8 h after the

operant session in the home cage, allowing for the assess-

ment of repeated naloxone-induced withdrawal 4 h post-

morphine that was explicitly unpaired with operant context

and CS. To equalize injection history across experimental

groups, all other groups received a vehicle injection at the 8-

h time-point where the Unpaired group received naloxone

(see Table 1). An additional control group received vehicle

in place of both morphine and naloxone on Conditioning

Days (Mor-Nal Naı̈ve), but still received CS exposure

during the CS Session on all Conditioning Days. This

permitted the assessment of CS effects on Test Day in the

absence of any prior morphine or naloxone exposure

history.

2.4.2. Test Day

On the Test Day, all experimental groups, Paired and

Control, received morphine (5.6 mg/kg) followed 4 h later

by naloxone and the operant test session, with sub-groups of

animals in each of the 5 experimental conditions receiving

one of several low doses of naloxone (0.001–0.33 mg/kg).

This permitted construction of a dose–effect function of

naloxone potency to induce suppression of responding on

the Test Day, and quantitation of shifts in naloxone potency

associated with varying experimental conditions. The CS

was presented during the CS Session on the Test Day in all

experimental conditions except Paired-Context Only and

Paired-CS/Test Context (see Table 1), since the effect

produced by naloxone in response to operant context alone

was to be assessed in these groups.

2.5. Data analysis

Data on all experimental treatment days were expressed

as % of response rate in the corresponding interval (Pre-CS

or CS Session) on the Vehicle Baseline Day. Changes in

responding during the Pre-CS Session across conditioning
hose followed by CS or NO CSa)

groups

CS Paired-CS/Test Context Paired-Context Only

MOR MOR

CSa NAL+CSa VEH+NO CSa

VEH VEH

MOR MOR

CSa NAL+NO CSa NAL+NO CSa

ed stimulus present in CS Session, NO CS=Context-Only in CS Session.

n) preceded the CS Session, with the corresponding VEH or NAL injections

nset of the CS Session. Note that on Conditioning Days the Unpaired group

followed rather than preceded the CS Session. All other groups received a

in a constant number of injections. Naloxone dose was fixed at 1.0 mg/kg on

ds on the Test Day.
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and Test Days were assessed with mixed design ANOVAs in

which experimental condition served as a between-subjects

factor, and treatment days as a within-subjects factor.

Follow-up comparisons consisted of interaction contrasts

of pairs or trios (control or paired) of experimental

conditions. Because all sub-groups within a given exper-

imental condition differed only in the dose of naloxone

administered 5 min prior to the CS Session on the Test Day,

all animals within each of the 5 experimental groups had

identical treatment histories up to and including the Pre-CS

Session on the Test Day. Therefore, all sub-groups within a

given experimental condition were pooled for the analysis

of responding during the Pre-CS Session.

To minimize animal subject requirements while ensur-

ing that naloxone was tested in the linear portion of its

dose–effect function, different dose ranges of naloxone

were tested under different experimental conditions as

described above. This precluded analysis of naloxone

dose–effects in the CS Session using standard ANOVA

techniques. Thus, to compare naloxone potency across

different experimental conditions during the CS Session,

quantitative probit dose–response analysis was performed

according to the method of Litchfield and Wilcoxon using

computer software (Tallarida and Murray, 1987). Using this

procedure, ED50 values (and 95% confidence limits) for

naloxone were calculated under each experimental con-

dition, and potency ratios (with 95% confidence limits)

served as the measure of statistical reliability of any

observed shifts in naloxone potency under different

experimental conditions. This same approach has been

used previously in our laboratory in quantitative analyses

of naloxone-precipitated withdrawal from acute (Azar et

al., 2003; Schulteis et al., 2003) and chronic (Schulteis et

al., 1994) morphine dependence.
Fig. 1. Responding during the Pre-CS Session, prior to naloxone injection and CS

naloxone-withdrawal experience in the operant context (*p <0.05 Paired groups

percent of baseline response rate. Because rats within a given experimental gro

injection after the Pre-CS Session and prior to the CS session on the Test Day, all

group).
3. Results

As shown in Fig. 1, responding in the Pre-CS Session

varied significantly across treatment days as a function of

experimental condition. An overall 2-factor mixed design

ANOVA revealed a significant main effect of experimental

condition (between-subjects: F[4,95]=23.51, p <0.0001), a

significant main effect of treatment day (within-subjects:

F[4,380]=51.04, p <0.0001), and a significant condition�
day interaction (F[16,380]=11.54, p <0.0001). An inter-

action contrast comparing the Control groups (Mor-Nal

Naı̈ve, Unpaired) still indicated a significant experimental

condition� treatment day interaction (F[4,172] =5.04,

p <0.001). The Unpaired group showed slightly lower

response rates on Conditioning Days 2–4 than the Mor-

Nal Naı̈ve group, and this is likely due to the lack of

morphine history in the latter group. Consistent with a prior

report (Liu and Schulteis, 2004), it is possible that a modest

degree of spontaneous withdrawal from morphine on

Conditioning Days 2–4 may be demonstrable during the

Pre-CS Session in groups exposed repeatedly to morphine,

which includes the Unpaired Control group.

A second interaction contrast comparing all Paired

groups (Paired-Context Only, Paired-CS/Test Context,

Paired-CS) revealed a significant main effect of treatment

day (F[4,208]=50.03, p <0.0001), but no significant main

effect of experimental condition (F[2,52]=2.48, N.S.), or

condition�day interaction (F[8,208]=1.97, N.S.). This

pattern is explained by a time-dependent decline in

responding during the Pre-CS Session as a function of

treatment day in all 3 Paired treatment conditions. Finally,

each Paired group was compared in a separate interaction

contrast to the Unpaired Control group, which had an

identical history of morphine and naloxone exposure to the
onset, declines in a time-dependent fashion in all paired groups receiving

vs. Unpaired), but not in control groups. Data represent mean (TS.E.M.)

up (Paired or Control) did not differ in their treatment until the naloxone

rats within an experimental group are represented in this graph (n =15–24/



Fig. 2. Shifts in naloxone potency during the CS Session on the Test Day varied as a function of experimental group. Relative to Unpaired Controls, rats

exposed to naloxone repeatedly in the operant context without a tone/light CS showed a significant shift to the left when re-exposed to the operant environment

on the Test Day (Paired-Context Only). Rats presented repeatedly with the CS on Conditioning Days showed a significant shift to the left in the naloxone

dose– response curve relative to Unpaired Controls when the CS was represented on Test Day (Paired-CS), but not when the CS was omitted on the Test Day

(Paired-CS/Test Context). Data represent mean (TS.E.M.) percent of baseline response rate. Sample size varied from 7 to 11 per data point for each of 3

naloxone doses within each experimental group. Statistical analysis of the data consisted of potency ratio analysis (Tallarida and Murray, 1987), and is

summarized in Table 2.
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Paired groups, but not in temporal contiguity with the CS

Session. All three comparisons revealed a significant

experimental day� treatment condition interaction (all F

values>16.09, p values<0.0001). Therefore, the time-

dependent decline in responding during the Pre-CS Session

beginning on Conditioning Day 3 was specific to groups in

which naloxone-induced acute withdrawal was explicitly

paired with the operant context (Paired-Context Only) or

both operant context and the tone/light CS (Paired-CS/Test

Context, Paired-CS). This decline in responding during the

Pre-CS Session occurred prior to any naloxone or CS

exposure on a given Conditioning Day, and reflects

suppression in response to the operant context alone. Thus,

as reported previously (Schulteis et al., 2004), context-

specific suppression of operant responding is rapidly

acquired under conditions where said context is predictive

of naloxone-induced withdrawal from acute morphine

treatment, as it was when naloxone was administered 10

min after the Pre-CS Session on each Conditioning Day in

all Paired groups, but not in the Unpaired Control group.
Table 2

ED50 values and potency ratios for naloxone-induced suppression of operant resp

Experimental condition ED50 (mg/kg)

(95% CL)a
Potency ratio (95% CL)a vs

Mor-Nal Naı̈ve Unp

Mor-Nal Naı̈ve 0.07 (0.030–0.178) – –

Unpaired 0.007 (0.002–0.026) 10.44* (2.12–51.50) –

Paired-Context Only 0.0005 (0.00007–0.004) 141.73* (15.77–1274)

Paired-CS/Test Context 0.004 (0.002–0.009) 16.85* (5.49–51.89) 1.61

Paired-CS 0.0005 (0.0001–0.002) 156.55* (24.47–1002)

N.S.=not significant.
a 95% Confidence limits (CL) for calculated ED50 and potency ratio provided

* p <0.05 as determined by relative potency analysis (Tallarida and Murray, 19
Fig. 2 illustrates the naloxone dose–effect functions

derived during the CS Session on the Test Day as a function

of experimental condition, and Table 2 presents the ED50

value under each experimental condition as well as potency

ratio comparisons across conditions. Naloxone dose-

dependently suppressed responding in the group receiving

morphine and naloxone for the very first time on the Test

Day (Mor-Nal Naı̈ve), with an ED50 of 0.07 mg/kg. Relative

to this single morphine treatment control condition, repeated

treatment with morphine and naloxone (4 h later) explicitly

unpaired with the operant context and CS (Unpaired

Control) resulted in a significant 10.44-fold increase in

naloxone potency. This shift in naloxone potency in the

Unpaired group is comparable to what has been reported

previously for groups receiving repeated morphine outside

of any operant context (Schulteis et al., 2004), and is

presumably due to the direct neuroadaptive response to

repeated morphine.

In most paired groups there were further significant

shifts to the left in naloxone potency on the Test Day
onse rates on Test Day as a function of experimental condition

. . .

aired Paired-Context Only Paired-CS/Test Context

– –

– –

13.57* (1.22–150.80) – 8.41* (1.00–70.47)

, N.S. (0.36–7.21) – –

14.99* (1.83–122.80) 1.10, N.S. (0.08–14.69) 9.29* (1.58–54.69)

in parentheses.

87).
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relative to the Unpaired condition. For example, relative to

the Unpaired Control condition, rats receiving naloxone in

association with the operant-context only on Conditioning

Days (Paired-Context Only) demonstrated a significant

13.57-fold increase in naloxone potency when placed back

into the operant context on the Test Day. In rats receiving

naloxone on Conditioning Days in association with both

operant context and the tone/light CS, a similar 14.99-fold

increase in naloxone potency was noted relative to

Unpaired Controls when the CS was re-presented on the

Test Day (Paired-CS). However, no significant shift in

naloxone potency relative to the Unpaired condition was

noted when the CS was omitted on Test Day in rats trained

with both CS and context on Conditioning Days (Paired-

CS/Test Context).
4. Discussion

The current study confirms prior reports of potentiation

of naloxone-precipitated withdrawal severity produced by

repeated acute bolus injections of a moderate dose of

morphine (Adams and Holtzman, 1990; Schulteis et al.,

1997, 1999, 2003, 2004; White-Gbadebo and Holtzman,

1994). Prior reports also have indicated that under certain

experimental conditions repeated naloxone withdrawal

experience can further potentiate the observed withdrawal

response beyond what is produced by repeated morphine

alone, putatively through conditioning mechanisms (Adams

and Holtzman, 1990; Schulteis et al., 1999, 2003, 2004). For

example, we previously demonstrated that potentiation of

withdrawal severity across repeated morphine pretreatments

at 24-h intervals occurred when naloxone-induced with-

drawal was always experienced within the operant context,

but not when the repeated withdrawal was instead experi-

enced in the home cage (Schulteis et al., 2004). The current

study confirms and extends these findings of context-

dependent effects of naloxone experience. Thus, relative

to an Unpaired group that received ALL of its naloxone-

withdrawal experience 8 h after each daily operant training

session in the home cage, a group that received repeated

naloxone in the operant context (Paired-Context Only)

showed a nearly 14-fold shift in naloxone potency (see

Fig. 2 and Table 2). In addition, during the Pre-CS Session,

the 10 min operant session that always preceded naloxone

injection, a significant suppression of response rate emerged

in all three Paired groups on Conditioning Days 3–4 and the

Test Day (see Fig. 1). This time-dependent suppression was

substantially greater in groups that were repeatedly experi-

encing naloxone-induced withdrawal in the operant context

beginning 10 min after the Pre-CS Session relative to the

Unpaired group that received the same amount of morphine

and naloxone exposure, but not in temporal contiguity with

daily operant sessions. These data are therefore consistent

with our earlier suggestion (Schulteis et al., 2004) that the

experience of all unique elements provided by the morphine
acute dependence induction and naloxone withdrawal

regimen resulted in the formation of a new episodic context

within an otherwise familiar operant environment. This

novel contextual representation reliably predicts the onset of

a state of acute opioid withdrawal, with a corresponding

shift to withdrawal-related behaviors (e.g. suppression of

responding) upon subsequent exposure to this withdrawal-

predictive context.

This notion is entirely consistent with recent theories of

contextual conditioning, which emphasize that a ‘‘context’’

consists not merely of fixed geometric features of the

environment but also includes multi-modal sensory (visual,

tactile, olfactory, etc.) cues and temporal or episodic context

(Anagnostaras et al., 2001; Moser and Paulsen, 2001).

Therefore, multiple possible representations of a given

spatial context may be encoded in an episodically unique

fashion depending on the other elements that may be present

or absent at a given point in time (‘‘episode’’). Within the

framework of our acute opioid dependence model, the

newly formed predictive context likely includes features that

are unique to the days on which withdrawal was experi-

enced such as drug administration cues, and perhaps even

the interoceptive cues provided by the drugs themselves

(Adams and Holtzman, 1990; Sokolowska et al., 2002;

Schulteis et al., 2004).

The current study extends beyond our prior work in

clearly demonstrating that superimposition of a more salient

external stimulus (tone/light CS) can overshadow the

salience of episodic context. In a group exposed to the

CS within the operant context on Conditioning Days, and

also tested with the CS on the Test Day (Paired CS), there

was a 15-fold shift in naloxone potency relative to the

Unpaired group. This shift in naloxone potency was not

observed when the CS was presented on Conditioning Days

but omitted on the Test Day (Paired-CS/Test Context; see

Fig. 2 and Table 2). In fact, context exerted a greater effect

on naloxone potency when it was the only reliable cue

(Paired-Context Only) than when it was combined with the

CS on Conditioning Days (Paired-CS/Test Context; see Fig.

2 and Table 2). Thus, a discrete CS that was uniquely

presented only in direct contiguity with naloxone-precipi-

tated withdrawal was able to overshadow and hence

weaken the influence of the operant context during the

CS Session. Using a similar tone/light CS to the one

employed herein, we have recently demonstrated that

conditioned withdrawal responses to this unique stimulus

are measurable without any morphine or naloxone admin-

istered on the Test Day (Amitai et al., 2004). This suggests

that the cues provided by drug administration and the

interoceptive stimulus properties of morphine and/or

naloxone need not be present at all to evoke a state of

conditioned withdrawal from acute morphine, if novel

predictive stimuli are available.

Taken together with earlier results, the current study

suggests that conditioned associations with precipitated

acute opioid withdrawal as measured with suppression of
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responding (Schulteis et al., 1999, 2003, 2004; Sokolowska

et al., 2002) or place aversion (Azar et al., 2003; Parker et

al., 2002; Parker and Joshi, 1998) paradigms appear to be

rapidly formed and quite robust. For example, naloxone

potency to suppress operant response rates (Schulteis et al.,

2003, 2004, current study) after as few as four acute bolus

doses of morphine (5.6 mg/kg) is comparable to its potency

after chronic exposure to high levels of morphine (Schulteis

et al., 1994), but only if conditions are present that permit

context-specific or cue-specific conditioning. In the absence

of conditioning, the severity of withdrawal following 4

doses of morphine is substantially less than that observed

under conditions of chronic exposure. In addition, as few as

two or even one pairing of a unique environment with

naloxone-precipitated acute withdrawal results in robust

conditioned place aversions (Azar et al., 2003; Parker and

Joshi, 1998; Parker et al., 2002). Finally, context-specific

conditioned withdrawal-like responses are formed even

when successive morphine treatments (and conditioning

opportunities) are separated by intervals of 6 weeks

(Schulteis et al., 1999). These data therefore suggest that

the neural substrates mediating the response-disruptive and

aversive stimulus effects of naloxone in opioid-dependent

rats show particularly rapid and long-lasting neuroadaptive

response to limited acute treatment with morphine, and that

conditioning processes make a significant contribution to

the development of this response.

This may have important implications for the role of

conditioned drug-like and drug-opposite (e.g. withdrawal)

responses in the development and maintenance of patterns

of compulsive drug use (Childress et al., 1999; Di Chiara et

al., 1999; Everitt et al., 2001; O’Brien et al., 1976; Wikler,

1973). In particular, the data derived from acute opioid

dependence models suggest that conditioning mechanisms

are influencing the magnitude of drug withdrawal responses

at the very onset of opioid dependence, when use of opioids

may still be occasional rather than habitual, and perhaps also

most amenable to intervention.It has been argued that

further development of effective treatment and intervention

strategies for habitual drug use and relapse after abstinence

requires a full understanding of both unconditioned and

conditioned drug-like and drug-opposite (i.e. withdrawal)

responses (Di Chiara et al., 1999; Everitt et al., 2001; Koob

and Le Moal, 2001). The model of conditioned withdrawal

from acute opioid dependence developed herein aids these

development efforts by providing a more complete appreci-

ation of the contributions of all potential conditioned stimuli

that can become associated with opioidwithdrawal after just a

few bolus doses of morphine. For example, it is now clear that

even a relatively familiar environment can rapidly acquire

new episodic contextual relevance as a stimulus predictive of

acute opioid withdrawal, when it is the most salient predictive

cue available (e.g. Paired-Context Only in current study; see

also Amitai et al., 2004; Schulteis et al., 2004). The

interoceptive drug cue provided by morphine itself may

contribute to this novel episodic contextual representation
to facilitate a more lasting and robust conditioned with-

drawal response (current study, Amitai et al., 2004;

Schulteis et al., 2003, 2004; Sokolowska et al., 2002), but

is not absolutely necessary to evoke a conditioned with-

drawal response under all conditions (Amitai et al., 2004).

Finally, the presence of discrete novel stimuli (e.g. drug

paraphernalia) can overshadow the salience of the familiar

environmental features, with the novel stimuli then becom-

ing the predominant predictive stimuli (Paired-CS vs.

Paired-CS/Test Context).

We recently reported that the brain sites most sensitive

to the response-suppressing effects of the quaternary

naloxone analog methylnaloxonium are elements of the

‘‘extended amygdala’’ such as the nucleus accumbens and

the bed nucleus of the stria terminalis (Liu et al., 2002).

This same system is critical to the positive hedonic effects

of opioids and other drugs of abuse (Di Chiara et al., 1999;

Koob and Le Moal, 2001). Projections of the basolateral

amygdala to nucleus accumbens, bed nucleus of the stria

terminalis, and central amygdala are critical to the

formation of context- and cue-conditioned associations

with the rewarding properties of heroin and cocaine

(Alderson et al., 2000; Kalivas and McFarland, 2003;

Kantak et al., 2002; See et al., 2003). Our recent report that

excitotoxic lesions of the basolateral amygdala disrupt cue-

conditioned withdrawal in rats chronically dependent on

morphine is therefore consistent with this notion that

circuitry contributing to conditioned reward and condi-

tioned withdrawal may overlap (Schulteis et al., 2000). The

utility of the conditioned withdrawal model for acute

dependence as developed herein lies most immediately in

its application to further differentiation of the neural

substrates mediating unconditioned withdrawal, cue-condi-

tioned withdrawal, and context-conditioned withdrawal.
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