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Abstract

Acute bolus doses of morphine induce a state of acute opioid dependence as measured by naloxone-
precipitated withdrawal. Repeated morphine and precipitated withdrawal experience further
enhances naloxone-induced withdrawal severity, in part due to direct neuroadaptation to repeated
morphine, and in part due to conditioned associations of context and withdrawal experience. To
determine whether a discrete tone/light conditioned stimulus (CS) could elicit conditioned
withdrawal responses in acute dependence, rats trained on an FR-15 operant schedule for food reward
received morphine (5.6 mg/kg) 4x at daily or weekly intervals, with each morphine injection followed
at 4 hr by naloxone (1.0 mg/kg) and an operant session. The CS was presented to a Paired group after
each naloxone injection. Separate control groups either experienced the CS at a different time of day
or different day of the week than naloxone (Unpaired), received naloxone without any CS exposure
(Paired-No CS) or received vehicle instead of naloxone prior to CS presentation (Nal-Naive). On the
Test Day, all rats received vehicle prior to CS exposure. The CS alone reliably suppressed responding
in Paired groups relative to control conditions with either daily or weekly intervals between
conditioning sessions. Administration of morphine 4 hr prior to CS exposure on the Test Day was
not necessary to observe conditioned withdrawal. Thus, conditioned withdrawal is reliably
established to discrete cues associated with naloxone-precipitated withdrawal from acute infrequent
(weekly) opioid exposure.
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INTRODUCTION

Opioid dependence as measured by antagonist-precipitated withdrawal symptoms can be

observed after just one injection of a moderate dose of an agonist such as morphine (Azorlosa
etal., 1994; Bickel et al., 1988; Heishman et al., 1989a, 1989b; Jones, 1980; Martin and Eades,
1964). Considerable recent work in animals has focused upon acute dependence models using
suppression of operant responding for food or brain stimulation reward as quantifiable indices
of withdrawal severity precipitated by the opioid antagonists naloxone or naltrexone (Adams
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and Holtzman, 1990; Azar etal., 2003; Easterling and Holtzman, 1997, 2004; Liu and Schulteis,
2004; Meyer and Sparber, 1977; Parker and Joshi, 1998; Schulteis et al., 1997, 1999, 2003,
2004, 2005; Young, 1986).

Acute dependence may reflect adaptive changes in response to opioid exposure that constitute
the first step in the transition from initial casual use to addiction (Schulteis and Koob, 1996).
In support of this notion, it has been shown that repeated morphine experience at daily or
weekly intervals can lead to a potentiation of withdrawal severity produced by opioid
antagonists (Adams and Holtzman, 1990; Azorlosa et al., 1994; Schulteis et al., 1999, 2003,
2004). A component of this potentiation is independent of repeated precipitated-withdrawal
experience, since exposure to morphine alone at daily or weekly intervals is sufficient to
magnify the intensity of withdrawal (Azorlosa et al., 1994; Schulteis et al., 1997, 1999,
2003). This antagonist-independent process might reflect incremental neuroadaptive responses
to morphine itself. However, more pronounced potentiation of antagonist-precipitated
withdrawal occurs when repeated morphine doses are always followed several hours later by
the antagonist (Adams and Holtzman, 1990; Schulteis et al., 2003, 2004, 2005). We recently
reported that this antagonist-dependent process apparently reflects the formation of
conditioned associations between the naloxone-precipitated withdrawal state and contextual
features of the operant environment and withdrawal-testing regimen (Schulteis et al., 2004,
2005).

Neuroadaptive responses to opioids, including tolerance and dependence/withdrawal, are
readily influenced by conditioned associations between the drug and environmental cues that
reliably predict drug intake (O’Brien et al., 1976; Siegel, 1976; Wikler, 1971, 1973). Within
the recreational setting, conditioning processes could be facilitated by the typically habitual
behavior of drug addicts, who often repeatedly experience intoxication as well as withdrawal
under similar conditions and in specific surroundings (Wikler 1973). Consistent with this
notion, several reports by Siegel and colleagues suggest that certain cases of heroin overdose
may result from the absence of conditioned tolerance responses when heroin is self-
administered in an environment not traditionally associated with heroin intake (Siegel et al.,
1982; Siegel and Ellsworth, 1986; Siegel, 1984).

It is widely hypothesized that conditioned drug-like and drug-opposite responses (e.g.
conditioned withdrawal) may play a major role in triggering craving and precipitating relapse
in addicted individuals (Childress et al., 1987, 1994; Everitt et al., 2001; Koob and Le Moal,
2001; O’Brien, 1996; O’Brien et al., 1976; Schulteis and Koob, 1996; Wikler, 1971, 1973;
Wikler and Pescor, 1967). Most prior work on conditioned opioid withdrawal has therefore
focused on chronic dependence and relapse after periods of protracted abstinence. However,
recent evidence of conditioned withdrawal-like effects following acute morphine exposure
(Schulteis et al., 1999, 2003, 2004, 2005) suggest that conditioned associations may play a key
role earlier in the development of dependence than was previously thought. To date all of these
studies of conditioned withdrawal from acute dependence included both a morphine and a
naloxone injection (4 hr post-morphine) on the Test Day, just as on Conditioning Days. Adams
and Holtzman (1990) have suggested that interoceptive cues provided by the onset of antagonist
effect are sufficient stimuli to support a conditioned potentiation of withdrawal severity in
acute dependence models, and recent work by Siegel and colleagues supports the potency of
such interoceptive drug cues as potential conditioned stimuli (McDonald and Siegel, 2004;
Sokolowska et al., 2002). This calls into question whether discrete stimuli can evoke
conditioned withdrawal effects in our acute dependence model without the added benefit of
interoceptive drug cues provided by morphine and/or naloxone. The current study sought to
evaluate specifically whether conditioned suppression of operant responding could be
demonstrated in the absence of naloxone- and morphine-interoceptive cues on the Test Day.
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Our conditioning model was based upon prior work in humans (O’Brien et al., 1976), monkeys
(Goldberg and Schuster, 1967), and rats (Baldwin and Koob, 1993; Schulteis et al., 2000),
wherein repeated pairing of discrete stimuli (tone/light/smell) with an opioid antagonist in
chronically dependent subjects led to the expression of withdrawal symptoms in response to
the discrete stimuli alone. In the current study, a discrete conditioned stimulus (CS) consisting
of an intermittent tone and flashing light was paired with naloxone-precipitated withdrawal
from acute bolus doses of morphine administered at daily (Experiment 1) or weekly
(Experiment 2) intervals. On the test day, rats were re-exposed to the discrete CS in the absence
of naloxone cues (Experiments 1 and 2) and for some groups in the absence of both morphine
and naloxone cues (Experiment 2). Precipitated withdrawal was the method of choice in these
experiments because it ensures precise temporal contiguity between peak withdrawal intensity
(typically 5-30 min post-antagonist) and the conditioned stimuli. It must be recognized that
the human opioid user or addict is experiencing spontaneous withdrawal during periods of drug
abstinence, not precipitated withdrawal. Care must be taken therefore in extrapolating precise
parametric details (e.g. number of conditioning trials, length of conditioning trials, etc.) from
the laboratory to the recreational use setting. Nonetheless, a number of thorough parametric
comparisons of spontaneous and precipitated opioid withdrawal note striking similarities
(Blasig and Herz, 1977; Blasig et al., 1973; Linseman, 1977; Martin et al., 1963; Way et al.,
1969; Wei et al., 1973), suggesting that precipitated withdrawal, with its inherent advantages
in the laboratory setting, serves as a valid model (at least qualitatively) of withdrawal
experienced in the recreational setting.

METHODS

Animals

Drugs

Male Wistar rats (n = 57; Harlan Labs, Indianapolis, Indiana, 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. The rats were maintained on 15
g rat chow per day in addition to the food pellets earned in the operant boxes (total food intake
was approximately 22 g/rat/day). Rats had ad lib access to water at all times. 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 10-15 g/week throughout training and testing, with no
significant differences in weight gain among any experimental groups (data not shown). All
procedures employed in the studies described herein were reviewed and approved by the
Institutional Animal Care and Use Committee of the VA San Diego Healthcare System, and
were carried out in accordance with the guidelines established in the Guide for the Care and
Use of Laboratory Animals (National Research Council and National Institutes of Health).

Morphine sulfate was obtained from the VA San Diego Pharmacy, and naloxone HCI was
purchased from Sigma (St Louis, Mo., USA). Both drugs were prepared for injection in
physiological saline, and all injections were made subcutaneously (SC) at a volume of 0.1-ml/
100 g body weight. Vehicle injections consisted of physiological saline also at a volume of
0.1-ml/100 g body weight. Morphine was administered at a dose of 5.6 mg/kg, and naloxone
was administered at 1.0 mg/kg. All doses are expressed as the salt.

Morphine and naloxone doses were carefully selected based on prior work (Young, 1986;
Adams and Holtzman 1990; Schulteis et al., 1997, 1999, 2003, 2004, 2005) which indicated
that: 1) a 5.6 mg/kg dose of morphine produces little or no effect on operant responding by
itself at the time chosen here for antagonist administration and testing; 2) repeated treatment
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with this dose of morphine supports potentiation of withdrawal severity, including antagonist-
independent and antagonist-dependent components; and 3) the 1.0 mg/kg dose of naloxone has
minimal effect on operant responding for food in morphine-naive rats, but suffices to elicit
profound withdrawal symptoms in acutely dependent rats.

Operant Training

Eight operant chambers (Coulbourn Instruments, Columbus, Ohio, USA) were equipped with
a food hopper located 4 cm above a grid floor, a lever located to the right of the food hopper,
and a cue light located above the lever. The cue light illuminated for 1 s as a food pellet (45
mg) was delivered each time a rat completed a fixed-ratio (FR) component. Rats were trained
to lever press for food pellets in 30-min sessions 5 days a week, beginning on an FR-1 schedule
and progressing to an FR-15 schedule (1-s timeout). On the first day of FR-1 training, several
food pellets were taped to the lever to encourage investigation of the lever, but once the rats
exhibited lever-pressing behavior (typically within 1-2 sessions), this training aid was
eliminated. Once reliable FR-15 responding was established, rats were acclimated to a split
schedule in which a 10-min session was followed by a timeout period of 15 min, for which the
rats were returned to their home cages, followed by a 20-min operant session. This schedule
permitted an assessment of daily stable baselines (10-min session) prior to any drug
administration or CS presentation. Training continued until stable baseline responding were
achieved (typically within 3-5 weeks), with stability defined as less than 10% variation from
the mean of 3 consecutive test days.

Conditioning and Test Procedures

Experiment 1—Drug pretreatment/treatment regimens of all groups are summarized in Table
1. Over four consecutive days (Conditioning Days) rats were injected each day with morphine
(5.6 mg/kg) followed 4 hr later by the precipitation of acute withdrawal through naloxone (1.0
mg/kg). In all experimental groups during both Conditioning and Test Days, a 10 min operant
session (Pre-CS Session) preceded the naloxone/vehicle injection, and the 20 min CS session
followed 5 min after naloxone/vehicle. Thus, the Pre-CS Session served as an index of daily
response rate prior to naloxone-induced withdrawal and/or CS onset on a given day.

On Conditioning Days, naloxone-precipitated withdrawal in the Paired group took place in the
operant chambers during the 20-min session in which the CS was presented throughout (CS
Session). The CS consisted of a tone/light compound stimulus (7 kHz, 85 dB tone plus house
light on for 5 s, off for 2 s, repeating). An Unpaired control group received vehicle prior to
each daily operant session, with morphine administered 4 hr and naloxone 8 hr after the operant
session in the home cage. To equalize injection history across experimental groups, all other
groups received a vehicle injection at the 8 hr time point (see Table 1). Additional control
groups received vehicle in place of naloxone on conditioning days (Nal-Naive), or received
naloxone in the absence of the CS in the operant context (Paired-No CS). On the Test Day,
which occurred 24 hr after the last Conditioning Day, all groups were again treated with
morphine but 4 hr later received only a vehicle injection prior to exposure to the CS. All groups
except Paired-No CS were exposed to the CS on the Test Day.

Experiment 2—All subjects in this experiment were assigned initially to either Paired or
Unpaired conditions and exposed to morphine once weekly (see Table 2). Rats in the Paired
group received a morphine injection (5.6 mg/kg) in their home cages on Friday of each week,
followed 4 hr later by naloxone (1 mg/kg). As in Experiment 1, a Pre-CS 10 min operant session
preceded the naloxone injection, and a 20 min CS Session in which rats were exposed to the
tone/light CS commenced 5 min post-naloxone. This procedure was repeated each Friday of
four Conditioning Weeks. The following week (Test Week), the procedure was the same with
the exception that a vehicle injection was substituted for naloxone prior to the CS session. In
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addition to the weekly morphine and naloxone-withdrawal experience on Friday that was
contiguous with CS exposure, rats in the Paired group were given several operant sessions each
Conditioning and Test week in the absence of any injections whatsoever (Tuesday), or with
vehicle injections substituted for morphine and naloxone (Wednesday, Thursday). The CS was
omitted during the 20 min CS Session on these days.

During the four Conditioning Weeks, rats in the Unpaired control group received the same
number of operant sessions each week as the Paired group, as well as the same number of
vehicle injections (see Table 2 for details). However, the operant session with CS exposure
occurred on Wednesday following vehicle treatment, and morphine and naloxone were
administered on Friday with no operant session on that day.

During the Test Week, rats in both the Paired and the Unpaired groups were further divided
into separate cohorts receiving morphine (Paired-MOR, Unpaired-MOR) or vehicle (Paired-
VEH, Unpaired-VEH) 4 hr prior to CS exposure on the Test Day (Friday). Vehicle instead of
naloxone was administered to all experimental groups after the Pre-CS Session and 5 min prior
to the CS Session on the Test Day. The Unpaired groups received exactly the same regimen
of injections and operant sessions as their corresponding Paired groups in the Test Week (see
Table 2).

Data Analysis

RESULTS

Results of prior studies had shown that conditioned withdrawal responses on the Test Day
could wane in strength over the course of a 20 min CS test session, presumably due to extinction
of the conditioned response when the unconditioned stimulus (naloxone-induced withdrawal)
was absent on the Test Day (Schulteis et al., 2000, 2005). Therefore data from the 20 min CS
sessions were further divided into two equal 10-min bins, creating 3 equal 10 min intervals
that could be entered as a repeated measure into statistical analyses (Pre-CS, CS 1-10, CS 11—
20). For Experiment 1, the mean responses/10 min interval for each rat on the final 3 days prior
to initiation of conditioning procedures was taken as the baseline (see Table 3), and data on all
Conditioning Days and the Test Day were expressed as percent of baseline responses/10 min
in the corresponding operant interval. In Experiment 2, baseline responding (see Figure 2A)
was taken from the operant sessions on Thursday of each Conditioning and Test Week
(Baseline Day), 24 hr prior to morphine and naloxone administration in both Paired and
Unpaired groups.

Data from Experiments 1 and 2 were analyzed using standard 2 or 3-factor mixed design
ANOVAs as appropriate, with operant interval (Pre-CS, CS 1-10, CS 11-20) and Conditioning
Day (or Week) as a within-subjects factors, and experimental condition (e.g. Paired vs.
Unpaired, morphine vs. vehicle pretreatment on Test Day) as between-subjects factors. Follow-
up comparisons of relevant simple main effects or interaction contrasts were conducted
selectively as suggested by outcome of the overall ANOVAs. Significant simple main effects
or interaction contrasts were further dissected through individual means comparisons using the
Bonferroni correction to ensure a constant error rate of p < 0.05, regardless of number of
comparisons made.

Experiment 1

As shown in Table 3, responding on the baseline days (last 3 days prior to first Conditioning
Session) in all groups declined predictably across operant intervals (Pre-CS, CS 1-10, CS 11—
20). This time-dependent decline in responding is typical of our studies where continuous

operant sessions of 20—30 min duration are employed (Schulteis et al.1997, 1999,2000,2005)
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and presumably reflects fatigue or satiety. In this regard it is noteworthy that a cumulative
dosing operant regimen where responding is restricted to 5 min opportunities once every 15
min does not engender this same decrement in responding across consecutive operant intervals
(Schulteis et al., 2003,2004). Importantly, a significant main effect of operant interval (F[2,52]
=89.79, p < 0.0001) with no main effect of treatment condition (F[3,26] = 1.16, p > 0.34) or
treatment x operant interval interaction (F[6,52] = 1.11, p > 0.37) indicated that the within-
session decline in responding was equivalent among experimental groups.

As shown in Figure 1A, responding in the Pre-CS interval declined markedly across
Conditioning Days in both Paired groups, but not in the control groups (Nal-Naive, Unpaired),
resulting in a significant treatment group x Conditioning Day interaction (F[9,78] =9.93, p <
0.0001). Simple main effects analysis of Conditioning Days within each experimental group
indicated a significant decline in responding across days in the Paired-No CS group (F[3,21]
=41.36, p < 0.0001) and Paired-CS group (F[3,24] = 4.31, p < 0.02), but not the Nal-Naive or
Unpaired control groups (F’s < 1.61, p’s > 0.25). Interestingly, an interaction contrast
comparing the Paired-CS and Paired-No CS groups revealed a greater relative degree of
response suppression in the Paired-No CS group (Treatment x Conditioning Day Interaction;
F[3,45] = 7.52, p < 0.0004).

Naloxone-precipitated withdrawal during CS exposure resulted in a predictable dramatic
suppression of responding in both the CS 1-10 and CS 11-20 intervals (Figure 1A), with near
100% suppression within 1-2 days. A slight suppression in responding during the CS 1-10
interval relative to the Pre-CS interval was noted in the Nal-Naive and Unpaired groups on
initial Conditioning Days (Figure 1A). A main effect of Conditioning Day (F[3,33] =3.13, p
< 0.05) with no main effect of treatment (Nal-Naive, Unpaired) or treatment x Conditioning
Day Interaction (F’s < 0.03, p’s > 0.86) indicated that responding increases significantly across
Conditioning Days in both control groups (Unpaired, Nal-Naive) in the CS 1-10 interval,
presumably due to a modest suppression when the CS was novel (days 1-2) followed by
habituation to the CS.

Somewhat unexpected was the significant decline in responding during the final component
of the CS session (CS 11-20) in both Nal-Naive and Unpaired groups (Figure 1A) across
Conditioning Days. A significant main effect of Conditioning Day in the CS 11-20 interval (F
[3,33] = 5.56, p < 0.0005) confirmed this effect; lack of any main effect of treatment or
treatment x Conditioning Day interaction (F’s < 2.7, p’s > 0.13) indicated that the Nal-Naive
and Unpaired groups did not differ reliably from each other across Conditioning Days. The
cause of this suppression in responding is not clear, but may reflect the emergence of a mild
spontaneous withdrawal from repeated morphine, as has been reported previously (Liu and
Schulteis, 2004).

Two-factor mixed design ANOVA of the Test Day data (Figure 1B) revealed a significant
treatment group x operant interval interaction (F[6,52] = 5.13, p < 0.0005). Follow-up
comparisons at each separate operant interval revealed a significant simple main effect of
treatment during the Pre-CS interval (F[3,26] = 2.24, p < 0.0001) and the CS 1-10 interval (F
[3,26] =8.82, p < 0.005), but not the CS 11-20 interval (F[3,26] = 0.55, N.S.). Individual means
comparisons (Bonferroni-corrected) confirmed that within the Pre-CS interval responding was
significantly lower in the Paired-No CS and Paired-CS groups than in either control group
(Nal-Naive, Unpaired), but significantly higher in the Paired-CS group than in the Paired No-
CS group (p < 0.05 corrected by Bonferroni). A different pattern of results was evident during
the CS 1-10 interval, where responding was significantly lower in the Paired-CS group than
in the Paired-No CS group or in either control group (p < 0.05), and the Paired-No CS group
did not differ significantly from either of the control groups (Nal-Naive, Unpaired). In addition,
within-subjects comparisons of operant responding across test intervals in the Paired-CS group
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indicated that responding during the CS 1-10 interval was significantly lower than responding
during the Pre-CS session (p < 0.05), indicating a significant incremental effect of CS exposure
beyond the effects produced by reintroduction to the operant context alone. In contrast,
responding in the Paired-No CS group increased significantly from the Pre-CS to the CS 1-10
interval, presumably reflecting extinction of conditioned suppression to context. Finally,
operant responding during the last 10 minutes of the CS session (CS 11-20) did not differ
significantly across groups.

Experiment 2

Results from Experiment 1 suggested that a novel tone/light CS could elicit a marked but
transient conditioned suppression of responding to the CS alone following repeated daily
pairing with naloxone-precipitated withdrawal, and that cues provided by low-dose naloxone
on the Test Day (Schulteis et al., 2005) were not essential to the conditioned effect. However,
the emergence across Conditioning Days of a significant suppression of responding in both
Paired groups in the operant interval prior to CS onset (Pre-CS), as well as suppression of
responding in the control groups in the latter components of the CS session (CS 11-20),
suggested that further refinements to the model were needed to more clearly separate the
influence of tone/light CS from other contextual features. Therefore, Experiment 2 was
completed in an effort to minimize the predictive salience of operant environment and injection
regimen (see Methods and Table 2 for details). In addition, we sought to determine whether
the morphine cue was essential to effective conditioning to the CS in our paradigm, and
therefore Paired and Unpaired groups were further sub-divided during the Test Week into sub-
groups receiving morphine (Paired-Mor, Unpaired-Mor) or vehicle (Paired-Veh, Unpaired-
Veh) 4 hr prior to the Test Session. However, because these sub-groups were treated identically
up to the Test Day in the final week of testing, analysis of all baseline data and Conditioning
Session data were conducted on the combined Paired and Unpaired groups to increase statistical
power and minimize the number of comparisons required.

As detailed in Table 2, baseline performance was measured on the Thursday of each week, one
day prior to morphine treatment for the given week. Consistent with baseline performance from
Experiment 1 (see Table 3), responses/10 min declined sequentially across operant intervals
(Pre-CS, CS 1-10, CS 11-20) in both Paired and Unpaired groups (Figure 2A). Three-way
ANOVA indicated no main effect of treatment group (Paired vs. Unpaired) or treatment x
operant interval (Pre-CS, CS 1-10, CS 11-20) interaction (F’s < 1.70, p’s > 0.25), indicating
a comparable decline in responding across CS intervals regardless of treatment group.
However, the overall ANOVA did reveal a significant treatment x Conditioning Week
interaction (F[4,100] = 8.46, p < 0.0001). As shown in Figure 2A, responding on Baseline Days
in the Unpaired group appeared to increase slightly over the first 2—-3 weeks of testing, but
remained unchanged across weeks in the Paired group. A significant simple main effect of
Conditioning Week in the Unpaired (F[4,52] = 14.83, p < 0.0001) but not Paired (F[4,48] =
0.21, p > 0.85) group confirmed this subtle difference in baseline responding across weeks,
which cannot be attributed to differing morphine exposure or withdrawal experience (both
groups received morphine and naloxone on Friday of Weeks 1-4). The groups also did not
differ in average weight at any time during training or testing (data not shown). It is possible
that a slight increase in responding across weeks as seen in the Unpaired group was masked in
the Paired group by a modest conditioning to the operant context. As a result of the modest
change in operant responding over time in one group, performance of each group within a given
Conditioning or Test Week was always expressed as a percentage of its baseline (Thursday)
responses/10 min for the same week.

As shown in Figure 2B, responding during Conditioning Days remained constant across
consecutive Conditioning sessions in the Pre-CS interval in both Paired and Unpaired
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conditions, as confirmed by lack of any significant main effect of treatment, Conditioning
Week, or treatment x Conditioning Week interaction (F’s,< 2.54, p’s > 0.10). In both CS
intervals (CS 1-10, CS 11-20), responding in the Paired group on Conditioning Days was
suppressed almost entirely within 2 sessions (Figure 2B). In contrast, responding in the
Unpaired group was modestly suppressed in the CS 1-10 interval below Pre-CS responding
during the first two conditioning sessions, but this suppression dissipated across Conditioning
Weeks as subjects habituated to the CS (simple main effect of Conditioning Week: F[3,39] =
13.45, p < 0.0001). Notably, the Unpaired control group showed no significant decline in
responding in the CS 11-20 interval (Figure 2B; simple main effect of Conditioning Week: F
[3,39] =0.14, p > 0.90).

On the Test Day rats from the Paired and Unpaired groups were further subdivided into cohorts
receiving morphine (Paired-Mor, Unpaired-Mor) or vehicle (Paired-Veh, Unpaired-Veh) 4 hr
prior to the test session as described above. The CS dramatically suppressed responding in both
Paired groups relative to their corresponding Unpaired groups during the CS session (Figure
3). A three-factor ANOVA with pairing condition (Paired, Unpaired) and pretreatment on Test
Day (Veh, Mor) as between-subjects factors and operant interval as a within-subjects factor
revealed a significant pairing condition x operant interval interaction (F[2,46] = 27.86, p <
0.0001), as well as significant main effects of pairing condition (F[1,23] = 44.93, p < 0.0001)
and operant interval (F[2,46] = 18.17, p < 0.0001). There was no main effect of pretreatment
on Test Day, nor was any interaction involving this factor significant (all F’s <0.79, p’s >
0.46), suggesting that the presence of morphine on the Test Day did not substantially alter the
conditioned withdrawal response. Follow-up analyses indicated no significant main effect of
pairing condition in the Pre-CS Interval (F[1,23] = 1.08, p > 0.31), but a highly reliable main
effect of pairing condition in both the CS 1-10 (F[1,23] = 217, p < 0.0001) and CS 11-20
intervals (F[1,23] = 7.25, p < 0.02). Moreover, repeated measures ANOVA within each
experimental sub-group revealed highly significant effects of operant interval in both the
Paired-Mor (F[2,12] = 17.58, p < 0.0001) and Paired-Veh (F[2,10] = 12.79, p < 0.005) groups,
but not in either Unpaired group (F’s < 1.95, p’s > 0.15). Finally, individual means comparisons
in the Paired-Mor group revealed that responding in both the CS 1-10 and CS 11-20 intervals
was significantly lower than responding in the Pre-CS interval. In the Paired-Veh group, only
the CS 1-10 interval differed significantly from the Pre-CS interval. However, the slight
difference in responding during CS 11-20 between Paired-Mor and Paired-Veh groups was
not statistically reliable, and both groups showed a significant increase in responding from the
CS 1-10 to the CS 11-20 interval, again suggesting a degree of within-session extinction of
the conditioned suppression.

DISCUSSION

Previously we reported that the potency of the opioid antagonist naloxone to precipitate
withdrawal from acute bolus doses of morphine is potentiated by re-exposure to a context
(Schulteis et al., 2003,2004) or a discrete tone/light stimulus (Schulteis et al., 2005) that was
repeatedly paired with antagonist-induced withdrawal. Herein we demonstrate for the first time
that repeated experience of acute withdrawal at daily (Experiment 1) or weekly (Experiment
2) intervals in the presence of the discrete CS subsequently elicits symptoms of withdrawal in
response to the CS alone (i.e. the antagonist is not required on Test Day). This effect was not
observed in control groups that had not experienced acute withdrawal during exposure to the
CS (Nal-Naive group), or had experienced repeated naloxone-induced withdrawal in the
absence of the CS (Unpaired controls). This reinforces the assumption that the antagonist-
dependent component of potentiation of withdrawal severity observed in our prior studies
(Schulteis et al., 1999, 2003, 2004, 2005) was the result of conditioning processes.
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As in these prior studies, the effects of operant context could not be entirely eliminated when
rats were repeatedly exposed to naloxone-induced withdrawal at daily intervals within the
operant environment (Experiment 1). This was evident in the fact that suppression of
responding emerged across Conditioning Days in both the Paired-CS and Paired-No CS groups
during the Pre-CS session (Figure 1), prior to onset of the tone/light CS. Although the subjects
had been training in the operant chambers for a number of weeks prior to the initial acute
withdrawal experience, recent theories of contextual conditioning recognize that a “context”
consists not merely of fixed geometric and multimodal sensory (visual, tactile, olfactory, etc.)
features of the environment but also includes temporal or episodic context (Anagnostaras et
al., 2001;Anderson and Jeffery, 2003;Moser and Paulsen, 2001;Sharp, 1999). As argued
previously (Schulteis et al., 2004,2005), the predictive context in our daily acute morphine
withdrawal regimen likely includes features such as the drug injection regimen and perhaps
even the interoceptive cues provided by the drugs themselves (Adams and Holtzman,
1990;McDonald and Siegel, 2004;Sokolowska et al., 2002).

In the Paired-No CS group of Experiment 1, suppression of responding on the Test Day was
greatest during the Pre-CS interval, and responding recovered significantly during subsequent
components of the operant session, whereas responding in the Paired-CS group declined further
from the Pre-CS to the CS 1-10 interval (Figure 1B). This suggests that the addition of a more
predictive stimulus (tone/light CS) that had not been experienced prior to the first precipitated-
withdrawal episode can overshadow to a degree the more familiar components of the operant
context. However, this effect was not complete, and a significant suppression in the Pre-CS
interval on Conditioning and Test Days in the Paired groups was still evident, suggesting the
influence of other contextual features had not been eliminated entirely (Figure 1A and 1B).

In addition, a modest suppression of responding unexpectedly emerged across Conditioning
Days during the latter component of the CS interval (CS 11-20) in the Unpaired and Nal-Naive
control groups (Figure 1A). It is possible that this effect may reflect the development of a
spontaneous withdrawal-induced suppression of responding in these groups who still received
morphine at daily intervals; the modest influence of spontaneous withdrawal would be masked
in the Paired groups by the profound suppression precipitated by 1 mg/kg of naloxone. We
have previously noted such modest spontaneous withdrawal effects in acute dependence studies
where morphine was administered 4 or more times at daily intervals (e.g. Liu and Schulteis,
2004). Thus, a modification of our daily withdrawal conditioning procedure (Experiment 1)
seemed necessary to further narrow the range of factors capable of altering operant responding
on the Test Day.

In Experiment 2 a shift to a weekly conditioning procedure enabled the interspersion of several
withdrawal-free experiences in the operant environment between each successive Conditioning
Session (see Table 2). Administration of vehicle infusions prior to some of these withdrawal-
free operant sessions helped to reduce the salience of the drug injection regimen as predictive
of withdrawal. Notably, there was no significant suppression of responding in any of the groups
in Experiment 2 in the absence of the CS (i.e. during the Pre-CS session), but the CS itself
elicited a potent suppression of operant responding during the CS interval on the Test Day in
Paired but not Unpaired groups (Figure 3). The Paired-Mor and Paired-Veh sub-groups
demonstrated an equivalent level of response suppression in the CS 1-10 interval, with partial
extinction of the conditioned suppression evident in the CS 11-20 interval in both groups. Only
the Paired-Mor group was significantly different from its Unpaired control group during the
CS 11-20 interval, but the Paired-Mor and Paired-Veh groups did not differ from each other.
This pattern of results indicates that while it is possible that the presence of a morphine cue on
Test Day may contribute modestly to the stimulus complex that elicits conditioned suppression,
the morphine cue is by no means necessary to demonstrate reliable conditioning.
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Partial extinction of the response on the Test Day within a single 20 min test session is not
unexpected, since the operant session on that day involves re-exposure to the CS in absence
of the potent naloxone withdrawal stimulus. Consistent with this interpretation, the loss of
conditioned suppression over the course of a 20 min test session was not seen in our earlier
study where low doses of naloxone (0.003-0.03 mg/kg) were administered 5 min prior to the
onset of the CS Session on the Test Day (Schulteis et al., 2005). Moreover, partial extinction
of the conditioned withdrawal response is also observed in rats withdrawn from chronic
morphine exposure (Baldwin and Koob, 1993; Schulteis et al., 2000). In fact, the magnitude
and duration of the conditioned withdrawal response reported herein is comparable to that
reported in these prior studies with chronically dependent subjects, although substantially
lower doses of naloxone (0.025-0.03 mg/kg) are required during conditioning in the chronic
dependence model.

It is self-evident that frequency of morphine administration varied dramatically from
Experiment 1 (daily) to Experiment 2 (weekly). Earlier work indicated that while the magnitude
of increase in naloxone-induced suppression of operant responding was similar whether
subjects received repeated morphine and naloxone at daily or weekly intervals, somatic signs
of withdrawal showed progressive increases in severity only with daily intervals between
successive morphine/naloxone treatments (Schulteis et al., 1999). The most prominent somatic
signs of withdrawal from acute or repeated daily injections of 5.6 mg/kg of morphine are teeth
chattering, swallowing movements, eye blinks, and mild irritability upon touch (Schulteis et
al., 1997, 1999). Profound signs such as body weight loss, diarrhea, and wet dog shakes (Blasig
and Herz, 1977; Blasig et al., 1973; Gellert and Holtzman, 1978; Linseman, 1977; Martin et
al., 1963; Schulteis et al., 1994; Wei et al., 1973) are rarely observed under such conditions of
low-dose morphine treatment, even after 3—4 repeated daily treatments. Nonetheless, these
results suggest that subjects in Experiment 1 receiving morphine and naloxone daily may have
experienced more significant somatic symptoms of withdrawal as conditioning proceeded than
subjects in Experiment 2. It is possible therefore that this factor in addition to our systematic
attempts to lessen the predictive value of operant contextual elements (aside from the tone/
light CS) and drug injection regimen may have contributed to the marked differences in results
between experiments.

Regardless, the results of Experiment 2 clearly indicate that acute morphine withdrawal
experienced at weekly intervals can be rapidly and selectively associated with a discrete CS.
This further supports our hypothesis based upon earlier work (Schulteis et al., 2003, 2004,
2005) that conditioning mechanisms can play a significant role at the very onset of opioid
dependence. However the current study also represents a significant refinement over these
earlier studies with its definitive demonstration that the conditioned response can be evoked
selectively by a discrete CS, with minimal influence of extraneous contextual elements (operant
environment, injection regimen, interoceptive morphine and/or naloxone cues). It has been
argued that a thorough understanding of the transition from occasional use of drugs of abuse
to loss of control and habitual use (i.e. addiction) will require a thorough understanding of the
neuroanatomical, neurochemical, and cellular/molecular substrates of both direct
(unconditioned) as well as conditioned neuroadaptive responses (Everitt et al., 2001; Koob and
Le Moal, 2001). Our model as developed and refined herein should prove useful in the
delineation of the neural circuits underlying unconditioned and conditioned components of the
withdrawal response from acute opioid dependence, at a time when intervention is likely to be
of greatest promise.
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Fig. 1.

Operant responding in Paired (Paired-CS, Paired-No CS) and control (Nal-Naive, Unpaired)
groups from Experiment 1 as a function of operant interval (Pre-CS, CS 1-10, CS 11-20).
A) On Conditioning Days, responding during Pre-CS session (left panel) were suppressed in
both the Paired groups as conditioning proceeded (*p < 0.05 vs. Unpaired and Nal-Naive
controls), but the effect in the Paired-No CS group was significantly greater than in the Paired-
CS group (tp < 0.05, Paired CS vs. Paired-No CS). In the CS 1-10 interval (center panel),
responding was predictably suppressed totally within 2 sessions in the Paired groups. A
transient decrease in operant responding due to CS novelty followed by habituation was noted
in both control groups during the CS 1-10 interval ($p < 0.05, main effect of Conditioning
Day). In the CS 11-20 interval (right panel), responding again was predictably suppressed in
the Paired groups experiencing naloxone-precipitated withdrawal during operant testing on
Conditioning Days. Somewhat unexpected was a modest suppression in responding that
emerged over Conditioning Days in both the Nal-Naive and Unpaired control groups ($p<
0.05, main effect of Conditioning Day); this may reflect the emergence of a mild spontaneous
withdrawal from repeated daily morphine treatments (see text for further details). B) On Test
Day, responding in the Pre-CS session (left panel) was again suppressed in both Paired groups
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(*p < 0.05 vs. Unpaired and Nal-Naive controls), with the Paired-No CS groups showing
greater suppression in this interval than the Paired-CS group (fp < 0.05). Operant responding
during the first 10 minutes of CS session (center panel) were suppressed in the Paired-CS group
relative to the both control groups(*p < 0.05) and relative to Paired-CS responding in the Pre-
CSinterval ($p <0.05 vs. Pre-CS), but responding in the Paired-No CS group actually increased
significantly from the Pre-CS to the CS 1-10 interval ($p<0.05 vs. Pre-CS). There was no
difference in responding during final 10 minutes of CS session (right panel) between any
treatment groups.
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A) Baseline responding across Conditioning and Test weeks for Experiment 2. Operant
responding declined in both Paired and Unpaired groups as a function of CS interval (Pre-CS,
CS 1-10, CS 11-20). Rats in the Unpaired group showed a modest increase in responding
across conditioning weeks, and this increase was not seen in the Paired group (*p < 0.05,
treatment x conditioning week interaction). B) Responding on Conditioning Days across
weeks. There was no significant change in responding in the Pre-CS interval across
Conditioning Weeks. A transient decrease in responding was noted in the CS 1-10 interval
when the CS was first introduced to the Unpaired group ($p < 0.05 vs. Pre-CS interval in the
corresponding Conditioning Week. This effect was masked in the Paired groups that also
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received naloxone-precipitated withdrawal (1.0 mg/kg) immediately prior to CS exposure. The
decline in responding in the Unpaired group during Conditioning Weeks 1-2 was not present
in the CS 11-20 interval; the Paired group showed essentially 100% suppression of responding
in the CS 11-20 interval in all Conditioning Weeks.
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Operant responding is suppressed only by cue exposure on the Test Day following 4 weekly
Conditioning Sessions in Experiment 2. Operant responding during the Pre-CS interval did not
differ between Unpaired and Paired groups. Responding during the CS 1-10 interval were
suppressed equally in both Paired groups relative to their corresponding Unpaired control
groups (*p < 0.05 vs. Unpaired control), and relative to Pre-CS responding in the same Paired
group (tp < 0.05 vs. Pre-CS in same group). Responding during the CS 11-20 interval session
were still suppressed in the Paired-Mor group relative to Pre-CS responding in the same group
(fp < 0.05), and relative to the Unpaired-Mor group (*p < 0.05 vs. Unpaired control in same
CS interval). Both Paired-Mor and Paired-Veh groups showed significant extinction of the
conditioned suppression response in the CS 11-20 interval ($p < 0.05 vs. same group in CS

1-10 interval).
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Table 1

Summary of Experimental Design for Experiment 1.

Experimental Condition (All injections in Home Cage except those labeled CS or NO CSa)

Nal-Naive Unpaired Paired-No CS Paired-CS
Conditioning Sessions (Days
1-4)
T=0 MOR VEH + CSs& MOR MOR
T=4hr VEH + CS2 MOR NAL + NO cs? NAL + CS2
T=8hr VEH NAL VEH VEH
Test Session (Day 5)
T=0 MOR MOR MOR MOR
T=4hr VEH + Cs? VEH +Cs? VEH + NO cs? VEH +Cs?

Abbreviations: MOR = morphine, NAL = naloxone, VEH = vehicle, CS = tone/light conditioned stimulus present in CS Session, NO CS = tone/light CS

omitted during CS Session.

a T . . . . . . R

On Conditioning Days and Test Days, a 10-min operant session (Pre-CS Session) preceded the CS session, with the corresponding VEH or NAL injections
administered 10 min after the conclusion of the Pre-CS Session and 5 min prior to onset of the CS Session. Note that on Conditioning Days the Unpaired
group received VEH prior to the CS session, and morphine and naloxone treatment followed rather than preceded the CS session.
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Summary of Experimental Design for Experiment 2.
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Experimental Condition

Conditioning Weeks (each of 4)

Test Week (week 5)

Paired Unpaired Paired and Unpaired
Monday
Injectionat T=0(HC) e e e
Pre-CS Session (10 mim® e NOCS e
Injectionat T=4hr e e
CSsSession (20min) b INTe Yo —
Tuesday
Injectionat T=0(HC) e e e
Pre-CS Session (10 min) & NO CS NO CS NO CS
Injectionat T=4hr e
CS Session (20 min) NO CS NO CS NO CS
Wednesday
Injection at T =0 (HC) VEH VEH VEH
Pre-CS Session (10 min) & NO CS NO CS NO CS
Injection at T = 4 hr? VEH VEH VEH
CS Session (20 min) NO CS CcS b NO CS
Thursday (BASELINE DAY)
Injection at T =0 (HC) VEH VEH VEH
Pre-CS Session (10 min) & NO CS NO CS NO CS
Injection at T =4 hr? VEH VEH VEH
CS Session (20 min) NO CS NO CS NO CS
Friday
Injection at T = 0 (HC) MOR MOR MOR or VEH ©
Pre-CS Session (10 min) & NOoCcs e NO CS
Injection at T = 4 hr? NAL NAL VEH
CS Session (20 min) cs b cs

Abbreviations: MOR = morphine, NAL = naloxone, VEH = vehicle, HC = home cage injection, CS = conditioned stimulus present in 20-min session,
NO CS =no CS in 20-min session.

aEach injection at t = 4 hr was preceded by a 10 min operant session (Pre-CS) that started at t= 3:45; the CS was NEVER presented during the Pre-CS

Session

During Conditioning Weeks, the Unpaired group received an operant session on Monday to ensure 4 sessions/week, just like Paired group. The Unpaired
group required this Monday session since it was not given an operant session on Friday, the day of morphine/naloxone treatment, to preclude any possible
association of treatment with operant context or CS. Instead the CS was presented to the Unpaired group on Wednesday, following VEH injections.

COn the Test Day, rats from both the Paired and Unpaired groups were further sub-divided into cohorts that received morphine (MOR) or vehicle (VEH)

4 hr prior to the CS session.
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Table 3
Baseline Responding: Experiment 1 (Mean + SEM per 10 min interval)”

Page 21

Experimental Condition

Nal-Naive Unpaired Paired-No CS Paired-CS

Pre-CS Interval: 902 +83.5 932+54.4 899 +46.1 881 +48.7
CS Interval:

CS 1-10 860 + 74.7 944 + 56.5 803 +38.8 872 +39.6

CS 11-20 647 +36.3 628 + 37.0 556 + 38.2 620 +52.4

*
Baseline responding reflected an average of the last 3 days prior to the first Conditioning Session
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