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Abstract

In a series of experiments, the ability of selective p- (3-funaltrexamine, 3-FNA), 8- (naltrindole, nalt) and k- (nor-binaltorphimine, nor-
BNI) opioid receptor antagonists to attenuate the unconditioned and conditioned hyperactive effects of morphine was examined. For
comparison, the nonselective opioid receptor antagonist naloxone (nalx) was also examined. Locomotor activity served as the behavioral
measure. Experiment 1 found that doses of 1 and 4, but not 16 mg/kg, of morphine effectively produced conditioned hyperactivity (CH).
Experiments 2a—d found that 3-FNA, nalt, nor-BNI and nalx, respectively, attenuated unconditioned morphine-induced hyperactivity.
Experiments 3a—c, however, found that none of the selective antagonists, given individually, attenuated CH. In contrast, nalx did attenuate
CH (Experiment 3d). Collectively results suggest that the unconditioned and conditioned hyperactive responses to morphine are mediated by

different receptor systems and that activation of multiple opioid-receptor subtypes mediate expression of CH.
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1. Introduction

Conditioned hyperactivity (CH) has become a well-
established paradigm for assessing the stimulant effects of
various drugs of abuse across repeated injections. In this
paradigm, a drug unconditioned stimulus (US; e.g., mor-
phine) elicits an unconditioned hyperactive response (UR).
A once neutral stimulus (e.g., a distinctive context) paired
with such a drug also comes to elicit a hyperactive response.
In Pavlovian conditioning terminology, the distinctive con-
text serves as the conditioned stimulus (CS) and the hyper-
active response that it elicits is termed the conditioned
response (CR). CH has been shown using a variety of drugs
such as amphetamine (Swerdlow and Koob, 1984), cocaine
(Beninger and Herz, 1986) and morphine (Vezina and
Stewart, 1984; Neisewander and Bardo, 1987).

In regards to the unconditioned and conditioned hyper-
active responses to morphine and heroin, opioid receptors
are thought to be critical. Specifically, the endogenous
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release of opioids may mediate the unconditioned and
conditioned hyperactive responses to morphine and heroin.
Support for this idea comes from studies that have shown
that the nonselective opioid receptor antagonists naloxone
(nalx) and naltrexone attenuate the UR elicited by morphine
(Ayhan and Randrup, 1973; Babbini and Davis, 1976; Oka
and Hosoya, 1976; Iwamoto, 1981) and heroin (Swerdlow
et al., 1985), as well as attenuating the acquisition (Mucha et
al., 1981) and expression (Neisewander and Bardo, 1987) of
morphine CH.

In addition to CH, opioid receptors have been implicated
in other types of opioid conditioning such as opioid con-
ditioned place preference (CPP) and opioid self-administra-
tion (SA). In the CPP paradigm, it has been found that nalx
(Hand et al., 1989; Neisewander et al., 1990) and naltrexone
(Piepponen et al., 1997) block acquisition of morphine and
heroin CPP. Conversely, however, nalx has been reported to
enhance expression of morphine CPP (Neisewander et al.,
1990) and have no effect on expression of heroin CPP
(Hand et al., 1989). In the SA paradigm, nalx has been
shown to augment heroin SA (Ettenberg et al., 1982; Koob
et al., 1984).

Three opioid receptor subtypes (., 6 and k) are thought to
play a role in opioid conditioning. p agonists such as
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morphine (Iwamoto, 1986), fentanyl (Mucha and Herz,
1985), sufentanil (Mucha and Herz, 1985) and DAMGO
(Bals-Kubik et al., 1993) have been shown to induce CPP.
Conversely, the selective p,-opioid receptor antagonist
naloxonazine was found to block acquisition of morphine
CPP (Piepponen et al., 1997). In contrast to the p subtype,
the role of &- and k-opioid receptors in mediating opioid
CPP is equivocal. On the one hand, it has been found that
the selective & agonist DPDPE induces CPP and is antag-
onized by the selective d-receptor antagonist ICI 174,864
(Shippenberg et al., 1987). On the other hand, it has been
found that the selective &-receptor antagonist naltrindole
(nalt) failed to block morphine CPP (Piepponen et al.,
1997). Similar discrepancies have been found in regards
to the k-opioid receptor; namely, k-receptor agonists such as
ketocyclazocine and ethylketocyclazonine (Iwamoto, 1986)
induce CPP. Other k-receptor agonists such as U50,488H
(Mucha and Herz, 1985; Bals-Kubik et al., 1993), E-2078
(Bals-Kubik et al., 1993) and ( — )-bremazocine (Mucha and
Herz, 1985), however, failed to induce CPP. In fact, these
latter agonists were shown to produce a conditioned place
aversion.

In the SA paradigm, it has been found that the selective
p-opioid receptor agonist alfentanil is readily self-adminis-
tered by monkeys and that alfentanil SA is antagonized by
the selective p-opioid receptor antagonist quadazocine (Ber-
talmio and Woods, 1989). In addition, it has been shown
that the selective j-opioid receptor antagonists 3-funaltrex-
amine (3-FNA) and naloxonazine augmented heroin SA
(Negus et al., 1993). A similar finding has been reported
with regard to the 6-opioid receptor; namely, opioid SA is
augmented by nalt (Negus et al., 1993). The k-opioid
receptor does not seem to be involved in opioid SA,
however, as it has been found that the selective k-opioid
receptor antagonist nor-binaltorphimine (nor-BIN) had no
effect on heroin SA (Negus et al., 1993).

Thus, the CPP and SA literature have provided strong
evidence that the p- and 6-opioid receptors are involved in
mediating the conditioned effects of opioids. However, the
role of the k-opioid receptor, if any, is less compelling.

While opioid CPP and SA studies have implicated
selective opioid-receptor subtypes in mediating the con-
ditioned effects of opioids, the role of selective opioid-
receptor subtypes in mediating the unconditioned and
conditioned hyperactive responses to morphine is not
known. The purpose of the present experiments was to
determine the role of p-, 6- and k-opioid receptors in
mediating the unconditioned and conditioned hyperactive
responses to morphine. In Experiment 1, the ability of
various doses of morphine to produce CH was examined.
In Experiments 2a—c and 3a—c, the ability of selective
p-, 0- or k-opioid receptor antagonists to attenuate the
unconditioned (Experiments 2a—c, respectively) and con-
ditioned (Experiments 3a—c, respectively) hyperactive
responses to morphine was then examined. For compar-
ison with the selective opioid receptor antagonists, the

ability of a nonselective opioid receptor antagonist to
attenuate the unconditioned (Experiment 2d) or condi-
tioned (Experiment 3d) hyperactive responses to morphine
also was examined.

2. Methods
2.1. Animals

Male Sprague—Dawley rats, obtained from Harlan Indus-
tries (Indianapolis, IN), were used. The rats ranged in
weight from 175 to 200 g at the start of the experiment.
Ad libitum access to food and water was available for the
duration of the experiment. The rats were kept on a light/
dark cycle in which the lights came on at 0600 h and went
off at 1800 h. Upon arrival, the rats were acclimated to the
animal colony for at least 5 days. In all experiments, the rats
were handled daily for 3—5 days prior to the start of the
experiment. The Institutional Animal Care and Use Com-
mittee of the University of Kentucky approved the experi-
ments described in this paper. The experiments conformed
to the guidelines established by the NIH Guide for the Care
and Use of Laboratory Animals (1996 Edition).

2.2. Apparatus

Six wooden locomotor activity chambers were used. The
inside dimensions of each chamber were 25 x 29 x 34 cm
(I x w x h). Each chamber was painted white and contained
a wire-mesh floor. Pine wood-chip bedding (P.J. Murphy
Forest Products: Montville, NJ) was placed in a tray beneath
each floor. Two photo beams, located 4 cm from the base of
the floor, divided the chamber into four equal quadrants.
Interruption of one of the photo beams was scored as an
activity count and recorded by an IBM computer located in
a control room adjacent to the test room. A speaker located
in the running room provided an ambient white noise (70
dB) background.

2.3. Drugs

Morphine sulfate (National Institute on Drug Abuse,
Bethesda, MD) was mixed in 0.9% NaCl and injected
subcutaneously. The volume of each injection was 1 ml/kg
(body weight). The selective p-opioid receptor antagonist
B-FNA was dissolved in distilled water and injected at a
volume of 5 ml/kg (for the 10 mg/kg dose) or 10 ml/kg
(for the 20 mg/kg dose). The selective 6- (nalt) and k-
(nor-BNI) opioid receptor antagonists were prepared in
distilled water and injected at a volume of 1 ml/kg. The
nonselective opioid receptor antagonist nalx was prepared
in 0.9% NaCl and also was injected at a volume of 1 ml/
kg. Doses are expressed as the weight of the salt. Antag-
onists were obtained from the Research Triangle Institute
(Durham, NC).
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2.4. Procedures

2.4.1. Experiment 1: dose—response function of morphine
CH

Rats were randomly assigned to one of four groups (n=28
rats per group): vehicle, 1 mg/kg morphine, 4 mg/kg
morphine or 16 mg/kg morphine. After the preliminary
acclimation and handling periods, the experiment consisted
of three phases: context pre-exposure, drug test and con-
ditioning test.

2.4.1.1. Context pre-exposure. Context pre-exposure
lasted one session. On this day, each rat was placed
individually in the locomotor activity chamber for 30 min.
No injections were given prior to placement in the chamber.
This phase was intended to help reduce novelty-induced
exploration of the chamber.

2.4.1.2. Drug test. Drug testing lasted eight consecutive
sessions. On each session, the morphine groups received an
injection of 1, 4 or 16 mg/kg morphine immediately prior to
placement into the locomotor activity chamber. The vehicle
group was treated identical to the morphine groups, except
that an injection of saline was given prior placement in the
locomotor activity chamber. The duration of each session
was 30 min. Activity counts were recorded in 10-min
blocks.

2.4.1.3. Conditioning test. Conditioning testing lasted for
one session and was conducted 24 h after the last drug-test
session. On this session, the morphine groups and vehicle
group received an injection of saline before placement in the
locomotor activity chambers. Similar to the conditioning
phase, activity was recorded in 10-min blocks for a 30-min
period.

2.4.2. Experiments 2a—d: effect of selective and non-
selective opioid receptor antagonists on the UR to morphine

The acclimation and handling regimen were identical to
those of Experiment 1. Following the acclimation and
handling regimen, Experiments 2a—d consisted of two
phases: acute pretreatment and a single locomotor test. In
Experiment 2a, rats were randomly assigned to one of four
groups (n=28 rats per group): vehicle + vehicle, vehicle+
morphine, 10 3-FNA + morphine or 20 3-FNA + morphine.
During the pretreatment phase, the vehicle+ vehicle and
vehicle + morphine groups received distilled water 20 h
prior to the test. The 10 (3-FNA + morphine and 20 (-
FNA + morphine groups received 10 and 20 mg/kg (3-
FNA, respectively, 20 h prior to the test. On the test day,
all groups were placed in the locomotor activity chambers
for a 120-min period. During the first 60 min of the session,
all groups were placed in the locomotor activity chambers to
assess any nonspecific locomotor-depressant effects of (3-
FNA. After the first 60 min of the session, the vehicle+
vehicle group was removed from the chambers, injected

with saline and replaced in the locomotor activity chambers
for an additional 60-min period. The vehicle + morphine, 10
B-FNA + morphine and 20 3-FNA +morphine groups also
were removed from the chambers after the first 60 min,
injected with morphine (4 mg/kg) and replaced into the
locomotor activity chambers.

The procedures of Experiments 2b—d were similar to
Experiment 2a with three exceptions. First, the number of
rats allotted to the various groups differed in Experiments
2b—d. The number of rats allotted to the groups was as
follows: Experiment 2b—rvehicle +vehicle (n=35), vehi-
cle + morphine (n=7), 5 nalt+morphine (n=11), 10 nalt+
morphine (n="7) and 20 nalt+morphine (n=7); Experiment
2c—vehicle + vehicle (n=4), vehicle + morphine (n=38), 10
nor-BNI+morphine (#=9) and 20 nor-BNI+ morphine
(n=9); Experiment 2d—vehicle + vehicle (n=8), vehicle+
morphine (n=38), 1 nalx + vehicle (n=8) and 1 nalx + mor-
phine (n=28). Second, nalt, nor-BNI or nalx was given 10,
60 or 5 min prior to the test in Experiments 2b-—d,
respectively. Injection times and doses were based on
previous research (Neisewander and Bardo, 1987; Negus
et al., 1993). Third, in Experiments 2b—d, the session
duration was 60 min instead of 120 min as in Experiment
2a and the morphine or saline injection was given immedi-
ately prior to placement in the activity chambers. For these
and subsequent experiments, the session duration was
increased from 30 min, as in Experiment 1, so as to more
fully characterize the time course of antagonism.

2.4.3. Experiments 3a—d: effect of selective and non-
selective opioid receptor antagonists on the conditioned
hyperactive response to morphine

In Experiment 1, a group that received saline paired with
contextual cues served as the control group by which to
assess CH. However, it has been argued that such a control
group is not the appropriate control to assess Pavlovian
conditioning (Rescorla, 1967). That is, it has been argued
that a group that receives only the CS (e.g., contextual cues)
in the absence of the US (e.g., morphine) is not equated with
the Pavlovian conditioning group in terms of CS and US
exposure. Thus, it has been suggested that a group that
receives a truly random control procedure (i.e., the prob-
ability of the US in the presence of the CS is equal to the
probability of the US in the absence of the CS) is the most
appropriate control in Pavlovian conditioning. However, the
use of a truly random control procedure in Pavlovian drug
conditioning experiments is problematic due to the length of
the US exposure. In drug conditioning research, a more
feasible control is the explicitly unpaired procedure. In the
explicitly unpaired procedure, the control group receives a
noncontiguous pairing of the CS and US. Therefore, both
the Pavlovian conditioning and control groups are equated
in terms of CS and US exposure. For Experiments 3a—d, a
group that received contextual cues explicitly paired with
morphine against a control group that received contextual
cues explicitly unpaired with morphine was used.



614 A.S. Rauhut et al. / Pharmacology, Biochemistry and Behavior 73 (2002) 611-622

Experiments 3a—d consisted of three phases: drug test,
pretreatment and conditioning test. In Experiment 3a, rats
were randomly assigned to one of four groups: paired/3-
FNA (n=8), paired/vehicle (n=7), unpaired/3-FNA (n=38)
or unpaired/vehicle (n=7).

2.4.3.1. Drug test. Drug testing lasted 16 sessions. On Ses-
sion 1, the paired/3-FNA and paired/vehicle groups received
an injection of morphine (4 mg/kg) immediately before
placement in the locomotor activity chambers. The paired/
B-FNA and paired/vehicle groups received another 7 cham-
ber + morphine pairings every other session for 16 sessions.
On the intervening sessions, the paired/3-FNA and paired/
vehicle groups received an injection of saline in their home
cage. The unpaired/3-FNA and unpaired/vehicle groups were
treated similarly, except that saline was paired with the loco-
motor chamber and morphine was given in the home cage.
The session duration for the drug testing sessions was 30 min.

2.4.3.2. Pretreatment. Following the drug testing phase,
the paired/3-FNA and unpaired/3-FNA groups received an
injection of 3-FNA (20 mg/kg). At the same time, the
paired/vehicle and unpaired/vehicle groups received an
injection of distilled water.

2.4.3.3. Conditioning test. The test for CH occurred 20 h
after the pretreatment injection of 3-FNA or distilled water.
At this time, all groups received an injection of saline just
prior to placement in the locomotor activity chambers. The
session duration was 60 min.

The procedures for Experiments 3b—d were similar to
Experiment 3a except for the following. In Experiments
3b—d, half of the paired and unpaired groups (n=7-8 rats
per group) received nalt (5 mg/kg), nor-BNI (20 mg/kg) or
nalx (1 mg/kg) 10, 60 or 5 min, respectively, prior to the
conditioning test. The other half of the paired and unpaired
groups (n=7-8 rats per group) received their respective
vehicles prior to the conditioning test.

2.5. Data analysis

Activity counts were analyzed using either a one- or two-
way analysis of variance (ANOVA). Follow-up contrasts of
interests were analyzed using Fisher’s least significant
difference test. Correlated ¢ tests were used for all within-
subject contrasts. Unless otherwise noted, all statistical
decisions were made at an «<.05.

3. Results

3.1. Experiment 1: dose—response function of morphine-
produced CH

Fig. 1 shows the mean activity counts during the drug
testing phase of Experiment 1. Two-way (Dose x Drug

-4~ Vehicle

| —®-1 mg/kg Morphine
i) 18001  , mg/kg Morphine
=}

c 1600 4 —+— 16 mg/kg Morphine

Drug Session

Fig. 1. Mean activity counts for the vehicles, 1, 4 and 16 mg/kg morphine
groups across the drug testing sessions of Experiment 1. The error bars
represent +£1 S.E.M.

Session) ANOVA conducted on the data revealed significant
effects of dose [F(3,28)=31.5, P<.001], drug session
[F(7,196)=41.5, P<.001] and Dose x Drug Session inter-
action [F(21,196)=12.0, P<.001]. The significant Dos-
e x Drug Session interaction motivated several follow-up
contrasts. These contrasts found that doses of 1, 4 and 16
mg/kg morphine increased activity relative to vehicle.
Moreover, the hyperactivity was greater at doses of 4 and
16 mg/kg morphine compared to 1 mg/kg morphine. Fur-
thermore, morphine sensitization was observed at doses of
1, 4 and 16 mg/kg morphine. That is, the amount of activity
on Trial 8 compared to Trial 1 was greater at doses of 1, 4
and 16 mg/kg morphine [correlated 7s(7)> 2.5, Ps<.05]. By
Trial 8, however, morphine sensitization was greater at
doses of 4 and 16 mg/kg morphine compared to 1 mg/kg
morphine. The two highest dose groups did not differ
significantly.

Fig. 2 shows the mean activity counts of the conditioning
test session of Experiment 1. Two-way (Dose x Session
Block) ANOVA conducted on the data found significant
main effects of dose [ F(3,28)=6.0, P<.001] and session
block [F(2,56)=284.3, P<.001]. The significant main
effect of session block indicates that rats were more active
early as opposed to the latter portion in the test session (left
panel). The Dose x Session Block interaction was not
significant. Due to the nonsignificant Dose x Session Block
interaction, the activity counts were collapsed over the
entire session (right panel). The significant effect of dose
motivated several post-hoc contrasts that found that groups
conditioned with 1 and 4 mg/kg morphine had increased
activity compared to the vehicle control. That is, CH was
observed at these doses. Moreover, the activity level did not
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Fig. 2. Mean activity counts plotted in 10-min blocks (left panel) or across the entire 30-min conditioning test session (right panel) for the vehicle, 1, 4 and 16
mg/kg morphine groups of Experiment 1. The *“* ” symbol indicates that a given conditioning dose of morphine augmented activity compared to vehicle
( Ps<.05). The error bars represent either =1 S.E.M. (left panel) or +1 S.E.M. (right panel).

differ between doses of 1 and 4 mg/kg morphine. It should
be noted, however, that the vehicle control group was less
active on the conditioning test session compared to the
preceding drug session, correlated #7)=4.1, P<.01. It is
unclear as to the reason for this decrease in activity in the
vehicle control group between the last session of drug
testing and the conditioning test. The 16 mg/kg morphine
did not produce CH compared to vehicle alone. This latter
result was surprising in that 16 mg/kg morphine produced a
robust hyperactive response across drug conditioning ses-
sions (see Fig. 1).

3.2. Experiments 2a—d: effect of selective and nonselective
opioid receptor antagonists on the UR to morphine

The results of Experiment 2a are shown in Fig. 3 (top
panel). For Experiments 2a—d, group differences tended to
emerge in the last 30 min of the 60-min session (see left
panel). Therefore, the analyses of the total activity counts
for Experiments 2a—d were confined to the last 30 min of
the session (right panel). A one-way ANOVA conducted on
the total activity counts of Experiment 2a revealed a
significant effect of group [ F(3,28)=11.2, P<.001]. Post-
hoc contrasts found that the 20 3-FNA +morphine group
differed significantly from the vehicle +morphine group.
That is, locomotor activity was attenuated in the 20 (-
FNA +morphine group relative to the vehicle + morphine
group. The 10 3-FNA + morphine group showed less activ-
ity compared to the vehicle+morphine group, but this
difference failed to reach significance (P =.1). While 20
mg/kg B-FNA attenuated morphine-induced hyperactivity, it

was not abolished completely. Indeed, the 20 3-FNA + mor-
phine group showed significantly more locomotor activity
relative to the vehicle + vehicle group. Thus, the ability of 3-
FNA to block morphine-induced hyperactivity was incom-
plete with the doses tested.

An inspection of the locomotor activity (data not shown)
during the first 60-min period of the test session of Experi-
ment 2a, however, revealed no differences in locomotor
activity between 3-FNA- (10 mg/kg, M=610, S.E.M.=60;
20 mg/kg, M=646, S.E.M.=53) and water-pretreated
(M=707, S.E.M.=44) rats. This result indicates that the 3-
FNA pretreatment alone did not decrease locomotor activity.

The results of Experiment 2b are shown in Fig. 3 (middle
panel). A one-way ANOVA revealed a significant group
difference [ F(4,32)=3.9, P<.05]. Follow-up post-hoc con-
trasts found that the 5 nalt+ morphine group was less active
than the vehicle + morphine group. Neither 10 nalt+ mor-
phine nor 20 nalt+morphine groups were significantly
different from the vehicle + morphine group. Surprisingly,
the lowest dose of nalt (5 mg/kg) was more effective than
either 10 or 20 mg/kg nalt in attenuating morphine-induced
hyperactivity. Moreover, the 5 nalt+ morphine group did not
differ significantly from the vehicle+vehicle group, sug-
gesting that the ability of nalt to block morphine-induced
hyperactivity was complete.

Fig. 3 (bottom panel) shows the results of Experiment
2c. A one-way ANOVA revealed a significant group
difference [F(3,26)=6.6, P<.01]. Post-hoc contrasts
found that the 20 nor-BNI+ morphine group was less
active relative to the vehicle + morphine group. Moreover,
the 20 nor-BNI+morphine group did not differ statistically
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Fig. 3. Top panel shows the mean activity counts for the vehicle + vehicle, vehicle + morphine, 10 3-FNA + morphine and 20 3-FNA + morphine groups of the
test session of Experiment 2a. Middle panel shows the mean activity counts for the vehicle + vehicle, vehicle + morphine, 5 nalt+ morphine, 10 nalt+ morphine
and 20 nalt + morphine groups of the test session of Experiment 2b. Bottom panel shows the mean activity counts for the vehicle + vehicle, vehicle + morphine,
10 nor-BNI + morphine and 20 nor-BNI + morphine groups of the test session of Experiment 2c. For each experiment, the data are plotted in 10-min blocks (left
panels) or across the entire 60-min test session (right panels). The “ * ”” symbol indicates that a given antagonist pretreatment dose decreased morphine-induced
hyperactivity compared to morphine alone ( Ps<.05). The error bars represent either =1 S.E.M. (left panel) or +1 S.E.M. (right panel).
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Fig. 4. Mean activity counts plotted in 10-min blocks (left panel) or across the entire 60-min test session (right panel) for vehicle + vehicle, vehicle + morphine,

1 nalx +vehicle and 1 nalx+morphine groups of Experiment 2d. The

R

symbol indicates that a naloxone pretreatment decreased morphine-induced

hyperactivity compared to morphine alone ( P<.05). The error bars represent either =1 S.E.M. (left panel) or +1 S.E.M. (right panel).

from the vehicle+vehicle group. Taken together, these
results suggest that 20 mg/kg nor-BNI blocked mor-
phine-induced hyperactivity.

The results of Experiment 2d are shown in Fig. 4.
Consistent with the results of Experiments 2a—c, groups
differences tended to emerge later in the session (left
panel); consequently, the data for the last 30 min of the
60-min session were plotted and analyzed (right panel). A
one-way ANOVA revealed a significant group difference
[F(3,28)=12.3, P<.001]. Follow-up contrasts revealed that
the 1 nalx + morphine group differed significantly from the
vehicle + morphine and did not differ from the vehicle + ve-
hicle group, suggesting that nalx completely blocked mor-
phine-induced hyperactivity. Moreover, the 1 nalx + vehicle
group did not differ from the vehicle+vehicle group,
indicating that nalx alone did not alter activity. While the
inability to detect a difference between the 1 nalx + vehicle
and vehicle + vehicle in the last 30 min of the 60 min session
may be due to a floor effect (i.e., the groups converge in the
last 30 min of the session), a point-by-point analysis of the
first 30 min of the session also revealed no difference
between these two groups (Ps >.05). Thus, the failure to
detect a difference in the latter part of the session was not
likely due to a floor effect.

3.3. Experiments 3a—d: effect of selective and nonselective
opioid receptor antagonists on the conditioned hyperactive
response to morphine

The results of Experiments 3a—c are shown in the top,
middle and bottom panels of Fig. 5, respectively. In Experi-
ments 3a—c, regardless of pretreatment condition, CH was

most pronounced in paired groups compared to unpaired
groups during the first 30 min of the 60-min session (left
panel). Group differences, however, tended to persist across
the entire 60-min session, and thus the total activity counts
were plotted and analyzed based on the entire 60-min
session (right panel). Two-way (Context x Pretreatment)
ANOVAs revealed only significant main effects of context
[Fs(1,26)>14.8, Ps<.001]. Neither the main effects of
pretreatment nor the Context x Pretreatment interactions
were significant in any of these experiments. For each
experiment, the main effect of context indicates that rats
that received contextual cues paired with morphine (paired
groups) displayed significantly greater locomotor activity
compared to rats that had contextual cues explicitly
unpaired with morphine (unpaired groups). This finding
demonstrates CH in paired groups. More important, the
failure to detect significant Context x Pretreatment interac-
tions in any of the experiments suggests that pretreatment
with each of the selective opioid receptor antagonists did not
attenuate CH in paired groups. Furthermore, the failure to
observe a significant main effect of pretreatment indicates
that the doses of antagonists chosen did not reliably alter
activity when given alone. This latter result suggests that the
attenuation of the morphine-induced hyperactivity by select-
ive antagonists observed in Experiments 2a—c was not due
to a nonspecific decrease in locomotor activity.

The results of Experiment 3d are shown in Fig. 6. A
two-way (Context x Pretreatment) ANOVA, conducted on
the entire 60-min session (right panel), revealed significant
main effects of context [F(1,31)=37.7, P<.001] and
pretreatment [F(1,31)=21.4, P<.001]. The interaction
was not significant. The main of context suggests that



618

Test Session (Time Course)

300+

150+

100+

Mean Activity Counts

50+

—&- Paired/B-FNA
-0~ Paired/Vehicle
—-Unpaired/B-FNA
-O-Unpaired/Vehicle

n
=]
ad

150+

100+

Mean Activity Counts

o
d

—&- Paired/Nalt

-O- Unpaired/Vehicle
—e— Unpaired/Nalt
- Paired/Vehicle

Mean Activity Counts

504

—&- Paired/Nor-BNI
-0 Paired/Vehicle
—e— Unpaired/Nor-BNI
-O- Unpaired/Vehicle

Fig. 5. Top panel shows the mean activity counts for the paired/3-FNA, paired/vehicle, unpaired/3-FNA and unpaired/vehicle groups of the conditioning test
session of Experiment 3a. Middle panel shows the mean activity counts for the paired/nalt, paired/vehicle, unpaired/nalt and unpaired/vehicle groups of the
conditioning test session of Experiment 3b. Bottom panel shows the mean activity counts for the paired/nor-BNI, paired/vehicle, unpaired/nor-BNI and
unpaired/vehicle groups of the conditioning test session of Experiment 3c. For each experiment, the data are plotted in 10-min blocks (left panel) or across the

entire 60-min conditioning test session (right panel). The symbol indicates that paired groups were more active than their respective unpaired control

Session Block (min)

ok

A.S. Rauhut et al. / Pharmacology, Biochemistry and Behavior 73 (2002) 611-622

Test Session (60-Min Session)

1200+

1050

900+

750

600

450+

300

150

*
* L

3 -FNA
[ Vehicle

Paired

Unpaired

1200+

1050

900+

750

600

450

300

1504

o

I Nalt
CWater

Paired

Unpaired

1200+

1050

900

750

600

450+

300

150

— %

I Nor-BNI
CWater

Paired

Context

groups ( Ps<.05). The error bars represent either +1 S.E.M. (left panel) or +1 S.E.M. (right panel).

Unpaired




A.S. Rauhut et al. / Pharmacology, Biochemistry and Behavior 73 (2002) 611-622 619

Test Session (Time Course)

300 —&- Paired/Nalx
-0 Paired/Vehicle

ﬁ —o- Unpaired/Nalx
g 250- -O- Unpaired/Vehicle
o]
o 200
2
2
S 1501
<
[
@ 100
(]
=

50

0 T T T T T T

0 10 20 30 40 50 60
Session Block (min)

Test Session (60-Min Session)

1200 I Nalx
Vehicle
1050+

900+

%

750
600' *

450+

300

150

Paired Unpaired

Context

Fig. 6. Mean activity counts plotted in 10-min blocks (left panel) or across the entire 60-min conditioning test session (right panel) for paired/nalx, paired/
vehicle, unpaired/nalx and unpaired/vehicle groups of Experiment 3d. The “ * ” symbol indicates that paired groups were more active than their respective
unpaired control groups ( Ps<.05). The error bars represent either =1 S.E.M. (left panel) or +1 S.E.M. (right panel).

paired groups were more active than unpaired groups (i.e.,
CH). The main effect of pretreatment taken in conjunction
with the nonsignificant interaction suggests that pretreat-
ment with nalx attenuated hyperactivity regardless of
conditioning history. An inspection of the time-course of
the test session (left panel) revealed that the hypoactivity
produced by nalx in the unpaired groups was most
apparent on session blocks 20—40 min, whereas the
blockade of morphine CH in the paired groups was most
apparent on session blocks 30—60 min.

4. Discussion

In Experiment 1, it was found that rats sensitized to doses
of 1, 4 and 16 mg/kg morphine given during the drug testing
sessions. Furthermore, sensitization was greater at doses of
4 and 16 mg/kg compared to 1 mg/kg morphine. These
results indicate that higher doses of morphine produce more
robust sensitization, but that this dose-dependent effect
plateaus within the dose range tested.

In regards to CH, it was found that 4 mg/kg morphine
produced robust CH. Surprisingly, however, 1 mg/kg mor-
phine produced a conditioned hyperactive effect comparable
to that produced by 4 mg/kg morphine. This result was
surprising because 4 mg/kg morphine produced more robust
sensitization than 1 mg/kg morphine during the drug ses-
sions. Even more surprising was the failure of 16 mg/kg
morphine to produce CH, since 16 mg/kg morphine pro-
duced dramatic sensitization (comparable to that observed at
4 mg/kg morphine). Why is it that a low dose of morphine
(1 mg/kg) produced only modest sensitization, yet produced

robust CH, while a high dose of morphine (16 mg/kg)
produced robust sensitization, yet failed to produce CH?
One reason for the dissociation of locomotor sensitiza-
tion and expression of CH is that only a low threshold level
of sensitization may be needed in order for morphine to
serve as an effective US. Once the threshold has been
crossed, increases in US intensity (i.e., increases in the dose
of the drug) may not facilitate conditioning. While this idea
is plausible, it seems unlikely. Many studies, using mor-
phine and other opioid agonists such as fentanyl and
sufentanil as USs, have found a positive correlation between
drug dose and the magnitude of the CR (Mucha and Herz,
1985). An alternative explanation is that two different neural
mechanisms may be activated by morphine. One mechanism
may be related to the development of sensitization, whereas
a second mechanism, which is induced at higher doses, may
be related to the disruption in acquisition of the CR.
Consistent with this latter interpretation, a high dose of
morphine produces an aversive (Mucha and Herz, 1985) or
withdrawal state (Wei, 1973). For example, Mucha and Herz
(1985) found that a relatively low dose of morphine (0.25
mg/kg) produced a taste preference, whereas a higher dose
of morphine (0.42 mg/kg) produced a robust taste aversion.
However, differences in the route of administration (oral vs.
subcutaneous) and Pavlovian conditioning procedure (taste
vs. place conditioning) limit direct comparisons between
Mucha and Herz (1985) and the present study. Moreover,
Mucha and Herz (1985) and others (Iwamoto, 1981; Mucha
et al., 1982; Bardo et al., 1995) have found no evidence for a
place aversion at high doses of morphine, suggesting the
lack of CH produced by 16 mg/kg morphine is not due to an
aversive state. The idea that the inability of 16 mg/kg
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morphine to support CH is due to the production of a
withdrawal state that interferes with expression of morphine
CH, however, cannot be excluded based on the present
results, as behavioral signs of morphine withdrawal were
not assessed.

Alternatively, a more likely explanation is that a high
dose of morphine interfered with the processing of contex-
tual information at the time of conditioning. Several studies
have found that high doses of morphine (>10 mg/kg) impair
memory on a variety of spatial and working memory tasks
such as the eight-arm radial maze (Braida et al., 1994),
Morris water maze (Beatty, 1983; McNamara and Skelton,
1992) and delayed-matching-to-sample (Schulze and Paule,
1991).

The results of Experiments 2a—c are consistent with the
finding that antagonists selective for the - and 6-opioid
receptors attenuate opioid SA (Bertalmio and Woods, 1989;
Negus et al., 1993). The finding in Experiment 2b that the
lowest dose of nalt (5 mg/kg), but not the highest doses of
nalt (10 or 20 mg/kg), effectively attenuated hyperactivity
was surprising. Negus et al. (1993) found that high doses of
nalt (10 and 20 mg/kg), but not low doses (1 and 3 mg/kg)
of nalt, interfered with heroin SA. The reason for the
discrepancy in results between studies is unclear. It may
be the case, however, that locomotor activity is more
sensitive than SA to & antagonism at low doses. Indeed, it
has been found that other 6-mediated responses (e.g., anti-
nociception) are antagonized by doses of nalt in the range of
0.5—-1 mg/kg (Jackson et al., 1989; Kitchen and Pinker,
1990), whereas higher doses produce p antagonist effects
(Kitchen and Kennedy, 1990). Moreover, it has been found
that in the warm water tail-dip assay of antinociception, 10
mg/kg nalt produced an agonist-like effect (Jackson et al.,
1989). Taken together, these results imply that in certain
paradigms low doses of nalt may function as an antagonist,
whereas high doses of nalt may have some agonist activity.
If this is the case in the locomotor-activity paradigm, then a
low dose of nalt might be predicted to reduce locomotor
activity, whereas a high dose might facilitate such activity.
The failure to detect greater activity in rats pretreated with
10 and 20 mg/kg nalt followed by morphine compared to
rats pretreated with morphine alone may reflect a ceiling
effect.

The finding of Experiment 2c that the highest dose of
nor-BNI reversed morphine-induced hyperactivity is at odds
with the finding by Negus et al. (1993) that nor-BNI failed
to antagonize heroin SA. Differences in dose may account
for the discrepancy. That is, in Negus et al.’s study, the
highest dose of nor-BNI was 10 mg/kg. In Experiment 2c,
we also found that 10 mg/kg nor-BNI was ineffective in
antagonizing morphine-induced behavior. If Negus et al.
had used a higher dose of nor-BNI (e.g., 20 mg/kg), they
may have found that nor-BNI antagonized opioid-controlled
behavior (similar to the results of Experiment 2c¢). Also, it is
possible that the difference in nor-BNI effect observed by
Negus et al. and the present report may reflect an inherent

difference in the role of k receptors in opioid-induced
hyperactivity and reinforcement. It should be noted, how-
ever, that nor-BNI has a unique time course. Several studies
have found that within the first two hours after administra-
tion nor-BNI is a relatively nonselective opioid receptor
antagonist, targeting both p and k receptors (Endoh et al.,
1992; Horan et al., 1992; Broadbear et al., 1994). In fact,
within the first 30 min after administration, nor-BNI is more
selective for p- than k-opioid receptors. In contrast, &
antagonism by nor-BNI develops more slowly (after several
hours) and persists for a period of time (a few weeks).
Therefore, because in Experiment 2c morphine was given
60 min after nor-BNI administration and locomotor activity
was monitored for an additional 60 min, it may be that the
antagonism by nor-BNI of morphine-induced hyperactivity
was mediated by p-opioid receptor antagonism, not k.

The finding in Experiment 2d that nalx blocked com-
pletely morphine-induced hyperactivity replicates previous
work (Neisewander and Bardo, 1987) and suggests one of
two possibilities. On the one hand, it may suggest that nalx
shifted the dose—response function for morphine-induced
hyperactivity such that the 4 mg/kg dose became function-
ally like the 1 mg/kg dose. Indeed, in Experiment 1, 1 mg/
kg morphine induced a hyperactive effect that was compar-
able to 4 mg/kg morphine on Trial 1 of the drug test
sessions. This explanation is not likely, however, because
nalx + morphine rats should have been more active than
vehicle + vehicle group in Experiment 2d. Alternatively, the
finding that nalx completely blocked morphine-induced
hyperactivity may suggest that antagonism of two or more
opioid-receptor subtypes are required to completely block
morphine-induced hyperactivity. The findings of Experi-
ments 2a—c that selective antagonists, given individually,
only attenuated morphine-induced hyperactivity, lends addi-
tional support to this latter idea.

In Experiment 3a, it was found that an antagonist (3-
FNA), selective for the p-opioid receptor, failed to attenuate
morphine CH. This result was perhaps the most surprising
because the p-opioid receptor has consistently been shown
to mediate the conditioned reinforcing effects of opioids
(Iwamoto, 1986; Mucha and Herz, 1985; Bals-Kubik et al.,
1993; Piepponen et al., 1997). Indeed, it has been found that
the selective p-opioid-receptor antagonist naloxonazine
blocked morphine CPP (Piepponen et al., 1997). In previous
studies that have implicated the p-opioid receptor in medi-
ating the CR to morphine, however, the p agonist or
antagonist has been given during the conditioning phase
(Iwamoto, 1986; Mucha and Herz, 1985; Bals-Kubik et al.,
1993; Piepponen et al., 1997). In contrast, in the present
report, 3-FNA was given just prior to the test of CH. Thus,
the most parsimonious explanation for the discrepant results
is that the p-opioid receptor is involved in acquisition, but
not expression, of a morphine CR. The results of Experi-
ments 3b and c are consistent with the finding that selective
0- (Shippenberg et al., 1987; Piepponen et al., 1997) and k-
(Mucha and Herz, 1985; Bals-Kubik et al., 1993) opioid
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receptors do not mediate the conditioned reinforcing effect
of opioids.

The finding that none of the selective antagonists, given
individually, altered morphine CH (using 4 mg/kg) may
suggest one of two possibilities. As in the nalx experiment
discussed earlier, it may be that a selective antagonist shifted
the dose—response function for morphine CH. That is, in
Experiment 1, we found that 1 mg/kg morphine produced
much less hyperactivity than either 4 or 16 mg/kg morphine
during the drug test sessions (Sessions 1—8); however, 1
mg/kg morphine produced a robust morphine CH (compar-
able to the 4 mg/kg dose) on the conditioning test session. It
may be the case that the failure of a selective antagonist to
attenuate morphine CH was because the 4 mg/kg morphine
dose became in effect a 1.0 mg/kg dose, a morphine dose
which did not induce hyperactivity but did produce CH.
Because only the 4 mg/kg morphine dose was used in the
morphine CH experiments, it is difficult to ascertain if an
antagonist shifted the dose—response function in this man-
ner. Alternatively, the inability of any selective antagonist to
alter morphine CH may suggest that blockade of at least two
or more receptor subtypes may be required to antagonize the
expression of morphine CH. While antagonism of multiple
opioid-receptor subtypes has been reported to not block
expression of morphine CPP (Hand et al., 1989), the finding
that the nonselective opioid receptor antagonist (nalx)
attenuated expression of morphine CH (Experiment 3d
and Neisewander and Bardo, 1987) further strengthens the
argument that antagonism of multiple opioid-receptor sub-
types is required. It should be noted that nalx also decreased
activity in the control group (unpaired/nalx), especially early
in the session (Experiment 3d). Presently, it is unclear as to
the reason for the decrease in activity, although it may
reflect a nalx-induced withdrawal in unpaired/nalx rats
(Mucha and Herz, 1985). Regardless as to the reason, it is
clear that this dose of nalx (1 mg/kg) does not produce a
general, nonspecific decrease in activity, as it did not
decrease activity in Experiment 2d. Thus, while the neces-
sary and sufficient combination of opioid-receptor subtype
blockade to antagonize expression of morphine CH is not
known, the current results taken together indicate that more
than one subtype is involved.

The unconditioned and conditioned locomotor-stimulant
effects of morphine may be dissociable and mediated by
different pharmacological systems. While similarities in the
unconditioned and conditioned hyperactive responses to
classic psychostimulants have been noted (Gold et al.,
1989), it has been reported that the two responses are
dissociable. For example, Itzhak and Martin (2000) found
that scopolamine inhibited cocaine CH, but had no effect on
the unconditioned hyperactive effects of cocaine. Further-
more, it has been found that other unconditioned and
conditioned morphine effects are dissociable. Shippenberg
et al. (2000) found that dynorphin A(2—17) attenuated the
unconditioned (somatic), but not the conditioned aversive
effects of antagonist-precipitated withdrawal from mor-

phine. These findings are consistent with the dissociation
between the unconditioned and conditioned hyperactivity to
morphine found in the present report.
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