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ABSTRACT

Sensitization refers to an increase in sensitivity to the effects of
adrug and is believed to play a role in the etiology of substance
use disorders. Cross-sensitization has been observed between
drugs from different pharmacological classes and may play a
role in the escalation of drug use in polydrug-abusing popula-
tions. The purpose of this study was to examine cross-sensiti-
zation between opioids and cocaine and to determine the ex-
tent to which cross-sensitization is mediated by an opioid’s
selectivity for wu, k, and & receptors. Separate groups of rats
were treated with opioid receptor agonists and antagonists
every other day for 10 days, and the locomotor effects of
cocaine were tested 8 days later. The w agonists, morphine and
buprenorphine, and the & agonist, BW373U86 [(*)-4-[(R*)-
[(2S*,5R*)-2,5-dimethyl-4-(2-propenyl)-1-piperazinyl]-(3-hy-
droxyphenyl)methyl]-N,N-diethylbenzamide hydrochloride],
produced cross-sensitization to cocaine, such that repeated
administration of these drugs over a 10-day period significantly

enhanced cocaine’s locomotor effects when tested later. Co-
administration of the opioid antagonist naltrexone prevented
morphine and buprenorphine from producing cross-sensitiza-
tion. Coadministration of naltrexone, but not the 8 antagonist
naltrindole, also prevented BW373U86 from producing cross-
sensitization. The k agonist spiradoline failed to produce cross-
sensitization, but coadministration of spiradoline prevented
morphine and buprenorphine from producing cross-sensitiza-
tion. The ability of spiradoline to block cross-sensitization was
itself blocked by the k antagonist nor-binaltorphimine. The
mixed u/k opioids butorphanol, nalbuphine, and nalorphine did
not produce cross-sensitization under any condition examined.
These data indicate that agonist activity at u receptors posi-
tively modulates cross-sensitization between opioids and co-
caine, whereas agonist activity at « receptors negatively mod-
ulates this effect.

Sensitization, an increase in sensitivity to a drug after its
repeated administration, is frequently observed after the re-
peated intermittent administration of many drugs of abuse
and is believed to contribute to the etiology of substance
abuse and dependence (for review, see Robinson and Ber-
ridge, 2000; Morgan and Roberts, 2004). Increased sensitiv-
ity to the psychomotor effects of drugs can be determined and
quantified easily in animal subjects and has been described
in numerous studies examining the locomotor effects of both
p-opioid agonists and cocaine (Jackson and Nutt, 1993;
Vanderschuren et al., 1999b; Sabeti et al., 2003). Both the
acute (Vaccarino and Corrigall, 1987; Beyer and Steketee,
2001) and sensitized (Vezina et al., 1987; Crombag et al.,
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2002) locomotor effects of these drugs are due to increases in
activity of mesolimbic and mesocortical dopamine systems
that originate in the ventral tegmental area and terminate in
the nucleus accumbens and prefrontal cortex, respectively.
These same neuronal systems also contribute to their posi-
tive-reinforcing and incentive-motivational effects, which are
believed to play a critical role in their high abuse and depen-
dence liability (for review, see Maldonado, 2003; Robinson
and Kolb, 2004). Consistent with this premise, treatment
protocols that produce sensitization to a drug’s locomotor
effects also produce sensitization to a drug’s positive-rein-
forcing effects, leading to greater rates of drug self-adminis-
tration in sensitized animals (De Vries et al., 1998; Schenk
and Partridge, 2000).

A number of preclinical studies have shown that cross-
sensitization can develop between p-opioid agonists and co-
caine. For instance, cocaine-treated rats exhibit cross-sensi-
tization to the locomotor (McDaid et al.,, 2005) and

ABBREVIATIONS: U69593, (+)-(5a,7«,8pB)-N-methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]dec-8-yl]benzeneacetamide; BW373U86, (*+)-4-[(R*)-
[2S*,5R*)-2,5-dimethyl-4-(2-propenyl)-1- piperazinyl]-(3-hydroxyphenyl)methyl]-N, N-diethylbenzamide hydrochloride; ANOVA, analysis of vari-

ance; AUC, area(s) under the curve.
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conditioned rewarding (Shippenberg et al., 1998) effects of
morphine, and these effects can be observed after a single
cocaine injection (Kim et al., 2004). Likewise, heroin-treated
rats exhibit cross-sensitization to the locomotor effects of
cocaine (Leri et al., 2003), and morphine-treated rats exhibit
cross-sensitization to both the locomotor (Lett, 1989; Cun-
ningham et al., 1997) and conditioned rewarding (Shippen-
berg et al., 1998) effects of cocaine. Similar effects may also
be observed at the biochemical level because morphine-
treated rats show an enhanced response to cocaine-induced
increases in c-fos expression (Erdtmann-Vourliotis et al.,
2000). The ability of opioids acting at other receptor sites or
multiple receptor sites to influence sensitization-related pro-
cesses is less clear. For instance, although several studies
have reported that k opioid agonists block the development of
sensitization to cocaine itself (Heidbreder et al., 1993b; Spa-
nagel, 1995), the x agonist U69593 failed to block cross-
sensitization to cocaine in rats treated with morphine (Ship-
penberg et al., 1998), and although sensitization has been
observed in rats treated with the mixed p/d agonist p-Ala(2)-
Met(5)-enkephalinamide (Kalivas et al., 1985), we know of no
studies that have specifically examined the ability of d recep-
tor agonists or mixed p/k opioids to produce cross-sensitiza-
tion to cocaine.

The purpose of the present study was to examine the role
of an opioid’s relative selectivity for w, k, and & receptors in
modulating cross-sensitization to cocaine. To this end, sepa-
rate groups of rats were treated with various p, k, 8, and
mixed p/k opioids every other day for 10 days. After a 7-day
incubation period, the locomotor effects of cocaine were ex-
amined in all treatment groups using a cumulative dosing
procedure. We have used this procedure previously to exam-
ine the acute interactions between opioids and cocaine
(Smith et al., 2003), and the present study represents an
extension of this research by modeling patterns of drug ex-
posure and abstinence that may contribute to the etiology of
substance use disorders.

Materials and Methods

Animals. Male, Long-Evans rats, weighing approximately 250 g
upon arrival, were obtained from Charles River Laboratories (Ra-
leigh, NC). Rats were housed individually in polycarbonate cages in
a colony room maintained on a 12-h light/dark cycle (lights on, 7:00
AM). Food and drinking water were freely available in the home
cage. All subjects were maintained in accordance with the guidelines
of the Institutional Animal Care and Use Committee of Davidson
College.

A total of 258 rats were divided among 39 groups: saline (three
determinations; n = 18), 10 mg/kg cocaine (n = 6), 2.0 mg/kg d-
amphetamine (n = 6), 2.0 mg/kg methamphetamine (n = 6), 0.3
mg/kg naltrexone (n = 6), 3.0 mg/kg naltrexone (n = 6), 10 mg/kg
nor-binaltorphimine (two determinations; n = 12), 1.0 mg/kg naltrin-
dole (n = 6), 3.0 mg/kg spiradoline (n = 6), 10 mg/kg spiradoline (n =
6), 3.0 mg/kg morphine (n = 6), 10 mg/kg morphine (two determina-
tions; n = 12), 10 mg/kg morphine + 0.3 mg/kg naltrexone (n = 6),
0.3 mg/kg buprenorphine (n = 6), 1.0 mg/kg buprenorphine (n = 6),
1.0 mg/kg buprenorphine + 0.3 mg/kg naltrexone (n = 6), 3.0 mg/kg
BW373U86 (n = 6), 10 mg/kg BW373U86 (n = 6), 10 mg/kg
BW373U86 + 1.0 mg/kg naltrindole (n = 6), 10 mg/kg BW373U86 +
0.3 mg/kg naltrexone (n = 6), 10 mg/kg morphine + 10 mg/kg
spiradoline (n = 6), 10 mg/kg morphine + 10 mg/kg spiradoline + 10
mg/kg nor-binaltorphimine (n = 6), 1.0 mg/kg buprenorphine + 10
mg/kg spiradoline (n = 6), 1.0 mg/kg buprenorphine + 10 mg/kg
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spiradoline + 10 mg/kg nor-binaltorphimine (n = 6), 3.0 mg/kg
butorphanol (n = 6), 10 mg/kg butorphanol (n = 6), 30 mg/kg butor-
phanol (n = 6), 10 mg/kg butorphanol + 10 mg/kg nor-binaltorphi-
mine (n = 6), 30 mg/kg butorphanol + 10 mg/kg nor-binaltorphimine
(n = 6), 3.0 mg/kg nalbuphine (n = 6), 10 mg/kg nalbuphine (n = 6),
30 mg/kg nalbuphine (n = 6), 10 mg/kg nalbuphine + 10 mg/kg
nor-binaltorphimine (n = 6), 30 mg/kg nalbuphine + 10 mg/kg nor-
binaltorphimine (n = 6), 3.0 mg/kg nalorphine (n = 6), 10 mg/kg
nalorphine (n = 6), 30 mg/kg nalorphine (n = 6), 10 mg/kg nalor-
phine + 10 mg/kg nor-binaltorphimine (n = 6), and 30 mg/kg nalor-
phine + 10 mg/kg nor-binaltorphimine (n = 6). Any rat that missed
a test session because of illness was removed from the study and not
replaced.

Apparatus. All behavioral tests were conducted in a single, open-
field, locomotor activity chamber with interior dimensions of 43 X
43 X 30 cm. The chamber consisted of a polyvinyl chloride base with
clear acrylic sidewalls and aluminum corner supports. Two circuit
boards were located on opposite sidewalls mounted 2.5 cm above the
base of the apparatus. One board contained 16 infrared photocells
spaced 2.5 cm apart, whereas the other contained 16 infrared detec-
tors with the same spacing. All photocells and detectors were inter-
faced to a microprocessor that continuously recorded photo beam
interruptions throughout a session using software supplied by MED
Associates (St. Albans, VT).

Induction of Sensitization. Before behavioral testing, each rat
was habituated to the behavioral procedure by being placed into the
activity chamber for 5 min a day for 3 consecutive days (for timeline
of events, see Table 1). On the final day of habituation (day 3), each
rat received an intraperitoneal injection of 1.0 ml/kg saline 15 min
before being placed into the chamber. On the following day (day 4), a
sensitization procedure previously shown to induce cross-sensitiza-
tion between morphine and cocaine was initiated (Cunningham et
al., 1997).

During the induction period, rats were administered a test drug
(or test drugs) on alternate days for 10 consecutive days (days 4, 6, 8,
10, and 12). On days in which drugs were administered, each rat was
brought to the testing room, administered an intraperitoneal injec-
tion, and immediately returned to its home cage. After 15 min, the
rat was placed into the activity chamber for 5 min, and the number
of photo beam interruptions was recorded. After the testing interval
elapsed, the rat was removed from the chamber and returned to its
home cage. For groups in which multiple drugs were administered
(e.g., morphine + spiradoline, buprenorphine + naltrexone), sepa-
rate injections were administered on opposite sides of the peritoneal
cavity. Because of its extremely long duration of action, nor-binal-

TABLE 1
Schedule of testing and events for all groups
Day of Study Manipulation Location
1 Habituation Locomotor chamber
Habituation Locomotor chamber
3 Saline Locomotor chamber
4 Test drug Locomotor chamber
5 Colony room
6 Test drug Locomotor chamber
7 Colony room
8 Test drug Locomotor chamber
9 Colony room
10 Test drug Locomotor chamber
11 Colony room
12 Test drug Locomotor chamber
13 Colony room
14 Colony room
15 Colony room
16 Colony room
17 Colony room
18 Saline control session Locomotor chamber
19 Colony room
20 Cocaine test session Locomotor chamber
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torphimine was administered only once, immediately after the final
habituation session and 24 h before the initiation of the induction
period (day 3). Rats receiving nor-binaltorphimine were adminis-
tered saline every other day during the induction period, 15 min
before being placed in the activity chamber. On days in which drugs
were not administered, rats remained in the colony room and were
left undisturbed. After the induction period, an incubation period of
7 days was initiated. During this period, no drugs were adminis-
tered, and except as noted below, the rats were left undisturbed in
the colony room.

Behavioral Testing. Saline control sessions and cocaine test
sessions were conducted according to procedures described previ-
ously (Smith et al., 2003). On the 6th day of the incubation period
(day 18), a saline control session was conducted in which the effects
of repeated saline administration were examined. During this ses-
sion, each rat was administered saline (1.0 ml/kg i.p.) and immedi-
ately returned to its home cage. After 15 min, the rat was placed into
the activity chamber, and locomotor activity was measured for 2 min.
After this test, the rat was removed from the chamber, administered
a second injection of saline, and immediately returned to its home
cage. After another 15-min interval, the rat was again placed into the
activity chamber, and locomotor activity was measured for 2 min.
After this test, the cycle was repeated for a third and final compo-
nent, after which the rats were returned to the colony room until the
final session was conducted with cocaine.

Cocaine was examined on the 8th day of the incubation period and
2 days after the saline control session (day 20). Cocaine testing
followed a protocol similar to that described for saline, with the
exception that cumulative doses of cocaine were administered at the
beginning of each component in lieu of saline. In all tests, rats were
administered acute doses of 3.0, 7.0, and 20 mg/kg cocaine over the
course of the test session, resulting in cumulative doses of 3.0, 10,
and 30 mg/kg cocaine.

Schedule of Testing. The entire study was conducted over the
course of 48 months, with no more than eight groups running con-
currently with one another. Because rats treated with saline would
serve as the comparison group for all other groups, the effects of
saline were determined in three separate groups tested approxi-
mately 18 months apart. These groups were tested during the 1st,
2nd, and 4th years of the project. In addition, the effects of 10 mg/kg
nor-binaltorphimine and 10 mg/kg morphine were each determined
in two groups tested approximately 12 months apart.

Drugs. Cocaine hydrochloride, d-amphetamine sulfate, metham-
phetamine hydrochloride, naltrindole hydrochloride, nor-binaltor-
phimine dihydrochloride, morphine sulfate, and buprenorphine hy-
drochloride were generously supplied by the National Institute on
Drug Abuse (Research Triangle Institute, Research Triangle Park,
NC). BW373U86 was a gift from M. J. Picker (University of North
Carolina, Chapel Hill, NC). Naltrexone hydrochloride, spiradoline
mesylate, butorphanol tartrate, nalbuphine hydrochloride, and na-
lorphine hydrochloride were purchased from Sigma-Aldrich (St.
Louis, MO). All compounds were dissolved in saline and injected in a
volume of 1.0 ml/kg b.wt.

Data Analysis. Locomotor activity data were computed as dis-
tance traveled (centimeters) by software supplied by MED Associ-
ates. Because of significant cohort differences in baseline measures
of locomotor activity, all data were expressed as a percentage of
saline control values according to methods described previously
(Smith et al., 2003). These values were calculated individually for
each rat by dividing the distance traveled during each component of
the cocaine test session by the distance traveled during the relevant
component of the saline control session and then multiplying by 100.
Dose and group data were analyzed via repeated-measures ANOVA,
with dose of cocaine serving as a within-subjects factor and group
serving as a between-subjects factor. As a secondary analysis, area
under the curve (AUC) estimates were obtained for each dose-effect
curve using the Trapezoidal Rule. These AUC estimates were then
analyzed via one-way ANOVA using group as a factor. Post hoc tests,

corrected for multiple pairwise comparisons, were conducted where
appropriate. An « level of 0.05 was used for all statistical tests.

Results

Baseline and Control Data. Three rats were removed
from the study because of illness before testing with cocaine,
with one rat removed from each of the following groups:
saline (second determination), 10 mg/kg nor-binaltorphimine
(first determination), and 0.3 mg/kg naltrexone. Thus, 255
rats of the original 258 rats completed the study. Data ob-
tained during the induction period of the study (days 4-12)
are described in Smith et al. (2009), and only data from the
testing period of the study (days 18—-20) are described below.

Because of significant cohort differences in baseline mea-
sures of locomotor activity, each group served as its own
control, and data obtained in the cocaine test session were
compared with those obtained in the saline control session.
Locomotor activity decreased across the three components of
the saline control session in all groups, and these effects were
statistically significant in 22 of the 39 groups (Table 2). When
collapsed across groups, the mean (S.E.) distance traveled
was 604.01 (14.56), 535.43 (12.05), and 480.20 cm (13.74) in
the first, second, and third components, respectively.

Cocaine Test Data. When expressed as a percentage of
saline control values, cocaine produced dose-dependent in-
creases in locomotor activity in all groups of rats. In 36 of 39
groups, the effects of cocaine increased linearly across the
three doses, with the greatest effect occurring at the highest
dose tested (30 mg/kg). In those groups that did not exhibit a
linear increase, the effects of cocaine peaked at the interme-
diate dose (10 mg/kg). Repeated-measures ANOVA using
dose as a within-subjects variable revealed significant dose
effects in all instances (p < 0.05). In the sections that follow,
only group effects are discussed.

Saline. Rats treated with saline served as the comparison
group with which all other groups were compared. As such,
the effects of saline were determined in three separate
groups tested approximately 18 months apart (Fig. 1). It is
important that the three groups did not differ from one
another in their sensitivity to cocaine, as determined by a
dose-response analysis [F(2,14) = 0.619; N.S.] and by an
AUC analysis [F(2,14) = 0.651; N.S.]. Given that no signifi-
cant group differences were observed, the three groups were
combined into a single comparison group for all subsequent
analyses.

Cocaine, d-Amphetamine, and Methamphetamine.
Rats treated with the indirect dopamine agonists cocaine,
d-amphetamine, and methamphetamine served as positive
control groups. All three groups were more sensitive to co-
caine than the saline comparison group (Fig. 2), indicating
that the sensitization protocol was sufficient for cocaine to
induce sensitization to itself and for cross-sensitization to
develop between other psychomotor stimulants and cocaine.
Consistent with these observations, a repeated-measures
ANOVA revealed a significant main effect of group [F(3,31) =
7.127; p = 0.001], and an AUC analysis revealed that all
three groups differed from the saline comparison group (p <
0.05). Although the d-amphetamine and methamphetamine
groups did not differ from one another, significantly greater
degrees of sensitization were seen in these groups than in the
cocaine group (p < 0.05).



TABLE 2

Mean (S.E.) distance traveled (centimeters) for each group during the saline control session
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Group

First Component

Second Component

Third Component

Saline®

10 mg/kg cocaine”

2.0 mg/kg D-Amphetamine

2.0 mg/kg Methamphetamine

0.3 mg/kg Naltrexone

3.0 mg/kg Naltrexone

10 mg/kg Nor-binaltorphimine

10 mg/kg Naltrindole

3.0 mg/kg Spiradoline”

10 mg/kg Spiradoline

3.0 mg/kg Morphine®

10 mg/kg Morphine®

10 mg/kg Morphine + 0.3 mg/kg naltrexone®

0.3 mg/kg Buprenorphine®

1.0 mg/kg Buprenorphine®

1.0 mg/kg Buprenorphine + 0.3 mg/kg naltrexone

3.0 mg/kg BW373U86*

10 mg/kg BW373U86*

10 mg/kg BW373U86 + 1.0 naltrindole”

10 mg/kg BW373U86 + 0.3 mg/kg naltrexone®

10 mg/kg Morphine + 10 mg/kg spiradoline®

10 mg/kg Morphine + 10 mg/kg spiradoline + 10 mg/
kg nor-binaltorphimine®

1.0 mg/kg Buprenorphine + 10 mg/kg spiradoline

1.0 mg/kg Buprenorphine + 10 mg/kg spiradoline +
10 mg/kg nor-binaltorphimine®

3.0 mg/kg Butorphanol®

10 mg/kg Butorphanol®

30 mg/kg Butorphanol®

10 mg/kg Butorphanol + 10 mg/kg nor-
binaltorphimine

30 mg/kg Butorphanol + 10 mg/kg nor-
binaltorphimine

3.0 mg/kg Nalbuphine

10 mg/kg Nalbuphine®

30 mg/kg Nalbuphine®

10 mg/kg Nalbuphine + 10 mg/kg nor-
binaltorphimine®

30 mg/kg Nalbuphine + 10 mg/kg nor-binaltorphimine

3.0 mg/kg Nalorphine

10 mg/kg Nalorphine®

30 mg/kg Nalorphine

10 mg/kg Nalorphine + 10 mg/kg nor-binaltorphimine

30 mg/kg Nalorphine + 10 mg/kg nor-binaltorphimine

582.08 (36.17)
594.49 (40.85)
379.35 (44.10)
300.29 (38.95)
561.62 (56.99)
615.55 (50.80)
571.64 (42.39)
615.29 (71.29)
589.09 (19.26)
483.97 (47.77)
622.84 (70.60)
581.26 (36.96)
671.73 (90.44)
630.98 (17.79)
616.65 (45.15)
681.89 (75.63)
543.59 (43.37)
579.08 (42.02)
522.93 (49.06)
628.30 (48.47)
684.06 (41.01)
506.05 (68.29)

668.10 (53.52)
655.97 (35.59)

777.31 (36.73)
805.98 (49.02)
668.57 (29.02)
597.22 (45.18)

591.24 (54.85)

620.37 (37.67)
627.60 (68.77)
614.53 (36.45)
718.15 (41.24)

633.51 (66.63)
641.68 (50.18)
593.78 (23.95)
630.84 (24.06)
653.67 (42.14)
495.44 (11.39)

cm
460.63 (33.67)
495.48 (59.39)
368.27 (54.32)
295.22 (62.59)
545.87 (64.29)
557.37 (56.03)
544.87 (42.18)
571.59 (63.76)
572.60 (27.72)
456.94 (58.17)
521.59 (59.52)
466.19 (46.76)
541.79 (68.82)
560.13 (50.84)
512.41 (86.67)
599.16 (86.34)
453.39 (28.19)
433.46 (34.04)
474.64 (62.31)
508.33 (69.02)
556.84 (45.94)
481.14 (66.04)

624.87 (69.03)
555.50 (62.29)

659.74 (32.56)
616.88 (51.86)
660.01 (41.13)
594.14 (47.38)

513.29 (53.20)

598.65 (37.62)
552.16 (80.81)
516.62 (41.95)
588.03 (49.08)

580.30 (59.36)
588.61 (50.01)
538.93 (38.07)
612.19 (61.08)
619.25 (44.05)
484.85 (70.42)

375.92 (27.76)
412.09 (33.84)
325.45 (64.77)
272.73 (56.76)
471.38 (67.49)
532.14 (66.45)
485.25 (31.39)
457.02 (78.07)
496.68 (20.65)
374.41(28.32)
431.45 (38.89)
404.48 (30.12)
464.05 (40.19)
474.90 (31.52)
446.44 (51.41)
598.42 (75.93)
394.29 (47.31)
417.59 (86.72)
385.84 (52.34)
453.19 (43.22)
416.45 (40.50)
370.32 (62.64)

613.50 (75.14)
510.67 (62.48)

659.63 (49.15)
589.81 (43.06)
512.40 (44.82)
579.34 (85.82)

508.66 (55.41)

560.35 (23.94)
455.37 (79.29)
530.46 (25.70)
550.25 (45.85)

576.59 (75.02)
538.53 (53.28)
461.33 (61.19)
572.81 (78.86)
585.34 (68.57)
462.36 (42.86)

Locomotor Activity

(% saline control)

¢ Significant main effect of component (p < 0.05).

Opioid Receptor Antagonists. Low (0.3 mg/kg) and high
(3.0 mg/kg) doses of the opioid receptor antagonist naltrexone
were examined in separate groups of rats (Fig. 3). A repeat-
ed-measures ANOVA revealed no significant differences in
sensitivity to cocaine between the two naltrexone groups and
the saline comparison group. Furthermore, AUC estimates

for both naltrexone groups were similar to those obtained in
rats treated with saline.

The effects of the k receptor antagonist nor-binaltorphimine
were examined in separate groups of rats tested approximately
12 months apart. Because the effects of nor-binaltorphimine did
not differ between the two determinations, the two groups were

Fig. 1. Effects of cumulative doses of cocaine in
three groups of rats treated with saline and
tested approximately 18 months apart (saline 1,
saline 2, saline 3). Left, locomotor activity ex-
pressed as a percentage of saline control values.
Right, AUC estimates for each group. Vertical

within the data point.
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separate groups of rats treated with saline (sa-
line), 10 mg/kg cocaine (10 COC), 2.0 mg/kg d-
amphetamine (2 AMP), and 2.0 mg/kg metham-
phetamine (2 MET). Left, locomotor activity
expressed as a percentage of saline control val-
ues. Right, AUC estimates for each group. Hor-
izontal lines, significant differences between
groups (p < 0.05). Vertical lines, S.E.; where not
indicated, the S.E. fell within the data point.
Significant differences are indicated as follows:

_|_ —|— Fig. 2. Effects of cumulative doses of cocaine in
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combined into one group for all statistical analyses. The effects
of the d-selective antagonist naltrindole were examined in a
separate group of rats on only one occasion. When tested with
cocaine, neither the nor-binaltorphimine group nor the naltrin-
dole group differed significantly from the saline comparison
group. Similar to that seen with naltrexone, AUC estimates for
both groups were comparable with those obtained in rats
treated with saline (Fig. 3).

Spiradoline. Both low (3.0 mg/kg) and high (10 mg/kg)
doses of the k agonist spiradoline failed to produce cross-
sensitization to cocaine (Fig. 4). Repeated-measures ANOVA
revealed no significant group differences between the two
spiradoline groups and the saline comparison group. Consis-
tent with this finding, AUC estimates for the two groups
were similar to each other and comparable with those ob-
tained in saline-treated rats.

Morphine and Buprenorphine. Rats treated with the p
agonist morphine exhibited cross-sensitization to cocaine,
but this effect depended on the dose of morphine (Fig. 5).
Although rats treated with a low dose of morphine (3 mg/kg)
did not exhibit cross-sensitization, rats treated with a high
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a, significantly different from saline control
group (p < 0.05).

dose (10 mg/kg) exhibited significant cross-sensitization
when tested with cocaine. It should be noted that the effects
of 10 mg/kg morphine were examined in two groups of rats
that were tested approximately 12 months apart. Both
groups showed significant cross-sensitization to cocaine, but
they did not differ significantly from one another. As such,
the two groups were combined into one group for all statis-
tical analyses. In another group of rats, coadministration of a
low dose of naltrexone (0.3 mg/kg) blocked completely the
ability of 10 mg/kg morphine to produce cross-sensitization to
cocaine. A repeated-measures ANOVA revealed a significant
main effect of group [F(3,37) = 4.393; p = 0.010], and an AUC
analysis revealed that the 10 mg/kg morphine group differed
significantly from all other groups (p < 0.05), including the
saline comparison group and the morphine + naltrexone
group.

Similar to that seen with morphine, rats treated with the
agonist buprenorphine showed cross-sensitization to cocaine,
and this effect was dose-dependent (Fig. 5). Rats treated with
a high dose of buprenorphine (1.0 mg/kg) exhibited a signif-
icant degree of cross-sensitization that was similar in mag-
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Fig. 4. Effects of cumulative doses of cocaine in
separate groups of rats treated with saline (saline),
3.0 mg/kg spiradoline (3.0 SPR), and 10 mg/kg spi-
radoline (10 SPR). Left, locomotor activity ex-
pressed as a percentage of saline control values.
Right, AUC estimates for each group. Vertical lines
represent the S.E.; where not indicated, the S.E. fell
within the data point.

I

10 100 Saline

Cocaine (mg/kg)

nitude to that seen with 10 mg/kg morphine. Cross-sensiti-
zation was not observed in rats treated with the low dose of
buprenorphine (0.3 mg/kg). In a separate group of rats, co-
administration of 0.3 mg/kg naltrexone blocked completely
the ability of 1.0 mg/kg buprenorphine to produce cross-
sensitization. A repeated-measures ANOVA revealed a sig-
nificant main effect of group [F(3,31) = 3.223; p = 0.036], and
an AUC analysis revealed that the 1.0 mg/kg buprenorphine
group differed significantly from all other groups (p < 0.05).

BW373U86. Rats treated with a high (10 mg/kg) but not a
low (3 mg/kg) dose of the & agonist BW373U86 exhibited
significant cross-sensitization to cocaine (Fig. 6). Coadminis-
tration of a moderate dose of the d-selective antagonist nal-
trindole (1.0 mg/kg) failed to block cross-sensitization in
BW373U86-treated rats. In contrast, a low dose of naltrexone
(0.3 mg/kg) blocked completely the ability of 10 mg/kg
BW373U86 to produce cross-sensitization to cocaine. A re-
peated-measures ANOVA revealed a significant main effect
of group [F(4,36) = 3.385; p = 0.019], and an AUC analysis
revealed that the 10 mg/kg BW373U86 group differed signif-
icantly from the saline comparison group, the 3 mg/kg
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BW373U86 group, and the BW373U86 + naltrexone group
(p < 0.05); however, this group did not differ significantly
from the BW373U86 + naltrindole group.

Spiradoline Reversal of Cross-Sensitization. To deter-
mine whether agonist activity at k receptors could block
cross-sensitization between p opioids and cocaine, separate
groups of rats were administered 10 mg/kg spiradoline in
combination with doses of morphine (10 mg/kg) and bu-
prenorphine (1.0 mg/kg) that produced cross-sensitization to
cocaine in earlier tests. To demonstrate that the ability of
spiradoline to block cross-sensitization was mediated by «
receptors, subsequent tests pretreated separate groups of
rats with 10 mg/kg nor-binaltorphimine before the induction
period. These groups were then compared with the groups
tested with the p agonist alone and the saline comparison
group.

Spiradoline blocked completely the ability of morphine to
produce cross-sensitization (Fig. 7). This effect of spiradoline
was mediated by k receptors because nor-binaltorphimine
was able to prevent spiradoline from blocking morphine’s
ability to produce cross-sensitization. A repeated-measures

Fig. 5. Top, effects of cumulative doses of cocaine in
separate groups of rats treated with saline (saline),
3.0 mg/kg morphine (3.0 MOR), 10 mg/kg morphine
(10 MOR), and 10 mg/kg morphine + 0.3 mg/kg
naltrexone (10 MOR + 0.3 NTX). Bottom, effects of
cumulative doses of cocaine in separate groups of
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rats treated with saline (saline), 0.3 mg/kg bu-
prenorphine (0.3 BUP), 1.0 mg/kg buprenorphine
(1.0 BUP), and 1.0 mg/kg buprenorphine + 0.3
mg/kg naltrexone (1.0 BUP + 0.3 NTX). Left, loco-
motor activity expressed as a percentage of saline
control values. Right, AUC estimates for each
group. Horizontal lines, significant differences be-
—" tween groups (p < 0.05). Vertical lines, S.E.; where

+0.3 NTX

not indicated, the S.E. fell within the data point.
Significant differences are indicated as follows: a,

significantly different from saline control group (p <
0.05); and b, significantly different from naltrexone-
treated group (p < 0.05).
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ANOVA revealed a main effect of group [F(3,37) = 4.785; p =
0.006], and an AUC analysis revealed that the morphine +
spiradoline group differed from both the morphine group and
the morphine + spiradoline + nor-binaltorphimine group
(p < 0.05).

Spiradoline also blocked completely the ability of bu-
prenorphine to produce cross-sensitization to cocaine (Fig. 7).
Similar to that seen with morphine, nor-binaltorphimine was
able to prevent spiradoline from blocking the ability of bu-
prenorphine to produce cross-sensitization to cocaine. A re-
peated-measures ANOVA revealed a significant main effect
of group [F(3,31) = 3.138; p = 0.039], and an AUC analysis
revealed that the group treated with buprenorphine + spir-
adoline differed significantly from the group treated with
buprenorphine. The group treated with buprenorphine +
spiradoline + nor-binaltorphimine did not differ significantly
from the group treated with buprenorphine + spiradoline
(p = 0.07); however, this group did differ from the saline

comparison group (p < 0.05), indicating that significant
cross-sensitization did occur in rats treated with nor-binal-
torphimine.

Butorphanol, Nalbuphine, and Nalorphine. All groups
treated with the mixed p/k opioids, butorphanol, nalbuphine,
and nalorphine, exhibited a similar pattern of effects to one
another; as a consequence, data from these groups are dis-
cussed collectively. Initial tests with 3 and 10 mg/kg of each of
butorphanol, nalbuphine, and nalorphine failed to produce
cross-sensitization to cocaine (Fig. 8). To determine whether
their k component of action was preventing their . component
to produce cross-sensitization, separate groups were pretreated
with 10 mg/kg nor-binaltorphimine before treatment with 10
mg/kg of each of the three test drugs. Even with their k compo-
nent of action blocked, none of the groups exhibited cross-sen-
sitization to cocaine. To determine whether the inability of
these drugs to produce cross-sensitization was due to a failure
to test an adequate dose, additional groups were treated with 30

=

T Fig. 7. Top, effects of cumulative doses of cocaine in
separate groups of rats treated with saline (saline),
10 mg/kg morphine (10 MOR; redrawn from Fig. 5),
10 mg/kg morphine + 10 mg/kg spiradoline (10
MOR + 10 SPR), and 10 mg/kg morphine + 10
mg/kg spiradoline + 10 mg/kg nor-binaltorphimine
(10 MOR + 10 SPR + 10 NBNI). Bottom, effects of
cumulative doses of cocaine in separate groups of
rats treated with saline (saline), 1.0 mg/kg bu-
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prenorphine (1.0 BUP; redrawn from Fig. 5), 1.0
mg/kg buprenorphine + 10 mg/kg spiradoline (1.0
BUP + 10 SPR), and 1.0 mg/kg buprenorphine + 10
mg/kg spiradoline + 10 mg/kg nor-binaltorphimine
(1.0 BUP + 10 SPR + 10 NBNI). Left, locomotor
activity expressed as a percentage of saline control

+10 NBNI

values. Right, AUC estimates for each group. Hori-
zontal lines, significant differences between groups
(p < 0.05). Vertical lines, S.E.; where not indicated,
T the S.E. fell within the data point. Significant dif-
ferences are indicated as follows: a, significantly
different from saline control group (p < 0.05); and b,
T significantly different from spiradoline-treated

group (p < 0.05).
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mg/kg of each of the test drugs alone. Similar to that observed
with the lower doses, cross-sensitization was not apparent in
any group. As a final test, three additional groups were treated
with 30 mg/kg of each of the three test drugs after pretreatment
with 10 mg/kg nor-binaltorphimine. Once again, no cross-sen-
sitization was observed in any group. Repeated-measures
ANOVA failed to reveal significant main effects of group for any
of the three test drugs, and AUC analyses failed to reveal any
significant differences among groups, including the saline com-
parison group (Fig. 8).

Discussion

The principal finding of this study is that agonist activity
at w receptors positively modulates cross-sensitization be-
tween opioids and cocaine, whereas agonist activity at
receptors negatively modulates this effect. In all groups, the
locomotor effects of cocaine were examined in a single test
session using a cumulative dosing procedure. The advantage
of this procedure is that it allows for the determination of an
entire dose-effect curve within a single experimental session.
This is important in studies examining cross-sensitization
because it prevents cocaine from producing sensitization to

itself when single doses are administered across test sessions
(Jackson and Nutt, 1993). We have shown previously that
cocaine produces dose- and time-dependent effects in this
procedure that are identical to other methods of data collec-
tion (Smith et al., 2003). In the present study, cocaine pro-
duced dose-dependent increases in locomotor activity in all
groups across a dose range equivalent to that used in previ-
ous studies.

Effects of Saline and Psychomotor Stimulants. Dif-
ferent groups of rats were tested in this study over a 4-year
time period; thus, several different cohorts were obtained
from the vender over the course of behavioral testing.
Baseline differences in locomotor activity were observed
both within and across cohorts; as a consequence, all loco-
motor activity was expressed as a percentage of the indi-
vidual control values of each group. Three saline control
groups derived from different cohorts were tested at ap-
proximately 18-month intervals. Cocaine produced dose-
dependent increases in locomotor activity in all three
groups, but the potency and efficacy of cocaine did not
differ significantly between the groups. The data from the
three groups were thus combined to form a single control
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group, which served as the negative comparison group for
all other test groups.

The psychomotor stimulants and indirect dopamine ago-
nists cocaine, d-amphetamine, and methamphetamine
served as positive controls in the study, and sensitization was
observed in all three groups. It is interesting that the degree
of sensitization seen with d-amphetamine and methamphet-
amine was greater than that seen with cocaine. No attempt
was made to match the doses of these drugs in terms of
behavioral efficacy, so it is not known whether these differ-
ences can be attributed to the selection of asymmetrical doses
or to efficacy differences between the drugs in terms of their
ability to produce sensitization. Regardless, these data ex-
tend numerous studies showing that repeated administra-
tion of dopamine agonists leads to functional alterations in
mesolimbic and mesocortical signaling and enhanced sensi-
tivity to the effects of psychomotor stimulants (Lett, 1989;
Vanderschuren et al., 1999a,b).

Effects of p, Kk, 8, and Mixed p/k Opioids. The p opioids
morphine and buprenorphine produced cross-sensitization to
the locomotor effects of cocaine. These effects were dose-
dependent and blocked by coadministration of a low dose of
the opioid receptor antagonist naltrexone. p Opioid agonists
inhibit GABAergic interneurons in the ventral tegmental
area, thus releasing dopamine cell bodies from inhibition and
inducing the release of dopamine in the nucleus accumbens
(Spanagel et al., 1992). When administered acutely, n ago-
nists synergistically enhance the elevations of extracellular
dopamine concentrations induced by cocaine (Smith et al.,
2006) and potentiate its effects on locomotor activity (Smith
et al., 2003). Repeated administration of p agonists increases
the firing rate of mesolimbic dopamine neurons and produces
cross-sensitization to the effects of cocaine (Lett, 1989; Spa-
nagel et al., 1993; Cunningham et al., 1997). Similar to that
reported with psychomotor stimulants (e.g., Vanderschuren
et al., 1999a), a single injection of morphine is sufficient to
augment electrically evoked dopamine release in the nucleus
accumbens, produce sensitization to its locomotor effects, and
produce cross-sensitization to the locomotor effects of am-
phetamine (Vanderschuren et al., 2001). Such findings have
led investigators to propose that the expression of p opioid
sensitization and cross-sensitization is due, in part, to neu-
roadaptive changes in mesolimbic dopamine neurons
(Vanderschuren and Kalivas, 2000).

A high dose, but not a low dose, of the 3 agonist BW373U86
produced cross-sensitization to cocaine that was similar in
magnitude to that produced by morphine and buprenorphine.
Cross-sensitization between BW373U86 and cocaine was not
blocked by coadministration of the 8-selective antagonist nal-
trindole, suggesting that agonist activity at 8 receptors was
not responsible for this effect. BW373U86 has only a 15-fold
selectivity for & over p receptors (Chang et al., 1993), and it
is possible that the ability of BW373U86 to produce cross-
sensitization to cocaine was due to a . component of action at
a high dose. Supporting this possibility, coadministration of a
low dose of naltrexone prevented the development of cross-
sensitization in BW373U86-treated rats. Although previous
studies have reported that blockade of & receptors inhibits
the development of cocaine-induced sensitization (e.g., Heid-
breder et al., 1993a), the present findings suggest that ago-
nist activity at d receptors alone is not sufficient to produce
cross-sensitization to cocaine in opioid-treated subjects.

The selective k agonist spiradoline did not produce cross-
sensitization to cocaine but blocked the ability of morphine
and buprenorphine to produce cross-sensitization. The abil-
ity of spiradoline to block cross-sensitization was mediated
by « receptors because this effect was itself blocked by the
selective k antagonist nor-binaltorphimine. k Agonists in-
hibit dopamine release in the nucleus accumbens (Spanagel
et al., 1992), block the biochemical and behavioral effects of
cocaine when administered acutely (Heidbreder et al., 1993b;
Maisonneuve et al., 1994), and prevent the development of
sensitization to cocaine and other psychomotor stimulants
(Heidbreder et al., 1993b; Spanagel, 1995). Furthermore, «
agonists block heroin-induced dopamine release (Xi et al.,
1998) and prevent the development of sensitization to mor-
phine on measures of locomotor activity and conditioned re-
ward (Spanagel, 1995). A previous study reported that the
agonist U69593 failed to block cross-sensitization to cocaine
in rats treated with morphine, even though it blocked cross-
sensitization to morphine in rats treated with cocaine (Ship-
penberg et al., 1998). Although the reasons for the discrep-
ancies between that study and the present findings are not
known, a number of important procedural factors differed
between the two studies, including the study drug, induction
protocol, and dependent measure.

The mixed w/k opioids butorphanol, nalbuphine, and na-
lorphine failed to produce cross-sensitization to cocaine at all
of the doses examined. All three of these drugs possess ago-
nist activity at both n and k receptors, and it is possible that
their k component of action was blocking the development of
cross-sensitization. To examine this possibility, nor-binaltor-
phimine was coadministered with these drugs during the
induction period of the sensitization protocol. Even at very
high doses, these drugs failed to produce cross-sensitization
when their k component of action was blocked. We have
shown previously that butorphanol and nalbuphine increase
the locomotor effects of cocaine when administered acutely
(Smith et al., 2003); thus, the failure of these drugs to pro-
duce cross-sensitization to cocaine was somewhat surprising.
It is important to note that although these drugs possess
agonist activity, their relative efficacy at . receptors is much
less than that possessed by morphine and buprenorphine
(Morgan and Picker, 1998). The ability of low-efficacy w ago-
nists to produce cross-sensitization to cocaine has not been
examined extensively, but the present findings suggest that
a minimal level of intrinsic activity may be necessary to
produce the types of compensatory neuroadaptations that are
necessary for cross-sensitization to occur.

Implications for the Etiology and Treatment of Sub-
stance Use Disorders. The present findings have a number
of implications for the etiology of substance use disorders.
Sensitization is believed to play a role in the transition from
casual drug use to the dysregulated patterns of abuse that
characterize substance-dependent populations (Robinson
and Berridge, 2000; Morgan and Roberts, 2004), and cross-
sensitization between drugs may play a role in the escalation
of substance use in polydrug-abusing individuals. Perhaps
the most direct clinical implication of these findings is that
individuals with a history of prescription opioid use and/or
misuse may be at a higher risk for developing problems with
cocaine and other psychomotor stimulants. Epidemiological
studies reveal that a history of prescription opioid misuse is
a predictor of recent cocaine abuse (Tetrault et al., 2008), but



whether these findings reflect a causal role of sensitization or
simply the tendency of this population to abuse multiple
substances is not known. Given the concern regarding the
diversion of opioid analgesics and the growing popularity of
some p opioid formulations among recreational drug users,
there is a continuing need to identify analgesic medications
that are clinically effective but with limited abuse liability. In
addition to these characteristics, we would also argue that
new and existing medications should be limited in their abil-
ity to produce cross-sensitization to other drugs likely to be
abused. The present findings suggest that opioids with ago-
nist activity at both p and k receptors, or opioids possessing
only limited agonist activity at p receptors, would satisfy
these criteria.

One additional implication of these findings regards the
development of pharmacotherapies for cocaine dependence.
Ideally, such medications would have low abuse liability,
limited side effects, and decrease cocaine self-administration
at doses that do not disrupt other types of behavior. Direct
and indirect dopamine agonists, such as d-amphetamine,
have demonstrated some efficacy in clinical populations, and
their potential utility represents a promising advance in the
treatment of substance use disorders (Grabowski et al.,
2004). We caution, however, that d-amphetamine and related
drugs produce sensitization and cross-sensitization to a num-
ber of drugs with significant abuse liability (Lett, 1989;
Vanderschuren et al., 1999b; present study), and the types of
neuroadaptations produced by these drugs in vulnerable pop-
ulations are not fully understood. Mixed p/k opioids reduce
cocaine self-administration in animal models at doses that do
not disrupt other types of operant behavior (Bowen et al.,
2003). Furthermore, as shown in the present study, these
drugs do not produce cross-sensitization to the behavioral
effects of cocaine after repeated administration. Although
clinical reports describing their efficacy have been disap-
pointing (e.g., Walsh et al., 2001; Preston et al., 2004), they
still may be an effective adjunct in combination with other
types of pharmacotherapies. Indeed, their k component of
action may serve to limit the degree of sensitization and
cross-sensitization that may develop with other types of ag-
onist substitution therapies.
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