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Abstract

Rationale Some monoamine uptake inhibitors (e.g., co-
caine) attenuate the subjective and discriminative stimulus
effects of opioid withdrawal.

Objective This study examined a role for dopamine trans-
porters and receptors as targets for drugs to modify the
discriminative stimulus effects of opioid withdrawal and
further examined a subset of these drugs for their capacity
to modify some directly observable and physiologic indices
of withdrawal.

Materials and methods Rhesus monkeys receiving 2 mg/
kg/day of L-o-acetylmethadol discriminated the opioid
antagonist naltrexone (0.0178 mg/kg s.c.).

Results The naltrexone discriminative stimulus was attenu-
ated not only by the p agonist morphine but also by the
dopamine D,-like receptor agonists bromocryptine and
quinpirole. In contrast, the naltrexone discriminative stim-
ulus was not consistently modified by the non-selective,
D,- and D,-like agonist apomorphine or by uptake
inhibitors with high selectivity for dopamine transporters
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(GBR 12909, RTI 113, and RTI 177). In the same monkeys,
naltrexone dose dependently decreased body temperature,
increased breathing frequency, and induced directly observ-
able signs (grimacing, salivation, and unusual posture).
Hypothermia, hyperventilation, and signs of withdrawal
were significantly attenuated by morphine and not by
quinpirole.

Conclusions Attenuation of opioid withdrawal by D,-like
receptor agonists that have lower efficacy than dopamine,
and not by uptake inhibitors with selectivity for dopamine
transporters, suggests that magnitude of receptor stimula-
tion (e.g., efficacy) and selectivity at dopamine receptors
are important factors in the modulation of opioid with-
drawal. Attenuation of the naltrexone discriminative stim-
ulus by drugs that inhibit both dopamine and serotonin
uptake (e.g., cocaine) could result from an inhibitory effect
of serotonin on dopamine. The role of dopamine in opioid
withdrawal appears to be restricted to subjective (i.e., not
somatic).

Keywords Dependence - Dopamine agonist - Drug
discrimination - L-at-Acetylmethadol - Naltrexone - Opioid -
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Introduction

Opioid dependence, evidenced by withdrawal upon discon-
tinuation of use, is one factor limiting the clinical use of
opioids and, further, contributes to abuse insofar as some
dependent individuals use opioids to alleviate withdrawal.
Monoamine neurotransmitters are involved in the behav-
ioral effects of opioids and, in particular, appear to mediate
some aspects of opioid dependence and withdrawal. For
example, the directly observable signs of opioid withdrawal
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(e.g., sweating, tearing, and goose-flesh) are associated
with increased norepinephrine neurotransmission in the
locus coeruleus and activation of the sympathetic nervous
system (Redmond and Krystal 1984); drugs that decrease
norepinephrine (e.g., op-autoreceptor agonist clonidine) can
attenuate the somatic indices of opioid withdrawal (Gowing
et al. 2002; Sell et al. 2005). However, clonidine does not
alleviate the subjective effects of opioid withdrawal
(Jasinski et al. 1985) and does not attenuate the discrimi-
native stimulus effects of naltrexone in morphine-dependent
animals (Holtzman 1985). Therefore, a neurotransmitter
other than norepinephrine appears to mediate at least some
of the symptoms of opioid withdrawal.

Extracellular dopamine levels in the ventral striatum are
positively correlated with the reinforcing effects of opioids
(Wise et al. 1995) and are inversely related to opioid
withdrawal. For example, in dependent animals, dopamine
levels decrease upon discontinuation of chronic opioid
treatment or following administration of an antagonist
(Acquas et al. 1991). A deficit in dopamine during opioid
withdrawal might contribute to the use of cocaine both as a
strategy for attenuating opioid withdrawal and for specifi-
cally achieving abstinence in a subset of opioid-dependent
individuals (Hunt et al. 1984; Kosten and Kosten 1989;
Rosen et al. 1992). Consistent with these clinical reports,
cocaine markedly attenuates the discriminative stimulus
effects of naltrexone in opioid-dependent monkeys, as well
as the naltrexone-like discriminative stimulus effects of
opioid abstinence (McMahon et al. 2004). Although many
of the behavioral effects of cocaine appear to be mediated
by inhibition of dopamine uptake, cocaine also inhibits
serotonin and norepinephrine uptake (Koe 1976). Uptake
inhibitors with some selectivity for serotonin or norepi-
nephrine transporters are comparatively less effective than
cocaine in attenuating the discriminative stimulus effects of
naltrexone in opioid-dependent monkeys (Sell and France
2002), implicating a primary role for dopamine in these
actions of cocaine.

To examine the role of dopamine and its receptors in the
discriminative stimulus effects of opioid withdrawal, uptake
inhibitors with selectivity for dopamine transporters and
direct-acting agonists with varying selectivity for dopamine
receptors were tested for their capacity to modify the
discriminative stimulus of naltrexone in L-x-acetylmethadol
(LAAM)-treated monkeys. Uptake inhibitors with selectiv-
ity for dopamine transporters were studied, including RTI
113 and RTI 177 (Kotian et al. 1995) as well as GBR 12909
(Heikkila and Manzino 1984). Dopamine receptor agonists
also were studied, including the non-selective, D;- and D,-
like agonist apomorphine and the more selective D,-like
receptor agonists bromocryptine and quinpirole (Jackson et
al. 1988; Andersen and Jansen 1990). Based on previous
reports that these drugs have positive reinforcing effects or
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cocaine-like discriminative stimulus effects in rhesus
monkeys (Woolverton et al. 1984; Kleven et al. 1990;
Sinnott et al. 1999; Wilcox et al. 2002; Lindsey et al. 2004;
Kimmel et al. 2008), it was predicted that they might also
share with cocaine the ability to attenuate the discriminative
stimulus effects of opioid withdrawal. Some of the drugs
(morphine and quinpirole) that attenuated the naltrexone
discriminative stimulus were further examined for their
capacity to modify other indices of opioid withdrawal
including directly observable (grimacing, vocalization, and
unusual postures) and physiologic signs (hypothermia and
increased breathing frequency). By comparing the effects of
a D,-like receptor agonist on discriminative and directly
observable measures of opioid withdrawal, this study
underscores the relative importance of D,-like receptors
across various indices of opioid withdrawal.

Materials and methods

Subjects Three adult rhesus monkeys (Macaca mulatta, one
male and two females, 5-8 kg) were housed individually in
stainless steel cages with free access to water. Monkeys
received chow (High Protein Monkey Diet; Harlan Teklad,
Madison, WI, USA) twice daily and fresh fruit following
experimental sessions. Monkeys were maintained in accor-
dance with the Institutional Animal Care and Use Commit-
tee, The University of Texas Health Science Center at San
Antonio, and with the 1996 Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal
Resources on Life Sciences, National Research Council,
National Academy of Sciences).

Apparatus Monkeys were seated in commercially available
primate chairs (Model RO01; Primate Products, Miami, FL,
USA). During experimental sessions, monkeys were placed
in ventilated, sound-attenuating operant chambers contain-
ing two response levers and a red light above each lever.
Each chair was equipped with a pair of shoes containing
brass electrodes to which a brief electric stimulus (250 ms,
3 mA) could be delivered from an A/C generator.
Experimental procedures were controlled and data were
collected by a computer and commercially available
software (Med Associates, St. Albans, VT, USA).

Drug discrimination procedure Monkeys received LAAM
(1 mg/kg) twice daily, 10 h apart, and were trained to
discriminate naltrexone (0.0178 mg/kg) from saline in
sessions beginning 8 h after the first daily LAAM injection.
Each session consisted of 2—8, 15-min cycles. Each cycle
began with a 10-min timeout, during which the chamber
was dark and lever presses had no programmed conse-
quence, followed by a 5-min response period, during which
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monkeys could respond under a fixed ratio (FR) 5 schedule
of stimulus-shock termination. Under this schedule, illumi-
nation of the red lights signaled the delivery of an electric
stimulus every 15 s; five consecutive responses on the
correct lever turned off the red lights and postponed the
schedule for 30 s (i.e., initiated a timeout). The correct lever
was designated by administration of saline or naltrexone
(0.0178 mg/kg s.c.) during the first minute of the cycle;
assignments (e.g., left, saline; right, naltrexone) varied
among monkeys and remained the same for an individual
for the duration of the study. Responses on the incorrect
lever reset the response requirement on the correct lever.
Failure to satisfy the FR within 15 s resulted in the delivery
of an electric stimulus; a maximum of four stimuli could be
delivered per cycle. Training was conducted by adminis-
tering saline or sham (i.e., dull pressure applied to the back)
following a cycle in which naltrexone was administered,
and 0-6 saline- or sham-injection cycles preceded the
naltrexone-injection cycle. On some training days, monkeys
received only saline or sham prior to each of two to eight
cycles.

Animals had previously satisfied the criteria for testing
defined as five consecutive or 6 of 7 days in which at least
80% of the total responses occurred on the lever
designated as correct and fewer than five responses (one
FR) occurred on the incorrect lever prior to completion of
the first FR on the correct lever. For the current study, test
drugs were administered every fourth day as long as
performance during intervening training sessions satisfied
the same criteria as above. Parameters for test sessions
were the same as for training sessions except that five
consecutive responses on either lever prevented delivery
of the electrical stimulus and monkeys received naltrexone
and other drugs alone or in combination. Naltrexone dose—
effect curves were determined by administering saline at
the beginning of the first cycle, followed by increasing
doses of naltrexone in 0.5 log unit increments at the
beginning of subsequent cycles. Doses and pretreatment
intervals for test compounds studied in combination with
naltrexone were based upon preliminary studies conducted
in this laboratory and from previous studies in other
laboratories (i.e., Kimmel et al. 2008). The drugs were
morphine (3.2-32 mg/kg), GBR 12909 (3.2 and 10 mg/kg),
RTT 113 (0.1-1.0 mg/kg), RTI 177 (0.1 and 0.32 mg/kg),
apomorphine (0.032—-1.0 mg/kg), bromocryptine (0.32—
3.2 mg/kg), and quinpirole (0.032-0.32 mg/kg). A single
dose was administered at the beginning of the first cycle
(approximately 1 h before the smallest effective dose of
naltrexone for producing discriminative stimulus effects);
bromocryptine was administered 2 h before the first cycle.
Naltrexone was administered up to doses producing at
least 80% of responses on the naltrexone lever or up to
1.0 mg/kg.

Direct observation of behavior and measurement of body
temperature LAAM-treated monkeys discriminating nal-
trexone were seated in chairs and were observed by two
experimenters blind to treatment. The temporal parameters
for observation sessions were similar to discrimination
sessions and comprised eight 15-min cycles (2 h total).
Each cycle consisted of a 10-min pretreatment followed by
a 2-min period during which the following signs were
recorded as being present or absent: grimacing, salivation,
shaking or rocking chair, and unusual posture (e.g., full
extension of legs or arms for at least 3 s). After the 2-min
observation period, breathing frequency (number of exha-
lations) was determined from movement of the chest cavity
for 15 s. Monkeys were then assessed for the presence or
absence of abdominal rigidity (hardening of abdominal
muscles determined from palpation) and sensitivity to
tactile stimulation (movement of arms or legs immediately
upon palpation). Subsequently, temperature was measured
by inserting a digital thermometer 10 cm into the rectum,
and experimenters noted the presence or absence of
uncooperativity while temperature was being recorded.
Directly observable signs were summed, and the maximum
possible score was 7.

Eight observation sessions were conducted, and a
minimum of 4 days elapsed between sessions. In the first
and last sessions, saline was administered at the beginning
of each cycle. In the remaining six sessions, monkeys
received different treatments during a particular session
and, for a particular monkey, treatment with naltrexone was
alternated with saline across sessions. In three of these
sessions, either saline, morphine (10 mg/kg), or quinpirole
(0.32 mg/kg) was administered at the beginning of the first
cycle followed by injections of saline administered in the
remaining seven cycles. In three additional sessions, either
saline, morphine (10 mg/kg), or quinpirole (0.32 mg/kg)
was administered at the beginning of the first cycle
followed by increasing doses (0.001-1.0 mg/kg) of nal-
trexone in subsequent cycles.

Drugs All drugs were administered s.c. in a volume of 0.1—
1.0 ml, and doses were expressed as the weight of the forms
indicated below. The compounds studied were LAAM,
morphine sulphate, naltrexone hydrochloride, 1-(2-[bis(4-
fluorophenyl)methoxy]ethyl)-4-(3-phenylpropyl)piperazine
(GBR 12909) (The Research Technology Branch, NIDA,
Rockville, MD, USA), 3{3-(4-chlorophenyl)tropane-2[3-
carboxylic acid phenyl ester hydrochloride (RTI 113;
synthesized by F.I.C.), 3[3-(4-chlorophenyl) tropane-2(3-(3-
phenylisoxazol-5-yl) hydrochloride (RTI 177; synthesized
by F.I.C.), S(+)-apomorphine hydrochloride, 2-bromo-o-
ergocryptine methanesulfonate salt (bromocryptine), and
quinpirole dihydrochloride (Sigma, St. Louis, MO, USA).
LAAM was dissolved in a vehicle containing 77.5% sterile
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water, 15% emulphor, and 7.5% ethanol and was heated
and sonicated. All other drugs were dissolved in sterile
water or saline and were heated and sonicated as needed.

Data analyses Drug discrimination data were expressed as
the percentage of the total number of responses that were
made on the naltrexone lever (percent drug responding;
percent DR) and were plotted as a function of dose.
Response rate was calculated using total responses during
illumination of lights (i.e., responses during timeouts were
excluded). Response rate data were expressed as the percent
of control response rate, defined as the average of the five
saline training sessions in which animals passed the criteria
for testing, and were plotted as a function of dose. The
effects of naltrexone alone were determined 20 times
throughout the course of this study, and these data were
averaged among individual monkeys, and each monkey’s
average was used for further analyses. For discrimination
studies, each dose of each test drug was studied once with
increasing doses of naltrexone.

The dose of naltrexone to produce 50% responding on
the drug-appropriate lever (EDsq, value) and the 95%
confidence limits were estimated using linear regression.
The linear portion of the dose—effect curve was used,
defined by doses producing 25% to 75% of the maximal
effect, including not more than one dose producing <25%
and not more than one dose producing >75% of the
maximal effect. Other doses were excluded from the
analyses. If naltrexone did not produce greater than 50%
of responding on the drug-associated lever, then the largest
dose (e.g., 1 mg/kg) studied was assigned as the EDsq
value. These values were determined first for individual
monkeys and then averaged among all monkeys. EDs
values determined for naltrexone in combination with other
drugs were considered significantly different from control
(i.e., naltrexone alone) when the 95% confidence limits of
the EDs, values did not overlap.

A one-way ANOVA for repeated measures was used to
examine the effects of drugs alone on response rate;
significant differences among treatments were examined
with a Tukey—Kramer test (p<0.05). To examine the
combined effects of a dopamine ligand and naltrexone on
response rate, the slopes and intercepts of naltrexone dose—
effect curves alone and in combination with various doses
of a dopamine ligand were compared with an F ratio test
using GraphPad. A dopamine ligand was considered to
have significantly modified the effects of naltrexone on
response rate when the data could not be described with a
single line.

Body temperature (degree Celsius) was expressed as an
average among monkeys (£SEM) and was plotted as a
function of dose or time after drug administration.
Breathing frequency (breaths per 15 s multiplied by four
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and expressed as breaths per minute) for an individual
monkey was calculated as an average of values obtained
from two experimenters, and these values were then
averaged among monkeys (SEM) and plotted as a function
of time or dose. Behavioral signs (grimacing, salivation,
excessive movement in the chair, unusual posture, abdom-
inal rigidity, sensitivity to tactile stimulation, and uncooper-
ativity) were calculated as an average of measurements
obtained from two experimenters. A score of 1 was given
when a sign was present during a 2-min observation period.
Signs (maximum 7) were averaged among monkeys
(#SEM) and were plotted as a function of time or dose.
Body temperature, breathing frequency, and signs were
analyzed with separate two-way ANOVAs for repeated
measures, with one factor consisting of pretreatment
(saline, 10 mg/kg of morphine, and 0.32 mg/kg of
quinpirole) and a second factor consisting of time (15—
120 min) or dose (0.001-1.0 mg/kg) of naltrexone. A post
hoc Tukey—Kramer test was used to examine significant
differences among treatments.

Results

Effects of morphine and direct-acting dopamine agonists on
discriminative stimulus effects of naltrexone Naltrexone
increased responding on the drug lever in a dose-related
manner with a dose of 0.01 mg/kg occasioning predomi-
nantly naltrexone-lever responding in all three LAAM-
treated monkeys (Figs. 1 and 2, top, closed circles). The
EDsy value (95% confidence limits) for naltrexone was
0.0059 (0.0054-0.0064) mg/kg (Table 1). Administration of
saline during the first cycle occasioned predominantly
saline-appropriate responding (Figs. 1 and 2, top, V).
Under control conditions, doses of naltrexone up to
0.01 mg/kg did not modify response rate. Morphine (3.2—
32 mg/kg) produced exclusively vehicle-lever responding
and, when administered in combination with naltrexone,
attenuated the naltrexone discriminative stimulus (Fig. 1,
top left). For example, 10 and 32 mg/kg of morphine
significantly increased the EDs, value of naltrexone 3.2-
and 6.8-fold, respectively (Table 1). Rate of responding was
not significantly modified by morphine alone or in
combination with naltrexone at the doses studied (Fig. 1,
bottom left).

The D,-like receptor agonists bromocryptine (0.32—
3.2 mg/kg) and quinpirole (0.032—0.32) produced a
maximum average (£SEM) of 7 (£7)% of responses on
the naltrexone lever. The discriminative stimulus effects of
naltrexone were significantly attenuated by bromocryptine
and quinpirole (Fig. 1, top middle and right). For example,
doses of 1 and 3.2 mg/kg of bromocryptine increased the
EDsq value of naltrexone 6.9- and 83-fold, respectively;
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Fig. 1 Discriminative stimulus effects of naltrexone (top) and rate of
responding (bottom) in LAAM-treated monkeys that received mor-
phine, bromocryptine, or quinpirole. Abscissae Dose in milligrams per
kilogram body weight; vehicle (V) or a dose of drug was administered
in the first cycle. Ordinates Mean (+SEM) percentage of responding

doses of 0.1 and 0.32 mg/kg of quinpirole increased the
EDsy value of naltrexone 7.6- and 95-fold, respectively
(Table 1). While bromocryptine and quinpirole tended to
modify rate of responding in some monkeys, these effects
were not observed in all monkeys and were not statistically
significant (Fig. 1, bottom middle and right).

on the drug-appropriate lever (%DR drug responding, top) and mean
response rate expressed as percentage of control (saline training days)
rate [response rate (% control), bottom] from three monkeys. Dashed
lines in middle panels represent data from one monkey

Uptake inhibitors with selectivity for dopamine trans-
porters, including GBR 12909 (3.2 and 10 mg/kg), RTI 113
(0.1-1.0 mg/kg), and RTI 177 (0.1 and 0.32 mg/kg)
produced less than 2% responding on the naltrexone lever
(Fig. 2, top three leftmost panels, V). The non-selective D;-
and D,-like receptor agonist apomorphine also produced
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Fig. 2 Discriminative stimulus effects of naltrexone (top) and rate of responding (bottom) in LAAM-treated monkeys that received GBR 12909,

RTI 113, RTI 177, or apomorphine. See legend to Fig. 1 for other details
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Table 1 Mean EDsq values and 95% confidence limits for the
naltrexone discrimination dose—effect curve under control conditions

and after pretreatment with morphine, bromocryptine, quinpirole,
GBR 12909, RTI 113, RTI 177, and apomorphine

Drug dose Naltrexone discriminative stimulus
EDs( value 95% confidence limits

Control 0.0059 (0.0054-0.0064)
+Morphine

3.2 mg/kg 0.014 (0.0057-0.027)

10 mg/kg 0.019* (0.017-0.021)

32 mg/kg 0.040" (0.017-0.073)
+Bromocryptine

0.32 mg/kg 0.011 (0.0050-0.018)

1 mg/kg 0.041* (0.0074-0.093)

3.2 mg/kg 0.49* (0.41-0.59)
+Quinpirole

0.032 mg/kg 0.0073 (0.0026-0.014)

0.1 mg/kg 0.045% (0.0071-0.12)

0.32 mg/kg 0.56" (0.54-0.57)
+GBR 12909

3.2 mg/kg 0.015 (0.0035-0.020)

10 mg/kg 0.013 (0.0056-0.024)
+RTI 113

0.1 mg/kg 0.0059 (0.0045-0.0074)

0.32 mg/kg 0.0059 (0.00095-2.2)

1 mg/kg 0.0027 (0.0012-0.0050)
+RTI 177

0.1 mg/kg 0.0075 (0.0057-0.0097)

0.32 mg/kg 0.011 (0.00094-0.033)
+Apomorphine

0.032 mg/kg 0.0046 (0.0017-0.0091)

0.1 mg/kg 0.0086 (0.0027-0.017)

0.32 mg/kg 0.0057 (0.0051-0.0064)

1 mg/kg b

# Greater than control EDs, value
®Not determined due to disruption in operant responding

less than 2% responding on the naltrexone lever (Fig. 2,
rightmost panel, V). Although GBR 12909 and RTI 113
attenuated the naltrexone discriminative stimulus in at least
one monkey, neither drug significantly modified the group
average EDsq value of naltrexone (Table 1). The EDsq
value of naltrexone also was not significantly modified by
RTI 177 and apomorphine. Response rate was not signif-
icantly altered by the uptake inhibitors, alone or in
combination with naltrexone (Fig. 2, bottom Ileftmost
panels). When administered alone, apomorphine markedly
decreased rate of responding (p<0.01), i.e., average
(+SEM) rate of responding was 15 (£7)% of control at a
dose of 1.0 mg/kg (Fig. 2, rightmost panel, V). Response
rate was not significantly modified by apomorphine in
combination with naltrexone.
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Effects of morphine and quinpirole on directly observable
and physiologic indices of LAAM withdrawal Body tem-
perature (degree Celsius), respiration (breaths per minute),
and directly observable signs were examined for 2 h
following administration of saline, morphine (10 mg/kg),
and quinpirole (0.32 mg/kg; Fig. 3, top). When adminis-
tered alone, morphine and quinpirole decreased body
temperature slightly (Fig. 3, top left), although these effects
were not significant at the p<0.05 level. Body temperature
decreased over time [F(7, 14)=12.82, p<0.05], an effect
most evident with morphine and quinpirole treatment,
although there was no significant interaction between drug
and time. There was no significant effect of drug or time on
respiratory frequency (Fig. 3, top middle), nor was there a
significant interaction between drug treatment and time.
There was a significant interaction between drug and time
[F(14, 28)=3.35, p<0.05] on directly observable signs due
to an effect of quinpirole to increase some signs (Fig. 3, top
right). Signs induced by quinpirole included excessive
movement in the chair and unusual posture in all monkeys
and abdominal rigidity and sensitivity to tactile stimulation
in one of three monkeys. Signs did not vary significantly as
a function of drug or time.

Naltrexone dose dependently decreased body tempera-
ture [F(7, 14)=36.63, p<0.05], increased respiration [F(7,
14)=38.66, p<0.05], and increased directly observable
signs [F(7, 14) = 15.77, p<0.05; Fig. 3, bottom]. The
maximum decrease in body temperature was 1.7°C (from
38.5 to 36.8°C) at 0.1-1.0 mg/kg of naltrexone, and the
maximum increase in respiration was 41 breaths per minute
(from 26 to 67 breaths per minute) at 0.032—1.0 mg/kg of
naltrexone (Fig. 3, bottom left and middle). All seven signs
were observed after at least one dose of naltrexone in all
three LAAM-treated monkeys, and the maximum score
(£SEM) of 4.7 (£0.2) was evident at 0.032 mg/kg of
naltrexone and remained elevated up to a dose of 1.0 mg/kg
(Fig. 3, bottom right).

Quinpirole significantly enhanced [F(2, 4)=8.01,
p<0.05] the hypothermic effects of naltrexone (Fig. 3,
bottom left); in contrast, morphine significantly attenu-
ated [F(14, 28)=3.94, p<0.05] the hypothermic effects of
naltrexone. There was no significant main effect of drug
pretreatment, although there was a significant interaction
between drug pretreatment and naltrexone dose [F(14,
28)=2.72, p<0.05] because morphine attenuated hyper-
ventilation induced by naltrexone (Fig. 3, bottom middle).
For directly observable signs, there was an effect of
drug pretreatment [F(2, 4)=18.59, p<0.05] that was
due to morphine, and not quinpirole, significantly attenu-
ating the effects of all doses of naltrexone (Fig. 3, bottom
right), as evidenced by the absence of a significant
interaction between pretreatment drug and naltrexone
dose.
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Fig. 3 Effects of morphine and quinpirole alone (top) and in
combination with naltrexone (bottom) on body temperature (leff),
respiration (middle), and directly observable signs of withdrawal
(right). Abscissae Time in minutes (fop) and dose in milligrams per
kilogram body weight (bottom); vehicle (¥), morphine (10 mg/kg),
and quinpirole (0.32 mg/kg) were administered in the first cycle.
Ordinates Mean (£SEM) body temperature (degree Celsius, /lef?),
respiration (breaths per minute, middle), and directly observable signs

Discussion

Cocaine can attenuate the subjective effects of opioid
withdrawal in humans (Hunt et al. 1984; Kosten and
Kosten 1989; Rosen et al. 1992). Cocaine also attenuates
the discriminative stimulus effects of naltrexone in
monkeys treated with LAAM (2 mg/kg/day; Sell and
France 2002) and, to a lesser extent, morphine (3.2 mg/
kg/day; McMahon et al. 2004). To examine the role of
dopamine transporters and receptors in the discriminative
stimulus effects of opioid withdrawal, dopamine uptake
inhibitors and direct-acting receptor agonists were studied
for their capacity to modify a naltrexone discriminative
stimulus in LAAM-treated monkeys. Morphine and dopa-
mine D,-like receptor agonists (bromocryptine and quinpir-
ole) attenuated the discriminative stimulus effects of
naltrexone, whereas the non-selective, D;- and D,-like
receptor agonist apomorphine, as well as uptake inhibitors

(total, right) for three monkeys. The top panel shows the effects of
vehicle, morphine (10 mg/kg), and quinpirole (0.32 mg/kg) alone
every 15 min during the 2-h session. The bottom panel shows the
effects of vehicle, morphine (10 mg/kg), and quinpirole (0.32 mg/kg)
alone (7 i.e., after 15 min) and in combination with cumulative doses
of naltrexone (0.001-1 mg/kg) administered every 15 min during the
2-h session

with selectivity for dopamine transporters (GBR 12909,
RTI 113, and RTI 177), did not consistently modify the
naltrexone discriminative stimulus. Whereas morphine also
attenuated directly observable and physiologic indices (e.g.,
hypothermia and hyperventilation) of naltrexone-induced
withdrawal, quinpirole did not attenuate these indices of
withdrawal. These results suggest that stimulation of D,-
like receptors attenuates the subjective and not other indices
(i.e., directly observable) of opioid withdrawal, whereas
inhibition of dopamine uptake alone does not mimic these
effects of D,-receptor agonists.

Attenuation of the discriminative stimulus effects of
naltrexone in LAAM-treated monkeys by quinpirole and
bromocryptine underscores the likely importance of D,-like
receptors in opioid dependence, in general, and suggests
that agonism at these receptors can alleviate the subjective
effects of withdrawal, in particular. Previous studies also
implicated an important role for D,-like receptors in
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mediating some indices of opioid withdrawal. For example,
in opioid-dependent rodents, conditioned place aversion
develops with antagonists at D,-like receptors at doses that
do not produce place conditioning in non-dependent
rodents (Funada and Shippenberg 1996). D,-like antago-
nists also enhance the discriminative stimulus effects of
naltrexone in LAAM-treated monkeys (Sell and France
2002). In rats, the locomotor stimulating actions of D,-like
receptor agonists (including quinpirole) are enhanced
during opioid withdrawal, and the expression of immediate
early genes in the ventral striatum during opioid withdrawal
is attenuated by D,-like agonists (Druhan et al. 2000). The
clinical literature also supports a relationship between D,-
like receptors and heroin use among methadone-maintained
individuals inasmuch as relapse is associated with a
polymorphism in a gene coding for D,-like receptors
(Lawford et al. 2000; but see Barratt et al. 2006).
Collectively, these data suggest that D,-like receptors are
viable targets for modulating some aspects of opioid
dependence and withdrawal.

Uptake inhibitors acting selectively at dopamine trans-
porters (GBR 12909, RTI 113, and RTI 177) did not
attenuate the discriminative stimulus effects of naltrexone.
These results contrast the striking effect of cocaine in
attenuating the naltrexone discriminative stimulus in these
same monkeys (Sell and France 2002). GBR 12909, RTI
113, and RTI 177 can share behavioral effects (i.e.,
discriminative stimulus effects) with cocaine (Kleven et
al. 1990; Howell et al. 2000; Cook et al. 2002; Kimmel et
al. 2008), whereas monoamine uptake inhibitors with little
or no affinity at dopamine transporters are much less likely
to share discriminative stimulus effects with cocaine. Thus,
under some conditions, dopamine uptake inhibition appears
to be primarily responsible for the qualitatively similar
effects of dopamine transporter ligands that vary in affinity
at serotonin and norepinephrine transporters. Monoamine
uptake inhibitors with little or no affinity for dopamine
transporters (e.g., imipramine) modestly attenuate the
naltrexone discriminative stimulus (Sell and France 2002).
Moreover, uptake inhibitors with selectivity for serotonin
transporters are reported to attenuate opioid withdrawal
(Gray 2002). Therefore, inhibition of both dopamine and
other monoamine transport appears to produce greater
attenuation of withdrawal than inhibition of dopamine
transport alone.

Unlike quinpirole and bromocryptine, apomorphine did
not attenuate the naltrexone discriminative stimulus in
LAAM-treated monkeys. Apomorphine binds non-selectively
to D;- and D»-like receptors and appears to have lower
agonist efficacy at D;-like receptors than at D,-like receptors
(Kebabian and Calne 1979). In rhesus monkeys, the
discriminative stimulus effects of apomorphine were appar-
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ently mediated by D,-like receptors (Woolverton et al. 1987,
Tang and Code 1989). In rodents, D;-like receptors were
reported to play a role in opioid dependence (Chartoff et al.
2006), and apomorphine might be acting at D;-like receptors
in opioid-dependent animals. For example, although apo-
morphine attenuated some directly observable signs of opioid
withdrawal (Cox et al. 1976; Tseng et al. 1976), apomorphine
and quinpirole had qualitatively different effects on signs of
opioid withdrawal (Zarrindast et al. 2002), perhaps reflecting
some activity of apomorphine at D,-like receptors. Other
studies indicate that apomorphine acts at D-like receptors in
opioid-dependent animals. For example, non-competitive N-
methyl-D-aspartate (NMDA) antagonists attenuated opioid
dependence, apomorphine enhanced the effects of NMDA
antagonists, and the effects of apomorphine were attenuated
by D;- and not D,-like antagonists (Farzin 1999). The extent
to which D;-like receptors mediate the discriminative stimulus
effects of naltrexone in opioid-dependent monkeys remains to
be established.

Whereas cocaine and D,-like receptor agonists attenuat-
ed the naltrexone discriminative stimulus, inhibitors with
selectivity for dopamine transporters did not. This seem-
ingly paradoxical outcome could be related to differences in
pharmacologic selectivity and dopamine receptor efficacy
among the drugs and to a non-monotonic function that
describes the relationship between dopamine signaling and
attenuation of opioid withdrawal. For example, an interme-
diate level of D,-like receptor stimulation might be optimal
for attenuating opioid withdrawal, whereas relatively high
levels of D,-like receptor stimulation might be relatively
ineffective. This hypothesis assumes that dopamine and
dopamine transporter-selective drugs (GBR 12909, RTI
113, and RTI 177) produce the highest level of D,-like
receptor stimulation inasmuch as dopamine has high
intrinsic activity (agonist efficacy) at D,-like receptors
(Geurts et al. 1999). The relatively low agonist efficacy of
direct-acting D,-like receptor agonists (quinpirole and
bromocryptine; Geurts et al. 1999) might be responsible
for their greater opioid withdrawal-attenuating effects as
compared to higher efficacy ligands (dopamine and
inhibitors of dopamine uptake). Relatively less activation
of dopamine receptors might also result from a loss of
pharmacologic selectivity (i.e., cocaine). For example,
concurrent inhibition of dopamine and serotonin uptake
might result in less stimulation of dopamine receptors than
that resulting from inhibition of dopamine uptake alone
inasmuch as serotonin inhibits mesoaccumbens dopamine
activity (Dewey et al. 1995). Attenuation of opioid
withdrawal could be most effective at an intermediate level
of D,-like receptor stimulation, thereby accounting for the
differential effectiveness of drugs that vary in the degree to
which they activate those receptors.
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In LAAM-treated monkeys, naltrexone produced signs
of withdrawal (i.e., hypothermia, hyperventilation, and
other directly observable signs) that were similar to those
reported previously in morphine-dependent rhesus monkeys
that were freely moving (i.e., in their home cage; Katz
1986) or seated in a chair (Holtzman and Villarreal 1969;
Paronis and Woods 1997). Morphine attenuated both
discriminative measures and signs of opioid withdrawal,
quinpirole attenuated the former and not the latter and
mimicked some measures of opioid withdrawal (hypother-
mia), consistent with its well-documented actions to
decrease body temperature (e.g., Faunt and Crocker
1989). Previous studies in rodents reported that dopamine
D,-like receptor agonists attenuate signs of opioid with-
drawal (Gomaa et al. 1989; Zarrindast et al. 2002; Walters
et al. 2000). Attenuation of discriminative stimulus and not
other indices of opioid withdrawal might reflect a greater
sensitivity of drug discrimination measures, relative to other
measures, and it is possible that signs of opioid withdrawal
are modified by quinpirole at doses larger than 0.32 mg/kg.
That the effects of clonidine on these various measures
were opposite to those of quinpirole (i.e., clonidine
attenuated directly observable signs and not the naltrexone
discriminative stimulus; Sell and France 2002; Sell et al.
2005) suggests that differential sensitivity among these
dependent measures is not responsible for the present
results. Rather, D,-like receptor agonism modifies the
subjective and not the directly observable indices of opioid
withdrawal.

In summary, the results of these studies demonstrate that
agonism at D,-like dopamine receptors can attenuate the
discriminative stimulus effects of naltrexone in LAAM-
treated monkeys without modifying directly observable and
physiologic indices of withdrawal. Uptake inhibitors acting
selectively at dopamine transporters, in contrast to cocaine
that acts at several different monoamine transporters, did not
modify the naltrexone discriminative stimulus; this finding
suggests that inhibition of uptake at dopamine transporters is
not sufficient to attenuate the discriminative stimulus (and,
perhaps, subjective) effects of opioid withdrawal. Therefore,
in addition to dopamine uptake inhibition and stimulation of
D,-like receptors, other mechanisms (serotonin and norepi-
nephrine uptake inhibition) appear to contribute to the
mechanism by which cocaine alleviates subjective indices of
opioid withdrawal. Drugs that target one (i.e., D,-like
receptors) or multiple components (i.e., dopamine and
serotonin transporters) of the various mechanisms of action
of cocaine might provide novel pharmacologic strategies for
alleviating the subjective experience of opioid withdrawal.
However, the effects of some of these drugs (quinpirole) to
mimic or enhance some signs of opioid withdrawal (i.e.,
hypothermia) could limit therapeutic utility.
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