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Abstract

k-Opioid receptor agonists have been suggested as treatments for cocaine addiction based on studies showing that they block
cocaine-related behaviors. To determine the effects of k-opioid receptor agonists on long-term behavioral effects associated with cocaine
and the neurochemical bases underlying these effects, rats were treated with the selective k-opioid receptor agonist U-69593
ŽŽ .Ž . w Ž . w x x .q 5a ,7a ,8b -N-methyl-N- 7- 1-pyrrolidinyl -1 oxaspiro 4.5 dec-8-yl -benzeneacetamide alone or in combination with cocaine and
locomotor activity was measured daily. In addition, dopamine transporter and dopamine receptor densities were measured using
autoradiographic techniques, and tyrosine hydroxylase was measured using immunoautoradiographic techniques. Treatment with U-69593
with or without cocaine decreased locomotor activity. When challenged with cocaine after a 5-day treatment period, the effects of cocaine
were markedly reduced in rats initially treated with U-69593 compared to vehicle. When U-69593 was administered five times with 3-day
intervals, it alone had no effect on locomotor activity but still reduced activity associated with a cocaine injection. After five daily
injections, U-69593 decreased dopamine transporter and dopamine D receptor densities and increased tyrosine hydroxylase levels. These2

changes were not seen after the 3-day interval regimen, even though cocaine-induced activity was greatly reduced. These findings show
that the effects associated with daily U-69593 treatment are attenuated if the drug is administered with a greater interval, while
maintaining a blockade of cocaine-induced activity. In addition, U-69593 can block cocaine-induced locomotor effects without major
perturbation of the dopamine system. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

It has been shown that treatment with a k-opioid recep-
tor agonist alters cocaine-related behaviors. For example,

ŽŽ .Žthe k-opioid receptor agonist U-69593 q 5a ,7a ,
. w Ž . w x8b -N-methyl-N- 7- 1-pyrrolidinyl -1 oxaspiro 4.5 dec-8-
x . Ž Ž .yl -benzeneacetamide or U50,488 trans- " 3,4-dichloro-

w Ž . .N-methyl-N- 2- pyrrolindinyl -cyclohexyl -benzeneaceta-
.mide prevented enhancement of cocaine-induced place

Ž .conditioning Shippenberg et al., 1996 and U-69593 re-
duced cocaine-induced locomotor activity and blocked co-

Ž .caine sensitization Heidbreder et al., 1993 . In addition,
pretreatment with U-69593 or bremazocine alone or in
combination with cocaine for 5 days decreased locomotor
activity and reduced activity associated with a cocaine

Žchallenge 3 days later Collins and Izenwasser, 2000a;
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.Collins et al., in press . When activity levels were exam-
ined after a cocaine challenge in groups that had received
U-69593 or bremazocine alone for only 1 day, activity
levels were not significantly different from those previ-

Žously given vehicle for 1 day Collins et al., 2000a; Collins
.et al., in press , suggesting that multiple injections of

k-opioid receptor agonists are necessary to significantly
affect locomotor activity related to cocaine administration
other than acutely.

In cocaine self-administration studies, high doses of
U50,488 blocked self-administration of high doses of co-

Ž .caine Kuzmin et al., 1997 , while U50,488 and the k-
opioid receptor agonist spiradoline decreased cocaine self-

Ž .administration in rats for up to 6 days Glick et al., 1995 .
Responding maintained by low doses of self-administered
cocaine was also reduced by U-69593, as were the priming

Ž .effects of cocaine Schenk et al., 1999 . Furthermore,
treatment with the k-opioid receptor agonist enadoline,
bremazocine, Mr2033, ethylketocyclazocine or U-69593
reduced cocaine self-administration in monkeys over a
10-day period, although all produced slight negative side
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Žeffects i.e. decrease in food-maintained responding, eme-
. Žsis, and sedation Mello and Negus, 1998; Negus et al.,

.1997 . This suggests that, although k-opioid receptor ago-
nists clearly have an effect on cocaine-induced behaviors,
it is necessary to further study the interaction between
k-opioid receptor agonists and cocaine in an attempt to
reduce the negative effects associated with k-opioid recep-
tor agonist treatment.

The mechanism by which k-opioid receptor agonists
block cocaine-induced behaviors is not known. It has been
shown that k-opioid receptor agonists inhibited dopamine

Ž . Žrelease in vitro Werling et al., 1988 and in vivo Di
Chiara and Imperato, 1988; Spanagel et al., 1990; Maison-

.neueve et al., 1994 . In addition, repeated administration of
ŽU-69593 decreased dopamine transporter density Collins

. Žet al., in press and dopamine D receptor density Izen-2
. Žwasser et al., 1998 and function Izenwasser et al., 1998;
.Acri et al., 2001 . Together, these results suggest that

k-opioid receptor agonists may alter cocaine-induced be-
haviors through an interaction with dopaminergic systems.

One concern about a potential k-opioid receptor agonist
treatment, as mentioned above, is that it alone has depres-
sant effects on both locomotor activity and dopamine
release. To further understand the parameters of these

Ž .effects, 1 the long-term effects of repeated k-opioid
Ž .receptor agonist treatment and 2 the effects of k-opioid

receptor agonist injections administered with a greater
interval than once daily were studied. In addition, several
measures of dopamine transmission were examined, in-
cluding tyrosine hydroxylase levels, and dopamine trans-
porter and dopamine receptor densities, to determine if
k-opioid receptor agonists administered in these different
treatment schedules, alter dopamine neurotransmission.
These studies will provide a better understanding of the
relationship between regulation of markers of dopamine
uptake and synthesis and the behavioral effects of cocaine
after multiple k-opioid receptor agonist treatment regi-
mens.

2. Materials and methods

2.1. Treatments

ŽMale Sprague–Dawley rats Charles River, Wilming-
.ton, MA weighing 300–350 g were housed two per cage

in a temperature- and humidity-controlled environment
under a 12-h lightrdark cycle. Food and water were
available ad libitum.

2.1.1. Experiment 1: Modification of locomotor actiÕity
and cocaine sensitization by U-69593

Sixteen rats were injected once daily for 5 days with a
Ž .subcutaneous injection s.c. of the k-opioid receptor ago-

Ž .nist U-69593 0.32 mgrkg and 12 rats were injected with
Ž .vehicle 20% dimethyl sulfoxide in sterile water 15 min

Ž .prior to locomotor activity testing Table 1 . Three days
later, eight rats that had previously received U-69593 and
eight rats that had been given vehicle were injected with

Ž . Ž .an intraperitoneal i.p. injection of cocaine 10 mgrkg
Ž .daily for the next 5 days days 8–12 . The remaining 8

U-69593 rats and the remaining four vehicle rats were
given saline injections immediately prior to the test session

Ž .for the next 5 days days 8–12 . The 16 rats that had
received U-69593 and then either cocaine or saline and the
8 rats that had received vehicle and then cocaine were
injected with an i.p. injection of 10 mgrkg cocaine alone

Ž .immediately prior to testing sessions 1 week later day 19 .
The remaining four rats were injected with saline on day
19.

2.1.2. Experiment 2: Modification of cocaine-induced lo-
comotor actiÕity and cocaine sensitization by k-opioid
receptor agonists

Eight rats were injected once daily for 5 days with a s.c.
injection of U-69593, the k-opioid receptor agonist brema-

Ž . Ž .zocine 0.32 mgrkg , or vehicle total of 24 rats 15 min
Ž .prior to an injection of 10 mgrkg cocaine i.p. , while four

rats were given vehicle alone, immediately after which the
Ž .locomotor activity testing began Table 1 . All rats that

had received a pretreatment in combination with cocaine
were injected with a 10 mgrkg cocaine challenge on both
day 8 and day 15, immediately prior to locomotor activity
testing. The remaining four rats were injected with saline
on day 8 and day 15.

2.1.3. Experiment 3: Modification of cocaine-induced lo-
comotor actiÕity after fiÕe daily injections of U-69593
administered at 3-day interÕals

To determine whether the behavioral effects associated
with U-69593 treatment alone could be diminished if the

Žtreatment paradigm was altered, U-69593 0.32 mgrkg; 15
.min before locomotor activity testing began or vehicle

Table 1
Behavioral treatment protocols

Experiment 1 Days 1–5 Days 8–12 Day 19

Group 1 vehicle saline saline
Group 2 vehicle cocaine cocaine
Group 3 U-69593 cocaine cocaine
Group 4 U-69593 saline cocaine

Experiment 2 Days 1–5 Day 8 Day 15

Group 5 vehicle saline saline
Group 6 vehicleqcocaine cocaine cocaine
Group 7 U-69593qcocaine cocaine cocaine
Group 8 bremazocineqcocaine cocaine cocaine

Experiment 3 Days 1–15 Day 18

Group 9 U-69593 every third day saline
Group 10 U-69593 every third day cocaine
Group 11 Vehicle every third day cocaine



( )S.L. Collins et al.rEuropean Journal of Pharmacology 426 2001 25–34 27

Žwas administered every 3 days over a 15-day period total
. Ž .of 20 rats Table 1 . Vehicle injections were given to all

rats on the days between the U-69593 or vehicle test days.
Ž .On day 18 3 days after the last injection , a 10-mgrkg

Ž .cocaine challenge i.p. was given to the vehicle group
Ž . Ž .Ns4 and one of the U-69593 groups Ns8 , while the

Ž .other U-69593 group received a saline injection Ns8 .

2.1.4. Experiment 4: Modification of tyrosine hydroxylase
leÕels after 5-day treatment with k-opioid receptor ago-
nists

For the immunoautoradiography assay, rats were treated
Ž .for 5 days once daily with either 0.08 or 0.32 mgrkg

ŽU-69593 or bremazocine, or vehicle the same protocol as
. Ž .in Experiment 1 and killed 3 days later Ns4rgroup .

Their brains were quickly removed and frozen in isopen-
Ž .tane on dry ice, then stored at y70 8C. Slices 20 mm

from the caudate putamenrnucleus accumbens and the
substantia nigrarventral tegmental area were thaw-mounted
on gelatinrchromate-coated slides and stored at y70 8C
prior to assay.

2.1.5. Experiment 5: Modification of dopamine transporter
and dopamine receptor density after Õarious treatments
with U-69593

Ž .For the autoradiography assays, rats Ns4rgroup
were administered one of the following: 0.32 mgrkg

Ž .U-69593 s.c. or vehicle; according to the same protocol
as in Experiment 1 or Experiment 2 and killed 3 days later,
or Experiment 3 and killed the following day by decapita-
tion. Their brains were quickly removed and frozen in

Žisopentane on dry ice, then stored at y70 8C. Slices 20
.mm from the caudate putamenrnucleus accumbens and

the substantia nigrarventral tegmental area were thaw-
mounted on gelatinrchromate-coated slides and stored at
y70 8C prior to assay.

2.2. Chemicals

Chemicals and reagents were obtained from the follow-
ŽŽ . Ž . w Žing sources: U-69593 q - 5a ,7a ,8b -N-methyl-N- 7- 1-

. w x x .pyrrolidinyl -1-oxaspiro 4.5 dec-8-yl -benzeneacetamide
Žand bremazocine from Research Biochemicals Natick,

.MA . Cocaine hydrochloride from the National Institute on
Ž . w125 x ŽDrug Abuse Rockville, MD . I RTI-121 approxi-

. w3 x Ž Ž .mately 2200 Cirmmol , H SCH 23390 R- y -8-chloro-
2,3,4, 5-tetrahydro-3,1-methyl-5-phenyl-11-3-benzyoepine-

. w125 x7-ol; approximately 75.5 Cirmmol , and I sheep=
Ž .mouse IgG immunoglobulin G; approximately 30 mCirl

Ž . w125 xfrom New England Nuclear Boston, MA . I iodo-
Ž .sulpiride approximately 2200 Cirmmol from Amersham

Ž .Arlington Heights, IL . Monoclonal Anti-Tyrosine Hy-
Ž .droxylase from Sigma St. Louis, MO .

2.3. Locomotor actiÕity testing

Locomotor activity was measured for 1 h daily, as
Žpreviously described Izenwasser et al., 1999; Kunko et al.,

. Ž1998 . Rats were placed in clear acrylic chambers 16=16
. Žin. inside Digiscan activity monitors Omnitech Electron-

.ics, Columbus, OH that were equipped with infrared light
sensitive detectors mounted 2.5 cm apart along two per-
pendicular walls. Mounted along the opposing walls were
infrared light beams that were directed at the detectors.
One count of horizontal activity was registered each time
the subject interrupted a beam. Each test session was 60
min in duration. Animals were maintained on a 12-h
lightrdark schedule with lights on at 7 AM and off at 7
PM. All behavioral testing was done during the light
schedule between 9 AM and 4 PM with each group tested
at the same hour each day.

Locomotor activity data were analyzed by two-way
Ž .Analysis of Variance ANOVA with repeated measures,

for each drug. Significant treatment effects were followed
by post hoc analyses with Fisher’s Protected Least Signifi-

Ž .cant Difference PLSD . Significant treatment by time
interactions were followed by tests for simple main effects
and Fisher’s PLSD. For the challenge data, a one-way
Analysis of Variance, with drug as the independent vari-
able was used. P values less than 0.05 were considered
significant.

2.4. Tyrosine hydroxylase immunoautoradiography

Slide-mounted tissue sections were brought to y20 8C
and fixed in 6% paraformaldehyde, 20% ethanol, 20%
ethylene glycol, 10% glycerol, 0.32 M sucrose in phos-

Ž .phate buffered saline PBS for 1 h at y20 8C. The fix
Ž .was rinsed off in PBS 0.3% tween in three successive

rinses totaling 40 min. The sections were then incubated
Ž .for 2 h in PBS 0.3% tween containing 3% bovine serum

albuminq3% goat serumq0.05% NaN at room temper-3

ature to block. The slides were then rinsed in fresh PBS
Ž .0.3% tween for 10 min. Primary antibody against tyro-

Žsine hydroxylase 1:10000, Monoclonal Anti-Tyrosine Hy-
. Ž .droxylase, Sigma in PBS 0.05% tween q1.5% goat

serumq0.05% NaN was applied overnight at approxi-3

mately 2 8C. The slides were then rinsed in three succes-
Ž .sive washes in fresh PBS 0.3% tween for a total of 45

min. The sections were incubated for 1 h at room tempera-
Ž125ture in secondary antibody I -sheep=mouse IgG, 30

.mCirl, NEN containing 1% bovine serum albuminq5%
goat serumq0.05% NaN . The tissue was then rinsed3

Ž .with two 30-min washes in fresh PBS 0.3% tween . The
slides were dipped in distilled water and dried. They were

w125 xthen apposed to Kodak Biomax film, along with I
Ž .standards Amersham . Control experiments omitting the

primary antibody were run on adjacent sections for esti-
mates of non-specific binding of the secondary antibody.

2.5. QuantitatiÕe autoradiography

For the dopamine transporter binding assay, sections
were thawed to room temperature and incubated for 60

w125 x Žmin with 0.07 nM I RTI-121 in binding buffer 137
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mM NaCl, 2.7 mM KCl, 10.14 mM Na HPO , 1.76 mM2 4
.KH PO and 10 mM NaI . Sections were then washed2 4

twice in ice-cold buffer, dipped in ice-cold deionized
water, and dried with a stream of cool dry air. Slides and

Ž125 .standards I-labeled microscales, Amersham were ap-
posed to radiosensitive film for 2 days at 4 8C. Nonspecific
binding was defined by the presence of 100 mM cocaine
HCl.

For the dopamine D receptor binding assay, sections1

were thawed to room temperature and incubated for 30
w3 x Žmin with 1 nM H SCH 23390 in binding buffer 50 mM

Tris–HCl, 120 mM NaCl, 5 mM KCl, 2 mM CaCl , 12
. ŽmM MgCl and 1 mM mianserin to prevent binding of2

.the ligand to 5-HT receptors , as previously described2
Ž .Tella et al., 1996 . Sections were then washed twice in
ice-cold buffer, dipped in ice-cold deionized water, and
dried with a stream of cool dry air. Slides and standards
Ž3 .H-labeled microscales, Amersham were apposed to ra-
diosensitive film for 7 days at 4 8C. Nonspecific binding

Ž .was defined by the presence of 10 mM R q SCH 23390.
For the dopamine D receptor binding assay, sections2

were thawed to room temperature and incubated for 30
w125 x Žmin with 0.1 nM I iodosulpiride in binding buffer 50

mM Tris–HCl, 120 mM NaCl, 5 mM KCl, 2 mM CaCl ,2
. Ž .1 mM MgCl as previously described Tella et al., 1996 .2

Sections were then washed twice in ice-cold buffer, dipped
in ice-cold deionized water, and dried with a stream of

Ž125cool dry air. Slides and standards I-labeled microscales,
.Amersham were apposed to radiosensitive film for 2 days

at 4 8C. Nonspecific binding was defined by the presence
of 1 mM domperidone.

Films for the autoradiography and immunoautoradiog-
raphy studies were developed in Kodak GBX developer
and fixative, and autoradiograms were analyzed using a

ŽMacintosh-based image analysis system NIH, Image 1.60
.software . Brain images were quantified using curves gen-

erated from the labeled standards. Data were analyzed by
Analysis of Variance and Fisher’s Protected Least Signifi-
cant Difference.

3. Results

3.1. Locomotor actiÕity

3.1.1. Experiment 1: Modification of locomotor actiÕity
and cocaine sensitization by U-69593

( )3.1.1.1. Pretreatment phase days 1–5 . As shown previ-
Žously Collins and Izenwasser, 2000a; Collins et al., in

.press , U-69593 significantly decreased activity on each of
Ž . Ž .the test days compared to vehicle PF0.05 Fig. 1 .

( ) Ž3.1.1.2. Sensitization phase days 8–12 . Cocaine group
. Ž .2 , compared to saline group 1 , increased activity in rats

Žtreated with vehicle during the pretreatment phase PF

Ž .Fig. 1. U-69593 0.32 mgrkg or vehicle was administered alone for 5
Ž .days 1–5 and locomotor activity was examined daily. On day 8 through

day 12, 10 mgrkg cocaine was given to one of the U-69593 groups as
well as one group treated with vehicle. The other U-69593 group and the
other vehicle group received saline. On day 19, a 10-mgrkg cocaine
challenge was given to the vehiclercocaine group, the U-69593rcocaine
group and the U-69593rsaline group. The vehiclersaline group received
a saline injection on day 19. The response to cocaine in the group that
was pretreated with U-69593 was significantly lower than the group

Ž .pretreated with vehicle PF0.05 . Further, the U-69593 group chal-
lenged with cocaine was not significantly different from the U-69593
group given saline. On day 19, both groups that had U-69593 were

Ž .significantly higher than the vehiclersaline group PF0.05 ; however,
they were not significantly different from each other and were signifi-

Ž .cantly lower than the vehiclercocaine group PF0.05 . Values shown
are the means"S.E.M. for eight rats treated with U-69593rgroup and
four rats treated with vehiclergroup.

.0.05; Fig. 1 . Although it appears that activity increased in
group 2 over the 5 days in the sensitization phase, an
overall ANOVA comparing activity over these 5 days
Ž .days 8–12 was not significant, showing that group 2 did
not show sensitization to cocaine at this time. Rats treated

Ž .with U-69593 then cocaine group 3 had significantly
Ž .lower activity levels than group 2 PF0.05 and there

was no significant difference in response to cocaine or
Žsaline in the groups treated with U-69593 group 3 or 4,

.respectively . In addition, the response to cocaine or saline
Ž .for rats initially given U-69593 group 3 or 4 did not

Žchange over the 5-day treatment period i.e. no sensitiza-
.tion appeared to occur .

( )3.1.1.3. Cocaine challenge day 19 . Two weeks after the
Ž .pretreatment period 1 week after the sensitization period ,

all rats were given a cocaine or saline challenge. Rats that
had been treated with vehicle initially then treated with

Ž .cocaine for 5 days group 2 showed a significantly higher
Ž .level of activity PF0.05 after this cocaine challenge

Ž .i.e. sensitization than they did upon their first exposure to
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Ž .cocaine on day 8 Fig. 1 . Group 2 also had a significantly
greater response to a cocaine challenge than group 3
Ž . Žpretreated with U-69593 then cocaine or group 4 pre-

.treated with U-69593 then saline . Both groups of rats that
Ž .had initially been treated with U-69593 group 3 or 4 had

significantly higher levels of activity in response to a
cocaine challenge compared to rats initially treated with
vehicle then saline and challenged with saline on day 19
Ž .PF0.05; group 1 showing that there was an acute effect
of cocaine 2 weeks after the U-69593 treatment ended. The
U-69593 groups showed similar levels of activity in re-
sponse to cocaine. Thus, while cocaine still had an acute
effect, sensitization to this cocaine challenge did not ap-
pear to have occurred in the group that was initially treated

Žwith U-69593 then treated with cocaine for 5 days group
.3; Fig. 1 .

3.1.2. Experiment 2: Modification of cocaine-induced lo-
comotor actiÕity and cocaine sensitization by k-opioid
receptor agonists

( )3.1.2.1. Pretreatment phase days 1–5 . Pretreatment with
Ž . Ž .U-69593 group 7 or bremazocine group 8 in combina-

tion with cocaine significantly decreased cocaine-induced
locomotor activity compared to rats pretreated with vehicle

Ž .in combination with cocaine group 6 over a 5-day period
Ž .PF0.05; Fig. 2 .

( )3.1.2.2. First challenge day 8 . Three days after the end
of the pretreatment phase, the rats pretreated with vehicle

Ž .qcocaine group 6 were sensitized to a challenge injec-
Ž .tion of cocaine compare responses on day 8 to day 1 .

Rats pretreated with bremazocineqcocaine and chal-
Ž .lenged with cocaine group 8 had a small increase in

activity compared to rats pretreated with vehicle then
Ž .administered saline PF0.05; group 5 showing a small

acute effect of cocaine, but they were clearly not sensi-
tized. In fact, their activity was still below the normal

Ž .initial response to cocaine see group 6, day 1 . Rats
pretreated with U-69593qcocaine and challenged with

Ž .cocaine group 7 had no response to cocaine, and were
not significantly different from rats pretreated with vehicle

Ž .and administered saline group 5 . Both groups pretreated
Ž .with a k-opioid receptor agonistqcocaine group 7 or 8

exhibited significantly less locomotor activity in response
to a cocaine challenge than rats previously pretreated with

Ž .vehicleqcocaine then challenged with cocaine group 6 ,
Ž .PF0.05; Fig. 2 .

( )3.1.2.3. Second challenge day 15 . Ten days after the last
Ž .pretreatment 1 week after the first challenge , all three

groups challenged with cocaine had significantly higher
Žlocomotor activity than rats challenged with saline PF

.0.05, group 5 . However, rats pretreated with either k-
Ž .opioid receptor agonistqcocaine group 7 or 8 again did

not appear to be sensitized to this cocaine challenge injec-

Ž . Ž .Fig. 2. U-69593 0.32 mgrkg , bremazocine 0.32 mgrkg , or vehicle in
combination with 10 mgrkg cocaine or vehicle alone was administered
for 5 days and locomotor activity was examined daily. A 10-mgrkg
cocaine challenge injection was administered on day 8 and day 15 to all
groups previously given a pretreatment in combination with cocaine and
locomotor activity was examined. The remaining vehicle group received a
saline injection on day 8 and day 15. The groups that were treated with
one of the k-opioid receptor agonistsqcocaine were not significantly
different from the vehicle alone group and exhibited significantly lower

Žlocomotor activity than the group that received vehicleqcocaine PF
.0.05 . Although the responses to the cocaine challenge 3 and 10 days

after the end of the pretreatment period were higher in the k-opioid
receptor agonistqcocaine pretreated groups than the vehicle alone group
Ž .PF0.05 , they were significantly lower compared to the group that had

Ž .been pretreated with vehicleqcocaine PF0.05 . Values shown are the
means"S.E.M. for eight ratsrpretreatment in combination with cocaine
group and four ratsrvehicle alone group.

tion, shown by significantly lower activity than those
initially treated with vehicleqcocaine then challenged

Ž .with cocaine PF0.05; Fig. 2 . The lack of sensitization
is also shown by a lack of a significant difference between
the responses to cocaine in these two groups compared to

Žthe response to cocaine by group 6 on day 1 first exposure
.to cocaine . The response to cocaine was not significantly

altered between days 8 and 15 in any of the groups.

3.1.3. Experiment 3: Modification of cocaine-induced lo-
comotor actiÕity after fiÕe daily injections of U-69593
administered at 3-day interÕals

There were no significant differences between the vehi-
cle group and either U-69593 group, or between test days
and saline days, during the initial 15-day treatment period
Ž .Fig. 3A . There was a significant increase in activity in

Ž .the vehicle group group 11 in response to a cocaine
Ž .challenge injection 3 days later on day 18 PF0.05 .

While cocaine did appear to produce a small increase in
Ž .activity in the U-69593 pretreated rats group 10 when

Ž .compared to saline group 9 , the activity levels were
significantly lower than the vehicle pretreated group that
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Ž . Ž .Fig. 3. A U-69593 0.32 mgrkg or vehicle was administered every
third day for 15 days and vehicle was given on the interim days.
Locomotor activity was measured daily. There were no significant differ-
ences between any of the treatments on any of the 15 days. Values shown

Ž . Ž .are the means"S.E.M. for eight animals. B U-69593 0.32 mgrkg or
vehicle was administered every third day for 15 days, totaling five

Ž .U-69593 or vehicle injections data are from Fig. 3A . On day 18, 10
mgrkg cocaine was given to the vehicle group and one of the U-69593
groups, while the other U-69593 group received saline. There were no
significant differences between any of the groups during the initial five
treatment injections. Although cocaine significantly increased activity
over saline in U-69593 pretreated rats, the effect was greatly diminished

Ž .compared to vehicle pretreated rats PF0.05 . Values shown are the
means"S.E.M. for eight rats.

Ž . Žreceived a cocaine challenge group 11 , PF0.05, Fig.
.3B .

3.2. Tyrosine hydroxylase immunoautoradiography

3.2.1. Experiment 4: Modification of tyrosine hydroxylase
leÕels after 5-day treatment with k-opioid receptor ago-
nists

There was a significant increase in tyrosine hydroxylase
levels in the ventrolateral portion of the caudate putamen
and the core of the nucleus accumbens after treatment with

Ž .the lower dose of 0.08 mgrkg U-69593 PF0.05 , while

tyrosine hydroxylase levels were significantly increased
overall in the caudate putamen and nucleus accumbens
after treatment with the higher dose of 0.32 mgrkg U-

Ž . Ž .Fig. 4. A Rats were treated with U-69593 0.08 or 0.32 mgrkg or
vehicle for 5 days, killed 3 days later, and tyrosine hydroxylase levels
were measured. The group that was treated with 0.08 mgrkg U-69593
had significantly higher tyrosine hydroxylase levels in the ventrolateral
part of the caudate putamen and the nucleus accumbens core compared to

Ž .vehicle PF0.05 . Those treated with 0.32 mgrkg U-69593 had signifi-
cantly higher tyrosine hydroxylase levels throughout the caudate putamen

Ž .and the nucleus accumbens compared to vehicle PF0.05 . Values
Ž .shown are the means"S.E.M. for four rats. B Rats were treated with

Ž .bremazocine 0.08 or 0.32 mgrkg or vehicle for 5 days, killed 3 days
later, and tyrosine hydroxylase levels were measured. The group that was
treated with 0.08 mgrkg bremazocine had significantly higher tyrosine
hydroxylase levels in the nucleus accumbens core and those treated with
0.32 mgrkg U-69593 had significantly higher tyrosine hydroxylase levels
in the ventral part of the caudate putamen and in the nucleus accumbens

Ž .core and shell compared to vehicle PF0.05 . Values shown are the
means"S.E.M. for four rats.
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w125 xFig. 5. Densitometric analysis of I iodosulpiride binding was conducted in the caudate putamen and nucleus accumbens of rats treated with one of the
Ž . Ž . Ž . Ž .following: U-69593 0.32 mgrkg once daily for 1 or 5 days, cocaine 10 mgrkg once daily for 5 days, U-69593 0.32 mgrkg qcocaine 10 mgrkg

Ž .once daily for 5 days and killed 3 days later, or five daily injections of U-69593 0.32 mgrkg administered at 3-day intervals and killed 1 day later. The
density of dopamine D receptors was significantly increased in the nucleus accumbens core of rats that received cocaine once daily for 5 days and2

significantly decreased in the caudate putamen in rats treated with U-69593 once daily for 5 days, as compared to vehicle. Values shown are the
means"SEM for four animals per group. Abbreviations: DM, dorsomedial; DL, dorsolateral; VM, ventromedial; VL, ventrolateral. )P-0.05 compared
to vehicle.

Ž .69593 PF0.05; Fig. 4A . Additionally, after treatment
with the lower dose of 0.08 mgrkg bremazocine tyrosine
hydroxylase levels were significantly increased in the nu-

Ž .cleus accumbens core PF0.05 and there was a signifi-
cant increase in tyrosine hydroxylase levels in the ventral
portion of the caudate putamen and the core and shell of

w125 xFig. 6. Densitometric analysis of I RTI-121 binding was conducted in the caudate putamen and nucleus accumbens of rats treated with one of the
Ž . Ž . Ž . Ž .following: U-69593 0.32 mgrkg once daily for 1 or 5 days, cocaine 10 mgrkg once daily for 5 days, U-69593 0.32 mgrkg qcocaine 10 mgrkg

Ž .once daily for 5 days and killed 3 days later, or five daily injections of U-69593 0.32 mgrkg administered at 3-day intervals and killed 1 day later. The
density of dopamine transporters was significantly decreased in the caudate putamen of rats that received U-69593 once daily for 5 days, as compared to
vehicle. Values shown are the means"SEM for four animals per group. Abbreviations: DM, dorsomedial; DL, dorsolateral; VM, ventromedial; VL,
ventrolateral. )P-0.05 compared to vehicle.
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w3 xFig. 7. Densitometric analysis of H SCH 23390 binding was conducted in the caudate putamen and nucleus accumbens of rats treated with one of the
Ž . Ž . Ž . Ž .following: U-69593 0.32 mgrkg once daily for 1 or 5 days, cocaine 10 mgrkg once daily for 5 days, U-69593 0.32 mgrkg qcocaine 10 mgrkg

Ž .once daily for 5 days and killed 3 days later, or five daily injections of U-69593 0.32 mgrkg administered at 3-day intervals and killed 1 day later. The
density of dopamine D receptors was significantly increased in the nucleus accumbens core of rats that received cocaine once daily for 5 days, as1

compared to vehicle. Values shown are the means"SEM for four animals per group. Abbreviations: DM, dorsomedial; DL, dorsolateral; VM,
ventromedial; VL, ventrolateral. )P-0.05 compared to vehicle.

the nucleus accumbens after treatment with the higher dose
Ž .of 0.32 mgrkg bremazocine PF0.05; Fig 4B .

3.3. QuantitatiÕe autoradiography

3.3.1. Experiment 5: Modification of dopamine transporter
and dopamine receptor densities after treatment with u-
69593

Previously, it was shown that after treatment with U-
69593 for 5 days, there were significant decreases in

Ž .dopamine transporter density Collins et al., in press . It
was also shown that dopamine receptor D densities were2

decreased following a 3-day treatment with U-69593, while
Ždopamine D receptors were unchanged Izenwasser et al.,1

.1998 . The current study furthered those findings by show-
ing that a 5-day treatment also leads to a decrease in

Ž .dopamine D receptors PF0.05; Fig. 5 . In contrast,2

when U-69593 was given in combination with cocaine for
5 days, there were no changes in dopamine D receptor2
Ž . Ž .Fig. 5 , dopamine transporter Fig. 6 , or dopamine D1

Ž .receptor Fig. 7 densities when compared to vehicle.
Treatment with cocaine alone for 5 days produced signifi-

Ž .cant increases in dopamine D receptor Fig. 7 and D1 2
Ž .receptor Fig. 5 densities in the nucleus accumbens core

Ž .compared to vehicle PF0.05 and co-administration of
U-69593 had no effect on this. Furthermore, there were no

Ž .significant changes in dopamine transporter Fig. 6 ,

Ž .dopamine D receptor Fig. 7 , or dopamine D receptor1 2
Ž .Fig. 5 densities after the one daily injection or 3-day
interval treatment with U-69593 when compared to vehi-
cle.

4. Discussion

The results of these experiments show that k-opioid
receptor agonists can block the acute locomotor effects of
cocaine as well as the development of sensitization to
cocaine for at least 2 weeks after the last k-opioid receptor
agonist injection was administered. The decrease in co-
caine-induced behavior by k-opioid receptor agonists is
supported by other studies. U-69593 reduced locomotor
effects associated with cocaine at various time points

Žwithin 5 days of initial treatment Heidbreder et al., 1993;
.Vanderschuren et al., 2000; Collins et al., in press and

reduced reinstatement of cocaine self-administration
Ž .Schenk et al., 1999 . In addition, U50,488 blocked self-

Žadministration of cocaine Glick et al., 1995; Kuzmin et
.al., 1997 .

It has been suggested previously that the effect of
k-opioid receptor agonist treatment on the behavioral ef-
fects of cocaine may be due to an interaction with the
dopamine system. For example, it has been shown that

Ždopamine release Di Chiara and Imperato, 1988; Spanagel
.et al., 1990; Maisonneueve et al., 1994 , dopamine trans-
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Ž .porter density Collins et al., in press and dopamine D2
Ž .receptor density Izenwasser et al., 1998 are decreased

after treatment with k-opioid receptor agonists. Further-
more, in the current study, increased levels of tyrosine
hydroxylase were observed in rats treated with U-69593 or
bremazocine. The decrease in dopamine transporter density
and the resultant initial increase of extracellular dopamine
Ž .Heidbreder et al., 1998 would potentially cause a deple-
tion of dopamine. To compensate for dopamine depletion,
it is possible that levels of tyrosine hydroxylase would be
elevated leading to increased dopamine synthesis. Thus,
there are significant alterations in the dopamine system
following treatment with k-opioid receptor agonists. It is
not entirely clear, however, which of these changes are
primarily related to the treatment and which are compen-
satory reactions to the treatment effects.

A concern with k-opioid receptor agonists is that re-
peated k-opioid receptor agonist treatment alone reduced

Ž .food-maintained responding Negus et al., 1997 and loco-
Ž .motor activity Collins et al., in press . The current studies

show that the reduction in locomotor activity after admin-
istration of U-69593 alone could be eliminated if the
inter-injection interval is increased. Furthermore, after this
extended inter-injection interval, locomotor activity associ-
ated with a cocaine challenge is still significantly reduced,
comparable to when k-opioid receptor agonists are given
daily. This is important from a treatment perspective be-
cause a less intensive treatment regimen may reduce the
negative effects associated with a daily treatment regimen.
It is especially interesting to note that dopamine trans-
porter and dopamine receptor levels were unchanged after
the 3-day interval treatment regimen. The lack of effect on
these dopaminergic markers at the same time when there is
a significant reduction in cocaine-induced behaviors shows
that it is not necessary for the dopamine transporter or
dopamine receptors to be altered in order to see reduced
activity of cocaine. This suggests that a mechanism other
than alterations in the dopamine transporter or dopamine
receptors may be responsible for the reduction in cocaine’s
behavioral effects following treatment with a k-opioid
receptor agonist. Thus, even though a daily treatment with
a k-opioid receptor agonist produces multiple effects on
the dopamine system, these changes may not be solely
responsible for the changes in cocaine-induced behaviors.
Therefore, it may be necessary to look at other systems to
determine the underlying cause of the reduction in the
behavioral effects of cocaine.

There is evidence that the interaction between k-opioid
receptor agonists and cocaine may be regulated by sero-
tonin. For example, it has been shown that U-69593
attenuated RTI-55-induced cocaine self-administration but

Ž .not that of WIN 35,428 Schenk et al., 2000 . This was
interesting because both RTI-55 and cocaine inhibit uptake
at the serotonin transporter with similar affinities to the

Ždopamine transporter Boja et al., 1992a,b; Eshleman et
.al., 1999 , whereas WIN 35,428 binds only to the dopamine

transporter, suggesting that the k-opioid receptor agonist
may be interacting with the serotonin system rather than
the dopamine system in decreasing cocaine self-adminis-
tration. Furthermore, although it has been suggested re-
peatedly that the reinforcing effects of cocaine are due
primarily to an interaction with the dopamine transporter
Ž .Ritz et al., 1987; Kuhar et al., 1991; Volkow et al., 1997 ,
dopamine transporter knockout mice have been shown to

Ž .self-administer cocaine Rocha et al., 1998 , suggesting
that cocaine retains its reinforcing properties without inter-
acting with the dopamine transporter. In addition, injection
of the 5-HT receptor antagonist WAY 100635 reduced1A

cocaine-produced reinstatement of extinguished drug-tak-
Ž .ing behavior Schenk, 2000 . Cocaine-induced locomotor

activity has also been shown to be modulated by serotonin.
For example, administration of the 5-HT receptor antago-3

nist ondansetron, the serotonin-specific reuptake inhibitor
fluoxetine, or the 5-HT receptor antagonist WAY 1006351A

Žattenuated cocaine-induced locomotor activity Carey et
.al., 2000; Herges and Taylor, 2000 .

There appear to be reciprocal effects between serotonin
and k-opioid receptors. k-Opioid receptors, measured by

w3 xbinding of H U-69593, are upregulated after intermittent
Ž . ŽUnterwald et al., 1994 or continuous infusion Collins et

.al., 2000b of cocaine. This upregulation was found in
serotonin-rich areas of the brain, such as the endopiriform
nucleus, claustrum, medial portion of the caudate putamen,
and the nucleus accumbens shell, but was not observed
after treatment with the selective dopamine uptake in-

Ž .hibitors GBR 12909 or RTI-117 Collins et al., 2000b .
The lack of effect of selective dopamine uptake inhibitors

w3 xon H U-69593 binding, in contrast to the upregulation
seen following cocaine treatment, further demonstrates that
the interaction between cocaine and k-opioid receptors
may be regulated by serotonin, or another non-
dopaminergic system.

Overall, these data provide further evidence that the
diminishment of cocaine’s behavioral effects by k-opioid
receptor agonists is fairly long-lasting. Thus, these drugs
may prove to be effective in the treatment of long-term
cocaine abuse. Further, it may be possible, with the proper
dosing regimen, to reduce the effects that this treatment
alone has on behavior. The current results also add to the
growing literature suggesting the possibility that the effects
of k-opioid receptor agonists on cocaine-related behaviors
may be due to an interaction with systems other than
dopaminergic, possibly in combination with dopaminergic
effects, and that it is possible to block the behavioral
effects of cocaine without major perturbation of the
dopamine system.
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