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Endogenous �-Opioid Receptor Systems Regulate
Mesoaccumbal Dopamine Dynamics and Vulnerability
to Cocaine
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Genetic and pharmacological approaches were used to examine �-opioid receptor (KOR-1) regulation of dopamine (DA) dynamics in the
nucleus accumbens and vulnerability to cocaine. Microdialysis revealed that basal DA release and DA extraction fraction (Ed ), an indirect
measure of DA uptake, are enhanced in KOR-1 knock-out mice. Analysis of DA uptake revealed a decreased Km but unchanged Vmax in
knock-outs. Knock-out mice exhibited an augmented locomotor response to cocaine, which did not differ from that of wild-types
administered a behavioral sensitizing cocaine treatment. The ability of cocaine to increase DA was enhanced in knock-outs, whereas c-fos
induction was decreased. Although repeated cocaine administration to wild types produced behavioral sensitization, knock-outs exhib-
ited no additional enhancement of behavior. Administration of the long-acting KOR antagonist nor-binaltorphimine to wild-type mice
increased DA dynamics. However, the effects varied with the duration of KOR-1 blockade. Basal DA release was increased whereas Ed was
unaltered after 1 h blockade. After 24 h, release and Ed were increased. The behavioral and neurochemical effects of cocaine were
enhanced at both time points.

These data demonstrate the existence of an endogenous KOR-1 system that tonically inhibits mesoaccumbal DA neurotransmission.
Its loss induces neuroadaptations characteristic of “cocaine-sensitized” animals, indicating a critical role of KOR-1 in attenuating
responsiveness to cocaine. The increased DA uptake after pharmacological inactivation or gene deletion highlights the plasticity of
mesoaccumbal DA neurons and suggests that loss of KOR-1 and the resultant disinhibition of DA neurons trigger short- and long-term
DA transporter adaptations that maintain normal DA levels, despite enhanced release.
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Introduction
The �-opioid receptor-1 (KOR-1) and dynorphin, its endoge-
nous ligand, are enriched in the nucleus accumbens (NAc) (Man-
sour et al., 1995). Systemic KOR-1 agonist administration de-
creases mesoaccumbal dopamine (DA) neurotransmission, and
similar effects occur after selective activation of NAc KOR-1
(Spanagel et al., 1992). Although these actions were initially at-
tributed to inhibition of DA release (Heijna et al., 1990), KOR-1
is colocalized with the dopamine transporter (DAT) in NAc DA
terminals (Svingos et al., 2001). Recent studies have shown that
KOR-1 agonists regulate NAc DA uptake, suggesting that KOR-1

activation inhibits DA neurotransmission by two distinct mech-
anisms (Thompson et al., 2000).

Cocaine increases NAc DA levels by binding to DAT and in-
hibiting DA uptake. This increase contributes to the psychomo-
tor stimulant and rewarding effects of cocaine. Acute KOR-1
agonist administration inhibits cocaine-induced induction of
immediate early genes (IEG) (Steiner and Gerfen, 1995) and at-
tenuates compulsive cocaine seeking (Schenk et al., 1999). Coad-
ministration of KOR-1 agonists with cocaine attenuates the de-
velopment of cocaine-induced behavioral sensitization and
prevents alterations in DA neurotransmission produced by re-
peated cocaine administration (Heidbreder and Shippenberg,
1994; Shippenberg and Chefer, 2003). Evidence that cocaine and
other psychostimulants increase preprodynorphin gene expres-
sion in the NAc and striatum has also been obtained (Daunais et
al., 1993; Turchan et al., 1998). Because KOR-1 agonists inhibit
DA neurotransmission, several laboratories have hypothesized
that psychostimulants increase the activity of endogenous KOR-1
systems and that this increase is a homeostatic mechanism that
opposes alterations in behavior and brain function resulting from
repeated drug use. To date, however, a test of this hypothesis is
lacking. Thus, although exogenously administered agonists at-
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tenuate various actions of cocaine, whether KOR-1 hypofunction
is associated with enhanced responsiveness to cocaine is
unknown.

Dialysate DA levels are increased in the NAc after acute block-
ade of KOR-1 receptors in this brain region (Spanagel et al.,
1992). This finding suggests that endogenous KOR-1 systems
regulate the basal activity of mesoaccumbal DA neurons. The
mechanisms mediating this effect, however, have not been deter-
mined. Thus, conventional microdialysis techniques do not per-
mit quantification of extracellular DA (DAext) levels and alter-
ations in dialysate levels may result from changes in uptake or
release. Questions also exist as to whether lack of KOR-1 signal-
ing triggers adaptations in DA neurons that oppose increases in
DA neurotransmission resulting from loss of this opioid system.

The present studies addressed these issues by examining the
influence of constitutive deletion and pharmacological inactiva-
tion of KOR-1 on basal DA dynamics in the NAc and the respon-
siveness of mesoaccumbal DA neurons to cocaine. Microdialysis
techniques and in vitro assays were used to quantify DA dynamics
and cocaine-evoked DA overflow in KOR-1 knock-out (KO) and
wild-type (WT) mice. Cocaine-evoked locomotion and IEG in-
duction were also assessed. The temporal relationship between
loss of KOR-1, DA dynamics, and responsiveness to cocaine was
examined in studies in which the selective, long-acting (�3
weeks) (Broadbear et al., 1994) KOR-1 antagonist nor-
binaltorphimine (nor-BNI) was administered to WT mice either
1 or 24 h before experiments.

Materials and Methods
Subjects. The KOR-1 KO mice were produced by standard techniques as
described previously (Hough et al., 2000). These animals lack all KOR-1
binding activity and analgesic responses to KOR-1 agonists. The WT,
heterozygous (HET), and KO mice used in this study were 2- to
4-month-old male siblings (20 –30 g), derived from the mating of HET,
KO mice maintained on a mixed C57BL/6J � 129S6 background. Be-
cause a mixed genetic background can increase phenotypic variability of
genetically modified animals, selected experiments were also performed
on WT and KOR-1 KO mice after 10 generations of backcrossing of the
mutant KOR-1 allele to the C57BL/6J background. Genotype was deter-
mined by Southern blotting of DNA extracted from tail samples. Male
C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were used for
pharmacological antagonism studies. All mice were maintained in a
temperature- and humidity-controlled environment under a 12 h light/
dark cycle for at least 2 weeks before experiments. Food and water were
available ad libitum. Animals were maintained in facilities accredited by
the American Association for the Accreditation of Laboratory Animal
Care. All experiments were conducted in accordance with the guidelines
of the Institutional Care and Use Committee of the National Institute on
Drug Abuse, National Institutes of Health.

Microdialysis. Mice were implanted unilaterally with a guide cannula
(CMA/7; CMA/Microdialysis, Acton, MA) aimed at the NAc [anteropos-
terior, �1.5; mediolateral, �0.8; dorsoventral, �3.6 (Slotnick and Leo-
nard, 1975)] using standard stereotaxic techniques under pentobarbital
(70 mg/kg, i.p.) anesthesia. After a 5 d recovery period, microdialysis
probes (CMA/7; membrane dimension, 0.24 � 1 mm) were manually
inserted into the guide cannula 12–16 h before experiments, and the
animals were placed in Plexiglas test chambers. The inlet tubing of the
probe was connected to a microinfusion pump (model 2000 syringe
pump; Instech Laboratory, Plymouth Meeting, PA) via a quartz-lined
swivel (Instech Laboratory), allowing movement of the mouse in the
chamber. The probes were perfused overnight with artificial CSF (aCSF)
containing the following (in mM):145 NaCl, 2.8 KCl, 1.2 MgCl2, 1.2
CaCl2, 0.25 ascorbate, and 5.4 D-glucose, pH 7.2 (at a flow rate of 0.3
�l/min). The next day, the flow rate was increased to 0.6 �l/min.

Control studies assessing the influence of the intra-NAc infusion of a
selective KOR-1 agonist on basal dialysate DA levels were first performed

to confirm the absence of KOR-mediated regulation of DA in the NAc of
KO animals. After a 90 min equilibration period, five consecutive dialysis
samples were collected at 10 min intervals for determination of basal DA
concentrations. Probes were then perfused with aCSF containing the
selective KOR agonist U-69,593 [(5�, 7�, 8�)-(�)-N-methyl-N-[7-(1-
pyrrolidinyl)1-oxaspiro(4,5)dec-8-yl] benzenacetamide] (200 nM) for 20
min, followed by normal aCSF for 50 min. Samples were again collected
at 10 min intervals. They were frozen in dry ice and analyzed for DA
content within 24 h after collection.

No-net-flux microdialysis experiments, which permit quantification
of basal DA dynamics (Shippenberg et al., 1999), were conducted in a
separate group of animals. Four different concentrations of DA in aCSF
(Cin of 0, 5, 10, and 20 nM DA) were perfused through the probes in
random order to determine the extracellular DA concentration (DAext)
and extraction fraction (Ed), an indirect measure of DA uptake (Parsons
et al., 1991b; Justice, 1993). After a 25 min equilibration period, two 15
min dialysis samples were collected at each Cin concentration to quantify
DA in the perfusates (Cout) using HPLC coupled with electrochemical
detection.

After the completion of no-net-flux experiments, aCSF without DA
was again perfused through the probe for 40 min to allow equilibration of
basal DA levels. Three consecutive dialysis samples were then collected to
determine basal dialysate DA levels. Mice were then injected with saline
(0.1 ml/10 g, i.p.), followed 45 min later by the first of three intraperito-
neal injections of cocaine (5, 10, and 15 mg/kg, i.p.) with 45 min intervals
between each injection. Samples were collected at 15 min intervals and
frozen on dry ice for later quantification of DA.

The behavioral effects produced by the acute cocaine challenge were
quantified during microdialysis experiments using the following behav-
ioral rating scale. For each 5 min observational period, each animal was
assigned a rating score from 1 to 8. The definitions of each rating value
were as follows: 0, normal resting behavior (asleep or inactive, lying
down, eyes open); 1, normal in place activities (e.g., grooming); 2, nor-
mal exploratory activity (slow ambulatory movements, mild sniffing,
and rearing); 3, intense sniffing with head movements; 4, locomotion,
distance more than two body lengths; 5, stereotypy/sniffing within re-
stricted area, bobbing, circling, licking body parts; 6, rapid locomotion
without rearing; 7, rapid locomotion with rearing; 8, intense stereotypy,
gnawing.

For studies examining the influence of pharmacological antagonism of
KOR-1 on basal DA dynamics, C57BL/6J mice received a subcutaneous
injection of the selective KOR-1 antagonist nor-BNI (10 mg/kg) or an
equivalent volume of saline. Previous studies (Broadbear et al., 1994)
have shown that this dose results in the selective and long-lasting (�3
week) blockade of KOR-1. No-net-flux experiments (as described above)
commenced 1 and 24 h after nor-BNI injection, and separate animals
were used at each time point. The influence of nor-BNI treatment on
cocaine-evoked dialysis DA levels was determined in additional groups of
C57BL/6J mice that had received nor-BNI or saline 24 h before microdi-
alysis studies. After the equilibration period, six consecutive dialysis sam-
ples were collected at 10 min intervals for determination of basal DA
concentrations. Animals then were injected with saline (0.1 ml/10 g, i.p.),
followed 60 min later by an intraperitoneal injection of 15 mg/kg cocaine.
Samples were collected at 10 min intervals for 90 min. The behavioral
effects produced by the acute challenge doses of cocaine were measured
during these microdialysis experiments using a Tru Scan activity moni-
toring system (Coulbourn Instruments, Allentown, PA) designed for use
in the mouse. Each station had an on-board microprocessor to process
beam breaks and prepare coordinate data for downloading on the com-
puter for filing and processing.

Chromatographic analysis of brain microdialysates. The separation and
quantification of DA was achieved by HPLC coupled to electrochemical
detection using a microbore HPLC column (100 � 2 mm, C-18, 3 �M,
MF-8957; Bioanalytical Systems, West Lafayette, IN) and a BAS LC-4C
amperometric detector (Bioanalytical Systems). The applied potential
was set at 700 mV versus Ag/AgCl reference electrode. The mobile phase
consisted of 0.15 M NaH2PO4, 1.7 mM sodium octyl sulfate, 1.0 mM

EDTA, and 12% methanol, pH 5.0. All reagents were analytical grade and
were obtained from Sigma (St. Louis, MO) and Fluka (Ronkonkoma,
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NY). The mobile phase was filtered through a 0.22 �m filter (Millipore,
Bedford, MA) and degassed with helium for 20 min. Samples were ana-
lyzed at a flow rate of 0.5 ml/min and a column pressure of �3000 psi.
The elution time of DA was �3 min, and the limit of detection for DA
was 0.3– 0.5 nM.

Histology. After the completion of experiments, animals were deeply
anesthetized with pentobarbital and killed by decapitation. The brains
were removed and frozen. Histological verification of the site of probe
placement was obtained via coronal sections (20 �m thick) using a mic-
rotome (model 5030; Hacker Instruments, Fairfield, NJ). Only data ob-
tained from animals with histologically correct placements were used for
subsequent statistical analysis.

Measurement of [3H] DA uptake in synaptosomes. KO mice and their
WT littermates were killed by decapitation, and their brains were re-
moved to an ice-cooled dish for dissection of the NAc. Because the
amount of tissue from NAc of one mouse was insufficient for the analysis,
tissue from 8 –10 mice was pooled. Dissected tissue was placed in ice-cold
Krebs’–Ringer’s buffer (in mM: 125 NaCl, 1.2 KCl, 1.2 MgSO4, 1.2 CaCl2,
22 NaHCO3, 1 NaH2PO4, and 10 glucose, adjusted to pH 7.4) containing
0.32 M sucrose and homogenized using a glass homogenizing tube and a
Teflon pestle. After centrifugation at 1000 � g for 10 min at 4°C, the
pellet was discarded, and the resultant supernatant was centrifuged for 15
min at 16,000 � g. The resulting P2 pellet remained on ice until it was
resuspended for the uptake assay. The assay was performed in Krebs’–
Ringer’s buffer containing 0.64 mM ascorbic acid and 0.8 mM pargyline.
Saturation analysis was performed with [ 3H]DA concentrations ranging
from 0.025 to 1.2 �M. The uptake assay was initiated by the addition of
aliquots of the synaptosomal fraction. Tubes were incubated for 4 min at
37°C. Blanks consisted of samples incubated at 4°C. The assay was ter-
minated by placing the tubes on ice and adding 5 ml of ice-cold Krebs’–
Ringer’s buffer. The solutions were then filtered through Whatman
(Clifton, NJ) glass microfiber filters (GF/C), which were presoaked in
0.1% polyethyleneimine to reduce nonspecific binding using a Brandel
(Gaithersburg, MD) cell harvester. After filtration, the filters were
washed twice with 5 ml of ice-cold Krebs’–Ringer’s buffer and placed in
scintillation vials, 3 ml of Bio-Safe II scintillation fluid (Research Prod-
ucts, Mount Prospect, IL) was added to each tube, and radioactivity was
determined by liquid scintillation spectrometry.

Western blot analysis of DAT protein. Dissected NAc from KOR-1
knock-out mice and wild-type littermates were homogenized in lysis
buffer (50 mM Tris-HCl, pH 8.0, 150 mM sodium chloride, 1.0% Igepal
CA-630, 0.5% sodium deoxycholate, and 0.1% SDS) containing protease
inhibitors [20 �M 4-(2-aminoethyl)-benzenesulfonyl fluoride, 10 �M

EDTA, 13 nM bestatin, 140 nM E-64, 10 �M leupeptin, and 3 nM aproti-
nin] and centrifuged at 14,000 � g for 20 min at 4°C. The protein con-
centration of each sample was measured using a commercial protein
assay kit (Bio-Rad, Hercules, CA). Equal amounts of protein were sepa-
rated on 10% polyacrylamide gels and transferred to polyvinylidene di-
fluoride membranes. DAT levels were determined using a monoclonal
antibody raised against the N terminus of the DAT (1:5000; Chemicon,
Temecula, CA). Detection was performed by enhanced chemilumines-
cence (Amersham Biosciences, Piscataway, NJ) with a horseradish
peroxidase-conjugated secondary antibody (1:5000; Upstate Biotechnol-
ogy, Lake Placid, NY). Actin levels were determined using a monoclonal
antibody recognizing an N-terminal epitope of the �-isoform of actin
(1:4000; Sigma) to control for differences in protein loading. For quan-
tification, films were scanned at high resolution using an HP Scanjet
7400c (Hewlett-Packard, Palo Alto, CA), and band densities were deter-
mined using NIH ImageJ image analysis software. The relative density of
the bands obtained for DAT were normalized against those of �-actin
and were analyzed by unpaired t tests with Welch’s correction using the
Prism 4.0 statistical software package (GraphPad Software, San Diego,
CA). The significance level for all analyses was p � 0.05.

Influence of KOR-1 deletion on cocaine-evoked IEG induction. RNase
protection assays (RPAs) were used to quantify basal and cocaine-evoked
induction of c-jun, jun B, jun D, c-fos, fos B, fra-1, and fra-2 in whole
brain of KO mice and their WT littermates. Mice received an intraperi-
toneal injection of either saline (0.1 ml/10 g, i.p.) or 20 mg/kg cocaine.
Thirty minutes later, mice were killed, and total RNA was extracted from

whole brain using a standard acid phenol extraction method. Levels of
IEG RNAs were determined using a multiprobe RPA system (Riboquant;
PharMingen, San Diego, CA). Probes were transcribed using [ 32P]UTP
(mouse Fos/Jun template set) and hybridized overnight to 20 �g of total
RNA at 56°C. After RNase and proteinase K treatments and phenol–
chloroform extraction, protected fragments were resolved on a 5% acryl-
amide sequencing gel with undigested probe used as a size marker. Bands
were visualized by both autoradiography and phosphoimaging. The vol-
ume density for each band was analyzed using the Image Quant program.
All data were normalized to the mRNA levels of two housekeeping genes,
ribosomal protein L32 (Rpl32) and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), by multiplying the band volume density in a given lane
by the weighted average of Rpl32 and GAPDH band volume densities.

Behavioral sensitization to cocaine in KOR KO and WT animals. To
determine whether KOR-1 deletion affects the development of behav-
ioral sensitization to cocaine, WT and KO mice maintained on a
C57BL/6J background received once daily injections of saline (0.1 ml/10
g), followed 60 min later by an injection of cocaine (15 mg/kg, i.p.) for
5 d. Locomotor activity was monitored after each injection. Three days
after the cessation of the repeated treatment regimen, locomotor activity
in response to saline and cocaine was determined. Locomotor activity
was measured using a Tru Scan activity monitoring system (Coulbourn
Instruments) designed for use in the mouse. Each station had an on-
board microprocessor to process beam breaks and prepare coordinate
data for downloading on the computer for filing and processing.

Reagents. Cocaine hydrochloride, U-69,593, and nor-BNI were sup-
plied by the Research Technology Branch of the National Institute on
Drug Abuse (Rockville, MD) and prepared in sterile saline. The volume
of all injections was 0.1 ml/10 g. U-69,593 perfused through the micro-
dialysis probe (200 nM) was dissolved in aCSF. [ 3H]DA (specific activity,
50 Ci/mmol) was obtained from Amersham Biosciences.

Data analysis. Microdialysis data are expressed in nanomolar. DAext

and Ed were determined for each animal by plotting the net change in DA
(Cin � Cout) against Cin. DAext and Ed levels were assessed using linear
regression (Parsons et al., 1991a,b). The point when no DA was gained or
lost (Cin � Cout � 0) represents an unbiased estimate of DAext. The slope
of the linear regression line represents the Ed, an indirect measure of DA
uptake (Smith and Justice, 1994).

Cocaine-evoked dialysate DA levels, behavioral rating score data, as
well as locomotor activity data were converted to area under the curve
(AUC) values using a standard trapezoid method (Gibaldi and Perier,
1975). The resultant data as well as the average values for DAext and Ed

were subjected to one- or two-way ANOVA. Post hoc simple main effect
analyses and pairwise comparisons were performed when the initial p
value was significant. The average basal dialysate DA concentrations in
experiments in which U-69,593 was perfused through the microdialysis
probe were subjected to an unpaired t test with Welch’s correction. DA
uptake data were subjected to unpaired t test with Welch’s correction.
For each IEG, a two-way ANOVA was performed with additional un-
paired t tests done to compare all groups. The accepted value of signifi-
cance for all tests was p � 0.05. The data are presented as mean � SEM.

Results
Steady-state DA dynamics
Pharmacological studies indicate that the tonic activation of
KOR-1 by its endogenous ligand inhibits the basal activity of
mesoaccumbal DA neurons. We therefore asked whether the
basal dynamics of DA neurotransmission were altered in the NAc
of KOR-1 mice. Control experiments assessing the influence of
the selective KOR-1 agonist U-69,593 on dialysate DA levels in
the NAc confirmed the lack of KOR-mediated regulation of DA
in KO mice. Consistent with previous studies in the rat, infusion
of the selective KOR-1 agonist U-69,593 into the NAc of WT mice
significantly decreased dialysate DA concentrations in the NAc to
32.8 � 4.9% of basal values. In contrast, infusion of U-69,593 to
mutant mice failed to affect DA levels. Analysis of AUC values for
U-69,593-induced DA levels revealed a significant effect of drug
(F(1,7) � 23.36; p � 0.02) and genotype (F(1,7) � 6.07; p � 0.04),
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as well as a significant drug � genotype interaction (F(1,7) � 7.34;
p � 0.03). Analysis of simple effects showed that there was a
significant effect of the drug in WT (F(1,4) � 27.35; p � 0.006) but
not in KO (F(1,3) � 2.63; p � 0.204) mice.

Importantly, analysis of basal dialysate levels in these experi-
ments revealed marked differences between genotypes. The basal
dialysate concentration in KO mice (5.3 � 1.0 nM) was signifi-
cantly higher ( p � 0.05; t � 1.97; df � 1,5) than that of WT mice
(3.3 � 0.7 nM) (data not shown). A similar increase (1.5-fold) in
basal dialysate DA levels was also observed in KOR-1 KO mice
maintained on a pure C57BL/6J background, indicating that the
effects of gene deletion were not a function of background strain.

To examine the mechanism underlying the elevation of basal
dialysate DA levels in KO mice, quantitative no-net-flux micro-
dialysis was used in an additional group of animals to quantify
DAext and Ed (Fig. 1A–C). These studies confirmed that basal
dialysate DA levels in the NAc were significantly higher in KO
mice compared with WT controls (Fig. 1B) (ANOVA, F(2,49) �
3.35; p � 0.05; Newman–Keuls multiple comparison test, p �
0.05). Dialysate DA levels in HET mice were intermediate to WT
and KO mice, indicating a gene– dose relationship. No-net-flux
(Fig. 1A) revealed no significant difference in basal DAext be-
tween genotypes (ANOVA, F(2,47) � 0.83; p � 0.44) (Fig. 1C).
However, the Ed of DA, an indirect measure of the rate of DA
uptake in this brain region (Smith and Justice, 1994), was greater
in KOR-1 KO mice (ANOVA, F(2.47) � 3.49; p � 0.05; Newman–
Keuls multiple comparison test, p � 0.05) (Fig. 1D), suggesting
that DA uptake is increased in KOR-1 KO mice. As with dialysate
DA levels, the Ed in HET mice was intermediate to WT and KO
mice. Because DAext is determined by release and reuptake, the

findings that the DA uptake is greater in KOR-1 KO mice com-
pared with WT controls whereas DAext is unchanged indicates
that DA release is increased in KOR-1 KO. Therefore, although
the apparent presynaptic inhibitory control of DA release
through KOR-1 is absent in KO mice (see Discussion) and leads
to increased DA release in the NAc, this increase is counterbal-
anced by a compensatory increase in DA uptake. As a conse-
quence of this compensation, DAext is unchanged.

To confirm this finding, the kinetics of [ 3H]DA uptake was
determined in synaptosomes prepared from the NAc of KO and
WT mice. Saturation analysis revealed no effect of genotype on
the Vmax of [ 3H]DA uptake (Table 1). However, KOR-1 deletion
produced a twofold decrease in Km, indicating an increased affin-
ity of DA uptake in the NAc of mutant mice.

To determine the relative amounts of DAT in the NAc of
wild-type and KOR-1 knock-out mice, Western blots using a
DAT monoclonal antibody were performed (Fig. 2). Values of
DAT protein were normalized to the levels of �-actin immuno-
reactivity to control for equal protein loading. DAT expression in
the NAc did not differ between WT and KO mice maintained on
the mixed background ( p � 0.914; n � 3 per genotype). Simi-
larly, no difference in the congenic animals was seen.

Influence of KOR-1 deletion during cocaine-evoked dialysate
DA levels and locomotion
The systemic administration of cocaine in an escalating dose par-
adigm significantly increased dialysate DA levels in the three ge-
notypes compared with that produced by saline injections (Fig.
3). Analysis of area under the curve values (Fig. 3B) revealed
significant main effects of cocaine dose (F(2,49) � 107.76; p �
0.01) and genotype (F(2,49) � 3.19; p � 0.05) but no dose by
genotype interaction (F(2,49) � 1.49; p � 0.12), indicating that

Figure 1. Basal DA dynamics in the NAc of WT, HET, and KOR-1 KO mice. A, Plot of the
average gain or loss of DA (Cin � Cout) to or from perfusate and the average linear regression fit
of the data from no-net-flux microdialysis for each experimental group. The slope of the regres-
sion line represents the Ed. The point when no DA is gained or lost from the perfusate (Cin �
Cout � 0) represents an unbiased estimate of DAext concentration. The dotted line represents
the average regression line for KO mice and has a significantly greater slope relative to WT
controls (solid line). B, Bar graph of basal dialysate levels (nanomolar) expressed as means �
SEM; n indicates number of animals per experimental group. * indicates significant difference in
dialysate DA levels between WT and KO animals (Newman–Keuls multiple comparison test). C,
Bar graph of basal DAext (nanomolar) expressed as means � SEM. ANOVA revealed no signifi-
cant difference in this parameter between genotypes (F(2,47) � 0.83; p � 0.44). D, Bar graph of
Ed expressed as the mean � SEM. * denotes significant difference in Ed (Newman–Keuls mul-
tiple comparison test).

Table 1. Kinetic parameters of �3H	DA uptake in the NAc synaptosomes from KO
and WT animals

Vmax (pmol � min�1 � mg�1) Km (�M)

WT 19.10 � 0.45 0.41 � 0.02
KO 17.84 � 0.24 0.24 � 0.01

Figure 2. Unaltered levels of DAT in KOR-1 KO mice of mixed (C57BL/6J � 129S6) and
congenic (C57BL/6J) backgrounds are shown by Western blot analysis. For quantification, the
intensity of each DAT band was normalized to the �-actin band for each lane. The mean relative
density and SEM were calculated for each pair. Comparisons between genotypes were made
using an unpaired t test with Welch’s correction. For mixed background, the mean relative
density for WT is 0.73 � 0.21 versus a mean of 0.76 � 0.07 for KO ( p � 0.914). For the
congenic background, WT has a mean of 0.65 � 0.02 versus KO with a mean of 0.79 � 0.13
( p � 0.468). No statistically significant differences were seen. The immunoblots are represen-
tative comparisons.
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cocaine produced a significant dose-related increase in DA in all
animals. However, the magnitude of the increase was genotype
dependent. Consistent with the results of microdialysis studies, a
significant difference between genotypes in the locomotor acti-
vating effects of cocaine was seen. Analysis of AUC values for
cocaine-induced locomotion revealed significant effects of co-
caine (F(2,49) � 230.9; p � 0.01) and genotype (F(2,49) � 7.43; p �
0.01), as well as a significant cocaine � genotype interaction
(F(2,49) � 2.43; p � 0.046). Cocaine increased locomotor activity
in all animals, but KO mice exhibited an enhanced response com-
pared with WT controls. Post hoc tests (Scheffé’s multiple com-
parison tests) revealed significant differences between WT con-
trols and KO mice after 10 mg/kg cocaine ( p � 0.01) and between
HET and KO mice after 5 and 15 mg/kg cocaine ( p � 0.05) (Fig.
3C,D). There were no differences in spontaneous locomotor ac-
tivity between genotypes or in the response to saline injection
( p 
 0.05).

Influence of KOR-1 deletion on cocaine-induced
IEG expression
In view of the increase in cocaine-evoked dialysate DA levels and
cocaine-induced locomotor activity in KO mice, we next com-
pared the responses of WT and KO mice to acute cocaine treat-
ment at the molecular level. RPAs allowed for the simultaneous
characterization of the mRNA expression levels of seven IEGs:
c-jun, jun B, jun D, c-fos, fos B, fra-1, and fra-2. No differences
between genotypes in basal levels of c-fos (Fig. 4A) or the other
IEGs were seen. However, all IEGs except c-jun and jun D were
significantly increased relative to basal levels after acute cocaine
administration. A two-way ANOVA for c-fos (Fig. 4) showed a

significant effect of genotype (F(1,11) � 4.8;
p � 0.05) and drug treatment (F(1,11) �
43.6; p � 0.0001), as well as a significant
interaction between genotype and treat-
ment (F(1,11) � 5.4; p � 0.04). Post hoc tests
revealed a significant effect of drug treat-
ment, indicating that KO mice showed a
significantly lower induction of c-fos
(30%) compared with WT mice (48%)
( p � 0.001) (Fig. 4A,B). For jun B, there
was a significant effect of drug treatment
(F(1,11) � 18.9; p � 0.001) and a significant
interaction between genotype and drug
treatment (F(1,11) � 5.52; p � 0.04). Post
hoc tests revealed significant induction of
jun B (60%; p � 0.002) in WT but not in
KO (26%; p 
 0.1) mice. For fos B, there
was a significant effect of genotype (F(1,11)

� 8.3; p � 0.01) and drug treatment
(F(1,11) � 6.6; p � 0.03) but no significant
interaction. Cocaine increased fos B in-
duction by 30% in WT animals and by
only 11% in KO mice. The decreased in-
duction of these IEGs in KO mice is similar
to that typically seen in the NAc of WT
mice after repeated intermittent injections
of cocaine (Hope et al., 1992; Zhang et al.,
2002).

Influence of KOR-1 deletion on cocaine-
induced behavioral sensitization
To determine whether the behavioral re-
sponse to repeated injections of cocaine

differ as a function of genotype, sensitization to the locomotor
activating effects of cocaine was assessed in WT and KO mice that
received once daily injections of saline or cocaine for 5 d. Loco-
motor activity was quantified on treatment days 1, 3, and 5 and
3 d after the cessation of the repeated cocaine treatment regimen
(Fig. 5). ANOVA revealed a significant effect of daily injections
(treatment) on locomotor activity (F(1,16) � 8.58; p � 0.01) in
both genotypes, as well as a significant treatment � genotype
interaction (F(1,16) � 3.49; p � 0.02). Analysis of simple effects
revealed a significant effect of daily treatment on locomotor ac-
tivity in WT (F(1,7) � 10.59; p � 0.01) but not in KO (F(1,9) �
1.42; p � 0.26) mice. These results indicate that, although WT
animals exhibit a progressive increase in the locomotor response
to a cocaine challenge after repeated injections of cocaine (e.g.,
sensitization), sensitization fails to develop in KO animals. Im-
portantly, there was a significant difference between genotypes in
cocaine-induced locomotion on the first (F(1,17) � 4.38; p � 0.05)
but not on the last (F(1,17) � 0.57; p � 0.46) day of treatment,
suggesting that the response of KO mice to acute cocaine is equal
in magnitude to that of WT mice that had received a behaviorally
sensitizing cocaine treatment regimen.

Influence of acute blockade of KOR-1 on basal DA dynamics
in C57BL/6J mice
To determine whether similar changes in DA neurotransmission
occur in response to acute or prolonged KOR-1 inactivation,
C57BL/6J were pretreated with the selective KOR-1 antagonist
nor-BNI. Previous studies (Broadbear et al., 1994) have shown
that a single injection of this antagonist results in a selective and
long-lasting (�3 weeks) blockade of KOR-1 receptors. Basal DA

Figure 3. Basal and cocaine-induced locomotor activity and DA levels in the NAc in WT, HET, and KOR-1 KO mice. A, Time course
of dialysate DA levels in the NAc in WT (filled squares), HET (filled triangles), and KOR-1 KO (open circles) mice. Each point
represents the mean � SEM; n indicates the number of animals per experimental group. Abscissa, Microdialysis fractions (15 min)
before and after cocaine injections. Vertical dotted lines correspond to the time of saline (sal) and cocaine (coc) (5, 10, and 15
mg/kg) injections. B, AUC values for cocaine-evoked DA levels expressed as means � SEM. * denotes significant difference
between WT and KO mice. C, The time course of locomotor activity before and after cocaine challenge in WT (filled squares), HET
(filled triangles), and KOR-1 KO (open circles) mice. Each point represents the mean � SEM; n indicates the number of animals per
experimental group. Abscissa, Time (minutes). Vertical dotted lines represent the time of saline and cocaine (5, 10, and 15 mg/kg)
injections. D, AUC values for cocaine-evoked locomotor expressed as means � SEM. * denotes significant difference between WT
and KO mice. ** denotes significant difference between HET and KO mice.
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dynamics and cocaine-induced levels of DA in the NAc were
assessed 1 and 24 h after nor-BNI injection in separate groups of
mice. The effects of nor-BNI on basal DA dynamics differed as a
function of the duration of KOR-1 blockade. Basal DAext was
significantly elevated 1 h after nor-BNI injection ( p � 0.037; t �
2.25; df � 17) (Fig. 6A). However, the Ed was unaltered at this
time point ( p � 0.99; t � 0.006; df � 15), suggesting that the
increase in DAext results from an increase in release. Twenty-four
hours after nor-BNI administration, however, DAext had re-
turned to control values ( p � 0.7; t � 0.36; df � 11) whereas the
Ed was significantly increased relative to that of saline-treated
animals ( p � 0.039; t � 2.25; df � 16) (Fig. 6B), suggesting that
basal DA uptake and release are elevated at this later time point.
There was no difference in DAT protein in the NAc between
control and nor-BNI-treated animals at either time point (data
not shown).

Influence of acute blockade of KOR-1 on cocaine-evoked DA
levels and behavior
The influence of pharmacological blockade of KOR-1 on
cocaine-evoked dialysate DA levels and locomotion is shown in
Figure 7. ANOVA conducted for dialysis DA levels revealed a
significant effect of cocaine challenge (saline vs cocaine; F(1,52) �
101.04; p � 0.001), no effect of pretreatment (vehicle vs nor-BNI;

F(1,52) � 3.59; p � 0.06), and a significant challenge � pretreat-
ment interaction (F(1,52) � 4.85; p � 0.03). Analysis of simple
effects revealed a significant effect of pretreatment in cocaine-
challenged animals (F(1,25) � 4.86; p � 0.037). These results in-
dicate that cocaine challenge significantly increased DA levels in
both pretreatment groups but that the magnitude of this effect
was greater in nor-BNI pretreated mice. Analysis of cocaine-
induced locomotor activity revealed significant effects of cocaine
challenge (F(1,37) � 54.47; p � 0.001) and nor-BNI pretreatment
(F(1,37) � 4.12; p � 0.05). However, the challenge � pretreatment
interaction did not attain statistical significance (F(1,37) � 3.92;
p � 0.056). These findings indicate that nor-BNI treatment re-
sulted in an enhanced behavioral response to cocaine as well as
saline.

Discussion
Constitutive KOR-1 deletion increased basal DA dynamics in the
NAc and enhanced cocaine-evoked DA overflow in this brain
region. The locomotor activating effects of cocaine were en-

Figure 4. Induction of IEGs after acute cocaine challenge in WT and KOR-1 KO mice. A, A
representative RPA gel shows protected fragments from WT and KOR-1 KO mice after acute
injection of saline or cocaine (20 mg/kg). The housekeeping genes L32 and GAPDH were used to
quantitate levels of RNA per lane. Quantitative decreases in induction of c-fos were observed in
KOR-1 KO animals after this dose of cocaine. B, c-fos is significantly increased in both WT and
KOR-1 KO mice after cocaine injection, but the induction is significantly less robust in KOR-1 KO
mice. * denotes significant difference between saline- and cocaine-treated animals; # denotes
significant difference between WT (filled bars) and KO (open bars) mice.

Figure 5. Development of cocaine-induced behavioral sensitization in WT but not KOR-1 KO
mice. A, C, Time course of locomotor activity in WT (A) and KO (C) animals (C57BL/6J back-
ground) before and after intraperitoneal injections of saline (0.1 ml/10 g) and cocaine (15
mg/kg) on different treatment days. Each point represents the mean � SEM. Ordinate, Ambu-
latory distance. Abscissa, Time (minutes). Vertical dotted lines represent the time of saline and
cocaine injections. B, D, AUC values for cocaine-evoked locomotor activity response expressed
as means � SEM. * denotes significant difference between WT and KO mice. ** denotes sig-
nificant difference between the first and the last day of treatment in WT mice.

Figure 6. Influence of acute or prolonged KOR-1 blockade on basal NAc DA dynamics. DA
dynamics were quantified 1 h (A) and 24 h (B) after pretreatment with nor-BNI. A, B, Plots of the
average gain or loss of DA (Cin � Cout) to or from perfusate and the average linear regression fit
of the data from no-net-flux microdialysis for each experimental group. The slope of the regres-
sion line represents the Ed. The point when no DA is gained or lost from the perfusate (Cin �
Cout � 0) represents an unbiased estimate of DAext concentration.
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hanced, whereas the ability of cocaine to induce IEG expression
was reduced. Studies using the long-acting KOR-1 antagonist
nor-BNI revealed that the behavioral and neurochemical re-
sponses to cocaine were also enhanced in WT mice after pro-
longed (24 h) KOR-1 blockade. Analogous to KO mice, basal DA
uptake was increased, whereas DAext was unaltered. In contrast,
after only 1 h blockade, DAext was elevated, but DA uptake was
unchanged.

Intra-NAc infusion of U-69,593 decreased dialysate DA levels
in the NAc of WT mice, confirming that the activation of NAc
KOR receptors is sufficient to decrease mesoaccumbal DA neu-
rotransmission (Spanagel et al., 1992). No alteration in dialysate
DA levels was observed in KOR-1 KO mice. These findings indi-
cate that the inhibitory effects of KOR agonists result from the
specific activation of KOR-1 receptors and that this receptor is
absent in KO mice. Furthermore, the demonstration that basal
dialysate DA levels are elevated in these animals provides genetic
evidence for the existence of a tonically active KOR-1 system that
inhibits the activity of DA neurons projecting to the NAc.

Increased dialysate levels of DA may reflect increased release,
decreased uptake, or their combination (Justice, 1993). Quanti-
tative microdialysis studies permitted identification of the spe-
cific alterations in basal DA dynamics that result from KOR-1
deletion. In contrast to dialysate DA levels, DAext was unchanged
in the NAc of mutant mice, whereas basal DA uptake was in-
creased. The lack of change in DAext, despite the change in up-
take, indicates that basal DA release is enhanced in the absence of
KOR-1. It further suggests that endogenous KOR-1 systems de-
crease presynaptic DA neurotransmission via inhibition of
release.

DAT protein levels were unaltered in KO mice. However, the
Km of DA uptake in the NAc was decreased. A previous study
showed that the rate of DA clearance in NAc is altered in response
to acute or repeated administration of KOR-1 agonists (Thomp-
son et al., 2000). Although the mechanisms by which KOR-1
regulates DAT function is unclear, KOR-1 is colocalized with
DAT on NAc DA axon terminals, providing an anatomical basis
for the interaction of these proteins (Svingos et al., 2001). There-
fore, the alteration in uptake may result from loss of KOR-1 that
regulates DAT function. Interestingly, coimmunoprecipitation
of KOR-1 and DAT has been described in heterologous expres-
sion systems (Bolan et al., 2004). The absence of KOR-1 signaling
may, thus, induce a conformational change in DAT that increases
uptake affinity. In view, however, of the effects of nor-BNI in WT
mice (see below), it appears more likely that the increased uptake
is an adaptation to the mutation that attempts to maintain ho-
meostasis in the presence of increased DA release.

Systemic administration of the selective KOR-1 antagonist
nor-BNI results in a long-lasting blockade of KOR-1 (Broadbear
et al., 1994). Studies assessing the influence of this antagonist on
basal DA dynamics in WT mice strongly suggest that the in-
creased DA uptake in KO mice is not merely a developmental
compensation resulting from constitutive gene deletion. Rather,
it is a neuroplastic response that occurs because of disinhibition
of mesoaccumbal DA neurons and the resulting increase in DA
release. DAext was increased, whereas Ed was unchanged 1 h after
nor-BNI administration. Because DAext is determined by both
release and uptake, these data suggest that basal DA release is
increased after acute KOR-1 inactivation. When, however,
KOR-1 was inactivated for 24 h, DAext was unaltered but Ed was
increased. These findings indicate that DA uptake and release are
enhanced after prolonged KOR-1 inactivation. A similar increase
in uptake and release was observed in KO mice. Together, these
data suggest that the absence of a KOR-1-mediated inhibition of
mesoaccumbal DA neurotransmission triggers short- and long-
term adaptations of DAT, which maintain normal DAext in the
face of enhanced release.

Acute cocaine administration increases dialysate DA levels in
the NAc by binding to DAT and inhibiting DA reuptake (Kuhar
et al., 1991). Experimenter-administered cocaine as well as co-
caine self-administration induce prodynorphin gene expression
in the dorsal striatum (Spangler et al., 1993) and, to a lesser ex-
tent, the NAc (Turchan et al., 1998). Dynorphin tissue levels are
also increased (Hanson et al., 1995). Given the inhibitory effect of
KOR-1 agonists on DA neurotransmission, it has been suggested
that cocaine increases the activity of KOR-1 systems, and this
increase opposes the behavioral and DA responses to cocaine that
develop after its repeated use (Shippenberg et al., 2001; Kreek et
al., 2002; Shippenberg and Chefer, 2003). To date, a direct test of
this hypothesis has been lacking.

KOR-1 KO mice exhibited an increase in the locomotor acti-
vating effects of cocaine relative to WT. The ability of cocaine to
increase NAc dialysate DA levels was also enhanced. These find-
ings indicate an important role of KOR-1 in modulating respon-
siveness to cocaine. Furthermore, they suggest that induction of
prodynorphin is an adaptive response that attenuates the effects
of acute cocaine administration. Interestingly, repeated intermit-
tent administration of cocaine to WT mice resulted in an en-
hancement of its locomotor activating effects, consistent with the
development of behavioral sensitization. No additional enhance-
ment of behavior occurred in KO mice. Furthermore, the mag-
nitude of locomotor activation that occurred in KO mice after
acute cocaine injection equaled that of WT mice that had received

Figure 7. DA levels in the NAc and locomotor activity response to an acute cocaine challenge.
A, Time course of dialysate DA levels in the NAc in control (open squares) and nor-BNI-treated
(filled squares) animals. Each point represents the mean � SEM; n indicates the number of
animals per experimental group. Abscissa, Microdialysis fractions (10 min) before and after (0.1
ml/10 g, i.p.) saline and cocaine (15 mg/kg, i.p.) injections. Vertical dotted lines represent the
time of saline and cocaine injections. B, AUC values for cocaine-evoked DA dialysate levels
expressed as means � SEM. * denotes significant difference between control and nor-BNI-
treated animals. C, The time course of locomotor activity before and after cocaine challenge in
control (open circles) and nor-BNI-treated (filled circles) animals. Each point represents the
mean�SEM; n indicates the number of animals per experimental group. Ordinate, Ambulatory
distance. Abscissa, Time (minutes). Vertical dotted lines represent the time of saline and cocaine
injections. D, AUC values for cocaine-evoked locomotor activity expressed as means � SEM. *
denotes significant difference between control and nor-BNI-treated animals.
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cocaine repeatedly. These data indicate that, in the absence of
KOR-1, animals are in a chronically sensitized state. Because of
this state, repeated cocaine administration is ineffective in further
enhancing behavior.

Behavioral sensitization once developed is progressive and
long lasting (Kalivas and Duffy, 1993). An enhanced response is
apparent 1–2 d after the cessation of repeated cocaine adminis-
tration and increases as abstinence proceeds. In contrast, pro-
dynorphin gene expression is elevated during the early phase of
cocaine abstinence and then decreases (Svensson and Hurd,
1998). These data and those of the present study are consistent
with the hypothesis that increased KOR-1 activity during early
abstinence limits the development of sensitization. As abstinence
progresses and the activity of KOR-1 systems decreases, an addi-
tional enhancement of cocaine-evoked behavioral is seen.

Acute cocaine administration induces the expression of a
number of IEGs in the NAc and other brain regions. In striatum,
both the regional and temporal patterns of c-fos induction after
acute cocaine treatment are inversely related to those of pro-
dynorphin. In contrast to the IEG induction produced by acute
cocaine, treatment regimens that result in behavioral sensitiza-
tion result in a blunted IEG response (Hope et al., 1992; Zhang et
al., 2002). Acute cocaine administration increased brain c-fos,
jun B, and fos B expression in WT mice. However, analogous to
that observed in the NAc of animals exhibiting behavioral sensi-
tization, acute cocaine administration produced a blunted IEG
response in mutant mice. These findings provide additional evi-
dence that loss of KOR-1 results in a “cocaine-sensitized”
phenotype.

The ability of cocaine and other drugs of abuse to increase
NAc DA levels has been implicated in the rewarding effects of
these agents and the initiation of drug abuse (Wise and Bozarth,
1987). The increase in cocaine-evoked DA levels observed in KO
and nor-BNI-treated WT mice suggests that decreased activity of
KOR-1 systems may be associated with greater vulnerability to
cocaine abuse. The transition, however, from drug abuse to the
compulsive drug seeking that characterizes addiction has been
attributed to neuroadaptations that occur as a consequence of
repeated drug use. It has been hypothesized that the processes
underlying behavioral sensitization contribute, at least in part, to
the initiation and reinstatement of compulsive drug use (Cornish
and Kalivas, 2001; Robinson and Berridge, 2001, 2003). Consis-
tent with this hypothesis, the propensity to develop psychostimu-
lant self-administration is correlated with the development of
conditioned hyperlocomotion and environment-specific sensiti-
zation (Jodogne et al., 1994). Furthermore, the initiation and
reinstatement of compulsive drug seeking is correlated with the
magnitude of the sensitized locomotor response that develops to
psychostimulants (De Vries et al., 1998; Vezina, 2004). To the
extent that similar processes contribute to the development of
sensitization and compulsive drug seeking, then individuals with
KOR-1 hypofunction may be at greater risk for developing co-
caine addiction. Importantly, however, although KO mice exhib-
ited an augmented behavioral response to acute cocaine, they did
not exhibit an additional enhancement of cocaine-evoked behav-
ior in response to repeated administration. Therefore, if, in fact,
the progressive enhancement of cocaine-evoked behavior that
occurs with repeated use leads to compulsive drug seeking, then
individuals with diminished KOR-1 function may exhibit a re-
duced propensity to develop compulsive cocaine seeking.

In conclusion, the present studies demonstrate a critical role
of endogenous KOR-1 systems in regulating the activity of me-
soaccumbal DA neurons. Loss of this system is associated with

increased basal DA release and a progressive increase in DAT
function that opposes the increase in release and normalizes
DAext. Gene ablation and pharmacological inactivation of KOR-1
resulted in an enhancement of the behavioral and neurochemical
effects of cocaine, providing the first direct evidence that KOR-1
systems function as endogenous antagonists of cocaine.
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