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Abstract
Rationale Acute systemic administration of salvinorin A, a
naturally occurring κ-opioid receptor (KOPr) agonist,
decreases locomotion and striatal dopamine (DA) overflow.
Objectives Conventional and quantitative microdialysis
techniques were used to determine whether salvinorin A
infusion into the dorsal striatum (DSTR) decreases DA
overflow by altering DA uptake or release. The influence of
repeated salvinorin A administration on basal DA dynamics
and cocaine-evoked alterations in DA overflow and
locomotion was also assessed.
Materials and methods Salvinorin A was administered via
the dialysis probe (0; 20–200 nM) or via intraperitoneal (i.p.)
injection (1.0 or 3.2 mg/kg per day×5 days). The effects of a
challenge dose of cocaine were examined 48 h after repeated
salvinorin treatment.
Results Retrodialysis of salvinorin A produced a dose-
related, KOPr antagonist reversible, decrease in DA levels.
Extracellular DA levels were decreased whereas DA
extraction fraction, which provides an estimate of DA
uptake, was unaltered. In contrast to its acute administra-
tion, repeated salvinorin A administration did not modify
dialysate DA levels. Similarly, neither basal extracellular
DA levels nor DA uptake was altered. Unlike synthetic
KOPr agonists, prior repeated administration of salvinorin
A did not attenuate the locomotor activating effects of an
acute cocaine (20 mg/kg, i.p.) challenge. However, cocaine-
evoked DA overflow was enhanced.

Conclusions These data demonstrate that acute, but not
repeated, salvinorin A administration decreases mesostriatal
neurotransmission and that activation of DSTR KOPr is
sufficient for this effect. Differences in the interaction of
salvinorin and synthetic KOPr agonists with cocaine
suggest that the pharmacology of these agents may differ.

Keywords Salvinorin A . Dopamine . κ-opioid receptor .
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Introduction

Salvia divinorum is a member of the mint family that
possesses psychoactive and hallucinogenic effects. Recent
studies examining the binding and function of salvinorin A,
the psychoactive component of S. divinorum, have demon-
strated that this compound is a potent and selective κ-
opioid receptor (KOPr) agonist (Roth et al. 2002; Sheffler
and Roth 2003; Chavkin et al. 2004). Salvinorin A is the first
naturally occurring KOPr agonist to be identified; however,
its structure differs from that of synthetic KOPr agonists.

Recreational use of salvinorin A has increased recently
as products containing salvinorin A have become widely
available through a variety of sources including the internet
(Hazelden 2004; Babu et al. 2005; Pavarin 2006). The
increased availability and marketing of salvinorin A as a
“legal” hallucinogen has led to concern about its abuse
potential (Babu et al. 2005).

Microdialysis studies have shown that acute systemic
administration of synthetic KOPr agonists such as U69593
and U50488H decreases dopamine overflow in the dorsal
striatum (DSTR; Di Chiara and Imperato 1988; Donzanti et
al. 1992; Spanagel et al. 1992). This effect has been
attributed to a decrease in dopamine (DA) release and an
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increase in transporter-mediated DA uptake (Thompson et
al. 2000). Repeated agonist administration produced no
effect on basal extracellular DA concentrations or DA
uptake in the dorsal striatum (Acri et al. 2001). Alterations
in the behavioral and DA response to a subsequent
challenge injection of cocaine are also seen.

The locomotor stimulant effects of an acute cocaine
challenge are attenuated in animals with a prior history of
repeated KOPr agonist administration. The cocaine-induced
increase in DA levels in the DSTR is augmented (Heidbreder
et al. 1998). These effects have been attributed to KOPr-
mediated decreases in postsynaptic D2 receptor number and
downregulation of presynaptic D2 receptors that regulate
DA uptake and release (Acri et al. 2001; Izenwasser et al.
1998). Cocaine-antagonist-like effects of synthetic KOPr
agonists are also observed following their acute adminis-
tration. KOPr agonist pretreatment attenuates cocaine-
evoked locomotor activation and the conditioning of
cocaine reward (Crawford et al. 1995). Other studies have
shown that acute KOPr agonist administration attenuates
intravenous cocaine self-administration in rats (Glick et al.
1995; Schenk et al. 1999) and the reinstatement of cocaine
seeking produced by experimenter-administered cocaine
(Schenk et al. 1999, 2000). However, studies examining the
interaction of salvinorin A with cocaine are lacking.

Behavioral effects of salvinorin A in humans include
hallucinations and out-of-body experiences (Siebert 1994;
Valdes III 1994; Hazelden 2004). Doses of 200–500 µg
produce visions that last from 30 min to 1 or 2 h, while
doses over 1 mg have longer-lasting effects (Siebert 1994;
Valdes III 1994). Salvinorin A, like synthetic KOPr ago-
nists, produced psychotomimesis in humans and aversive
effects in experimental animals (Pfeiffer et al. 1986;
Shippenberg and Herz 1987; Zhang et al. 2005). There is
evidence that the aversive effects of synthetic KOPr ago-
nists result from a decrease in DA neurotransmission in
brain regions subserving incentive motivation (Shippenberg
et al. 1993). Microdialysis studies have shown that acute
systemic administration of salvinorin A decreases dialysate
DA levels in the mouse DSTR (Zhang et al. 2005) and
rat nucleus accumbens (NAC; Carlezon et al. 2006).
Whether these effects reflect alterations in release and/or
uptake is unknown. Such information is critical to under-
standing the mechanisms by which KOPr agonists modu-
late presynaptic DA neurotransmission and exert control
over behavior.

Accordingly, the present studies examined: (1) the
influence of systemic and intrastriatal salvinorin A ad-
ministration on DA levels in the DSTR and (2) the
influence of repeated administration of salvinorin A on
basal DA dynamics and cocaine-evoked alteration in DA
overflow and locomotor activity. Conventional microdialy-
sis techniques were used to determine if perfusion of

salvinorin A into the DSTR decreases DA levels in this
region via a KOPr-dependent mechanism and to evaluate
the effect of repeated administration of salvinorin A on
cocaine-evoked DA overflow in the DSTR. Quantitative
microdialysis under transient conditions (Olson and Justice
1993; Chefer et al. 2003) was conducted to monitor
alterations in DA uptake and extracellular DA levels as a
function of time after acute salvinorin A administration.

Materials and methods

Animals

Male Sprague Dawley rats (Charles River Laboratories,
Wilmington, MA, USA; weighing approximately 400 g)
were housed two to three per cage for at least 1 week before
use in facilities accredited by the American Association for
the Accreditation of Laboratory Animal Care. They were
maintained in a temperature- and humidity-controlled
environment under a 12-h light–dark cycle with food and
water available ad libitum. Experiments were conducted
during the light cycle. All experiments were conducted in
accordance with the guidelines of the National Institutes of
Health–National Institute on Drug Abuse Institutional Care
and Use Committee (Rockville, MD, USA).

Surgical procedures

Rats were anesthetized with Equithesin (sodium pentobar-
bital, chloral hydrate, and magnesium sulfate; 9.72 mg/ml;
3 ml/kg) and implanted unilaterally with a guide cannula
(CMA/11; CMA/Microdialysis, Acton, MA, USA) aimed at
the DSTR using standard stereotaxic techniques. Each rat
was mounted in a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA, USA) with the upper incisor
bar set at 3.5 mm below the interaural line. The coordinates
(anterior +1.0 relative to bregma; lateral, −2.5; ventral, −3.5
from the dura surface) were based on the atlas of Paxinos
and Watson (1998).

Drug treatments

For microdialysis studies assessing the effects of acute
systemic administration of salvinorin A on DA overflow,
rats were injected with vehicle (75% dimethyl sulfoxide
(DMSO), 25% H20, 1.0 ml/kg intraperitoneal (i.p.)) and
either 1.0 or 3.2 mg/kg salvinorin A (i.p.). For studies
assessing the effects of DSTR salvinorin A perfusion, rats
received vehicle or salvinorin A (20, 60, or 200 nM) in
artificial cerebrospinal fluid (aCSF) through the probe.
These concentrations were chosen based on binding data
and studies examining the effects of synthetic KOPr
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agonists following their intracranial infusion (Spanagel et
al. 1992; Roth et al. 2002; Chefer et al. 2005; Ford et al.
2006). Additional animals received the selective KOPr
antagonist, nor-binaltorphimine (nor-BNI; 10 mg/kg, sub-
cutaneous (s.c.)), or vehicle 24 h prior to salvinorin A
perfusion (200 nM). The 24-h pretreatment regimen was
used based on findings that nor-BNI antagonizes the µ
opioid receptor in the first few hours after pretreatment
(Endoh et al. 1992).

For studies assessing the effects of repeated salvinorin A
administration, rats were allowed 5–7 days of recovery
from surgery. They then received daily injections of
salvinorin A (1.0 or 3.2 mg/kg, i.p.) or vehicle (75%
DMSO, 25% H20, 1.0 ml/kg i.p.) for 5 days. The 1.0 and
3.2-mg/kg doses of salvinorin A were administered in
volumes of 1.0 and 2.0 ml/kg, respectively. Microdialysis
was conducted 48 h after the last injection. Salvinorin A
was kindly supplied by Thomas Prisinzano (University of
Iowa). Cocaine hydrochloride was supplied by the Research
Technology Branch of the National Institute on Drug Abuse
and prepared in sterile saline.

Microdialysis procedures

Microdialysis was conducted as described previously
(Chefer and Shippenberg 2006). A CMA/11 microdialysis
probe (outer membrane dimension 0.24×2-mm length) was
manually inserted into the microdialysis cannula ~12 h
before experiments and the rat was placed into a Plexiglas
test chamber (26×26×33 cm). The microdialysis probe was
flushed overnight at a flow rate of 0.6 µl/min with aCSF,
containing (in millimolar): 145 NaCl, 2.8 KCl, 1.2 MgCl2,
1.2 CaCl2, 0.25 ascorbic acid (to minimize oxidation of
DA), and 5.4 D-glucose, adjusted to pH 7.0 using NaOH
(high-performance liquid chromatography (HPLC) grade)
and filtered through a 0.22-µm filter (Bioanalytical Sys-
tems). On the day of the experiment, perfusate was replaced
with fresh aCSF and samples were collected in micro-
centrifuge tubes every 10 min at a flow rate of 0.6 µl/min
after a 60-min equilibration period.

Conventional microdialysis After collection of six basal
samples, rats were injected i.p. with vehicle. Thirty minutes
later, six consecutive 10-min samples were collected. The
30-min time lag was used in this and other experiments to
account for the dead volume of the dialysate tubing. Rats
then received 1.0 or 3.2-mg/kg salvinorin A (i.p.), and
another six samples were collected. For retrodialysis
studies, four basal samples were initially collected. The
aCSF was then replaced with that containing vehicle or
salvinorin A (20, 60, or 200 nM). Four consecutive samples
were collected. The solutions were then replaced with
aCSF, and another eight samples were collected.

In studies assessing the effects of repeated salvinorin A
administration (1.0 or 3.2 mg/kg, i.p.×5 days) on basal and
cocaine-evoked DA dialysate levels, ten consecutive basal
samples were collected. Rats were then injected with either
saline or cocaine (20 mg/kg, i.p.), and another ten samples
were collected.

Quantitative microdialysis Quantitative (no net flux)
microdialysis under transient conditions was used to
determine the effects of intra-DSTR perfusion of salvinorin
A (200 nM) on extracellular DA levels (DAext), and the DA
extraction fraction (Ed) as a function of time after acute
drug administration. Previous studies have shown that
changes in Ed provide an estimate of changes in transporter-
mediated DA uptake (Olson and Justice 1993). The use of
this technique enables quantification of drug-induced
changes in extracellular DA and transporter-mediated
uptake. It also provides information as to drug-induced
alterations in DA release. Separate groups of rats were
perfused with 20- or 40-nM DA in aCSF for the entire
experiment. Following collection of four consecutive
dialysate samples, the aCSF-containing DA was replaced
with that containing the same concentration of DA with
salvinorin A. Thirty minutes later, four consecutive samples
were obtained.

Quantitative (no net flux) microdialysis experiments
were conducted 48 h after repeated administration of
vehicle or salvinorin A (1.0 mg/kg, i.p.×5 days) to deter-
mine changes in basal DAext and Ed. The 48-h time point
was chosen based on previous research investigating the
effects of repeated administration of U-69593 (Heidbreder
et al. 1998; Acri et al. 2001). For these experiments, the
normal aCSF was replaced with one of five concentrations
of DA prepared in aCSF (DA in 0, 2, 5, 10, 20 nM). Three
10-min samples were collected. The aCSF was then
replaced with that containing a different DA concentration
and three 10-min samples were collected. This procedure
was repeated three times with three samples collected for
each of the five concentrations. All samples and DA
standards were frozen on dry ice and placed at −80°C until
analyzed.

Assessment of locomotor activity

Locomotor activity produced by an acute challenge dose of
saline or cocaine was evaluated in separate animals 48 h
following the repeated administration of vehicle or salvi-
norin A. Experiments were conducted in the same cham-
bers that were used for microdialysis. Locomotor activity
was measured using the Tru Scan Photobeam Linc system
(Coulbourn). Following a 3-h habituation period, baseline
locomotor activity was measured at 10-min intervals for
100 min. Rats were then injected with saline or cocaine
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(20 mg/kg, i.p.) and activity was measured for another
100 min.

Chromatographic analysis of brain microdialysates

DA was determined by HPLC coupled to electrochemical
detection as described previously (Chefer et al. 2003;
Chefer et al. 2005). The retention time for DA was 2.8–
3.3 min, and the limit of detection was <0.5 nM.

Histology

After the completion of microdialysis experiments, all
animals were deeply anesthetized with Equithesin (3 ml/kg)
and killed by decapitation. The brains were removed and
frozen for histological analysis. Only data from animals
with correct placements were used for subsequent analysis.
The location of the dialysis probe in the DSTR is illustrated
in Fig. 1.

Data analysis

Data from conventional microdialysis experiments are ex-
pressed as a percent of baseline. The mean±the standard
error of the mean (SEM) were used for analyses and are
depicted in graphs. Analyses of variance (ANOVA) were
conducted for conventional microdialysis and behavioral data.
Subsequent F tests were conducted to compare data between
groups. The accepted value of significance was p<0.05.

For quantitative microdialysis experiments under tran-
sient conditions, DAext and Ed were assessed from the

linear regression equation as described previously (Olson
and Justice 1993; Chefer et al. 2003). To compare the Ed

and DAext for perfusion of salvinorin A to baseline
samples, the mean and SEM of the four baseline samples
was compared separately to the mean and SEM of each of
the four salvinorin samples using unpaired t-tests. For
quantitative microdialysis following repeated administra-
tion of salvinorin A, DAext and Ed were calculated as
described previously (Parsons et al. 1991).

Results

Effects of acute systemic administration of salvinorin
A on DA levels in the DSTR

Figure 2 shows the influence of systemic administration of
vehicle or salvinorin A (1.0 or 3.2 mg/kg, i.p.) on DA
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Fig. 2 Effects of acute systemic administration of salvinorin A (1.0 or
3.2 mg/kg, i.p.) on DA levels in the DSTR

Fig. 1 Location of microdialy-
sis probes in the DSTR. a The
areas of the DSTR where the
probes were located are shown
with an oval in each brain
section. b Photo of representa-
tive probe placement in the
DSTR. Arrow 1 indicates the
end of the probe shaft and arrow
2 indicates the location of the tip
of the probe membrane
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overflow in the DSTR (Fig. 2). A three-way repeated-
measures ANOVA comparing basal and vehicle-evoked DA
overflow indicated a significant increase in DA levels
following vehicle administration (F(1, 18)=16.70, p=
0.001). In confirmation of a previous study (Zhang et al.
2005), administration of salvinorin A (1.0 or 3.2 mg/kg)
significantly decreased DA levels relative to that produced
by vehicle injection (F(1, 18)=32.69, p=0.001). There was
no significant difference between salvinorin A doses in the
magnitude of these effects.

Effects of local perfusion of salvinorin A on DA levels
in the DSTR

Figure 3a shows the effects of DSTR perfusion of vehicle
or salvinorin A (20, 60, or 200 nM) on DA overflow as
revealed by conventional microdialysis techniques. Perfu-
sion of salvinorin A produced a concentration related
decrease in DA levels as demonstrated by a significant
main effect of concentration (F(3, 11)=10.11, p=0.002)
and a time × concentration interaction (F(45, 165)=2.05,
p=0.001). Subsequent F tests revealed that concentrations
of ≥20 nM significantly decreased DA overflow. To
determine whether this decrease is KOPr mediated, nor-
BNI (10 mg/kg, s.c.) was administered 24 h prior to
perfusion of 200-nM salvinorin A (Fig. 3b). A three-way
repeated-measures ANOVA revealed a significant main

effect of pretreatment (F(1, 11)=7.63, p=0.019) and sig-
nificant interactions for time × pretreatment (F(15, 165)=
2.41, p=0.004) and time × pretreatment × concentration
(vehicle or 200 nM; F(15, 165)=2.10, p=0.012), indicating
that nor-BNI attenuated the salvinorin-A-evoked decrease
in DA. Subsequent F tests revealed significant differences
between nor-BNI- and salvinorin-A-treated rats relative to
those that received vehicle prior to salvinorin A.

Quantitative (no net flux) microdialysis under transient
conditions was conducted to determine whether the
decrease in DA overflow produced by DSTR perfusion of
salvinorin A was a result of changes in DA release, DA
uptake, or both (Fig. 4). Salvinorin A perfusion did not
modify the Ed for DA (Fig. 4a). However, a significant
decrease in DAext was seen (t(22)=2.47, p=0.022; Fig. 4b).
The decrease in extracellular DA levels in the absence of
changes in Ed indicates that DA release is decreased in
response to intra-DSTR perfusion of salvinorin A.

Effects of repeated systemic administration of salvinorin
A on DA dynamics

To determine whether repeated systemic administration of
salvinorin A is associated with prolonged changes in basal
DA dynamics, quantitative microdialysis was conducted
48 h after the cessation of a 5-day salvinorin A (0; 1.0 mg/kg)
treatment regimen (Fig. 5). The results of the linear

Fig. 3 Effects of acute local perfusion of salvinorin A on DSTR DA
levels. a Concentration curve of intra-DSTR salvinorin A; asterisk
indicates significant difference from the vehicle group. b Effect of

systemic administration of nor-BNI 24-hrs prior to perfusion of 200-nM
salvinorin A number sign indicates significant difference from the
200-nM salvinorin A group

Fig. 4 Influence of acute DSTR perfusion of salvinorin (200 nM) on
basal DA dynamics as assessed using quantitative microdialysis under
transient conditions. a Ed (slope), b DAext. asterisk indicates

significant difference from the mean of the baseline samples. The
dotted line represents the mean of the baseline samples
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regression analysis are shown in Fig. 5a. Basal DA
overflow was unaltered in response to repeated salvinorin
A administration (Fig. 5b). Determination of DA levels
during aCSF perfusion revealed no difference between
vehicle (3.7±0.4 nM) and salvinorin (3.3±0.3) pretreat-
ment. Similarly, analysis of the y-intercept of the linear
regression plot (Fig. 5a), which corresponds to dialysate
levels obtained in a conventional microdialysis experiment,
revealed no difference between treatment groups. The lack
of a difference between treatment groups indicates that DA
overflow is unaltered. No difference between treatment
groups in DAext (DAin−DAout=0) was seen (Fig. 5b).
Similarly, there was no difference between groups in the
slope of the regression line which represents the Ed

(Fig. 5a). Thus, DA uptake was unaltered (Fig. 5c).

Effects of repeated systemic administration of salvinorin
A on cocaine-evoked DA levels in the DSTR
and locomotor activity

DA overflow in response to an acute cocaine (20 mg/kg)
challenge was quantified 48 h after the cessation of re-
peated vehicle or salvinorin A (1.0 or 3.2 mg/kg) ad-
ministration (Fig. 6a). A four-way ANOVA (pretreatment ×
drug (saline vs. cocaine) × drug challenge (pre vs. post
cocaine) × time] revealed a significant main effect for
cocaine (F(1, 34)=183.32, p=0.001), indicating that ad-
ministration of cocaine significantly increased DA levels.
While there was no significant main effect for pretreatment,

there were multiple interactions: pretreatment × drug (F(2,
34)=5.13, p=0.011); pretreatment × drug × cocaine
challenge × time (F(18, 306)=4.093, p=0.001). Subsequent
F tests conducted at each time point revealed that repeated
administration of 3.2 mg/kg salvinorin A significantly
increased cocaine-evoked DA levels.

Cocaine-evoked locomotor activity was measured in
parallel groups of animals (Fig. 6b). Administration of
cocaine significantly increased activity as revealed by a
main effect of drug (F(1, 31)=52.55, p=0.001). However,
the magnitude of this effect did not differ between control
animals and those with a prior history of repeated salvinorin
A administration. Cocaine significantly increased stereoty-
py (F(1, 31)=155.88, p=0.001; Fig. 6c). There was no
difference between pretreatment groups in this effect.

Discussion

The current study demonstrates that both acute systemic
administration and acute intra-DSTR perfusion of salvi-
norin A decrease DA overflow in rat DSTR. Quantitative
microdialysis revealed that intra-DSTR perfusion of salvi-
norin A decreased DAext levels but did not affect the Ed; an
indirect measure of DA uptake. Following repeated
administration of salvinorin A, DA overflow and basal
DA dynamics were unaltered. The ability of cocaine to
increase DA overflow in the DSTR was enhanced whereas
the locomotor activating effects of cocaine were unchanged.

Fig. 5 Effects of repeated systemic administration of salvinorin A (1.0 mg/kg) on basal DAext and Ed in DSTR as determined by quantitative
microdialysis. Linear regression plot (a), basal dialysate and extracellular concentrations of DA (b), and Ed (slope) of linear regression (c)

Fig. 6 Effects of repeated systemic salvinorin A administration on cocaine-evoked DA levels in the DSTR (a), locomotor activity (b), stereotypy
(c). Asterisk indicates significant difference from the vehicle–cocaine group
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Consistent with a recent study in the mouse (Zhang et al.
2005), the current results demonstrate that systemic
salvinorin A administration decreases dialysate DSTR DA
levels in the rat. Perfusion of salvinorin A into the DSTR
produced a concentration-dependent decrease in dialysate
DSTR DA levels indicating that the actions of salvinorin A
in this region are sufficient to modulate striatal DA
overflow. Previous studies demonstrated a decrease in DA
levels produced by local perfusion of synthetic KOPr
agonists into either the DSTR or NAC (Donzanti et al.
1992; Spanagel et al. 1992; You et al. 1999). The decrease
of DA in the DSTR produced by intrastriatal salvinorin A is
most likely due to KOPr activation because pretreatment
with the selective KOPr antagonist nor-BNI attenuated the
salvinorin-A-evoked decrease in DA overflow. Our find-
ings, thus, indicate that the activation of DSTR KOPr is
sufficient for the inhibitory effects of salvinorin A on
mesostriatal DA transmission.

Quantitative microdialysis under transient conditions
was conducted to determine whether the decrease in DA
overflow associated with DSTR perfusion of salvinorin
reflects alterations in DA reuptake or release. Acute
administration of salvinorin A decreased DAext but did
not in modify Ed, indicating that salvinorin A decreases DA
release but does not alter DA uptake in the DSTR.
Analogous findings have been obtained with a synthetic
KOPr agonist. U-69593 produced a concentration-depen-
dent, nor-BNI-reversible, inhibition of K+-evoked [3H] DA
release from rat striatal synaptosomes (Ronken et al. 1993).
Decreased DA overflow has been observed in response to
intra-NAC perfusion of U-69593 in mice (Chefer et al.
2005). However, acute U-69593 administration also in-
creased DA uptake in this region (Thompson et al. 2000).
Systemic administration of salvinorin A decreases dialysate
DA levels of DA in the NAC (Carlezon et al. 2006).
Therefore, it is possible that although salvinorin A does not
alter DA uptake in the DSTR, its acute administration may
affect DA uptake in the NAC.

Quantitative microdialysis revealed no alteration in
DAext or Ed following repeated salvinorin A administration.
These results are consistent with a previous study showing
that repeated administration of U-69593 does not affect
basal DAext or DA uptake in the DSTR (Acri et al. 2001).
However, the findings in the DSTR differ from those
showing that repeated administration of U-69593 decreases
DA uptake but does not affect extracellular DA levels in the
NAC (Thompson et al. 2000). Therefore, both acute and
repeated administration of KOPr agonists appears to alter
DA uptake in the NAC but not the DSTR. Future studies are
needed to determine whether acute or repeated administra-
tion of salvinorin Awould change DA uptake in the NAC.

Repeated administration of salvinorin A (3.2 mg/kg)
significantly increased cocaine-evoked DA levels in the

DSTR. Increases in cocaine-evoked DA levels have been
reported in the NAC and DSTR following repeated
U-69593 administration (Heidbreder et al. 1998). Further-
more, repeated U-69593 administration significantly in-
creased K+-evoked DA levels in the NAC (Fuentealba et al.
2006), and chronic treatment of cultured mesencephalic DA
neurons with U-69593 increased K+-evoked [3H] DA
release (Ronken et al. 1994). Taken together, the present
findings and those reported previously with U-69593
suggest that prolonged or repeated KOPr activation in the
striatum or NAC sensitizes DA neurons to evoked release.

A possible mechanism for the enhancement of cocaine-
and K+-evoked DA release by KOPr agonists could be a
loss of D2 autoreceptors that regulate DA release. Repeated
U-69593 pretreatment attenuated the decrease in striatal DA
dialysate levels produced by acute administration of the D2
receptor agonist quinpirole and reduced the locomotor
stimulant effects of quinpirole (Acri et al. 2001). Addition-
ally, in the study where repeated administration of U-69593
significantly increased K+-evoked DA levels, quinpirole
perfusion decreased basal and K+-evoked DA levels in
control rats but not in rats pretreated with U-69593
(Fuentealba et al. 2006). The impairment of D2-mediated
inhibition of DA release may result from a downregulation
of DA D2 autoreceptors. Repeated administration of U-
69593 decreased the number of DA D2 receptors in the
caudate putamen by 40% but did not affect binding affinity
(Izenwasser et al. 1998).

The current results indicate that repeated administration
of salvinorin A increases cocaine-evoked DA release
without significantly attenuating cocaine-evoked locomotor
activity. These results contrast with previous research
showing that repeated administration of U-69593 attenuates
cocaine-evoked locomotor activity (Heidbreder et al. 1998;
Collins et al. 2001). It is possible that testing of a different
dose of cocaine or time point would have yielded different
findings. However, the present findings suggest that, while
salvinorin A produces many of the same effects as synthetic
KOPr agonists, the pharmacology of salvinorin A may
differ from that of synthetic KOPr agonists. Interestingly,
Chavkin et al. (2004) found that salvinorin A was more
potent and efficacious than either U-69593 or U-50488 in
human embryonic kidney-293 cells expressing the human
KOPr. Furthermore, although the potency of salvinorin A in
stimulating [35S] guanosine gamma thio-phosphate
(GTPγS) binding in Chinese hamster ovary cells express-
ing the cloned human KOPr is similar to that of U-50488, it
is approximately 40-fold less potent than U-50488 in
promoting KOPr internalization (Wang et al. 2005).
Another study demonstrated that salvinorin A (10–50 µM)
partially inhibited µ receptor binding, affected the Kd and
Bmax of the µ receptor, and acted as a noncompetitive
inhibitor of DAMGO-stimulated [35S]GTPγS binding.
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These findings indicate that salvinorin A allosterically
modulates the µ-opioid receptor (Rothman et al. 2007). In
contrast to the partial µ receptor inhibition by salvinorin A,
U-50488 completely inhibited µ receptor binding, produc-
ing inhibition curves consistent with competitive inhibition
(Rothman et al. 2007). Thus, salvinorin A may interact
differently with the µ receptor than other KOPr agonists.

In summary, the present findings show that salvinorin A,
like other KOPr agonists, decreases mesostriatal neuro-
transmission by affecting DA release but not DA uptake.
Additionally, this study is the first to assess the effects of
repeated salvinorin A administration on cocaine-evoked
DA release and locomotor activity. The increase in cocaine-
evoked DA release in the DSTR produced by salvinorin A
is consistent with previous research examining the effects
of U-69593 (Heidbreder et al. 1998). However, a difference
in the interaction of salvinorin A and synthetic KOPr
agonists with the behavioral response to cocaine was seen,
suggesting that the pharmacology of these agents may not
be identical.
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