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ABSTRACT
Salvinorin A is the main active component of the widely available
hallucinogenic plant, Salvia divinorum. Salvinorin A is a selective
high-efficacy �-agonist in vitro, with some unique pharmacody-
namic properties. Descriptive reports show that salvinorin A-con-
taining products produce robust behavioral effects in humans.
However, these effects have not been systematically character-
ized in human or nonhuman primates to date. Therefore, the
present studies focused on the characterization of overt effects
of salvinorin A, such as sedation (operationally defined as un-
responsiveness to environmental stimuli) and postural relax-
ation, previously observed with centrally penetrating �-agonists
in nonhuman primates. Salvinorin A was active in these end-
points (dose range, 0.01–0.1 mg/kg i.v.) in nonhuman primates
(n � 3–5), similar to the synthetic �-agonist U69,593 [(�)-
(5�,7�,8�)-N-methyl-N-[7-(1-pyrrolidinyl)-1-oxaspiro[4.5]-

dec-8-yl]-benzeneacetamide], used for comparison herein.
Salvinorin A effects could be prevented by a clinically available
opioid antagonist, nalmefene (0.1 mg/kg), at doses known to
block �-receptor-mediated effects in nonhuman primates.
When injected intravenously, salvinorin A (0.032 mg/kg) could
enter the central nervous system (as reflected in cisternal ce-
rebrospinal fluid) within 1 min and reach concentrations that are
in the reported range of the affinity (Ki) of this ligand for brain
�-receptors. Consistent with this finding, specific translationally
viable behavioral effects (e.g., facial relaxation and ptosis)
could also be detected within 1 to 2 min of injection of salvinorin
A. These are the first studies documenting rapid unconditioned
effects of salvinorin A in a primate species, consistent with
descriptive reports of rapid and robust effects of this powerful
hallucinogen in humans.

Salvinorin A, a diterpenoid, is the main active component
of the hallucinogenic plant Salvia divinorum (Valdes et al.,
1984). Salvinorin A-containing products (e.g., leaves, concen-
trated extracts) have been widely available for the last sev-
eral years, especially on the internet, and self-administration
(mainly by the smoking route) has been reported (Baggott et
al., 2004; González et al., 2006; Lange et al., 2008). S. divi-
norum was originally used as an ethnopharmacological agent
by the Mazatec indigenous people of Oaxaca, Mexico; how-
ever, its mode of action was only recently discovered. Specif-
ically, salvinorin A is a selective agonist at �-opioid receptors
and has no affinity at 5HT2 sites, common targets of known
classic hallucinogens (Roth et al., 2002). Studies indicate that

salvinorin A may have relatively unique properties as a li-
gand at �-receptors, including ultrahigh efficacy at particular
transduction systems and a reduced propensity to promote
receptor internalization (Chavkin et al., 2004; Wang et al.,
2005).

The behavioral effects of salvinorin A have been studied
under several conditions in rodents (Fantegrossi et al., 2005;
Zhang et al., 2005; Carlezon et al., 2006), detecting place
aversion, motor incoordination, and depressive-like effects.
One study in nonhuman primates focused on its operant
discriminative effects in subjects trained to discriminate the
synthetic �-agonist U69,593 (Butelman et al., 2004). Studies
on the overt behavioral effects of salvinorin A in nonhuman
primate models may be especially valuable in view of re-
ported differences between rodent and primate (including
human) �-opioid systems, at the neuroanatomical, neuro-
pharmacological, and gene level (Young et al., 1986; Peckys
and Landwehrmeyer, 1999; Liu-Chen, 2004; Butelman et al.,
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2007). Although there are descriptive reports on the behav-
ioral and subjective effects of salvinorin A-containing prod-
ucts in humans, there is currently a lack of quantitative
experimental data available (Siebert, 1994; Baggott et al.,
2004; González et al., 2006).

�-Receptors are located in several brain areas that could
mediate sedative-like and postural effects in humans or pri-
mates. These potential target regions for the behavioral ef-
fects of salvinorin A include cortical areas, including the
prefrontal cortex, dorsal and ventral striatal areas, and lat-
eral hypothalamus (Peckys and Landwehrmeyer, 1999).

Pilot studies revealed that a subcutaneous dose of salvi-
norin A that was active in the �-agonist (U69,593) drug
discrimination assay in primates (0.032 mg/kg) (Butelman et
al., 2004) only produced slight or no sedation in rhesus mon-
keys; this dose is at the practical solubility limit for this
compound. In the present studies, therefore, we carried out
an evaluation of the overt behavioral effects of intravenous
salvinorin A in nonhuman primates (rhesus monkeys), given
that this route typically results in greater bioavailability. In
addition, intravenous bolus administration may model par-
ticular aspects of drug exposure by the smoking route (e.g., in
terms of rapid rise in a compound’s blood levels). Smoking is
thought to be a common route of self-administration of salvi-
norin A-containing products in humans (González et al.,
2006). We used initially observational rating scales for seda-
tion and postural relaxation, previously used to study syn-
thetic �-opioid ligands. We then used a more recently refined
method to quantify translationally viable effects (facial re-
laxation and ptosis) to characterize the onset and time course
of salvinorin A in greater detail. We also carried out initial
studies on the ability of a clinically available opioid antago-
nist (nalmefene) to prevent and/or reverse prominent behav-
ioral effects of this widely available hallucinogen.

Materials and Methods
Subjects

Adult, captive-bred, gonadally intact rhesus monkeys (Macaca
mulatta; four male and four female; age range, 8–14 years old
approximately; weight range, approximately 7–12.5 kg), were used.
Subjects were housed singly in stable colony rooms maintained at 20
to 22°C with controlled humidity, and a 12-h light/dark cycle (lights

on at 7:00 AM). They were fed appropriate amounts of primate chow
biscuits (PMI Feeds, Richmond, VA) daily, supplemented by appet-
itive treats. An environmental enrichment plan was in place in the
colony rooms. Water was freely available in home cages, via an
automatic waterspout. Subjects had complex histories of prior expo-
sure to opioid pharmacological probes but no history of chronic ex-
posure to any agent. Consecutive experiments in the same subjects
were typically separated by at least 72 h and were carried out at least
3 h after lights on and 3 h before lights off (e.g., 1000–1600) on each
experimental day.

Procedures

Rating Sedation and Posture with Observational Scales.
The behavioral effects of salvinorin A were characterized with two
rating scales, one measuring sedation and the other measuring pos-
ture (Butelman et al., 1999; Ko et al., 1999) (see Table 1). Such scales
are particularly responsive to high-efficacy centrally penetrating
�-agonists and to nonopioid compounds known to have sedative
effects in humans (Dykstra et al., 1987; Butelman and Woods, 1993).
The scales are much less responsive to peripherally selective �-ago-
nists, consistent with mediation inside the blood-brain barrier for
these effects. The sedation scale operationally measures the type of
environmental stimulus that is required to obtain an orienting re-
sponse from a subject, analogously to sedation scales in human
studies (Ramsay et al., 1974). The posture scale is based on a global
score of facial and whole-body relaxation.

Studies in chaired animals only utilized the sedation scale (with
minor modifications from the scale used in the home cage) (Butelman
et al., 1999; Ko et al., 1999) because this scale cannot robustly
quantify posture in chaired subjects. Studies in chaired subjects
were the initial dose-ranging studies and were used in a limited
manner for evaluation of high-dose salvinorin A.

All rating was carried out by an observer experienced with the
individual subjects and blind to the pharmacological conditions un-
der study (e.g., drug or vehicle administration or antagonist pre-
treatment status) after repeated training. All studies were carried
out with a time course design, with salvinorin A or U69,593 admin-
istered as a single bolus dose, followed by rating at standard time
points (e.g., 5, 15, 30, 60, and, if applicable, 90 min). In antagonist
pretreatment studies, a single dose of antagonist (e.g., nalmefene)
was administered as pretreatment before salvinorin A, compared
with vehicle pretreatment. Studies were reviewed by the Rockefeller
University Animal Care and Use Committee, in accordance with the
Guide for Care and Use of Laboratory Animals (Institute of Labora-
tory Animal Resources, 1996).

TABLE 1
Sedation and postural relaxation rating scales
From Ko et al. (1999) and Butelman et al. (1999), based on Dykstra et al. (1987).

Score Operational Description of Stimulus Required to Elicit a Behavioral Responsea

Sedation scale (home cage or chaired subjects)
0 No observable sedation, subject is alert to environmentb

1 Subject is attentive to ordinary movements of observerc

2 Subject responds to loud noise in room (one hand clap)
3 Subject responds only to opening of cage latch (home cage studies) or

knocking on chair (chaired studies)
4 Subject responds only to loud noise 3 feet away from its head
5 Subject responds only to touch
6 Subject does not respond to touch

Postural relaxation score (home cage only)
0 No observable facial or whole-body relaxation
1 Slight facial relaxation (including jaw slackening) or shoulder droop
2 Pronounced facial relaxation (including jaw slackening) or shoulder droop
3 Subject braces itself to sit up
4 Subject does not sit up

a Stimuli are presented in sequential order, until a behavioral response (e.g., an orienting response) is elicited.
b Observer is stationary in room; lack of subject alertness is defined by apparent staring for �15 s.
c “Ordinary” movement by observer is walking within room.
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Facial Relaxation and Ptosis: Detailed Time Course Anal-
ysis. In follow-up studies, the cumulative duration of two specific
behaviors were videotaped in chaired subjects in 1-min windows:
facial relaxation and ptosis (partial or complete). Very brief events
(e.g., �1 s in duration) were not scored to avoid baseline behaviors
such as blinking. Facial relaxation and ptosis have been observed
previously with �-agonists in nonhuman primates (including other
experiments herein) but have never been quantified specifically in
themselves over detailed time windows.

All time windows were rated blind by a main trained rater, using
the Observer XT System (Noldus, Wageningen, The Netherlands).
After initial training, the main rater for the data reported herein
exhibited a coefficient of variation of approximately 5% when rating
a time window of peak pharmacological activity for salvinorin A (e.g.,
one with a mean of 28.9 s of ptosis in a 1-min period in five indepen-
dent determinations). For comparison, a second trained rater inde-
pendently scored the same time period repeatedly and obtained a
mean of 26.3 s of ptosis. Thus, the average of the mean scores for the
two raters differed by approximately 9%. Toward the end of all the
reported studies (collected over several months), the same time win-
dow was again rated repeatedly by the main rater. The mean of these
latter redeterminations for the main rater deviated from the mean of
the original determinations by less than 3%.

Design. All observational studies were carried out with a re-
peated measures design (n � 3–6, depending on study and available
subjects). The order of session within each experiment (e.g., vehicle
or drug condition) was determined randomly. The design of each
study is described below.

Studies with Sedation and Posture Observational Rating
Scales

Intravenous Dose-Ranging Experiment in Chaired Sub-
jects. Salvinorin A (0.032 and 0.1 mg/kg i.v.) was compared with the
synthetic �-agonist U69,593 (0.01, 0.032, and 0.056 mg/kg i.v.) in
three male subjects. Each compound was compared with its vehicle.

Sedative and Postural Effects in the Home Cage. Further
experiments were carried out in the home cage (to evaluate effects on
posture in addition to sedation), with a maximal salvinorin A bolus
of 0.032 mg/kg i.v. The effects of salvinorin A (0.01 or 0.032 mg/kg
i.v.) were studied in six subjects (three males and three females)
versus vehicle.

Dose-Dependent Nalmefene Prevention of the Effects of
Salvinorin A in the Home Cage. This study determined the effect
of salvinorin A (0.032 mg/kg) after 30-min pretreatment with
nalmefene (two doses, 0.01 or 0.1 mg/kg s.c., or vehicle). It is known
that the smaller nalmefene dose (0.01 mg/kg) is sufficient to cause
robust antagonism of �-receptor- but not �-receptor-mediated effects
in this species (France and Gerak, 1994; Butelman et al., 2007). In
contrast, nalmefene (0.1 mg/kg) is sufficient to cause antagonism of
�-receptor-mediated effects in this species.

Potential Effects of the Cannabinoid CB1 Antagonist
Rimonabant on Salvinorin A-Induced Behavior in the Home
Cage. Because of recent reports on apparent modulation of salvi-
norin A effects by CB1 receptors in rats (Braida et al., 2008), this
study determined the effects of salvinorin A (0.032 mg/kg i.v.) after
30-min pretreatment with the CB1 antagonist rimonabant (1 mg/kg
i.v.) or vehicle. This rimonabant dose has produced antagonism of
CB1 receptor-mediated effects in this species in prior studies (Mc-
Mahon et al., 2005).

Detailed Analysis of Onset of Salvinorin A on Facial
Relaxation and Ptosis

Time Course of Salvinorin A Effects on Facial Relaxation
and Ptosis. Descriptive reports in humans mention ultrafast onset
effects of salvinorin A-containing products, and this is consistent
with the onset of detection of salvinorin A in CSF after intravenous
administration herein (see below).

These separate studies therefore compared the effects of intrave-
nous vehicle or intravenous salvinorin A (0.01 and 0.032 mg/kg) on
videotaped sessions in chaired animals on facial relaxation and pto-
sis. The following 1-min time windows were used: preinjection base-
line and 0 to 1, 1 to 2, 4 to 5, 14 to 15, 29 to 30, and 59 to 60 min after
salvinorin A injection. These time windows are consistent with other
studies reported herein and were selected a priori.

This was followed by studies on the ability of nalmefene (0.1
mg/kg) to either prevent or reverse salvinorin A (0.032 mg/kg i.v.)-
induced facial relaxation or ptosis. Lastly, the serotonergic antago-
nist ketanserin (0.1 mg/kg i.m.) was studied for its potential ability
to prevent similar effects of intravenous salvinorin A in these end-
points. Similar ketanserin doses were sufficient to block serotonergic
effects in this species in prior studies (Li et al., 2008).

Detection of Intravenously Administered Salvinorin A in
Cerebrospinal Fluid from Cisterna Magna. Subjects (n � 3)
were fasted overnight and were anesthetized with Telazol (3 mg/kg
i.m.). The area around the occiput and upper dorsal neck was clipped,
and the skin was disinfected with isopropanol and iodine swabs. The
subject was placed on a heating pad (37°C). A spinal needle (22 g, 1.5
inches; BD Biosciences, San Jose, CA) was percutaneously in-
serted in the cisterna magna using a previously described technique
(Lipman et al., 1988). Flow of clear CSF was confirmed. The needle’s
sterile stylet was replaced into the needle before the study and
between samples (the stylet completely occludes the lumen of the
needle up to its tip, thus minimizing sample cross-contamination).
Samples (approximately 300 �l each) were collected in chilled Ep-
pendorf tubes and then immediately placed on dry ice. CSF samples
(one per subject) were collected preinjection and at the following
times after the end of salvinorin A injection (0.032 mg/kg i.v. injected
over approximately 20 s): 0, 1, 2, 5, 15, and 30 min after adminis-
tration and 180 (�5) min in a separate determination. The first drop
of CSF at each time point (approximately 50 �l) was discarded to
further minimize the sample to sample cross-contamination. After
the experiment, the subjects were allowed to recover under observa-
tion and were returned to the home cage. Blood samples were not
analyzed herein because prior studies under identical dosing condi-
tions have already shown that salvinorin A blood concentrations
decay very rapidly over the 1st min after administration and then
gradually decline further over 60 min (Schmidt et al., 2005a; see also
Hooker et al., 2008).

LC-MS Analysis of CSF Samples. Concentrations of salvinorin
A were determined with an LC-MS technique at the Rockefeller
University Proteomics Resource Center, based on a previously re-
ported method (Schmidt et al., 2005b). The samples were spiked with
deuterated salvinorin A as internal standard and purified using
Oasis HLB solid phase extraction cartridges (Waters, Milford, MA).
The analytes eluted from solid phase extraction were dried under
nitrogen and reconstituted with 10% methanol/water. The samples
were analyzed using nano-LC- tandem mass spectrometry. Each
sample was separated by gradient elution with the Dionex capillary/
nano- high-performance liquid chromatography system at a flow rate
of 250 nl/min and analyzed by a QSTAR XL mass spectrometer using
information-dependent, automated acquisition. Data are presented
as mean (�S.E.M.) in nanograms per milliliter.

Data Analysis for Behavioral Studies. Data from sedation and
postural observational rating scale experiments were analyzed non-
parametrically (e.g., Friedman’s ANOVA, followed by Dunn’s tests
when appropriate; GraphPad Prism; GraphPad Software Inc., San
Diego, CA). Data from the facial relaxation and ptosis experiments
were analyzed parametrically (e.g., repeated measures ANOVA fol-
lowed by post hoc Newman-Keuls tests; SigmaStat 3.1; Systat Soft-
ware, Inc., San Jose, CA). The � level was set at p � 0.05 throughout;
therefore, values denoted as significant used this p value as a cutoff.

Pharmacological Agents. Salvinorin A (extracted in the Labo-
ratory of Dr. T.E. Prisinzano, University of Iowa, College of Phar-
macy, Iowa City, Iowa) was dissolved daily in a vehicle composed of
ethanol/Tween 80/sterile water [1:1:8 (v/v)]. U69,593 (Pharmacia and
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Upjohn, Kalamazoo, MI) was dissolved in sterile water, acidified
with lactic acid (1 drop/5 ml). Nalmefene HCl (Baker Norton, Miami,
FL) was dissolved in sterile water. Rimonabant-free base (RTI In-
ternational, Research Triangle Park, NC; kindly provided through
the National Institute on Drug Abuse Drug Supply System), was
dissolved daily in a vehicle composed of dimethyl sulfoxide/Tween
80/sterile water (1:1:8, by volume). All injections were made in a
volume of 0.05 to 0.2 ml/kg. Ketanserin tartrate (Sigma-Aldrich, St.
Louis MO) was dissolved daily in 5% dimethyl sulfoxide/95% sterile
water. Ketanserin dose is expressed as the base. For all other agents,
doses are expressed in the forms described above. In relevant condi-
tions, appropriate vehicle injections and volumes thereof were used
for comparisons in behavioral studies.

Results
Effects of Salvinorin A on Sedation and Posture Scores
with Observational Rating Scales

Baseline (Preinjection) Scores and Effects of Vehicle
Administration on Sedation and Posture Scales. Unless
otherwise stated, sedation and postural scores obtained pre-
injection were “0”; that, is subjects did not display signs of
sedation or postural relaxation preinjection. In addition, un-
less otherwise stated, administration of vehicle (e.g., ethanol/
Tween 80/sterile water, 1:1:8; 0.16 ml/kg) resulted in homo-
geneous scores of 0 for each individual session of the
experiments described below (e.g., standard time points 5–90
min after administration). That is, with the present scales,
there was a very low frequency of “false-positive” scores un-
der these rating conditions.

Effects of Intravenous Salvinorin A in Chaired Sub-
jects (Dose-Ranging Study). Intravenous salvinorin A
doses were compared (0.032 and 0.1 mg/kg i.v. versus vehicle)
in three chaired male subjects. Salvinorin A (0.032–0.1
mg/kg i.v.) resulted in dose-dependent increases in sedation
scores, in each of the subjects (maximal scores of 4–6 were
encountered in this group) (Fig. 1). A fast onset and short
duration of action of intravenous salvinorin A was observed
in all subjects (peak effects by the first time point, 5 min
postinjection, with a partial decline by 30 min postinjection).
Friedman’s ANOVA at 5, 15, and 30 min postinjection re-
vealed significant effects of salvinorin A dose [F(3) � 6, 6 and
5.6, respectively; p � 0.03], no significance was obtained at
60 min. Post hoc Dunn’s tests at 5 and 15 min postinjection
revealed that the larger salvinorin A dose (0.1 mg/kg) was
significantly different from vehicle (p � 0.05). One subject in

these initial determinations exhibited tremors within 30 s of
salvinorin A injection (0.1 mg/kg). These were immediately
treated with naltrexone (0.32 mg/kg); the tremors rapidly
declined, and the subject recovered uneventfully. This sub-
ject was not studied further with this intravenous salvinorin
A dose. Therefore, remaining studies reported below used a
smaller maximal dose of salvinorin A (0.032 mg/kg) to mini-
mize such undesirable effects.

In a direct comparison, U69,593 (0.01, 0.032, and 0.056
mg/kg i.v.) was compared with vehicle. U69,593 also pro-
duced robust dose-dependent sedation scores (maximal
scores of 6 were obtained at the largest U69,593 dose in each
of the subjects), with a fast onset and longer duration of
action than salvinorin A. Friedman’s ANOVA at 5, 15, 30,
and 60 min revealed a significant effect of U69,593 dose
[F(4) � 7.8, 8.8, 8, and 8, respectively; p � 0.02].

Intravenous Salvinorin A in the Home Cage: Effects
on Sedation and Posture. Salvinorin A (0.01–0.032 mg/kg
i.v.) caused dose-dependent sedation and postural changes in
the subjects, with peak scores observed 5 min after adminis-
tration (Fig. 2). Dose-dependent sedation was detected by
Friedman’s ANOVA (vehicle and two salvinorin A doses) at 5
and 15 min after salvinorin A [F(3) � 10.6 and 9.6, respec-
tively; p � 0.002] but not at later time points. Postural effects
were detected by Friedman’s ANOVA (vehicle and two salvi-
norin A doses) at 5, 15, and 30 min postsalvinorin A [F(3) �
11.6, 9.0 and 6.6, respectively; p � 0.001, 0.01, and 0.03,
respectively] but not at later time points. The present pos-
tural scale is scored from either facial or whole-body relax-
ation, and both were typically observed in the subjects.

Dose-Dependent Nalmefene Prevention of Salvi-
norin A Sedative and Postural Effects in the Home
Cage. The largest dose of salvinorin A studied in the home
cage (0.032 mg/kg i.v.) was studied after subcutaneous pre-
treatment with nalmefene (0.01 or 0.1 mg/kg, versus vehicle
pretreatment; n � 5) (Fig. 3). Subjects pretreated with vehi-
cle before salvinorin A exhibited sedation and postural scores
similar to those observed above. In contrast, nalmefene (0.01
or 0.1 mg/kg) caused dose-dependent prevention of these
salvinorin A-induced effects. The smaller dose of nalmefene
did not cause substantial changes in the sedative or postural
effects of salvinorin A (0.032 mg/kg i.v.). In contrast, the
larger dose of nalmefene (0.1 mg/kg) resulted in near com-
plete prevention of sedative and postural effects in all sub-
jects. Thus, Friedman’s ANOVA for sedation scores detected
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Fig. 1. Sedative effects of intravenous salvi-
norin A (0.032 and 0.1 mg/kg) in chaired sub-
jects (n � 3; dose ranging study) (left). Sed-
ative effects of U69,593 (0.01, 0.032, and
0.056 mg/kg i.v.) (right). Abscissae, time
from intravenous injection (minutes); ordi-
nates, median sedation score. Points above
“BL” represent median baseline preinjec-
tion values.
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a dose-dependent effect of nalmefene pretreatment at 5 and
15 min postsalvinorin A [F(3) � 6.71 and 8.6, respectively;
p � 0.03 and 0.001, respectively]. Post hoc Dunn’s tests on
these sedation scores showed that the larger, but not the
smaller, nalmefene pretreatment dose (0.1 and 0.01 mg/kg,
respectively) was different from vehicle pretreatment (p �
0.05). Likewise, Friedman’s ANOVA for postural scores de-
tected a dose-dependent effect of nalmefene pretreatment at
5 and 15 min postsalvinorin A [F(3) � 9.6 and 9.3, respec-
tively, p � 0.001]. Post hoc Dunn’s tests on these postural
scores showed that the larger, but not the smaller, nalmefene
pretreatment dose (i.e., 0.1 and 0.01 mg/kg) was different
from vehicle pretreatment (p � 0.01).

CB1 Antagonist Pretreatment to Intravenous Salvi-
norin A in the Home Cage. The effects of salvinorin A
(0.032 mg/kg, n � 5) were also studied separately after pre-
treatment with the CB1 antagonist rimonabant (1 mg/kg i.v.)

or its vehicle. Median scores after rimonabant pretreatment
to salvinorin A (in either sedation or posture scales) were
essentially superimposable to scores after vehicle pretreat-
ment when tested 5 to 90 min after salvinorin A administra-
tion (data not shown).

Detailed Analysis of Salvinorin A-Induced Effects on
Facial Relaxation and Ptosis

Preinjection Values and Effects of Vehicle. Preinjec-
tion scores for facial relaxation and ptosis were typically 0 s
(in a 60-s window) for the reported experiments. As men-
tioned above, brief events (�1 s) were not scored to avoid
detecting baseline behaviors such as blinking. Intravenous
vehicle administration (scored for standard windows 0–60
min after administration) was also typically without effect on
these scores (see Fig. 4).
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Fig. 3. Nalmefene prevention of the sedative
(left) and postural (right) effects of intravenous
salvinorin A (0.032 mg/kg; n � 5). Nalmefene
(0.01 or 0.1 mg/kg) was administered as a pre-
treatment (PT) and compared with vehicle pre-
treatment. Other details as in Fig. 1.
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Fig. 2. Sedative (left) and postural effects of
intravenous salvinorin A in the home cage
(0.01 and 0.032 mg/kg; n � 6; three males
and three females). Other details as in Fig. 1.
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Salvinorin A Time Course in Facial Relaxation and
Ptosis. Salvinorin A doses (0.01 and 0.032 mg/kg i.v.) were
compared with vehicle in separate studies in chaired subjects
(n � 5). Dose- and time-dependent increases in facial relax-
ation and ptosis were observed in all subjects, with very rapid
onsets (typically by 1–2 min from the end of i.v. injection)
(Fig. 4). Two-way (dose 	 time) repeated measures ANOVA
were carried out for either dependent variable (see below).

Facial Relaxation. Significant main effects of dose
[F(2,8) � 5.63; p � 0.03], time [F(4,5) � 4.88; p � 0.004] were
detected. Newman-Keuls comparisons revealed a significant
effect of salvinorin A (0.01 mg/kg) versus vehicle for the time
windows occurring 1 to 2 and 4 to 5 min after intravenous
administration, q � 4.24 and 5.52, respectively (p � 0.05). A
similar profile was observed with salvinorin A (0.032 mg/kg)
versus vehicle at 1 to 2 and 4 to 5 min, q � 3.64 and 3.94,
respectively (p � 0.05).

Ptosis. Significant main effects of dose [F(2,8) � 9.08; p �
0.01] and a dose 	 time interaction [F(10,40) � 2.12; p �
0.05] were observed. Newman-Keuls comparisons revealed a
significant effect of salvinorin A (0.01 mg/kg) versus vehicle
for the time windows occurring 1 to 2 and 4 to 5 min after
administration, q � 3.43 and 5.05, respectively (p � 0.05).
Significant effects of the larger salvinorin A dose (0.032 mg/
kg) versus vehicle were detected at 4 to 5 and 14 to 15 min
after administration, q � 3.87 and 5.00, respectively (p �
0.05).

U69,593 Time Course in Facial Relaxation and Pto-
sis. U69,593 doses (0.01 and 0.032 mg/kg i.v.) were compared
with vehicle, in separate studies in chaired subjects (n � 4),
under identical conditions. U69,593 induced increases in fa-
cial relaxation, but its time course was less well defined than
that observed with salvinorin A (above) (see Fig. 4). The

effects of U69,593 on ptosis displayed a slower offset than
those observed with salvinorin A. Two-way (dose 	 time)
repeated measures ANOVA were carried out for either de-
pendent variable (see below).

Facial Relaxation. No significant effects or interactions for
the effects of U69,593 on facial relaxation were detected,
probably because of relatively large intersubject variability
with this ligand’s effects on this endpoint.

Ptosis. Significant main effects of dose [F(2,6) � 18.63; p �
0.003], time (F[5,15] � 6.19; p � 0.003), and a dose 	 time
interaction [F(10,30) � 2.97; p � 0.01] were observed. New-
man-Keuls comparisons revealed a significant effect of
U69,593 (0.01 mg/kg) versus vehicle for the time windows
occurring 4 to 5 and 14 to 15 min after administration, q �
3.89 and 4.98, respectively (p � 0.05). Significant effects of
the larger U69,593 dose (0.032 mg/kg) versus vehicle were
detected at 4 to 5, 14 to 15, 29 to 30, and 59 to 60 min after
administration, q � 3.20, 8.00, 6.53, and 3.48, respectively
(p � 0.05).

Nalmefene Prevention of Salvinorin A-Induced Fa-
cial Relaxation and Ptosis. Nalmefene (0.1 mg/kg s.c.) was
administered as a 30-min pretreatment to salvinorin A
(0.032 mg/kg; n � 5), followed by scoring as described above.
Nalmefene alone, measured 19 to 20 min after administra-
tion, did not cause ptosis or facial relaxation (data not
shown). However, nalmefene prevented the effects of salvi-
norin A on both facial relaxation and ptosis. Two-way (time 	
pretreatment condition) repeated measures ANOVA were
carried out for either dependent variable (see below) (Fig. 5).

Facial Relaxation. A significant main effect of pretreat-
ment condition was detected [F(1,4) � 14.88; p � 0.02].

Ptosis. A significant main effect of pretreatment condition
was detected [F(1,4) � 14.46; p � 0.02].
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Fig. 4. Effects of intravenous
salvinorin A on facial relax-
ation and ptosis (top left and
bottom left, respectively; n � 5).
Effects of intravenous U69,593
on facial relaxation and ptosis
(top right and bottom right, re-
spectively; n � 4). Abscissae,
time from the end of intrave-
nous injection (note axis break).
Ordinates, mean (�S.E.M.) cu-
mulative time for each behavior,
within a 60-s time window.
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Nalmefene Reversal of Ongoing Salvinorin A-In-
duced Facial Relaxation and Ptosis. In a “reversal” ex-
periment, nalmefene (0.1 mg/kg i.v.) was administered 11
min after salvinorin A (0.032 mg/kg i.v., i.e., after the onset of
its effects) (Fig. 6). This was compared with a vehicle intra-
venous injection administered 11 min after salvinorin A.
Modified postreversal time windows for analysis and presen-
tation were selected a priori to capture potentially rapid
reversal effects of nalmefene in the minutes after its admin-
istration. These time windows (with time 0 considered as the
time of salvinorin A administration) were: 13 to 14, 14 to 15,
19 to 20, 29 to 30, and 59 to 60 min. Nalmefene caused rapid
and robust reversal of ongoing salvinorin A-induced facial
relaxation or ptosis (compared with a vehicle reversal injec-
tion) (see below).

Facial Relaxation. There was a significant interaction be-
tween reversal condition and time [F(4,16) � 5.13; p � 0.01];
Newman-Keuls tests detected a significant difference be-
cause of nalmefene reversal for the 13- to 14-, 14- to 15-, and
19- to 20-min time windows (q � 4.76, 4.92, and 3.84, respec-
tively) but not at later time windows (p � 0.05).

Ptosis. There was a significant main effect of reversal con-
dition [F(1,4) � 28.34] and an interaction between reversal
condition and time [F(4,16) � 7.40; p � 0.001]. Newman-
Keuls tests detected a significant difference because of
nalmefene reversal for the 13- to 14-, 14- to 15-, 19- to 20-,
and 29- to 30-min time windows (q � 7.22, 7.44, 6.97, and
3.30, respectively) but not at later time windows (p � 0.05).

Lack of Influence of the 5T2 Antagonist Ketanserin
on Salvinorin A-Induced Facial Relaxation and Ptosis.
Ketanserin (0.1 mg/kg i.m.) was administered 30 min before
salvinorin A (0.032 mg/kg). Ketanserin alone was without
effect when observed 19 to 20 min after administration; ket-
anserin was also ineffective in modulating the effects of salvi-
norin A under these conditions (studied 5–60 min after salvi-
norin A; data not shown).

Detection of Salvinorin A in CSF after Intravenous
Administration. Preinjection baseline samples for each
subject (n � 3) demonstrated no MS signal peak for salvi-
norin A (mol. wt. � 432.5). Immediately after the end of
intravenous bolus injection of salvinorin A (0.032 mg/kg,
injected over approximately 20 s), CSF samples from each of
the subjects displayed a signal for salvinorin A [mean 0.22
ng/ml (S.E.M. � 0.06)], termed time 0 (Fig. 7). The peak
salvinorin A value was observed at 2 min after the end of
injection [i.e., Cmax was 1.01 ng/ml (S.E.M.) � 0.01)]. This
value then declined gradually, up to 30 min. A sample taken
from the same subjects in a separate session at 180 (�5) min
after injection revealed a greater time-dependent decrease
[mean � 0.21 ng/ml (S.E.M. � 0.02)].

Discussion
When injected by the intravenous route, salvinorin A

(0.032–0.1 mg/kg) caused robust and dose-dependent seda-
tive effects, with a fast onset and relatively short duration of
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Fig. 5. Nalmefene prevention of salvinorin A-induced facial relaxation
(top) and ptosis (bottom) (n � 5). Nalmefene (0.1 mg/kg s.c.) was admin-
istered as a 30-min pretreatment (PT) to salvinorin A (0.032 mg/kg).
Other details as in Fig. 4.

0 55 10 15 30

0

10

20

30

40

50

60

60

n=5

salvinorin A (0.032 mg/kg) + vehicle reversal

salvinorin A (0.032 mg/kg) + nalmefene (0.1 mg/kg) reversal

F
ac

ia
l r

el
ax

at
io

n
 (

se
c)

0 55 10 15 30

0

10

20

30

40

50

60

60

Reversal injection @+11 min

Time (min)

P
to

si
s 

(s
ec

)
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action (e.g., 5 and 15 min, respectively). This maximal intra-
venous dose of salvinorin A was limited by practical and
safety considerations; therefore, subsequent studies reported
herein used a smaller maximal dose (0.032 mg/kg i.v.). There
are no available data on the safety of relatively high-dose
salvinorin A administration in humans, and this is of inter-
est, in view of the reported high-potency salvinorin A prepa-
rations (e.g., concentrated extracts) available for sale (Hoover
et al., 2008). These are the first studies to characterize the
unconditioned behavioral effects of salvinorin A in primates.
The sedative effects of salvinorin A were of similar magni-
tude as those observed with a selective high-efficacy �-ago-
nist, U69,593, and demonstrated fast onset and relatively
shorter duration of action (see also below).

Centrally penetrating �-agonists (but not peripherally se-
lective �-agonists) also have prominent postural effects in
primates (Butelman et al., 1999), suggesting that this effect
is also mediated by central nervous system �-receptors.
Salvinorin A, when studied in the home cage, also produced
such postural effects, with peak effects of short duration,
observed at similar times as sedative effects (e.g., 5–15 min
after intravenous administration).

The opioid antagonist nalmefene produced a dose-depen-
dent prevention of salvinorin A-induced sedation and pos-
tural effects. The smaller nalmefene dose (0.01 mg/kg) was
ineffective, whereas the larger dose (0.1 mg/kg) almost fully
prevented the effects of salvinorin A. Prior studies in this
species show that the smaller nalmefene dose is sufficient to
block �-receptor-mediated effects, whereas the larger dose
can also block �-receptor-mediated effects (France and
Gerak, 1994; Butelman et al., 2007). Taken together, these
data support the conclusion that salvinorin A’s sedative and
postural effects are mediated by �-receptors. From a trans-
lational perspective, it is of interest that nalmefene doses in
this approximate range have been studied clinically and ex-
perimentally in humans (Kaplan et al., 1999; Bart et al.,
2005), suggesting that pharmacological tools to block salvi-
norin A effects in humans are currently available. It is inter-
esting that nalmefene has partial agonist effects at human
�-receptors under certain conditions (Bart et al., 2005);

nalmefene’s ability to block the actions of a high-efficacy
�-agonist such as salvinorin A is highly consistent with re-
ceptor theory (Roth et al., 2002; Chavkin et al., 2004).

A recent publication suggested CB1 receptor involvement
in the behavioral effects of salvinorin A in rats (Braida et al.,
2008). Salvinorin A does not have affinity at CB1 receptors
(Roth et al., 2002; Capasso et al., 2008); therefore, this ob-
served effect could be potentially because of a downstream
interaction between �-opioid and CB1 systems (Mason et al.,
1999). However, in contrast to the full blockade observed
with nalmefene herein, the CB1 antagonist rimonabant (1
mg/kg i.v.) was ineffective in modulating the sedative or
postural effects of salvinorin A. In previous studies (Wiley et
al., 1995; Vivian et al., 1998; McMahon et al., 2005), similar
rimonabant doses were sufficient to block the effects of CB1
agonists in rhesus monkeys. Therefore, these data do not
support downstream effects of salvinorin A at CB1 receptors,
possibly suggesting primate versus rodent differences in the
interaction between �-receptor and CB1 systems.

Descriptive reports in humans may indicate ultrafast onset
(e.g., within 1–2 min of self-administration) and short dura-
tion of action of salvinorin A effects (Siebert, 1994; Baggott et
al., 2004; González et al., 2006), although quantitative labo-
ratory-based data in humans are not available at this time. It
is also known that fast onset exacerbates the abuse potential
of compounds from different pharmacological classes (Winger
et al., 2002; Spencer et al., 2006; Yano and Steiner, 2007); it
is unknown whether this is of relevance to the broad exper-
imentation with salvinorin A-containing products in hu-
mans. Therefore, we carried out follow-up studies using two
specific endpoints, facial relaxation and ptosis, because these
endpoints have several advantages: 1) they are more easily
quantifiable that rating scale data (above); 2) they are more
amenable to the study of ultrafast onset and detailed time
course analysis, compared with rating scale data; 3) they are
translationally viable (i.e., easily quantifiable in humans);
and 4) they are putatively mediated by more defined neuro-
anatomical/cranial nerve pathways, thus aiding mechanistic
interpretation of behavioral and neuroimaging studies.

Salvinorin A (0.01–0.032 mg/kg; without probing larger
doses because of the limitations alluded to above) caused
rapid and dose-dependent effects on facial relaxation and
ptosis. Effects in these endpoints could be detected within 1
to 2 min from the end of intravenous administration, peaking
soon thereafter, and declined substantially for time points
after 15 min. U69,593 produced longer lasting effects, under
similar conditions. Nalmefene (0.1 mg/kg) robustly prevented
these effects of salvinorin A and was also able to reverse
ongoing effects of this powerful hallucinogen. This suggests
that these effects of salvinorin A are both initiated and main-
tained by opioid (�) receptors. These are the first studies, to
our knowledge, on the reversal of an ongoing in vivo effect of
salvinorin A by an opioid antagonist.

The 5HT2 antagonist ketanserin, in contrast, was ineffec-
tive in preventing these salvinorin A-induced effects (5HT2-
like receptors, particularly 5HT2A, are thought to mediate
the major effects of classic hallucinogens, like d-lysergic acid
diethylamide) (Roth et al., 2002). The selected dose of ketan-
serin is sufficient to block serotonergic effects in this species
(Li et al., 2008). Therefore, these data are consistent with a
mode of action of salvinorin A not depending on agonist
effects at 5HT2 receptors.
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These are also the first studies to document the entry of
intact salvinorin A into central tissues as reflected by CSF,
after administration of a behaviorally active intravenous
dose (0.032 mg/kg). Salvinorin A was detectable by LC-MS
within 1 min of the end of intravenous bolus administration,
and maximal concentrations were observed 2 min after ad-
ministration. This ultrafast entry of salvinorin A into central
tissues is consistent with descriptive reports in humans, with
a recent neuroimaging study (Hooker et al., 2008), and with
the onset of effects on facial relaxation and ptosis, observed
after this salvinorin A dose (reported above).

It is intriguing that the maximal salvinorin A concentra-
tion observed in CSF (
1 ng/ml) is approximately equivalent
to 2 nM, which is very similar to the reported Ki for salvi-
norin A at �-receptors in brain tissue (Roth et al., 2002).
Therefore, the present CSF detection data are consistent
with brain �-receptor occupancy by salvinorin A, at times
when its robust behavioral and neuroendocrine effects are
observed (Butelman et al., 2007). It has been pointed out that
CSF concentrations of a particular ligand are not necessarily
identical to brain extracellular concentrations under all con-
ditions; therefore, this extrapolation should be interpreted
with caution (Shen et al., 2004).

Overall, these are the first studies to characterize the overt
behavioral effects of the widely available hallucinogen, salvi-
norin A, in a primate species with considerable �-receptor
gene homology to humans (Butelman et al., 2007). Consistent
with descriptive information from humans, the effects of
intravenous salvinorin A are robust, of ultrafast onset, and of
relatively short duration. The behavioral effects of salvinorin
A can both be prevented and reversed by a clinically available
opioid antagonist, nalmefene, at a dose sufficient to cause
�-receptor blockade in this species. This confirms that salvi-
norin A is a unique hallucinogen whose actions are initiated
and maintained by �-receptors.
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