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Abstract

Salvinorin A, is a structurally unique, non-nitrogenous, kappa opioid receptor (KOP) agonist. Given the role of KOPs in analgesic processes,

we set out to determine whether salvinorin A has antinociceptive activity in thermal and chemo-nociceptive assays. The tail-flick assay was

employed to investigate 1) salvinorin A’s (0.5, 1.0, 2.0, and 4.0 mg/kg) dose–response and time-course (10, 20, and 30 min) effects in a thermal

nociceptive assay, and 2) the ability for the KOP antagonist norBNI (10.0 mg/kg) to prevent salvinorin A antinociception. The hotplate assay was

utilized as a second thermal nociceptive measure to test salvinorin A’s dose–response effects. The acetic acid abdominal constriction assay was

used to study salvinorin A’s dose–response and time-course (over 30 min) effects in a chemo-nociceptive assay. Together, these studies revealed

that salvinorin A produces a dose-dependent antinociception that peaked at 10 min post-injection but rapidly returned to baseline. Additionally,

pretreatment with the KOP antagonist norbinaltorphimine (norBNI) reversed salvinorin A-induced antinociception. These findings demonstrate

that salvinorin A produces a KOP mediated antinociceptive effect with a short duration of action.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Salvinorin A (Fig. 1) is a potent and highly selective kappa

opioid receptor (KOP) agonist as demonstrated in in vitro

assays (Roth et al., 2002; Chavkin et al., 2004). A compound

lacking nitrogen with such high selectivity for KOP and

virtually no affinity for many other psychoactive drug targets

(Roth et al., 2002) has not previously been reported. Salvia

divinorum, the plant from which salvinorin A is isolated, has

been used in ritualistic and spiritual practices of the Mazateca

curanderos (healers) for many years for its ability to produce

lucid and inward thought (Ortega et al., 1982). Interestingly, in

smaller doses, when administered orally, Salvia divinorum has
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been utilized by the curanderos to treat various ailments such as

providing relief from headaches, rheumatism, and gastrointes-

tinal movement disorders (Valdes et al., 1983). These uses are

not surprising given the well-documented role KOPs play in

spinal-mediated pain processing, the GI tract, as well as the

bladder. Throughout its use, salvinorin A or more specifically,

extracts from the plant, have not shown any addictive potential

(Valdes et al., 1983; Zhang et al., 2005) and therefore, could

serve as a template for non-addictive opioid analgesics if one

could delineate the analgesic effects from the psychotropic

effects. Salvinorin A has also been shown to produce kappa

opioid agonist-like discriminative effects in rhesus monkeys

(Butelman et al., 2004), slight aversive properties in mice

(Zhang et al., 2005), sedative effects in mice (Fantegrossi et al.,

2005) and antidepressant effects in one human case report

(Hanes, 2001). Collectively, these studies suggest a range of

effects quite similar to known kappa opioid agonists. However,

reports of analgesia from salvinorin A have been limited. In
ehavior 83 (2006) 109 – 113
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Fig. 1. Structure of salvinorin A.
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fact, one report demonstrated that salvinorin A, even at high

doses, lacked antinociceptive effects in the abdominal con-

striction test (Wang et al., 2005). While we were preparing this

manuscript, a study by Harding et al. (2005) was published

indicating salvinorin A indeed demonstrated analgesic effects

in two different nociceptive assays. Although details were not

given on time-course or doses used ED50 values were

presented.

Traditional folk literature reports suggest the use of leaf

material from Salvia divinorum for analgesic purposes (Valdes

et al., 1983). It is reasonable to predict salvinorin A would be

the analgesic component of the leaf material, given the well-

documented role kappa opioid receptors play in spinal-

mediated pain processing (Pasternak, 1993). The purpose of

the present research is to characterize the antinociceptive

properties of purified salvinorin A in thermal and chemo-

nociceptive assays, establishment of a peak effect time for

salvinorin A for antinociceptive activity and a reversal study

with norBNI demonstrating KOP selectivity in vivo.

2. Materials and methods

2.1. Subjects

For all experiments, male Swiss mice (23–30 g, Harlan,

Indianapolis, IN, USA) were group housed at a population

density of n =2–3 in polycarbonate cages (20�35�12 cm).

Food (Purina 5001 Laboratory Rodent Chow, St. Louis, MO,

USA) and water were available ad libitum. Room temperature

was maintained at 22T1 -C and overhead fluorescent

illumination was maintained on a 12-h light–dark cycle.

2.2. Drugs

Salvinorin A was obtained by reported extraction and

purification methods (Munro and Rizzacasa, 2003) from Salvia

divinorum leaves harvested from plants (Theatrum Botanicum,

Laytonville, CA, USA) propagated at the University of

Mississippi. Purified, crystalline salvinorin A agreed with

published characterization data (Ortega et al., 1982). Salvinorin

A was dissolved in a vehicle consisting of 10% DMSO and

90% propylene glycol. This vehicle was utilized based on
previous work with other lactones in our laboratory that were

freely soluble in propylene glycol. Salvinorin A was not

soluble in 100% propylene glycol to our surprise. However,

solubility increased in propylene glycol by adding increasing

concentrations of DMSO. A 9:1 mixture ended up being

suitable for our studies and did not interfere with analgesia on

its own. For the kappa antagonist challenge study, norBNI

(Tocris, Ellisville, MO) was dissolved in 0.9% physiological

saline. All drugs were delivered IP.

2.3. Tail-flick studies

The tail-flick test was used to characterize 1) the dose–

response and time-course effects of salvinorin A on thermal

nociception and 2) the KOR antagonist effects of norBNI on

salvinorin A antinociception. Thermal nociception was quan-

tified using a tail-flick apparatus that integrated both a thermal

nociceptive stimulus and an automated response timer

(Columbus Instruments, Model #0104-300M; intensity setting

4). For tests, mice were lightly restrained in a soft cloth with

their tail positioned in a grove above an aperture that presented

the onset of the thermal stimulus with the start of the timer. The

average of two trials, taken 20 to 30 s apart, served as the

dependent measure for each subject. A cut-off score of 10 s

was utilized to minimize the risk of tissue damage. Baseline

measures were taken 10 min prior to administration of drug

probes; no statistical differences were detected in this measure

across assigned groups and these data are not presented herein.

In the dose–response/time-course experiment, mice received

vehicle or 0.5, 1.0, 2.0, or 4.0 mg/kg salvinorin A and tested 10,

20 and 30 min post-injection. In the norBNI challenge

experiment, mice were given 10 mg/kg norBNI 1 h before

administration of 2.0 mg/kg salvinorin A; tail-flick tests were

conducted 10 min after the salvinorin A injections. These dose

selections and injection-to-test intervals were selected from pilot

studies and from previously published reports (Endoh et al.,

1992). Sample sizes were n =8–10.

2.4. Hotplate study

The hotplate was used to characterize the dose–response

effects of salvinorin A on thermal nociception. Although this

assay is generally considered to be less sensitive to KOP

analgesics, it does assess involvement of both spinal and

supraspinal nociceptive processing. Prior to testing, mice

received one apparatus habituation trial (2 min) in which they

were placed inside the acrylic enclosure with the hotplate

(Harvard, Model #52-8570) surface temperature maintained at

40 -C. Nociceptive tests (hotplate temperature=52 -C) were

conducted 10 min after injections of vehicle or 0.5, 1.0 or 2.0

mg/kg salvinorin A (higher doses were found to produce motor

side effects that confounded the hotplate response measure). A

timer was manually started when all four paws made contact

with the apparatus floor. Latency to flutter or lick a hindpaw or

perform an escape response (i.e., jumping or scurrying) served

as the nociceptive measure (45 s cut-off score). Sample sizes

were n =8–10 for all groups.
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Fig. 2. Dose– response and time-course effects of salvinorin A (0.5, 1.0, 2.0,

and 4.0 mg/kg) on tail-flick response latency. Sample sizes=8–9 per group.

*Indicates significant antinociception ( p <.05).
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Fig. 3. Effects of physiological saline or norBNI (10.0 mg/kg) pretreatment and

vehicle or salvinorin A (2.0 mg/kg) on tail-flick response latency. Sample

sizes=9–10 per group. *Indicates significant antinociception ( p < .01).

** Indicates a significant attenuation of thermal antinociception. ( p <.05).
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2.5. Acetic acid abdominal constriction study

For the abdominal constriction assay, mice received 25min of

apparatus habituation in a 15 cm diameter acrylic observation

enclosure. Salvinorin A (vehicle, 0.5, 1.0 and 2.0 mg/kg) was

delivered 5 min before an IP injection of 0.9% acetic acid (1 ml/

0.1 kg). The number of writhing responses over the course of a

30 min observation period (in six 5 min blocks) served as the

dependent measure. In this assay, it is typical for 10–20% of

vehicle treated animals to be non-responders (Mogil et al.,

2001). In the present study, exactly 2 of 12 subjects from each

group (i.e., 17%) did not respond to acetic acid injections and

were omitted prior to data analyses.

2.6. Statistical analyses

For each experiment, data were examined for homogeneity

of variance. Subject scores greater than two standard deviations

from the mean were omitted from analyses. Data were then

analyzed using analysis of variance (ANOVA). Post hoc

analyses were performed using Fisher’s LSD test.

These procedures were conducted under the ethical stan-

dards of the International Association for the Study of Pain and

in Accordance with the principles of laboratory animal care as

detailed in the National Institutes of Health Guide for Care and

Use of Laboratory Animals (Publication No. 85-23, revised

1985) and were approved by the University of Mississippi

IACUC (Protocol # 04-027).

3. Results

3.1. Tail-flick studies

The dose–response and time-course effects of salvinorin A

on thermal nociception are summarized in Fig. 1. Mice

receiving salvinorin A exhibited a dose- and time-dependent

antinociceptive effect that was evidenced by increased response
latencies at 10–15 min following drug administration. There-

after, thermal nociceptive measures displayed a rapid return to

baseline levels. A two-way ANOVA of these data revealed a

significant main effect for Dose [F(4117)=4.76, p <.005], a

significant main effect for Time [F(3117)=12.52, p <.0001],

and a significant Dose�Time interaction [F(12,117)=2.59,

p <.005]. Simple effects analyses at each time point revealed

significant ANOVAs at the 10 min [F(4,39)=4.77, p <.005]

and 20 min [F(4,39)=4.24, p <.01] test intervals. Post hoc

analyses at the 10 min test interval demonstrated significant

increases in tail-flick latencies in groups receiving 1.0 ( p =.05),

2.0 ( p <.001), and 4.0 ( p <.01) mg/kg salvinorin A. Post hoc

analyses at the 20 min test interval demonstrated significant

increases in tail-flick latencies in groups receiving 2.0

( p <.001) and 4.0 ( p <.05) mg/kg salvinorin A. All other

relevant comparisons failed to reach statistical significance.

The effects of the norBNI challenge on salvinorin A

antinociception are summarized in Fig. 2. Salvinorin A

produced a robust antinociceptive effect that was reversed by

pretreatment with the kappa opioid receptor antagonist norBNI.

A two-way ANOVA of baseline tail-flick latencies did not

reveal any significant treatment effects. However, a two-way

ANOVA of tail-flick latencies following administration of drug

probes revealed a significant main effect for salvinorin A

[F(1,32)=5.17, p< .05], a marginally significant main effect

for norBNI [F(1,32)=3.52, p =.07], and a significant salvi-

norin A�norBNI interaction term [F(1,32)=4.27, p <.005].

Post hoc analyses demonstrated that mice receiving saline/

salvinorin A had significantly longer tail-flick latencies than

mice receiving saline/vehicle ( p =.01). Furthermore, mice

receiving norBNI/salvinorin A had significantly lower tail-

flick latencies than saline/salvinorin A ( p <.01) (Fig. 3).

3.2. Hotplate studies

The dose–response effects of salvinorin A on a second

measure of thermal nociception are summarized in Fig. 4. Mice
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Fig. 4. Dose–response effects of salvinorin A (0.5, 1.0 and 2.0 mg/kg) on

hotplate response latency. Sample sizes=8–10 per group. *Indicates significant

antinociception ( p <.01).
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receiving 1.0 mg/kg salvinorin A exhibited an antinociceptive

effect that was evidenced by increased response latencies. A

one-way ANOVA of these data revealed a marginally

significant main effect for drug dose [F(3,34)=2.69, p =.06].

Post hoc analyses demonstrated that mice receiving the 1.0 mg/

kg doses of salvinorin A had significantly longer hotplate

latencies than vehicle treated mice, p <.01.

3.3. Acetic acid abdominal constriction study

The dose–response and time-course effects of salvinorin A

on the acetic acid abdominal constriction assay are summarized

in Fig. 5. In vehicle treated mice, acetic acid produced writhing

responses that peaked in the 10 min block, declined by

approximately 25% in the 15 min block and remained stable

throughout the remainder of the test session, a nociceptive

pattern consistent with earlier studies in mice (Mogil et al.,

2001). Salvinorin A exhibited a robust dose-dependent anti-

nociceptive effect, as evidenced by a decrease in number of

writhes, at the initial portions of the test session. Consistent

with these observations, a two-way ANOVA revealed a

significant main effect for Dose [F(3170)=3.60, p <.05], a

significant main effect for Time [F(5170)=22.56, p <.0001]

and a significant Dose�Time interaction term [F(15,170)=

3.80, p < .0001]. Simple effects analyses for Dose were

conducted at each time block with post hoc analyses revealing

that 1) the 1.0 and 2.0 mg/kg salvinorin A doses significantly

reduced writhes at the 5 min block and 2) all three dose of

salvinorin A significantly reduced writhes at the 10 and 15 min

blocks (all ps< .05).

4. Discussion

KOP agonists have been of therapeutic interest in the

treatment of pain (Delvaux, 2001; Binder et al., 2001), drug

addiction (Nagase et al., 1999; Schlechtingen and Goodman,

1999), eating disorders (Leighton et al., 1988; Marrazzi et al.,

1990; Gulati et al., 1991; Bodnar, 1998), depression (Ukai et

al., 2002; Hanes, 2001) and even human immunodeficiency
virus (HIV) infections (Lokensgard et al., 2002; Smith and

Darlington, 2000).

Salvinorin A is an interesting KOP agonist as it does not

agree with any of the currently accepted pharmacophores of

KOP ligands, or opioid pharmacophores in general, and

demonstrates a new structural class of KOP ligand. Salvinorin

A is a fast and short acting potent KOP analgesic when

delivered by systemic administration. The short duration of

action seen in mice is consistent with the recent report of

Schmidt et al. (2005) where salvinorin A was demonstrated to

have a rapid half-life in non-human primates. Salvinorin A

produced significant and short acting antinociceptive effects in

the murine tail-flick, hotplate, and abdominal constriction

assays with peak effects being demonstrated at the 10-min time

point in each assay (not all time courses shown). A previous

report indicated that salvinorin A produced no effect in the

abdominal constriction assay (Wang et al., 2005). In that study,

salvinorin A was administered 20 min before acetic acid

challenge. Our data clearly shows the analgesic effect of

salvinorin A is no longer present 20 min after administration.

Although salvinorin A has a short duration of action, the

antinociceptive activity is consistent with other known KOP

agonists and adds further validity to the recent report of

salvinorin A analgesia by Harding et al. (2005).

Furthermore, the action of the KOP selective antagonist

norBNI, fully reversed salvinorin A antinociception. While

salvinorin A has been reported to be a potent and selective

KOP agonist in vitro, other studies in primates have

suggested that KOP selective antagonists are unable to fully

antagonize the effects of salvinorin A (Butelman et al., 2004).

In our study with earlier administration times (30 min) of

norBNI we were unable to fully reverse the antinociceptive

effects of salvinorin A. It has been documented previously

that norBNI has an inherent agonist effect at early time points

of administration but has long lasting selective kappa opioid

receptor antagonism after at least 1 h post-administration

(Endoh et al., 1992).
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The utility of centrally acting kappa opioid receptor agonists

as analgesics has met with limited success due to the

psychoactive effects produced. Indeed, the antinociceptive

effects reported here are in a similar dosage range that has

been reported for hallucinogenic activity in humans (Siebert,

1994), indicating the potential for salvinorin A, itself, to serve

as an analgesic are limited. Moreover, the short duration of

action makes salvinorin A even less attractive as a clinically

useful agent and may even limit potential use as a pharmaco-

logical probe for in vivo study of the KOP system. However,

structurally related analogs may have longer lasting analgesic

properties, devoid of psychotropic activity (ie peripherally

restricted), and should be investigated for potential therapeutic

utility in the treatment of pain or other medical conditions. In

this regard, the recent discovery of a mu opioid receptor (MOP)

agonist derived from the structural scaffold of salvinorin A

(Harding et al., 2005), indicate this template can be manipu-

lated to produce novel opioid receptor ligands with the

potential to treat pain and drug addictions.

Acknowledgements

The authors thank Amanda Ledbetter and Gina Stewart for

their assistance in data collection. This work was supported by

start-up funds from the University of Mississippi, School of

Pharmacy, Department of Medicinal Chemistry (CRM).

References

Binder W, Machelska H, Mousa S, Schmitt T, Riviere PJ, Junien J-L, et al.

Analgesic and anti-inflammatory effects of two novel kappa-opioid

peptides. Anesthesiology 2001;94:1034–44.

Bodnar RJ. Recent advances in the understanding of the effects of opioid agents

on feeding and appetite. Exp Opin Investig Drugs 1998;7:485–97.

Butelman ER, Harris TJ, Kreek MJ. The plant-derived hallucinogen, salvinorin

A, produces kappa-opioid agonist-like discriminative effects in rhesus

monkeys. Psychopharmacology 2004;172:220–4.

Chavkin C, Sud S, Jin W, Stewart J, Zjawiony JK, Siebert DJ, et al. Salvinorin

A, an active component of the hallucinogenic sage Salvia divinorum is a

highly efficacious kappa opioid receptor agonist: structural and functional

considerations. J Pharmacol Exp Ther 2004;308:1197–203.

Delvaux M. Pharmacology and clinical experience with fedotozine. Exp Opin

Investig Drugs 2001;10:97–110.

Endoh T, Matsuura H, Tanaka C, Nagase H. Nor-binaltorphimine: a potent and

selective kappa-opioid receptor antagonist with long-lasting activity in vivo.

Arch Int Pharmacodyn Ther 1992;316:30–42.

Fantegrossi WE, Kugle KM, Valdes LJ III, Koreeda M, Woods JH. Kappa-

opioid receptor-mediated effects of the plant-derived hallucinogen, salvi-

norin A, on inverted screen performance in the mouse. Behav Pharmacol

2005;16: 627–33.

Gulati K, Ray A, Sharma KK. Role of diurnal variation and receptor specificity

in the opioidergic regulation of food intake in free-fed and food-deprived

rats. Physiol Behav 1991;49:1065–71.
Hanes KR. Antidepressant effects of the herb Salvia divinorum: a case report. J

Clin Psychopharmacol 2001;21:634–5.

Harding WW, Tidgewell K, Byrd N, Cobb H, Dersch CM, Butelman ER, et al.

Neoclerodane diterpenes as a novel scaffold for mu opioid receptor ligands.

J Med Chem 2005;48:4765–71.

Leighton GE, Hill RG, Hughes J. The effects of kappa agonist PD-117302 on

feeding behavior in obese and lean Zucker rats. Pharmacol Biochem Behav

1988;31:425–9.

Lokensgard JR, Gekker G, Peterson PK. Kappa-opioid receptor agonist

inhibition of HIV-1 envelope glycoprotein-mediated membrane fusion and

CXCR4 expression on CD4(+) lymphocytes. Biochem Pharmacol

2002;63:1037–41.

Marrazzi MA, Lawhorn J, Graham V, L’Abbe D, Mullings-Britton J, Stack L, et

al. Effects of U50,488, a selective kappa agonist, on atypical mouse opiate

systems. Brain Res Bull 1990;25:199–201.

Mogil JS, Wilson SG, Wan Y. Assessing nociception in murine subjects. In:

Kruger L, editor. Methods in Pain Research. Boca Raton’ CRC Press; 2001.

p. 11–39.

Munro TA, Rizzacasa MA. Salvinorins D–F, new neclerodane diterpenoids

from Salvia divinorum, and an improved method for isolation of salvinorin

A. J Nat Prod 2003;66:703–5.

Nagase H, Endoh T, Suzuki T, Kawamura K, Oshima K, Inada H. Remedies for

drug addiction. WO 9911289 A1, PCT Int Appl. Japan’ Toray Industries,

Inc.; 1999. 59 pp.

Ortega A, Blount JF, Manchand PS. Salvinorin, a new trans-neoclerodane

diterpene from Salvia divinorum (Labiatae). J Chem Soc, Perkin Trans

1982;1:2505–8.

Pasternak GW. Pharmacological mechanisms of opioid analgesia. Clin

Neuropharmacol 1993;16:1–18.

Roth BL, Baner K, Westkaemper R, Siebert D, Rice KC, Steinberg S, et al.

Salvinorin A: a potent naturally occurring nonnitrogenous kappa opioid

selective agonist. Proc Natl Acad Sci U S A 2002;99:11934–9.

Schlechtingen G, Goodman M. New dynorphin analogs: highly selective

ligands for the kappa-opioid receptor. MEDI-220 Book of Abstracts, 217th

American Chemical Society national Meeting, Anaheim, CA; 1999.

Schmidt MD, Schmidt MS, Butelman ER, Harding WW, Tidgewell K, Murry

DJ, et al. Pharmacokinetics of the plant-derived kappa-opioid hallucinogen

salvinorin A in nonhuman primates. Synapse 2005;58:208–10.

Siebert DJ. Salvia divinorum and salvinorin A: new pharmacologic findings.

J Ethnopharmacol 1994;43:53–6.

Smith PF, Darlington CL. The development of drugs targeting the HIV

cognitive-motor complex. Int J Immunother 2000;15:31–4.

Ukai M, Suzuki M, Mamiya T. Effects of U-50,488 H, a kappa-opioid receptor

agonist, on the learned helplessness model of depression in mice. J Neural

Transm 2002;109:1221–5.

Valdes LJ III, Diaz JL, Paul AG. Ethnopharmacology of Ska Maria Pastora

(Salvia divinorum, Epling and Jativa-M). J Ethnopharmacol 1983;

7:287–312.

Wang Y, Tang K, Inan S, Siebert D, Holzgrabe U, Lee DYW, et al. Comparison

of pharmacological activities of three distinct kappa ligands (salvinorin A,

TRK-820 and 3FLB) on kappa opioid receptors in vitro and their

antipruritic and antinociceptive activities in vivo. J Pharmacol Exp Ther

2005;312:220–30.

Zhang Y, Butleman ER, Schulussman SD, Ho A, Kreek MJ. Effects of the

plant-derived hallucinogen salvinorin A on basal dopamine levels in the

caudate putamen and in a conditioned place aversion assay in mice: agonist

actions at kappa opioid receptors. Psychopharmacology 2005;179:551–8.


	Antinociceptive profile of salvinorin A, a structurally unique kappa opioid receptor agonist
	Introduction
	Materials and methods
	Subjects
	Drugs
	Tail-flick studies
	Hotplate study
	Acetic acid abdominal constriction study
	Statistical analyses

	Results
	Tail-flick studies
	Hotplate studies
	Acetic acid abdominal constriction study

	Discussion
	Acknowledgements
	References


