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Abstract

Because psychoactive plants exert profound effects on human perception, emotion, and cognition, discovering the molecular mechanisms

responsible for psychoactive plant actions will likely yield insights into the molecular underpinnings of human consciousness. Additionally, it

is likely that elucidation of the molecular targets responsible for psychoactive drug actions will yield validated targets for CNS drug

discovery. This review article focuses on an unbiased, discovery-based approach aimed at uncovering the molecular targets responsible for

psychoactive drug actions wherein the main active ingredients of psychoactive plants are screened at the ‘‘receptorome’’ (that portion of the

proteome encoding receptors). An overview of the receptorome is given and various in silico, public-domain resources are described. Newly

developed tools for the in silico mining of data derived from the National Institute of Mental Health Psychoactive Drug Screening Program’s

(NIMH-PDSP) Ki Database (Ki DB) are described in detail. Additionally, three case studies aimed at discovering the molecular targets

responsible for Hypericum perforatum, Salvia divinorum, and Ephedra sinica actions are presented. Finally, recommendations are made for

future studies.
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1. Introduction: why the study of psychoactive plant

actions is important

Psychoactive plants have been used by humans for

recreational, spiritual, and therapeutic purposes for millen-

nia (Lewin, 1924). At present, plants and plant-derived

substances, such as Cannabis sativa (marihuana), Papaver

somniferum (morphine and heroin), Coffea arabica (caf-

feine), and Catha edulis (cathinone), are widely used and

abused throughout the world. Because many psychoactive

plants exert profound effects on human consciousness,

emotion, and cognition, it has long been suggested that

detailed studies investigating the molecular mechanisms of

action of psychoactive plants will yield clues to the ‘‘chem-

istry of consciousness’’ (Lewin, 1924; Nichols, 2004). In

fact, the isolation of mescaline from Lophophora williamsii

and the demonstration of its psychoactive properties by

Heffter in 1897 and reported in 1898 was the first demon-

stration that a simple chemical entity could produce a

profound alteration of human consciousness. Likewise, the

discovery of lysergic acid diethylamide in 1943 (Hoffman,

1979) as a semisynthetic analogue of potent, naturally

occurring ergot alkaloids produced by Claviceps purpurae

and the observations that lysergic acid diethylamide and

serotonin shared structural and pharmacological properties

led to the suggestion that biogenic amines like serotonin

were involved in certain mental disorders, such as schizo-

phrenia (Gaddum & Hameed, 1954; Wooley & Shaw,

1954). Finally, the discovery that reserpine, the active

ingredient of Rauwolfia serpintina, depleted biogenic

amines and induced depression led to the proposal that a

lack of serotonin and/or norepinephrine caused depression

(Vetulani & Sulser, 1975). Thus, the study of psychoactive

plant actions has revolutionized our understanding of the

chemical basis of human consciousness and has led to many

of the medications used today to treat various mental

illnesses. It is our prediction, therefore, that efforts aimed

at elucidating the molecular target(s) for psychoactive drug

actions will yield validated targets for CNS drug discovery.

As we summarize below, however, the completed sequenc-

ing of the human genome has revealed a large number of

potential molecular targets for psychoactive drug actions

necessitating a comprehensive, planned approach to recep-

torome profiling.
2. The receptorome and receptoromics: an overview

With the recently completed sequencing and partial

annotation of the human genome (Lander et al., 2001;

Venter et al., 2001), it has become clear that a large portion

of the genome is devoted to encoding signal-transduction

molecules. Indeed, one estimate is that f 20% of the

human genome is devoted to signal transduction (Venter

et al., 2001) and that many of the signal-transducing

molecules represent receptors of various types. G-protein-
coupled receptors (GPCR) represent the largest family of

receptors with estimates ranging from a low of 616 (Venter

et al., 2001) to a high of 950, of which 500 are putative

odorant GPCR (Takeda et al., 2002; Kroeze et al., 2003).

Others have recently estimated that there might be at least

367 ‘‘endo-GPCR’’ (GPCR for which endogenous ligands

exist) (Vassilatis et al., 2003; Kroeze et al., 2003). Using the

upper limit of 950 and the lower estimates of f 26,000

bona fide open-reading frames in the human genome, GPCR

represent at most 3.7% of the human genome. Ion channels

and transporters, which frequently function as ‘‘receptors’’

for naturally occurring psychoactive compounds, represent

another 3% of the genome while non-GPCR receptors

represent at least 1.5% of the genome (Venter et al.,

2001). Taken together we can estimate that the receptorome,

which we have defined as that portion of the proteome

encoding ‘‘receptors,’’ represents more than 8% of the

human genome.

Since GPCR represent the largest single family of

‘‘receptors’’ in the genome and the most common molecular

target for psychoactive drugs of all sorts (Kroeze et al.,

2003), they will be discussed in some detail. GPCR have a

common structural motif of 7-transmembrane domains and,

hence, have also been called the heptahelical family of

receptors (see Kroeze et al., 2003, for review). Fig. 1A–C

shows various renditions of a molecular model for a

prototypical GPCR—the 5-HT2A receptor—which serves

as the principal molecular target for many plant-derived

hallucinogens (e.g., lysergic acid amide, psilocybin, mesca-

line; Nichols, 2004). Fig. 1A shows a surface rendering of

the 5-HT2A receptor, while Fig. 1B shows the residues

implicated in receptor activation and Fig. 1C shows the

overall arrangement of the helices. This model has previ-

ously been validated by a large number of mutagenesis and

molecular modeling studies (see Shapiro et al., 2000, 2002;

Prioleau et al., 2002; Ebersole et al., 2003, for recent

examples and Roth & Shapiro, 2001; Kroeze et al., 2002;

Westkaemper & Glennon, 2002, for reviews). The main

features of the model, which rely heavily on homology-

based modeling using rhodopsin as a template (Palczewski

et al., 2000), include (1) ‘‘kinks’’ induced by highly con-

served proline residues that distort several of the helices

from the canonical a-helical conformation; (2) a tilting of

several helices so that they are not perfectly perpendicular to

the plane of the plasma membrane; and (3) the presence of

an eighth helix that runs approximately parallel to the plane

of plasma membrane (Fig. 1C). Other features include the

presence of a tight ionic interaction between the cytoplasmic

faces of transmembrane domains 3 and 6 (Fig. 1B; Roth &

Shapiro, 2001; Shapiro et al., 2002), which is seen in many

other, but not all, GPCR (see Ballesteros et al., 2001, for

example). Many agonists are thought to cause receptor

activation via the agonist-mediated induction of rotations

of helices 3 and 6 and the subsequent disruption of this

strong ionic interaction (Farrens et al., 1996; Gether &

Kobilka, 1998; Dunham & Farrens, 1999; Ballesteros et



Fig. 1. Molecular model of the 5-HT2A serotonin receptor: a prototypical GPCR. (A) Rendering of the 5-HT2A receptor showing ‘‘solvent-accessible’’ regions.

(B) Residues involved in stabilizing the inactive state of the receptor (Shapiro et al., 2002). (C) Rendering of a model of the 5-HT2A receptor wherein the

helices have been converted to tubes.
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al., 2001; Roth & Shapiro, 2001; Shapiro et al., 2002) (Fig.

1B,C). GPCR as a class have been estimated to represent the

proximal molecular target for between 30% and 50% of all

currently available pharmaceutical agents (Vassilatis et al.,

2003; Kroeze et al., 2003).

As already mentioned, ion channels and transporters also

represent proximal molecular targets for drug actions. Ide-

ally, then, we would like to be able to screen the entire

receptorome to discover the proximal molecular targets

responsible for psychoactive plant actions.

2.1. Informatics resources for

identifying molecular targets for psychoactive

plant actions: virtual screening of the receptorome

2.1.1. Erowid and related sites

There are currently several open databases for plant-

based psychoactive compounds (Table 1). Of the various

databases, The Vaults of Erowid (http://www.erowid.org/) is
Table 1

Representative on-line resources for psychoactive botanicals

Name URL Type of information

The Vaults of Erowid http://www.erowid.org/ MT, Anec, Chem,

Bot, Link

Entheogen Dot http://www.entheogen.com/ Anec, Chem, MT

The Lycaeum http://www.lycaeum.org/ MT, Chem, Anec,

Bot

Botanical.com http://www.botanical.com/ Bot

Multidisciplinary

Association for

Psychedelic Studies

http://www.maps.org/ Link

Heffter Research

Institute

http://www.heffter.org/ Link, MT, Chem

NIMH-PDSP Database http://kidb.cwru.edu/ MT, Link, Chem

MT = molecular target; Anec = anecdotal user reports; Chem = chemistry;

Bot = botanical information; Link = Links to articles.
the most comprehensive and up-to-date. The Vaults of

Erowid provides non-reviewed information on the chemistry

and molecular targets of the major psychoactive plants.

Although not subject to peer review, The Vaults of Erowid

serve as a handy repository of information and lore regard-

ing psychoactive plants, providing links and summaries of

major discoveries relating to psychoactive drug actions. The

Lycaeum (http://www.lycaeum.org/) is a similar site, pro-

viding a comprehensive, searchable database for psychoac-

tive botanicals. Both The Vaults of Erowid and The Lycaeum

are likely to be used frequently by the interested nonscientist

due to the format of the sites and not by scientists, since

links to published information are not readily accessible and

the information is not subjected to any sort of peer review.

Nonetheless, both sites are quite useful for providing

background information regarding the use of psychoactive

botanicals and summaries of their known chemistries.

2.1.2. National Institute of Mental Health’s Ki Database

Of greater utility for scientists is the National Institute of

Mental Health’s Psychoactive Drug Screening Program

(NIMH-PDSP) Ki Database (Ki DB; http://kidb.cwru.edu/).

This is a large, fully searchable database (currently >25,000

Ki values) that is entirely in the public domain. Like the

other databases mentioned, the Ki DB is a curated database

that is updated on a daily basis. The main features of the

design of Ki DB are summarized in Figs. 2 and 3.

The PDPS Ki DB was designed and developed late in

1999 as part of the NIMH-PDSP. Activity on the database is

measured by the number of successful requests; a ‘‘success-

ful request’’ is a transfer of data from the server to the client

querying the database. The database has had an accelerating

volume of traffic with >1,000,000 successful requests in the

past 3 years of which >500,000 came in the first 10 months

of 2003. The amount of data transferred each month is also

increasing and reflects the growth in the database’s total
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Fig. 2. Organization of Ki DB: a searchable, public-domain database of pharmacological information. Shown is the overall organization scheme for data

warehousing and data transfer in Ki DB (http://kidb.cwru.edu/).
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amount of information. Between January 2001 and October

2003, almost 30 Gb of information were transferred. Just

over 7 Gb were transferred in 2002 with an average of 599

Mb/month. The highest monthly transfer of data was during

August 2003 with more than 2.2 Gb transferred.

The Ki DB is a collection of organized tables and

programs that are able to store, modify, and present infor-

mation in various formats; in essence Ki DB is a data

warehouse in which Ki (affinity) values for specific com-

pounds screened against a large group of receptors are

stored. Additionally, the relevant experimental conditions

(e.g., radioligand, species, source of receptor) are also listed.

Three different sources of information are used to populate

the Ki DB: (1) published data wherein the original publica-

tion is linked via PubMed; (2) data sent directly via a user

(either in press or unpublished information); (3) internally

generated information from the NIMH-PDSP. The data are

stored using MySQL, which is an ‘‘open source’’ database

management system.

The database can be queried in a highly flexible manner.

At the initial search page, pull-down menus appear for each

of the six categories including receptor and ligand. Any

combination of categories can be used to mine the database;

each combination is considered as a Boolean AND operator.

One is also able to narrow the search to a particular range of

Ki values. If users prefer, they can avoid the pull-down
menus and directly enter their search criterion. With direct

entry, the use of wildcards for one or more characters is

available, thus widening available search options. Some

other features of the Ki DB include hot links to referenced

material and structures of many compounds that have listed

Ki values. Users can also use some data-mining tools to

obtain more condensed information from this database.

Several data-mining tools have been implemented (Figs.

3 and 4) including various ‘‘receptor mining’’ (http://kidb.

bioc.cwru.edu/dataMining/receptorCross/crossReference-

Receptors.php) and ‘‘ligand selectivity’’ (http://kidb.bioc.

cwru.edu/dataMining/pdspCompoundCriteria.php) tools.

The receptor mining tool allows one to search for com-

pounds that interact with two different receptors and then to

display their averaged Ki values for both receptors (Fig.

4A). The receptor mining tool helps to design and interpret

experiments in which drugs with differential selectivity

against two receptors are used. The ligand selectivity tool

allows one to identify high affinity ligands for a particular

molecular target, and then to determine how selective those

ligands are for a variety of additional molecular targets.

Thus, for instance, in the example shown (Fig. 4B), a search

was made for all ligands with affinities < 10 nM for the

human serotonin transporter (hSERT). Once these com-

pounds were identified, they were virtually screened using

data in Ki DB to identify other molecular targets with which

 http:\\www.kidb.bioc.cwru.edu\dataMining\receptorCross\crossReferenceReceptors.php 
 http:\\www.kidb.bioc.cwru.edu\dataMining\pdspCompoundCriteria.php 
 http:\\www.kidb.cwru.edu\ 


Fig. 3. Data-mining tools for Ki DB. Shown are the various data-mining tools (http://kidb.bioc.cwru.edu/dataMining/) that have been implemented for Ki DB

and their overall relationship to the organization of Ki DB.
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they interact; the average affinities were then displayed as a

color-coded bar (Fig. 4B). The ideal hSERT ligand would be

one with high affinity for hSERT (red bar) and low affinity

for all other tested molecular targets (purple or blue bars);

using this criterion, paroxetine is the most selective hSERT

ligand in our current database. Using a mouse, the user can

highlight a particular value (in this case, 5-HT2A receptor

affinities for amitryptiline) and display the accumulated data

from which the numbers were derived.

Because published and internally derived data frequently

differ, we developed a tool that allows for the averaging of

‘‘good’’ data and the culling of ‘‘bad’’ data. To accomplish

this task, we adapted the sorts of data-mining tools now

frequently used to analyze microarray-type studies wherein

an algorithm derives the average Ki values. Essentially, this

tool calculates a running average Ki value for a particular

ligand-receptor pair, and then culls outliers using a well-

accepted statistical criterion of F 2 SD from the mean. The

mean is then recalculated and displayed as a color-coded bar

(Fig. 4B).

To discover the molecular targets responsible for plant

derived psychoactive compounds one can, for instance,

simply type in the name of the compound (e.g., dimethyl-

tryptamine; DMT) and see the various molecular targets

against which this compound has been screened, as well as

literature or internally derived Ki values for this compound
(Fig. 5). Such a search reveals that DMT has moderate

affinity for several 5-HT receptors, but that a comprehensive

pharmacological profile for DMT is not yet available.
3. Physical screening of the

receptorome to identify the molecular

targets for plant-based psychoactive compounds

3.1. Hypericum perforatum

Hypericum perforatum (also known as St. John’s wort) is

one of the most widely used psychoactive plants—mainly

for its putative antidepressant actions. Although H. perfo-

ratum extracts are used frequently for the treatment of mild

to moderate depression, the worldwide clinical literature is

mixed regarding the antidepressant actions of either extracts

or purified constituents of H. perforatum (e.g., hypericum).

Thus, some studies have demonstrated effectiveness in

depression (Brenner et al., 2000; Brenner et al., 2001,

2002; Lecrubier et al., 2002), whereas others have found

no effect compared with either placebo (Shelton et al., 2001)

or sertraline (Hypericum Depression Trial Study Group,

2002). The results of the trial comparing a reference extract

of H. perforatum (LI-160) against placebo or sertraline are

especially problematic since the active comparator (sertra-

 http:\\www.kidb.bioc.cwru.edu\pdsp.php 
 http:\\www.kidb.bioc.cwru.edu\dataMining\ 


Fig. 4. Representative data-mining session using the receptor-mining tools. (A) Representative session wherein the h5-HT2A and h5-HT2B receptors were

‘‘virtually screened’’ to determine which compounds bound to both receptors and the relative averaged affinities. (B) Representative session wherein the

selectivity of various compounds for the hSERT was calculated (see text for details).
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line) failed to show a differential response compared with

placebo (Hypericum Depression Trial Study Group, 2002).

By contrast, another placebo-controlled trial with a different

extract of H. perforatum (WS 5570) showed a beneficial

effect compared with placebo (Lecrubier et al., 2002). It is

likely that the mixed results are in part due to the fact that in

one of the pivotal US trials, the comparator medication (in

this case, sertraline (Hypericum Depression Trial Study

Group, 2002)) failed to show a positive response. As well,

different types of extracts have been used for the various

trials (e.g., LI-160 in Hypericum Depression Trial Study

Group, 2002 vs. WS 5570 in Lecrubier et al., 2002), and it is

likely that each extract has a different overall composition.

Preclinical research on H. perforatum extracts demon-

strate clear-cut effects in various rodent models of depres-

sion, including the forced-swim and tail-suspension tests

(Butterweck et al., 1997; Nahrstedt & Butterweck, 1997).

Additionally, purified constituents from H. perforatum,

including hypericin and pseudohypericin, have shown anti-

depressant actions in the forced-swim test (Butterweck et

al., 1998), as have the flavinoids hyperoside, isoquercitrin,
and miquelianin (Butterweck et al., 2000; Butterweck,

2003). Additionally, in vivo administration of H. perforatum

constituents leads to down-regulation of h-adrenergic, 5-
HT1A and 5-HT2A receptors (see Butterweck, 2003, for a

comprehensive review).

Various purified substituents of H. perforatum have been

screened against a portion of the receptorome (Cott, 1997;

Simmen et al., 1999; Gobbi et al., 2001; Simmen et al., 2001;

Butterweck et al., 2002; Butterweck, 2003). Amentoflavone

had highest affinity for any tested molecular target, with high

affinity for the GABA-benzodiazepine receptor complex (Ki

= 6 nM) and moderate affinity for y-opioid receptors (Ki = 37

nM). Several other compounds had affinities in the low

nanomolar to micromolar range for several cloned receptors,

including various serotonin receptors for amentoflavone (5-

HT1B, 5-HT1D, 5-HT2C) and dopamine receptors for hyper-

icin (D3 and D4). Another study using fewer receptors

(Simmen et al., 1999) disclosed low micromolar affinities

for various opioid and 5-HT receptor subtypes. Other studies

by the same group found that hypericin was a low affinity

CRF-1 antagonist (Simmen et al., 2001, 2003). Finally,



Fig. 5. Representative search results from Ki DB. Shown is a representation of the search results for discovering molecular targets responsible for plant-based

psychoactive compound actions. In this case, N,N-DMTwas queried and the receptor-affinity data for this compound were returned using the main Ki DB query

page (http://kidb.bioc.cwru.edu/pdsp.php).
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Gobbi et al. (2001) found that hypericin and other constitu-

tents had low micromolar affinities for various peptide

(NPY-1, NPY-2), serotonin, and y-opioid receptors. Taken

together, these results indicate that certain purified substan-

ces obtained from H. perforatum can interact with a variety

of biogenic amine and peptide receptors with low affinities,

generally in the micromolar range. With the exception of

amentoflavone, which has high affinity for the GABA-

benzodiazepine receptor complex and y-opioid receptors

(Butterweck et al., 2002), and hypericin, which has moderate

affinity for CRF-1 receptors, the evidence is not yet persua-

sive that the main molecular targets responsible for the

antidepressant actions of these compounds have been dis-

covered. It is most likely that the putative antidepressant

actions are mediated by a mixture of compounds, each of

which has a complex pharmacological profile.
3.2. Salvia divinorum

Salvia divinorum is a hallucinogenic plant that has been

used by curanderos in Mexico and other areas for centuries

for divination and shamanism and first described by a

western observer in 1962 (Wasson, 1962). For many years

after its discovery, however, there was considerable contro-

versy regarding psychoactive potential of S. divinorum

largely because the active ingredient is inactive when taken

orally. Additionally, S. divinorum’s actions are relatively

short-lived and subtle (Siebert, 1994; Valdes, 1994). None-

theless, S. divinorum is a frequently used hallucinogen

(Giroud et al., 2000) that is currently nonscheduled (i.e.,

legal) in the United States.

Phenomenologically, the hallucinatory experience in-

duced by S. divinorum is distinct from that induced by

 http:\\www.kidb.bioc.cwru.edu\pdsp.php 


Fig. 6. Structures of salvinorin-A and salvinorin-B. Shown are structures of

salvinorin-A (left) and salvinorin-B (right). As can be seen, salvinorin-B

could be derived from salvinorin-A via simple ester hydrolysis in vivo via,

for example, esterase action.
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the classical hallucinogenic plants Psilocybe mexicana or

Lophophora williamsii, and is more accurately described as

‘‘spatiotemporal dislocation.’’ First-person accounts de-

scribe an experience wherein the temporal boundaries

among past, present, and future dissolve and the user is

transported (frequently instantaneously) to an alternative

time and place (Siebert, 1994). Visual hallucinations of

the types induced by psilocybin, lysergic acid diethylamide,

or mescaline are infrequent, and S. divinorum’s actions are

frequently barely perceptible (Wasson, 1962; Valdes et al.,

1983). The presumed active ingredient, salvinorin-A (Fig. 6)

was independently isolated by two groups in the early 1980s

(Ortega et al., 1982; Valdes et al., 1984) and shown by

Siebert (1994) to be the main active ingredient more than a

decade later. Salvinorin-A defines a novel structural family

of hallucinogens in that it is a nonnitrogenous neoclerodane

diterpene of known absolute stereochemistry. Its structure

gives no clue regarding its site of action. Subsequently, a

large number of other substituents including salvinorin-B,

-C, -D, -E, and -F (Munro & Rizzacasa, 2003), along with

divinaturin-A, -B, and -C (Bigham et al., 2003), have been

described—all of which are neoclerodane diterpenoids in

structure. None of the known diterpenoids, with the excep-

tion of salvinorin-A, has any known psychoactive actions

and, thus, attention has focused on discovering the mecha-

nism of action of salvinorin-A.

Initial attempts at discovering the mechanism of action of

salvinorin-A were unsuccessful (Siebert, 1994) and a

Novascreen, wherein a large number of mainly noncloned

receptors, ion channels, and transporters were screened,

failed to discover a site of action of salvinorin-A. These

initial negative results implied that salvinorin-A likely had

selectivity for a single molecular target. In late 2001, Roth’s

laboratory reinvestigated the pharmacology of salvinorin-A

using the resources of the NIMH-PDSP and performed a

receptorome profile using mainly cloned, human molecular

targets (Roth et al., 2002; Sheffler & Roth, 2003). We

discovered that salvinorin-A was a potent and selective

n-opioid receptor agonist (Roth et al., 2002). An initial

screen of >50 cloned human receptors, ion channels, and

transporters disclosed remarkable selectivity for salvinorin-

A with virtually no affinity for any other tested molecular

target including A- and y-opioid receptors and various

GPCR, which have lipids as ligands (e.g., EP3 and EP1

prostaglandin receptors). More recently, the profile has been

extended to include ORL-1 opioid receptors, human j-1 and
j-2, and CB-1 and CB-2 cannibinoid receptors, and it was

reported that salvinorin-A had no appreciable affinity for

any receptors other than KOR (Chavkin et al., 2004).

In vitro, salvinorin-A is a potent and highly efficacious

KOR agonist (Roth et al., 2002; Chavkin et al., 2004).

Indeed, salvinorin-A is significantly more efficacious than

U69,593 and U50,488H—two prototypical KOR agonists

and slightly more effective than dynorphin 1–13—the

presumed naturally occurring KOR agonist (Chavkin et

al., 2004). Structure-function studies have revealed that
the 2V-position of salvinorin-A is crucial for activity as a

limited number of substitutions in the 2V-position are tolera-

ted (Chavkin et al., 2004). Indeed, salvinorin-B, which

differs from salvinorin-A by loss of the 2V-acetoxy group

is inactive (Chavkin et al., 2004). Since salvinorin-A could

easily be metabolized to salvinorin-B via esterase activity,

the results suggest that the short duration of action of

salvinorin-A is due to rapid de-esterification of salvinorin-

A, though further studies are needed to test this hypothesis

(Fig. 6).

Anecdotal reports that naloxone—a nonselective opioid

antagonist—can block the effects of salvinorin-A in humans

(D. Siebert, personal communication; Sheffler & Roth,

2003) indicate that salvinorin-A mediates its actions via

activating KOR in vivo. In support of this hypothesis,

Butelman et al. (2004) have recently reported that salvi-

norin-A produces psychological effects in nonhuman pri-

mates equivalent to those induced by standard KOR

agonists. Finally, studies with wildtype and KOR knockout

mice have shown that the effects of salvinorin-A on mouse

behaviour are mediated by KOR (J. Pintar, personal com-

munication). Taken together, these studies demonstrate that

comprehensive receptorome profiling can be used to dis-

cover the molecular target(s) for a plant-based psychoactive

compounds.

3.3. Ephedra sinensis and ephedrine-related compounds

Ephedra sinensis, also known as Ma Huang, has been

used for more than 5000 years in China as an herbal remedy

for asthma and upper respiratory ailments. More recently, E.

sinensis and its main active ingredient ephedrine have been

used as over-the-counter agents to increase stamina and

metabolism. Ephedrine and ephedrine-containing extracts

have been used as nonregulated anorectic agents in the

United States until quite recently, as the FDA banned the

sale and use of ephedra on December 31, 2003—mainly

because of adverse cardiovascular consequences (stroke,

heart attacks, sudden death; Rothman et al., 2003).

Ephedra extracts contain a complex mixture of phenyl-

propanolamines (Rothman et al., 2003) with several isomers

including (+)- and (�)-ephedrine and (+)- and (�)-pseu-

doephedrine. A related plant Catha edulis, also used for its
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psychostimulant properties, contains cathine. Until recently,

the action of ephedrine and related phenylpropanolamines

was presumed to result mainly from a direct action on

postsynaptic a1-adrenergic receptors (see, for instance, Gil-

man et al., 1992), although this had never been rigorously
Table 2

Main psychoactive botanicals and their principal molecular targets

Plant name Main active

ingredient(s)

Principal mol

Nicotiana tabacum Nicotine Nicotinic cho

Areca catechu Arecholine Muscarinic c

Catha edulis Cathinone Norepinephri

(Rothman et

Coffee arabica Caffeine Adenosine re

(Snyder et al

Thea viridins Theophylline Adenosine re

(Snyder et al

Piper methysticum Kava lactones Multiple ion

(Singh & Sin

Erythroxylum cocoa Cocaine Multiple biog

transporters

Paulinia cupana, Yerbe

mate, and others

Caffeine Adenosine re

(Snyder et al

Lophophora williamsii Mescaline 5-HT2A serot

(Glennon et a

Nichols, 2004

Psilocybe mexicana Psilocybin 5-HT2A serot

(Glennon et a

Nichols, 2004

Ipomoea violaceae Lysergic acid amide 5-HT2A serot

(Glennon et a

Nichols, 2004

Tabernanthe iboga Ibogaine Unknown

Claviceps purpurae Ergot alkaloids 5-HT recepto

Myristica fragrens Myristicin Unknown

Artemisia absinthium Thujone GABA-A rec

likely other t

Hyoscyamus niger Hyoscamine and other tropanes Muscarinic re

Atropa belladonna Atropine Muscarinic re

Datura sp. Scopolamine Muscarinic re

Cannabis sativa Tetrahydrocannabinol CB-1 cannab

(Howlett et a

Ephedra sinica Ephedra Norepinephri

(Rothman et

Salvia divinorum Salvinorin-A Kappa opioid

(Roth et al., 2

Amanita muscaria Muscimol, ibotenic acid Muscarinic a

glutamate rec

(Nicoletti et a

Hypericin perforatum Hypericin, amentoflavone

and many others

Many GPCR

kinases, and

(Simmen et a

Butterweck

Papaver somniferum Morphine and many

related alkaloids

A-opioid rece

(Pert & Snyd

Psychotria viridis and

Virola sp.

N,N-DMT (and related

tryptamines)

5-HT2A serot

(Glennon et a

Nichols, 2004

Heimia salicifolia Cryogenine Unknown (?

synthetase in

(Lema et al.,

Vocanga africana Voacangine Unknown—r

Corynanthe yohimbe Yohimbine a2-Adrenergi
tested. We thus profiled a large number of ephedrine-like

phenylpropanolamines at the receptorome in an effort to

discover the main site(s) of action of ephedrine.

To our surprise, we discovered that (�)- and (+)-ephed-

rine, as well as nearly all other tested phenylpropanol-
ecular target(s) Class of target (GPCR, ion

channel, transporter, other)

Common name

linergic receptors Ion channel Tobacco

holinergic receptors GPCR Betel nut

ne transporter

al., 2003)

Transporter Kat

ceptors

., 1981)

GPCR Coffee

ceptors

., 1981)

GPCR Green tea

channels

gh, 2002)

Ion channels Kava kava

enic amine Transporters Cocaine

ceptors

., 1981)

GPCR Yerbe

onin receptors

l., 1984;

)

GPCR Peyote

onin receptors

l., 1984;

)

GPCR Psilocybin

mushrooms

onin receptors

l., 1984;

)

GPCR Morning glory

seeds

Unknown Ibogaine

rs (many) GPCR Ergot

Unknown Nutmeg

eptors and

argets

Ion Channels Absinthe

ceptors GPCR Henbane

ceptors GPCR Belladonna

ceptors GPCR Jimson weed

inoid receptors

l., 1990)

GPCR Marihuana

ne transporters

al., 2003)

Transporters Ephedra

receptor

002)

GPCR Salvia

nd metabotropic

eptors

l., 1986)

GPCR Fly agaric

, transporters,

ion channels

l., 1999, 2001;

et al., 2002)

GPCR, ion channels,

transporters

St. John’s wort

ptor

er, 1973)

GPCR Opium

onin receptor

l., 1984;

)

GPCR Chacruna,

ayahuasca

prostaglandin

hibition)

1986)

Enzyme/GPCR indirectly Sinicuichi

elated to ibogaine Unknown None

c antagonist GPCR Yohimbine
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amines, had their highest affinities as norepinephrine trans-

porter substrates with affinities in the 10- to 40-nM range.

Most of the compounds also had modest activity as dopa-

mine transporter substrates with affinities in the 200- to

2000-nM range. Cathinone and methcathinone had high

affinities as dopamine transporter substrates with affinities

in the 14- to 18-nM range. It is likely that the high affinity of

cathinone and methcathinone for dopamine transporters is

important for their high abuse potential. None of the com-

pounds had appreciable affinities (e.g., Ki values < 1000

nM) for any of the other tested receptors, ion channels, or

transporters. Indeed, although some derivatives had affini-

ties in the micromolar range for a1-adrenergic receptors,

none of the tested compounds displayed any functional

activity at cloned human a1A-adrenergic or cloned human

a2-adrenergic receptors (Rothman et al., 2003). Additional-

ly, drug discrimination studies revealed a direct linear

correlation between for their norepinephrine transporter

substrate activity and behavioral actions (Rothman et al.,

2003). Taken together, these results are consistent with the

hypothesis that the main cardiovascular actions of ephedrine

and related phenylpropanolamines are due to an indirect

sympathomimetic action and not to direct activation of

postsynaptic adrenergic receptors. These results thus serve

as an additional example showing how comprehensively

screening the receptorome reveals the molecular target for

psychoactive plant actions.
4. Prospects for future studies

Many plants are psychoactive and Table 2 lists the major

known psychoactive plants, their presumed active ingre-

dients, and their presumed principal molecular targets. Only

a few psychoactive plant-derived chemicals (e.g., E. sinensis

and C. eduli; see Rothman et al., 2003) have been compre-

hensively profiled, although when receptorome profiles

have been done, the results have been highly informative

(Roth et al., 2002; Butterweck et al., 2002; Rothman et al.,

2003).

Several psychoactive plants have well-described mecha-

nisms of action including Cannabis sativa (tetrahydrocan-

nibinol; CB-1 receptors) and Nicotiana tabacum (nicotine;

nicotinic acetylcholine receptors). Many other psychoactive

plants have unknown mechanisms of action including the

hallucinogenic plants Tabernanthe iboga (ibogaine) and

Myristica fragens (myristicin). Because many of the known

psychoactive plants exert their actions via unknown mech-

anisms, a comprehensive, discovery-based effort aimed at

elucidating the molecular targets for plant-based psychoac-

tive compounds is likely to be highly successful. Using the

same technology to discover the molecular targets respon-

sible for marine-based natural products that have CNS

actions is also likely to be successful. Additionally, many

of the molecular targets of psychoactive drug action have

become identified therapeutic targets for many diseases.
These include A-opioid receptors, the main site of action

of morphine, for chronic pain conditions (Pert & Snyder,

1973), 5-HT2A receptors, the principal target for hallucino-

gen actions (Glennon et al., 1984), which have been targeted

for antidepressant and antipsychotic drug discovery efforts

(Roth & Shapiro, 2001), and the biogenic amine trans-

porters, the principal molecular targets responsible for

cocaine actions (Shimada et al., 1991; Sora et al., 2001),

which are targeted for antidepressant drug discovery efforts.

Our prediction is that discovering the molecular mecha-

nism(s) of action of many psychoactive plants will reveal

novel and validated molecular targets for psychotherapeutic

drug discovery.
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