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The authors advise that at the top of page 246 it was incorrectly stated that Echinopsis lageniformis, one of a number of
mescaline-containing cacti, has been consumed by humans throughout the Americas for millennia. In fact, no clear
supportive evidence for the historical use of E. lageniformis by indigenous peoples can be found. The relevant sentence
should be changed from:

The history of psychedelic phenethylamines, as noted earlier, is ancient and begins with mescaline (4), which has been
consumed by humans in preparations of the peyote (L. williamsii) and wachuma (E. pachanoi, E. peruvianus or
E. lageniformis) cacti throughout the Americas for millennia.

to:

The history of psychedelic phenethylamines, as noted earlier, is ancient and begins with mescaline (4), which has been
consumed by humans in preparations of the peyote (L. williamsii) and wachuma (E. pachanoi or E. peruvianus) cacti

throughout the Americas for millennia.
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ABSTRACT

The science of psychedelics is an intriguing, multi-disciplinary field that has recently been the
subject of heightened public interest. This has mainly resulted from publicity associated with a
number of high-profile investigations into psychedelic-assisted therapy for a range of difficult-to-
treat mental health conditions. With many psychedelic substances known, including natural, semi-
synthetic and fully synthetic, and a rangeof receptors, enzymes and transporters implicated in
their modes of action, although very interesting, the field can appear daunting to newcomers to
the area. This Primer Review is designed to give an overview of the chemistry and pharmacology
of psychedelics. It is hoped that it will provide a useful resource for science undergraduates,
postgraduates and their instructors, and experienced scientists who require a comprehensive and
up-to-date summary of the field. The Review begins with a summary of the important classes of
psychedelics and then goes on to summarise the known history of their traditional human use,
dating back to prehistoric times. Following that, important classes of psychedelics are examined in
more detail, namely the ergolines, such as lysergic acid diethylamide (LSD), tryptamines like
psilocybin and N,N-dimethyltryptamine, phenethylamines typified by mescaline and 3,4-
methylenedioxymethamphetamine (MDMA), arylcyclohexylamines including ketamine and phe-
nylcyclohexylpiperidine (PCP), and a group of naturally occurring drugs that do not belong to any
of these three classes, examples being muscimol and salvinorin A. The contributions made by
early pioneers like Albert Hofmann and Alexander Shulgin are briefly summarised. References to
primary literature and more specialised reviews are provided throughout.
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Introduction

The term ‘psychedelic’ was coined by the British psychiatrist, Humphry Osmond in
1957 by combining the Greek ‘psyche’, meaning mind or soul, and ‘délein’ or ‘deloun’
meaning to manifest or reveal. It is implied by this word construction that psychedelic
drugs unlock certain otherwise inaccessible aspects of the mind. The common effect of
psychedelics is their ability to induce an altered state of consciousness, including a
changed perception of the environment, and can include dream-like and mystical experi-
ences. Users also often have an increased belief in the consciousness of a range of living
and non-living things.'*! Entheogens are the sub-class of psychedelics that are used in
traditional cultural and religious practices. The effects of psychedelic drugs can be
profound and long-lasting.”®! Recently-developed theories suggest that psychedelics
lead to neuroplasticity and increased neuronal connectivity within the brain.'"

In recent years, there has been a surge in interest in the use of psychedelic drugs in
clinical settings, mainly because of the promise they show as therapies for difficult-to-
treat mental health conditions such as post-traumatic stress disorder (PTSD), treatment-
resistant depression, addiction, anorexia nervosa and various anxiety states including
those experienced near the end of life. This interest has been bolstered by recent seminal
publications from United States researchers showing positive clinical effects in depressed
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Fig. 1. Chemical structures of some common psychedelics. '

cancer patients. A wide variety of natural substances, purif-
ied natural products and synthetic compounds are classified
as psychedelics, each with intriguing chemistry and phar-
macology. As with cannabis, the worldwide prohibition of
most psychedelic substances in the early 1970s has greatly
hindered their scientific investigation and as a result, there
is still much to be learnt about their effects on humans and
their modes of action. The purpose of this Primer Review is
to provide a succinct overview of the current knowledge of
the chemistry and pharmacology of these fascinating bio-
active compounds.

This review classifies psychedelic compounds into four
broad classes, selected examples of which are shown in
Fig 1. The first and largest class of compounds bears the
tryptamine substructure and includes compounds like psilo-
cybin (1), derived from certain varieties of mushrooms,
dimethyltryptamine (DMT, 2), which is present in many
plants, and lysergic acid diethylamide (LSD, 3), a synthetic
derivative of the ergoline alkaloids found in ergot fungus
and morning glory seeds. These are usually termed ‘classic
psychedelics’. The second class is the phenethylamines and
includes the cactus-derived mescaline (4), also considered a
classic psychedelic, and entactogens like the synthetic 3,4-
methylenedioxymethamphetamine (MDMA, 5). The third
class is the arylcylohexylamines, which are often described

as dissociative hallucinogens and includes drugs like keta-
mine (6) and phenylcyclohexylpiperidine (PCP, 7). The
fourth class encompasses naturally derived hallucinogens
that do not fit neatly into any of the above groupings and
includes muscimol (8), derived from Amanita muscaria
mushrooms; salvinorin A (9), a rare type of non-alkaloid
psychedelic, which is derived from the sage Salvia divi-
norum; and ibogaine (10), an alkaloid found in the West
African iboga plant. Some psychoactive components of
Cannabis, most notably A°-tetrahydrocannabinol (A°-THC)
and its analogues, are also sometimes considered psychedel-
ics; however they are not covered here, having been exten-
sively reviewed in another primer.'®! There is also a class of
psychoactive compounds that cause hallucinations together
with delirium, known as deliriants, including the tropane
alkaloids scopolamine, atropine and hyoscyamine, that are
not usually considered to be psychedelics and hence are not
included in this review.

History of human use of psychedelics

It has been surmised that the consumption of psychedelic
substances such as muscimol (8), present in fly agaric mush-
rooms (Amanita muscaria), distinguished by their iconic
white-spotted orange-red caps,'® originated among the
Finno-Ugric people of northern Europe and Asia in prehis-
toric times.'”! These mushrooms, like many plants and fungi
that produce psychedelic substances, are associated with
shamanism, a religious practice in which participants profess
to interact with the spirit world through altered states of
consciousness. It seems likely that such rituals spread east-
ward from northern Europe across Siberia and into North
America with the waves of migration that led to the human
habitation of the Americas."”? As such, the use of psilocybin
(1)-containing mushrooms of the genera Psilocybe, Stropharia
and Panaeolus became prominent in Mesoamerica, the region
that extends from present-day central Mexico to Central
America. Stone carvings found in the highlands of Central
America suggest that these mushrooms were used in religious
practices at least 8000 years ago.”? There is also archaeologi-
cal evidence for the ancient use of A. muscaria mushrooms in
North Africa,’® and both Amanita and Psilocybe mushrooms
by the Ancient Egyptians.®

During their expansionary phases in the Americas, early
cultures appear to have also found alternative sources
of psychedelic substances in the plants that they encoun-
tered. Mescaline (4) is present in a number of cactus species
including peyote (Lophophora williamsii), native to present-
day southwest Texas and Mexico, Peruvian torch cactus
(Echinopsis peruviana, syn. Trichocereus peruvianus) and
San Pedro cactus (E. pachanoi, syn. T. pachanoi), which

!For ease of viewing, chemical structures are presented in the fully deprotonated forms throughout. These do not represent their protonation states

under physiological conditions.
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occur naturally in the Andes Mountains. There is archaeo-
logical evidence of the use of these plants by humans dating
back to over 6000 years ago,'”’ and given their mescaline
content, it is assumed that they were consumed for their
psychedelic effects, as has been the case in more recent
times. On the other side of the Andes, the indigenous tribes
of the Amazon Basin have long used a psychedelic decoction
known as ayahuasca. It is prepared from a combination of
rainforest plants — usually the stem and bark of the liana
Banisteriopsis caapi, and the leaves of the shrub Psychotria
viridis. The leaves of the latter plant contain high concen-
trations of DMT (2), which, although strongly psychedelic,
is essentially inactive if taken orally, as its metabolism is
greatly accelerated by monoamine oxidase enzymes in the
liver. The indigenous people of the Amazon have developed
an ingenious way of extending the DMT (2) time of action
by incorporating into the decoction parts of plants such as
B. caapi, which contain B-carboline alkaloids that reversibly
inhibit monoamine oxidase enzymes.!'® An alternative
strategy discovered by early cultures is to administer the
psychoactive substances in the form of snuffs, thus avoiding
the ‘first-pass metabolism’ that occurs in the liver if taken
orally. Although widespread across South America and the
Caribbean, this practice is thought to originate from conti-
nental South America. Seeds of two Anadenanthera species,
A. peregrina and A. colubrina, and the resin of a number of
Virola species, were used for this purpose and have been
shown to contain DMT (2), a range of DMT analogues and [3-
carbolines.”? Bufotenin (11), in particular, is found in seeds
of certain species of Anadenanthera and in the latex of a sub-
species of the north-eastern South American tree Brosimum
acutifolium used by indigenous shamans.!'!! In addition to
plant sources, bufotenin (11) is also found in the skin secre-
tions and eggs of several toads, particularly the Colorado
River toad (Incilius alvarius). The evidence that bufotenin is
actually psychoactive is weak, however, and these toad secre-
tions contain several other tryptamines including more
powerful psychedelics such as 5-MeO-DMT (12, Fig. 1).['%
Representations of the Colorado River toad are a recurring
motif in Mesoamerican art, which has been interpreted as a
sign of indigenous knowledge of the psychedelic properties of
this toad."* Toad skin extracts have also been used in tradi-
tional Chinese medicine for centuries."'*

Salvinorin A (9), an unusual non-alkaloid psychoactive, is
present in Salvia divinorum, its scientific name meaning
‘sage of the diviners’. A plant from the mint family, it was
used by inhabitants of a mountainous region known today as
Oaxaca, Mexico, when psychoactive mushrooms were not
available.!®!

The root bark of the African shrub Tabernanthe iboga has
been traditionally used by West African forest-dwelling people
of present-day Gabon and Cameroon.M'® It is used at low
doses to alleviate fatigue, hunger and thirst on long hunting
expeditions. At higher doses, T. iboga bark is hallucinogenic
and this effect is integral to initiation ceremonies and rituals

238

of the Bwiti religion.!'”! The practice may have been learnt
from the Pygmy peoples of central Africa, who are believed to
have used iboga bark from very early times."'®! A key bio-
active component of iboga root bark is 10-methoxyibogamine
or ibogaine (10). Although this compound is a tryptamine
derivative, its subjective effects and pharmacology are quite
different to other psychedelic tryptamines, and it is usually
considered distinct from that class.

Lysergic acid derivatives structurally related to LSD (3)
and members of the class of natural products known as
ergoline or ergot alkaloids are present in the seeds of certain
‘sacred’ morning glory plants of the Convolvulaceae family,
from the Ipomoea, Rivea and Turbina genera. These are
found in present-day Mexico and Central America and
although not as potent as LSD (3), ‘sacred’ morning glory
seeds are believed to have been used by the indigenous
inhabitants of these regions for their psychoactive effects.”}
The seeds of another morning glory, commonly known as
Hawaiian baby wood rose, Argyreia nervosa, also contain
ergoline alkaloids.""®! Despite the common name, this plant
originates from the Indian sub-continent and is used in
traditional ayurvedic medicine. Better known are the ergo-
line alkaloids produced by Claviceps purpurea (ergot), a
fungus that can infest grain crops such as barley, wheat
and rye, and have been responsible for mass poisonings,
particularly in medieval Europe. Ingestion of grains contam-
inated with ergot can lead to ‘ergotism’, a disturbing cluster
of symptoms that can take two main forms: ergotismus gang-
renosus and ergotismus convulsivus,”°! the latter often asso-
ciated with hallucinations. There is evidence to suggest that
the ancient Greek ceremonial drink kykeon contained ergot
and by inference, ergoline alkaloids.”*!! Interestingly, the
ergoline alkaloids found in some morning glory seeds are
most likely produced by endophytic clavicipitaceous fungi
and not the plant itself.*>**! The presence in perennial rye
grass of another genus of endophytic fungus, Epichloé, which
has been shown to produce the ergoline alkaloid ergovaline
(13a, Fig. 2), has been associated with ‘rye grass staggers’
and ergot poisoning in New Zealand sheep.**!

Ergolines

The ergoline alkaloids are a major class of the classic psy-
chedelics, best exemplified by the semi-synthetic and potent
psychedelic LSD (3). As mentioned above, the ergot alka-
loids are natural products produced by fungi of the genus
Claviceps, parasitic on grasses and grains. During the repro-
ductive process, Claviceps species produce hardened tuber-
like bodies termed sclerotium, which can contain significant
quantities of ergot alkaloids, typically 0.2-0.3% of dry weight
in Australian examples.'* The primary ergot alkaloid found
in sclerotium is ergotamine (13b), which bears the tetracyclic
ergot alkaloid structure found in lysergic acid (14a), linked to
a cyclised tripeptide motif. Results of the analysis of Claviceps
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Fig. 2. The chemical structures of important ergolines.

extracts suggest that they can contain up to 67 different ergot
alkaloids, with many yet to be fully identified.””®! Also as
mentioned above, ergot alkaloids are found in some plants,
notably members of the Convolvulaceae family. For example,
0.5-0.9% of the dry weight of A. nervosa seeds are indole
alkaloids, with the simple lysergic acid primary amide ergine
(14b) and its epimer isoergine (15) being the major constitu-
ents.?”) Ergot alkaloid-producing plants are quite rare and are
distributed across unrelated taxa. Evidence that the alkaloids
are actually produced by associated fungi comes from the
observation that the treatment of some ergoline-producing
plant species with broad-spectrum fungicides eliminates ergo-
line production.'?® Attempts to culture the associated fungal
species have so far been unsuccessful; however, molecular
phylogeny studies indicate the presence of a species related
to the ergot-producing fungi C. purpurea,'** and DNA
sequencing indicates that this fungal species has genes respon-
sible for ergot alkaloid biosynthesis.”*” There seems little
doubt that these fungi are ultimately responsible for the bio-
synthesis of ergot alkaloids in the Convolvulaceae family.*!

LSD (3) is the most prominent member of a broad class of
lysergic acid amides that consists of both naturally occurring
and semi-synthetic compounds. The psychedelic properties
of LSD were uncovered by Albert Hofmann in 1943 as part
of a wider research program into a semi-synthetic lysergic
acid derivatives at Sandoz Ltd., with his experiences later
published in book form."!! During the synthesis of a sample
of LSD, Hofmann was struck with ‘remarkable restlessness,

combined with a slight dizziness ... [later I] sank into a
not unpleasant intoxicated-like condition, characterised by
an extremely stimulated imagination’. Puzzled by such a
vivid occurrence, Hofmann hypothesised that he had been
accidently exposed to trace amounts of LSD during its syn-
thesis. To investigate the occurrence further, he decided to
deliberately take some of the substance, and mindful of the
high toxicity of a number of ergot derivatives, ingested a
small, 0.25 mg sample of LSD as the tartrate salt. It is now
known that LSD is incredibly potent and that amount equa-
ted to a 10-fold higher dose than the minimally recognisable
human oral dose of 25 ug."**! Within an hour, he began to
experience effects, and within two a ‘most severe crisis...
everything in my field of vision wavered and was distorted
as if seen in a curved mirror. I also had the sensation of
being unable to move from the spot’.

Hofmann had begun the modern era of psychedelic
research. He would later go on to isolate the active princi-
ples psilocybin (1) and psilocin (24) from the traditionally
used fungi teonanacatl (Psilocybe mexicana), using human
ingestion to guide separation after mice were found to be
unresponsive.™*! He would also discover the ergot nature of
active principles in the traditionally used plant ololiuhqui
(Ipomoea corymbose), first disclosed in Sydney at the 1960
International Union of Pure and Applied Chemistry (IUPAC)
Natural Products Conference.’*) In addition, he attempted
unsuccessfully to isolate the active principle from the tradi-
tionally used plant ska Maria Pastora, returning from Mexico
with an undescribed species later named Salvia divinorum,
from which would eventually be isolated salvinorin A (9). [34]

Despite the common lysergic acid amide substructure,
these compounds have a variety of biological effects, and
only some members are potent psychedelics. The simplest
possible lysergamide, ergine (14b) has been isolated from
both fungal and, especially, plant sources.'**! A medically
important naturally-occuring lysergamide is ergometrine
(16a), the lysergic acid amide of 2-aminopropanol, which
is used to treat post-partum bleeding.!** Extension of the
alkyl sidechain of ergometrine by one carbon unit gives
the synthetic drug methylergometrine (16b), also used in
the treatment of post-partum bleeding, as well as migrane.">>!
Neither of these compounds (16a or 16b) are psychedelic at
their clinical dose, although they both display psychedelic
properties at high doses.*®! In addition to naturally occurring
lysergamides, a wide variety of LSD analogues has been pre-
pared where the amide substituents have been varied, and
their pharmacological properties investigated (see below).*”]

The naturally occurring ergovaline (13a) and ergotamine
(13b) are members of larger group of natural products
termed the ergopeptines, bearing the ergot alkaloid core
conjugated to a tripeptide-derived motif. The peptide-
derived portion is formed from proline and two hydrophobic
amino acids, typically alanine, valine, leucine or phenyl-
alanine, giving a variety of permutations. The high commer-
cial demand for ergot alkaloids for medicinal purposes (see
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below) is currently met by semi-synthesis from ergopeptines
isolated from fungal extracts, with ~7 tonnes of ergopep-
tines isolated annually from industrial fermentation and
extraction of field-sourced fungal material.”®®! The ergopep-
tines have a variety of biological effects, including useful
vasoconstrictive properties that, as with the ergometrines,
have led to applications in the treatment of migraines and
post-partum haemorrhage. Despite the presence of the core
ergoline motif, however, the ergopeptines do not have a
substantial psychedelic effect."!

In addition to the lysergic acid derivatives, there is also
the related clavine group of natural products containing the
ergoline skeleton with a methyl substituent in the place of
the carboxyl group. These alkaloids are non-psychedelic;
however, some, such as agroclavine (17), are intermediates
in the biosynthesis of lysergamides. !

The tetracyclic ergoline scaffold is present in several
semi-synthetic therapeutics, such as pergolide (18), caber-
goline (19) and lisuride (20). These compounds are gener-
ally not considered to be psychedelic, although isolated
cases of hallucinations have been reported for patients trea-
ted with pergolide (18).!*! Pergolide, cabergoline and lisur-
ide are dopamine D, receptor agonists and have been, and
are still in some countries, used to treat Parkinson’s disease.
The use of pergolide and cabergoline has fallen out of favour
owing to increased risk of valvular heart disease, due to
agonism of the 5-HTop receptor, and a host of other side-
effects.l*! Cabergoline is still used to treat abnormally high
prolactin levels and prolactinomas (tumours producing high
levels of prolactin), and pergolide is used in veterinary
medicine for the treatment of Cushing’s disease in horses.

Ergoline pharmacology

LSD (3) has affinity for a wide range of receptors in the
human brain. These receptors’ usual function is to bind
neurotransmitters such as serotonin, dopamine and hista-
mine as part of signal transmission in the nervous sys-
tem.”®?! As an extremely potent psychedelic, active doses
of LSD in humans are typically 50-200 pg, giving peak
plasma concentrations of 3-9 nM.*?! LSD binds to a number
of different types of receptors with affinities ranging from
micromolar to sub-nanomolar, showing particular affinity
for members of the 5-hydroxytrytamine (5-HT) and dopa-
mine receptor family. Although a number of targets could be
responsible for its psychedelic effects, the activity of LSD (3)
at extremely low concentrations limits the potential candi-
dates to receptors with very high affinity for LSD. These
receptors are all members of the 5-HT family, whose pri-
mary ligand is 5-HT or serotonin (21, Fig. 3).

Partial agonism of the 5-HT,, receptor is thought to be
the primary cause of the psychedelic effects of LSD. The
5-HT»a receptor is a cell-surface protein expressed widely
throughout the central nervous system (CNS), but particu-
larly in the areas of the neocortex involved in higher-order
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Fig. 3. The chemical structure of 5-hydroxytrytamine, also known
as serotonin, and the synthetic psychedelic DOI (2,5-dimethoxy-4-
iodoamphetamine).

brain function such as cognition and perception. Like many
receptors in the 5-HT family, the 5-HT,, receptor is a
G-protein coupled receptor (GPCR), a type of transmembrane
protein that allows signals to traverse cell membranes by
conversion of extracellular binding events into intracellular
responses. The result is the activation of bound G-protein
complexes. Like all proteins, GPCRs exist in a variety of
interconverting conformational states, and these can favour
or hinder the interaction of the GPCR with other signalling
proteins within the cell. Binding of a ligand — usually a low-
molecular-weight organic molecule - to the extracellular side
of the GPCR stabilises certain conformations of the receptor,
shifting the population of protein conformations away from
the baseline population that occurs in the absence of a
ligand. These ligands can be endogenous substances such
as serotonin (21), or exogenous substances such as pharma-
ceuticals. This change in the conformational population of
the GPCR results in a different balance of interactions
with downstream signalling proteins compared with that
observed in the absence of ligand, and is ultimately respon-
sible for the transmission of the binding signal into the cell.

Ligands signalling through GPCRs can be broadly divided
into four main classes. Agonists are molecules that, on
binding, cause receptor activation by stabilising activated
conformations of the receptor. Full agonists achieve the
same levels of receptor activation as would be achieved by
high concentrations of the endogenous ligand (i.e. maxi-
mum activation, Fig. 4). Partial agonists can only achieve
partial GPCR activation, even at very high concentrations.
These differences in GPCR activation at saturating concen-
trations reflect the differing stabilisations of the active GPCR
state depending on the chemical structure of the agonist.
Antagonists block the action of agonists, by binding in their
place (orthosteric) or in a position remote from the agonist
binding site (allosteric), thereby preventing stabilisation of
the active GPCR conformations. Antagonists binding in this
fashion can reduce the signalling of the GPCR to the baseline
level observed in the absence of agonists. However, even in
the absence of any agonists, a small fraction of the GPCR
conformational population is in an activated state. Inverse
agonists are chemicals that act in the opposite way to ago-
nists, and stabilise inactive conformations of the receptor,
thereby reducing signalling below baseline levels.

As mentioned, GPCRs transmit signals into the cell via
their interaction with intracellular protein partners, which
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Fig. 4. Modulation of the activity of GPCRs by different types of
ligands. Increasing concentration of the ligand is left to right along the x-
axis and the level of signalling activity of the GPCR is along the y-axis.
Activity is expressed as a percentage of the maximum activity in the
presence of saturating concentrations of the endogenous ligand with
baseline activity in the absence of ligand set as zero. A full agonist is
capable of increasing signalling to the maximum rate, whereas a partial
agonist increases signalling to a lower level even at high concentrations.
An antagonist binds without affecting the signalling rate from its baseline
level, whereas an inverse agonist can lower signalling below baseline.

themselves trigger further signalling pathways. The origi-
nally considered interaction partners of GPCRs were thought
to be G-protein complexes, which on dissociation from the
activated GPCR activate a variety of downstream signals
such as those elicited by phosphorylation processes cata-
lysed by phospholipase C. However, subsequent research
has uncovered additional signal transduction pathways,
both via differing G protein partners and via other interac-
tion partners such as the arrestins.'**!

A GPCR may transmit different signals into the cell
depending on which downstream signalling pathways are
activated by ligand binding. Binding of a ligand to the GPCR
can activate multiple pathways, either equally or unequally
depending on the chemical structure of the ligand and how
it stabilises particular GPCR conformations."**! Unequal
activation of signalling downstream of the GPCR is termed
biased agonism. This biased signalling is an important factor
in the biological activity of psychedelics and can lead to
different outcomes for otherwise comparable compounds.
For example, the natural product ergotamine (13b) and
semi-synthetic ergolines LSD (3) and lisuride (20) are all
high-affinity (nM to sub-nM) agonists of the 5-HT,, recep-
tor, yet only LSD is psychedelic; the difference in pharmaco-
logical effects elicited by these alkaloids is ascribed to
biased signalling at the 5-HT,, receptor.'**!

LSD (3) is a partial agonist of the 5-HT,, receptor and
binds with extraordinary affinity, displaying an inhibition
constant, K;, of 0.48nM for displacement of radiolabelled
ketanserin.[*>! A large contribution to this tight binding is
the slow rate of dissociation of the LSD-5-HT,, receptor
complex, with a residence time®* for 5-HT,, receptor-

bound LSD of 221 min at 37°C.!*®7 As mentioned, LSD is
also a biased agonist, like other psychedelics such as 2,5-
dimethoxy-4-iodoamphetamine (DOI, 22), activating a sub-
set of G-protein-dependent signalling mediated by the
5-HT,, receptor. This produces a specific set of downstream
phosphorylation changes unique to psychedelic 5-HT,p
agonists such as LSD (3) that is not produced by non-
psychedelic agonists such as ergotamine (13b) and lisuride
(20). In addition to the originally defined GPCR signalling
pathways that are all G-protein mediated, there are other
non-G protein-mediated pathways activated by LSD that are
important to its biological activity, such as the [(-arrestin2
signalling pathway, also downstream of 5-HT»,. Not all psyche-
delic 5-HT,4 receptor agonists activate this pathway however;
DOI’s activity, for example, is independent of B-arrestin2.[”!
The structural biology of the LSD-5-HT,, receptor complex
has been revealed by X-ray crystallography of LSD complexed
with 5-HT receptors, initially with models based on the
5-HTop receptor, and more recently on the X-ray crystallogra-
phy of the LSD-5-HT,, receptor complex itself.[*®*%41 In the
structure reported by Cao et al.,'**! the potent psychedelic 3
binds to the 5-HT,, receptor in a cavity within the bundle
of transmembrane helices that comprise the main structure of
the GPCR. This cavity is the binding site for a variety of
agonists, antagonists and inverse agonists of the 5-HT54 recep-
tor including the endogenous ligand serotonin (21) and is thus
termed the orthosteric pocket. The precise details of the inter-
actions between the amino acid residues of the receptor and
the chemical structure of the ligands are ultimately responsi-
ble for the remarkable spectrum of effects that ligand binding
at this one site can cause. In the case of LSD, binding occurs
between transmembrane helices II, IV and V, after which a
loop encloses the ligand, blocking ready exit from the receptor
(Fig. 5a). Occlusion of the binding site by this loop is thought
to be responsible for the above-mentioned slow off-rate of LSD
from the 5-HT,, receptor.'*®! Key features of the LSD-5-HT o,
receptor complex include a hydrogen bond between the
indole NH of LSD and Gly238 and a salt bridge between the
protonated ergoline amino group and Asp 155. (Fig. 5b, c)
Phe340 sits above the indole of LSD in an edge-to-face geom-
etry, allowing interaction with the electron-rich pyrrole ring.
In addition, the surface of the LSD binding pocket is lined
with other hydrophobic residues (Val366, Vall156, Phe339,
Trp151) that promote favourable interactions with hydropho-
bic portions of LSD. In an earlier structure by Kim et al.,'*®!
the core of LSD is in a similar position, but a slight shift out of
plane results in the indole NH being closer to Ser242 than
Gly238. The function and relative importance of these two
possible interactions remain unclear, and while removing this
interaction by mutation of Ser242 to alanine does not signifi-
cantly change the affinity of LSD for the 5-HT,, receptor,
it does increase the rate of dissociation of LSD from the
receptor."*®! In humans, most other members of the 5-HT

2Residence time is defined as the inverse of the dissociation rate constant (1/kog).
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Fig. 5.

()

Trp151

The binding of LSD to the human 5-HT,a receptor as revealed by X-ray crystallography: (a) location of the LSD (green)

in relation to the transmembrane helices of the human 5-HT,A receptor (tan), with the extracellular face of the receptor
orientated towards the top. The loop blocking rapid dissociation of LSD from the receptor sits above LSD towards the
extracellular face. (b) Detail of the binding site interactions, with (LSD green). (c) Key hydrogen bonds (dotted) and hydrophobic
interactions (green). Drawn from the PDB structure 7wc6!*”) with the aid of USCF ChimeraX!®'! and Poseview.[*?]

receptor family naturally have alanine at this position in
the sequence and cannot form this interaction, including
receptors with comparable affinity for LSD, such as the
5-HT,p receptor.®®! Importantly, the diethylamide of LSD is
a key motif in LSD’s psychedelic effect, with even minor
changes resulting in order-of-magnitude losses in potency.™”!
The diethylamide group adopts a trans orientation with
respect to the terminal methyl groups, which participate in
Van der Waals interactions with Val 366 and Trp151. Studies
of conformationally restricted LSD analogues have shown this
trans arrangement to be an important component of both
B-arrestin2 recruitment'®! and in vivo bioactivity in rats.”*”!
Hinting at the complexity of the pharmacology of these com-
pounds, the non-psychedelic agonist lisuride (20) makes lar-
gely similar interactions with the 5-HT,4 receptor, suggesting
that differences in biological activity hinge on subtle changes
within the extended binding pocket.

In addition to changes around the key amide motif of
LSD, modification of the N6-methyl group of LSD is known
to produce potent psychedelics. In rats trained to distinguish
LSD from saline, removal of the methyl group results in loss
of activity whereas longer alkyl groups can be active.
Sequentially extending the N6-alkyl group gives a spread
of potencies relative to LSD: N6-ethyl (approximately 1.6 x
potency), N6-propyl (approximately equipotent) and N6-butyl
(0.1 x potency). Increasing the bulk of this substituent is
deleterious (N6-isopropyl, 0.4 X potency). Introduction of
small unsaturated substituents improves activity (N6-allyl,
2.0 x potency) whereas larger unsaturated groups are inactive
(N6-2-phenethyl).’®®! Anecdotal reports of experiences in
humans loosely parallel these results, with compounds with
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N6-allyl and N6-ethyl substituents active at similar concentra-
tions to LSD, whereas N6-propyl-substituted compounds were
less active than LSD and N6-2-phenethyl compounds were
inactive at 0.5 mg.">¥

Tryptamines

The tryptamine class of psychedelics contain a pendant
aminoethyl group extending from the 3-position of an indole
core. This substructure is also found in endogenous neuro-
transmitters such as serotonin (21) and its biosynthetic
precursor, the amino acid tryptophan, and in a conforma-
tionally restricted form in the ergoline alkaloids. In the
latter case, the pendant aminoethyl group has been cyclised
to form additional rings. The prototypical tryptamine psy-
chedelic is DMT (2), which is a natural product found in a
wide variety of plant species, often alongside close analo-
gues. Endogenously generated DMT is also detectable in
trace amounts in biological fluids from several animal spe-
cies including humans.” In both cases, the biosynthetic
pathway involves the enzyme-catalysed decarboxylation of
tryptophan followed by methylation promoted by aromatic
r-amino acid decarboxylase and indole-N-methyltransferase
(INMT) respectively. Intriguingly, high levels of INMT
expression are detectable in human lung and adrenal tissue,
with results from antibody labelling studies suggesting that
INMT is also present in the CNS.°>°®! In situ measurements
in living rats show extracellular DMT levels in the cortex are
in the low nanomolar range, comparable with more typical
neurotransmitters such as serotonin (Fig. 3).[56]
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Fig. 6. The chemical structures of tryptamine analogues.

DMT (2) is a potent psychedelic, with typical human
doses of 4-30 mg (intravenous) or 20-60 mg (inhalation).
Despite its potent activity when administered by intra-
venous, intramuscular or inhaled routes, DMT (2) is essen-
tially inactive when dosed orally, with high oral doses
(350 mg) producing no effect in humans.®* The poor oral
bioavailability of DMT (2) is attributed to rapid first-pass
metabolism in the liver promoted by the enzyme mono-
amine oxidase A. However, co-dosing of a monoamine oxi-
dase inhibitor sufficiently slows the metabolism of DMT (2)
such that oral doses are effective. As mentioned above, the
combination of a DMT-containing plant such as Psychotria
viridis with the plant Banisteriopsis caapi, which contains
monoamine oxidase-inhibiting harmala alkaloids, is the
basis of the traditional South American psychoactive drink
ayahuasca.'®”! Plants contain other tryptamine natural prod-
ucts in addition to DMT (2), an important sub-set of these
being the oxygenated derivatives such as bufotenin
(5-hydroxy-DMT, 11) and 5-methoxy-DMT (12). These com-
pounds bear an oxy substituent at C5, in common with the
human neurotransmitters serotonin (21) and melatonin
(23) (Fig. 6).

In addition to psychedelic tryptamines from plants and
animals, there are also psychedelic tryptamines in the fungal
kingdom. Several species of fungi contain a variety of tryp-
tamines, some of which are powerful psychedelics. The
major fungal-derived tryptamine psychedelic is psilocin
(24), which is derived from psilocybin (1), which bears a
4-phosphate substitution on the core tryptamine structure.
Psilocybin-containing fungi are largely within the genus
Psilocybe, although other fungi™®® and possibly a lichen'>*!
have acquired psilocybin biosynthesis by horizontal gene
transfer. Psilocybin-containing fungi also typically contain
varying levels of the dephosphorylated form psilocin (24),
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-8 N,/ NN
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H
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\

31 rizatriptan

32 naratriptan 33 eletriptan

Fig. 7. The chemical structures of some important triptan migraine
medications.

and on human dosing, psilocybin (1) is rapidly dephospho-
rylated to the active form psilocin (24). This hydroxylated
DMT analogue is a powerful psychedelic in humans, and
unlike DMT (2), is orally bioavailable, with monoamine
oxidases making only a minor contribution to its overall
metabolism. Psilocybin (1) is thus a natural prodrug of
psilocin (24). In Psilocybe fungi, tissue damage induces enzy-
matic dephosphorylation of psilocybin and subsequent enzy-
matic oxidative polymerisation of psilocin generates a
characteristic blue quinoid polymer.'®! This polymerisation
is thought to be a defence against insect predation, and could
explain why some Psilocybe species accumulate very high
levels of psilocybin, in some cases up to 2% of dry weight.[®!
In addition to psilocybin (1) and psilocin (24), Psilocybe
species can contain other minor tryptamines. Variation in
the methylation state of the exocyclic amino group gives the
secondary amine baeocystin (25), the primary amine nor-
baeocystin (26) and quaternary amine aeruginascin (27),
and its dephosphorylated analogue of baeocystin, norpsilo-
cin (28). It is unclear to what extent these minor tryptamines
are psychedelic. Although a 4 mg dose of baeocystin (25) has
been reported to be mildly psychedelic in humans,®* results
from more recent in vitro binding and rodent head-twitch
assay studies suggest that the tertiary amine group of psilo-
cin is required for the psychedelic effect.!®*!

In addition to naturally occurring tryptamines, a variety
of synthetic tryptamines have been developed for varied
medical purposes. The triptan class of pharmaceuticals
(30-33, Fig. 7) are 5-HT;p and 5-HT,;p receptor agonists
used in the treatment of migraine, and have largely sup-
planted synthetic ergotamine derivatives for this purpose.
Triptans retain the tryptamine core of DMT (2) incorporating
larger substituents at the 5-position, although modification
to the alkylamine substituent is also possible. These modifi-
cations render the triptans non-psychedelic at typical doses.

Along with the pharmaceutical optimisation of trypta-
mines for anti-migraine medications, attempts have been
made to explore the psychedelic properties of tryptamines.
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Notable is the pioneering work of Shulgin, who described
the synthesis and psychedelic properties of 55 trypta-
mines.’®* A wide variety of substitutions were explored in
this work, revealing interesting structure-activity relation-
ships (SARs). In contrast to the fairly broad range of substi-
tution in the triptan class of pharmaceuticals, relatively few
modifications to the tryptamine scaffold are tolerated to
allow retention of psychedelic activity.””! Modification of
one or more of the N-substituents to ethyl, propyl, isopropyl
or allyl is tolerated, as is incorporation of small groups on
the benzene moiety such as 5-methoxy. Replacement of the
phosphate ester of psilocybin with an acetate ester gives
psilacetin (29), which retains psychedelic properties in
humans. Although the labile acetyl group is likely to be
cleaved in vivo to give psilocin (24), mimicking the
dephosphorylation process observed with psilocybin (1),
psilacetin (29) may also have psychedelic effects in its
own right.[®*" Although all of these compounds can be
broadly classed as psychedelic, users report a variety of
differing subjective effects from compound to compound,
which may reflect subtle differences in target binding affin-
ity and biased pharmacology.®*

Tryptamine pharmacology

Like LSD, tryptamines have affinity for a number of CNS
receptors. The close structural similarity between trypt-
amine psychedelics and the endogenous neurotransmitter
serotonin is suggestive of a role for the serotoninergic ner-
vous system, and indeed the primary cause of the psyche-
delic activity of tryptamines is thought to be agonism of the
5-HT» receptor, similarly to LSD (3). Like LSD, both DMT
(2) and psilocin (24) are potent partial agonists of the
5-HT,, receptor (K; 3-5 and 8 nM respectively), ®*! although
unlike LSD, they have much lower affinity for adrenergic
receptors and no significant affinity for dopamine receptors.
Despite the overall different receptor profiles for ergota-
mines and tryptamines, it is thought to be their common
high-affinity partial agonism of the 5-HT,, receptor that
causes psychedelic effects in vivo. However, as discussed
above for the ergolines, within this simple model, a paradox
emerges — whereas the ergotamine and tryptamine psyche-
delics are all 5-HT,4 partial agonists, not all 5-HT,, agonists
are psychedelic. This paradox extends to the endogenous
5-HT,5 ligand serotonin, which despite its structural
similarity to tryptamine psychedelics is not psychedelic.
This is again thought to be due to biased signalling at the
5-HT,5 receptor, with the relative modulation of down-
stream biological pathways that occurs on ligand binding
being dependent on how each ligand stabilises different recep-
tor conformations. Recent results have raised an intriguing
alternative possibility, where signalling from the 5-HToa
receptor may be occurring not only from the expected
extracellular-facing 5-HT,, receptor but also from intracellular
populations of 5-HT»4 receptor. The differing biological effects
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induced by structural changes to tryptamines may not only
reflect differing affinities and biased signalling at the 5-HTop
receptor but also differences in membrane permeability and
access to intracellular 5-HT,, receptors. In neurons engineered
to transport the otherwise membrane-impermeable serotonin
into the cell, addition of serotonin produces changes in neuron
growth normally only associated with psychedelics such as
DMT. In mice whose cortical neurons have been engineered
to transport serotonin intracellularly, administration of a
serotonin-releasing agent produces head-twitch responses
usually associated with psychedelic compounds, along
with antidepressant activity. This intracellular signalling
mechanism may be physiologically relevant for endogen-
ously produced membrane-permeable psychedelics such as
DMT.!®*! Interestingly, in contrast to LSD (3), signalling
pathways triggered downstream of tryptamine psychedelics
binding to 5-HT,, do not appear to involve B-arrestin2.!°®]

The molecular details of the interaction of psilocin (24)
with the 5-HT,, receptor have recently been determined by
X-ray crystallography, along with LSD (3), serotonin (21)
and the non-psychedelic lisuride (20).[**! Like LSD, psilocin
(24) binds to the 5-HT,a receptor in the orthosteric site.
Whereas the positively charged ammonium groups of LSD
and psilocin overlay, the indole ring system of both psilocin
and serotonin does not overlap with that of LSD (Fig. 8).
Instead, for both psilocin and serotonin, the indole moiety
binds nearer to the extracellular face of the receptor, in the
same location as the key diethylamide group of LSD. This
region of the hydrophobic cleft has been termed the
extended binding pocket. The 5-HT, receptor complexes
contrast with the structures of serotonin bound to the
5-HT;A and 5-HT;p receptors,'®”! which show a common
binding location for the indole of serotonin and LSD, in
the orthosteric binding pocket. The reasons for these differ-
ences in binding poses and their implications remain to be
fully elucidated.

Phenethylamines

The chemical literature, both scientific and clandestine, is
replete with psychedelic substances belonging to the family
of compounds known as phenethylamines. These psychedel-
ics share a common molecular scaffold (highlighted blue in
Fig. 9) consisting of a primary or secondary amine that is
linked by a two-carbon unit to a substituted phenyl group. It
is no coincidence that the neurotransmitters dopamine and
noradrenaline share this scaffold, although they are not
considered psychedelics. The amphetamine stimulants are
also phenethylamines.

The simple phenethylamine scaffold lends itself to modi-
fication, and the combination of substituents at the amino
nitrogen, the a- and [B-positions, and at any of the five
positions on the phenyl group can potentially generate a
psychoactive phenethylamine, leading to a vast number of
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Fig. 8. (a) Overlay of LSD (green) and psilocin
(light blue) bound to the human 5-HT,A receptor
(tan, magenta) as determined by X-ray crystallogra-
phy. Despite an indole core in both molecules, and a
common interaction of the basic side chain with
Asp155, the molecules appear to bind in different
locations, with LSD in the orthosteric binding pocket
and psilocin in the extended binding pocket.
(b) Annotated detail of the interaction of psilocin
with surrounding amino acids, hydrogen bonds
(dashed) and hydrophobic regions (green) are indi-
cated. Drawn from the PDB structures 7wc5, 7wc6>>
with the aid of USCF ChimeraX[®'1 and Poseview.*”]
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possible psychedelics. Accordingly, synthetic phenethyla-
mines dominate the compound class, with one of the best-
known psychoactive phenethylamines, MDMA (5), first
synthesised by chemists at Merck in 1912, albeit for reasons
entirely unrelated to psychedelia.'®®! Among the few natu-
rally occurring psychedelic phenethylamines, *® mescaline
(4) is the most significant, with its rich history of human
use, as mentioned above. Although phenethylamines like
mescaline and more potent synthetic analogues are often
called ‘classic hallucinogens’, they are better described as
‘pseudohallucinogens’, as the sensory disturbances they
cause are recognised as being subjective and unreal. True
hallucinations are indistinguishable from reality.

There are many reports in which a psychoactive phe-
nethylamine has been subjected to subtle chemical modifi-
cation, with the resulting analogue found to produce

Soany

Fig. 9. General chemical structure of a substituted
phenethylamine 35, with the phenethylamine core
highlighted in blue, surrounded by structures of
noteworthy phenethylamines segregated on the
basis of psychoactivity.

markedly different subjective effects. The occurrence of
such dramatically varying SARs hints at the complex phar-
macology underlying the activity of these compounds. The
common illicit entactogenic phenethylamine MDMA (5), for
example, is thought to exert its psychoactivity primarily
through increasing extracellular levels of the monoamine
neurotransmitters serotonin (21), dopamine and nor-
epinephrine in the brain, but is influenced by a raft of
interactions with other CNS receptors and transport-
ers.l”?! The foundations of this pharmacological knowl-
edge were gathered as MDMA (5) rose to prominence as a
party drug in the 1980s. Now, decades later, MDMA (5) is
being intensely investigated as a potential therapeutic
agent for a range of mental illnesses,!”'~”*! thus placing
increasing importance on understanding its mechanisms
of action.
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Mescaline

The history of psychedelic phenethylamines, as noted ear-
lier, is ancient and begins with mescaline (4), which has
been consumed by humans in preparations of the peyote
(L. williamsii) and wachuma (E. pachanoi, E. peruvianus or
E. lageniformis) cacti throughout the Americas for millen-
nia.l®! Mescaline (4) occurs in small amounts in many other
cacti,[74 though L. williamsii, E. pachanoi, E. peruvianus and
E. lageniformis are the only species that contain enough for a
full psychedelic experience.[Q] The mescaline (4) content of
L. williamsii is approximately 2-6% of the dry weight of the
cactus, and the majority of this is concentrated in the above-
ground head or crown.!”®! The heads are harvested and
dried to give discs, referred to as peyote buttons, which
are usually chewed or used to prepare a tea.!”®!

The traditional Native American usage of peyote and
wachuma did not draw the attention of scientists until the
late 19th century, whereupon chemical investigation of
peyote led to isolation of the alkaloid primarily responsible
for its psychoactivity.””) More than two decades later, in
1919, the identity of this compound was confirmed via
synthesis as 3,4,5-trimethoxyphenethylamine (4).””) With
synthetic access to the drug established, mescaline (4) began
to appear in Western culture, notably influencing philoso-
pher and novelist Jean-Paul Sartre’s 1938 novel La Nausée,
among other of his works,”®! and prompting author Aldous
Huxley to pen an account detailing his experience with the
drug, entitled The Doors of Perception.”*! In 1955, mesca-
line (4) even gained the attention of British politician
Christopher Mayhew, who participated in an ‘experiment’
in which he was recorded after being administered mesca-
line (4). The footage of Mayhew was to be televised on the
BBC programme Panorama; however, the broadcaster
decided against airing it. Mayhew later described the experi-
ment as ‘the most interesting thing [he has] ever done’ and
‘profoundly thought-provoking’.!*"!

Mescaline (4) produces changes in colour and visual
perception, followed by visual (pseudo)hallucinations,!®!
which are often described as kaleidoscopic in nature and
can persist for 10-12h.”®! Distortion of time or space may
also be experienced, as well as an array of emotional effects
including, feelings of euphoria, heightened anxiety and ego
dissolution.®?! In the years following its synthesis, the psy-
chedelic effects of mescaline (4) drew the attention of psy-
chiatrists, who used the drug for varying lines of
psychological investigation.!”*®?! For example, some drew
parallels between mescaline-induced (pseudo)hallucinations
and psychosis, and thus made attempts to use mescaline
(4) as a tool to study schizophrenic psychosis[83] and as a
potential treatment for schizophrenia.'®* The 1960s, how-
ever, brought a series of ever-tightening restrictions on
research use of mescaline (4) — and of psychedelics more
broadly - and it was eventually made illegal in many parts
of the world, including in Australia. The drug was
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internationally outlawed in 1971 by the Convention on
Psychotropic Substances.

Relative to other classic psychedelics, LSD (3) and psilocin
(24), pharmacological study of mescaline (4) is limited. This
may be owing to the low potency of mescaline (4), which
requires human oral dosage of approximately 200 mg,™®"!
some 4000-fold greater than LSD (3). Furthermore, much
more potent synthetic phenethylamine psychedelics (see
below) can be easily accessed,®® making mescaline a less
attractive target for research. The studies that have been
conducted indicate that, like LSD (3) and psilocin (24),
mescaline (4) is a serotonergic psychedelic that acts mainly
through agonism of the 5-HT,, receptor.!*®?! Mescaline (4)
binds 5-HT,, with an affinity (K;) of 6.3 M and is also a
5-HT,¢ receptor agonist with slightly lower affinity, as well as
a low-micromolar antagonist of the adrenergic receptor
aza."%1 These interactions are thought to largely account for
the effects elicited by mescaline (4), though its receptor inter-
action profile contains a raft of other targets. Mescaline
(4) modestly inhibits the norepinephrine (NET), dopamine
(DAT) and serotonin (SERT) transporters,’®® and binds
other serotonergic 5-HT; 5 ,»p receptors and the dopaminergic
D 5,3 receptors.®?) The trace amine-associated receptor 1
(TAAR;) regulates monoamine (norepinephrine, dopamine
and serotonin) neurotransmission,®”! and mescaline (4) has
also been found to bind rat TAAR;,'*®! although a recent study
questions the relevance of this interaction to the activity of
mescaline (4) in humans.®®!

The therapeutic potential of mescaline (4) has been
explored in a similarly piecemeal manner to the study of
its mode of action. Early studies showed that mescaline did
not have potential as a treatment for schizophrenia,®*
while much more recent cross-sectional studies have sug-
gested therapeutic benefits of mescaline (4) for depression,
PTSD and substance abuse disorders.’®%°*1 A recent review
from Vamvakopoulou et al.'® collates preclinical and clini-
cal mescaline (4) research and illustrates the sporadic
appearance of such studies. At the time of writing, there
are over 450 clinical trials pertaining to psychedelics or
hallucinogens registered on clinicaltrials.gov, and only five
of these specifically involve mescaline (4). The current state
of mescaline (4) research is perhaps attributable to a com-
bination of its poor potency in vivo, its long duration of
action (10-12h) and its persisting status as a prohibited
substance in many parts of the world.

Synthetic phenethylamine psychedelics

Prior to its use being criminalised, mescaline (4) also played
a significant role in the development of the synthetic phe-
nethylamines by inspiring the investigations of medicinal
chemist Alexander Shulgin. Shulgin synthesised at least
179 phenethylamines, which he then tested either alone on
himself or along with his wife and close friends, referred to
as the ‘research group’.’®! This work established some
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structure—psychoactivity relationships for phenethylamines OMe
in humans and resulted in the discovery of a number of alkyl NRY H or substituted benzyl
substituted phenethylamines that remain important, such halogens H R
as the ‘classic hallucinogens’ DOM (2,5-dimethoxy-4- fuoroalkyl o O Me PR

methylamphetamine; 40) and 2C-B (2,5-dimethoxy-4-
bromophenethylamine; 44, Fig. 10), and entactogens MDEA
(3,4-methylenedioxy-N-ethylamphetamine; 38) and MBDB
(N-methyl-1-(benzodioxol-5-yl)butan-2-amine; 36, Fig. 9).
Alexander (Sasha) and Ann Shulgin’s book Phenethylamines
I have known and loved (PiHKAL)'®> is a seminal work that
contains frank and detailed descriptions of the subjective
effects of phenethylamines and remains extremely valuable
to current phenethylamine research.

Shulgin identified that, when comparing isomeric phe-
nethylamines with different ring substitution patterns, the
2,4,5-trisubstituted isomers consistently proved the most
active.'®! Furthermore, optimal psychoactivity and receptor
affinity are seen in analogues with methoxy substituents at
both the 2- and 5-positions.°> Even subtle changes at either
of these positions, such as replacing the 2-oxygen atom with
a sulfur atom, can lead to a significant drop in potency.[*®!
Modifications at the 4-position have been extensively
explored, establishing that a fairly lipophilic group at this
position produces the most active phenethylamines, exem-
plified by comparison of 2,4,5-trimethoxyamphetamine
(TMA-2, 39) and DOM (40, Fig. 10).

Compared with ring substitution, there are fewer options
for modulation of activity through the a-position. There are
numerous (pseudo)hallucinogenic phenethylamines that
either lack an a-substituent or bear an a-methyl group.
However, if the group is made any larger (e.g. a-ethyl),
essentially all activity is lost.°”! Notably, of the two enan-
tiomers generated by the presence of an a-methyl group, the
R-enantiomer ((R)-40) is more potent (Fig. 10).[!!

Separate synthetic studies by Shulgin and Shulgin'®*! and
Glennon et al.™* showed that many N-alkyl substituents
(e.g. methyl, ethyl, propyl, cyclopropyl, N,N-dimethyl)
either reduce the potency of the resulting analogue com-
pared with the parent primary amine, or render it completely

R®™  OH, OMe, F
fused heterocycles

Fig. 11. Summary of the tolerated structural features of psyche-
delic phenethylamines.

inactive. Thus, it was long held that for phenethylamines, a
primary amino group was optimal for psychedelic activity.
This notion was later refuted by work from Glennon et al.,
who identified the N-benzyl group as conferring a dramati-
cally increased affinity for the 5-HT,, receptor, with such
compounds being potent agonists with high efficacy.!”* The
introduction of an N-benzyl substituent provides yet another
phenyl group that may be decorated with substituents.
Subsequent investigations of SARs around N-benzyl substit-
uents revealed that hydrogen bond acceptors, such as
hydroxy or methoxy groups, in the 2’- or 3’-position(s) pro-
duce compounds with incredibly potent 5-HT,, receptor
affinity.[°>°%°91 For example, the affinity of 4-iodo-
2,5-dimethoxyphenethylamine (2C-1, 41) for the 5-HTaa
receptor, already subnanomolar at 0.62nM, was increased
seven-fold by addition of the N-(2’-methoxybenzyl) substituent
(see Fig. 10).[°*! The resulting analogue 42 may be abbrevi-
ated as 25I-NBOMe, and other phenethylamines sharing the
N-(2-methoxybenzyl) group collectively form the subclass
referred to as NBOMes, colloquially pronounced ‘N-bombs’.
The SAR studies spanning the (pseudo)hallucinogenic phe-
nethylamines and leading to the genesis of the NBOMes have
been more comprehensively reviewed elsewhere,[°>0%1011 A
summary of these SARs is illustrated in Fig. 11. The figure
highlights many, but not all, structural modifications to
the phenethylamine backbone that produce potent 5-HT,p
receptor agonists. Indeed, the generalisations made in
Fig. 11 do not cover a small family of structurally con-
strained phenethylamines that exhibit affinity for the
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5-HT2a receptor rivalling that of the NBOMes, exemplified
by benzodifuran 43 (Fig. 10).1'°*

The NBOMes and other phenethylamines (e.g. DOM (40),
2C-1 (41)) exert their psychoactivity as ligands for 5-HT,
receptors, and the majority of their psychedelic effects are
attributed to activation of the 5-HT,, receptor.' %3151 The
subnanomolar 5-HT,4 receptor affinity exhibited by some
NBOMes translates into effective doses for humans as low as
0.10mg."% Anecdotally, NBOMes are said to produce
visual and auditory psuedohallucinations akin to those eli-
cited by LSD (3), which has provided motivation for their
recreational use.''°”1 These sensory disturbances are fre-
quently accompanied by a range of adverse physiological
responses that include hyperthermia, tachycardia, agitation
and seizures."' % The adverse effects, coupled with the low
effective dose, make NBOMes a significant health risk, and
numerous fatalities have been attributed to 25I-NBOMe (42)
toxicity alone."'°” Accordingly, 25I-NBOMe and other
NBOMes have been banned in a number of jurisdictions
internationally. Many of the comparatively less potent phe-
nethylamines have also been criminalised; DOM, for exam-
ple, is currently a Schedule I illicit substance in the USA, and
similarly Schedule 9 in Australia.[’?®!

It seems that past synthetic studies for phenethylamines
were conducted in the pursuit of 5-HT,, ligands with ever-
increasing potency, perhaps driven by the desire to study
this interaction as a mechanism of (pseudo)hallucinogen-
esis. With renewed interest in the therapeutic potential of
psychedelics, it is possible that some of the earlier synthetic
phenethylamine psychedelics that were discarded may be
revisited. The analogues discussed above are a small fraction
of those synthesised and documented by Shulgin alone.®®]

MDMA and the entactogens

Shulgin is largely credited with the rediscovery of MDMA
(5), colloquially known as ‘ecstasy’ or ‘Molly’, earning him
the title ‘the stepfather of MDMA’. The compound had
received almost no attention since its production as a syn-
thetic intermediate at Merck in 1912. In 1976, Shulgin
presented the effects of MDMA (5) in humans at a scientific
conference, %! and together with medicinal chemist David
Nichols, was the first to publish on this topic.!*%! Perhaps
more influentially, Shulgin introduced MDMA (5) to retired
psychotherapist Leo Zeff in 1977. Zeff had previously been
interested in the therapeutic potential of LSD (3) and MDA
(34), and was impressed by the effects of MDMA (5), so
much so that he came out of retirement."''" Over the
15 years that followed, Zeff propagated the use of MDMA
as an adjunct to psychotherapy to approximately 150
therapists and 4000 patients.!' ' Psychotherapists adopted
the use of MDMA as it facilitates more intimate
patient-therapist communication, achieved by enhancing
empathetic feelings, reducing defensiveness and assuaging
the fear of emotional injury.!*'?) MDMA also induces intense
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euphoria and the ‘rush’ associated with classic pyschostimu-
lants,'”% which both likely contributed to its uptake by
recreational users.

As word of its pleasurable effects spread, the demand for
MDMA (5) became so great that it was mass-produced and
overtly marketed; one could even buy the newly commer-
cialised ‘ecstasy’ openly at US bars. Unsurprisingly, the US
Drug Enforcement Agency (DEA) stepped in, recommending
that the drug be assigned a US Schedule I status, and thus
MDMA was outlawed in the USA in 1985. Australia followed
suit, declaring MDMA illegal in 1987. Despite being an illicit
substance, MDMA remains extremely popular, and in 2019,
approximately 630000 Australians reported using MDMA
within the previous 12 months, making it the third most-
commonly abused illicit substance after cannabis and
cocaine." ! MDMA remains a Schedule 9 (prohibited) sub-
stance in Australia, although, along with psilocybin, this will
change on 1 July 2023 for two very specific indications and
treatment regimens (see below).

‘Ecstasy’ (MDMA, 5) users generally report an experience
distinct from that induced by classic psychedelics such as
mescaline (4) or LSD (3). In Shulgin’s words, MDMA induces
‘an easily controlled altered state of consciousness with
emotional and sensual overtones.’''?! Although high doses
can cause alterations to visual perception, MDMA apparently
does not cause true hallucinations.”® In addition to its unique
subjective effects, Nichols invoked structure-psychoactivity
relationships for MDMA to argue that it should not be classed
as a psychedelic.”"’* Nichols’ argument hinged on three
major observations. The first is a stereochemical considera-
tion: for the (pseudo)hallucinogenic amphetamines (e.g. DOM
(40)), the R-enantiomer is more psychoactive (see Fig. 10),
whereas the opposite is true for MDMA. This incongruity hints
at key differences in biological target profiles of the two
drugs. The second observation is that, for the psychedelic
phenethylamines, extending the a-substituent to an ethyl
group - consider a-ethyl-DOM (‘ariadne’, 45) compared
with DOM (Fig. 12) - results in essentially a complete loss
of psychoactivity.[”””'*>! In contrast, both MDMA and its
homologue MBDB (47) are psychedelic. Notably, the stereo-
disposition of MBDB is consistent with MDMA (i.e. S-MBDB
is the more active enantiomer). Last, N-methylation of the
‘classic hallucinogenic’ phenethylamines causes a dramatic
attenuation of their activity, illustrated by the approximately
10-fold drop in potency when comparing DOM and
N-methyl-DOM (46) (Fig. 12).*>°"1 Again, MDMA, being
the N-methylated analogue of MDA, does not follow this
trend and is active with potency similar to the primary
amphetamine (MDA, 34).11¢]

Two structural features — the a-ethyl and N-methyl
groups — that are known to suppress pseudohallucinogenic
activity are present in MBDB (47). Indeed, MBDB does not
induce pseudohallucinations; however, it is psychoactive,
and reportedly generates effects very similar to those of
MDMA (5).!%%) Thus, these compounds and their effects
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are now widely considered as distinct from those of the
hallucinogens, and instead are representative of a class of
psychedelics that Nichols dubbed the entactogens."'** The
name entactogen derives from the Greek ‘en’ (within), ‘tac-
tus’ (touch) and ‘gen’ (producing), literally ‘producing touch-
ing within’. The name empathogens was also considered, as
MDMA and MBDB induce a sense of empathy and connect-
edness with others. This name was rejected by Nichols
owing to the negative connotations of ‘pathogens’, but is
still used today.

‘Ecstasy’ (MDMA, 5) is racemic and as mentioned above,
the enantiomers have different subjective effects. Potential
therapeutic applications, pharmacology and synthesis of
MDMA enantiomers are reviewed elsewhere in this
issue.!*'®! The N-methyl group of MDMA may be extended
to an N-ethyl group, giving 38 (MDEA, Fig. 9), without
significant loss of psychoactivity. The subjective effects of
MDEA are reportedly slightly shorter in duration, but other-
wise difficult to distinguish from those of MDMA.!!®!
Extension of the a-substituent, however, to anything other
than the a-ethyl group of MBDB (47) renders the resulting
MDMA analogue non-psychoactive.’®>°) The a-methyl
group of MDA (34) may be tethered to the benzene moiety,
producing the aminoindane analogue 48 (MDAI, Fig. 12),
which retains the entactogenic activity of unconstrained
MDMA. The chemistry and pharmacology of this interesting
compound and other closely related aminoindanes have been
reviewed by Brandt et al.!''”!

The most common illicit entactogen, MDMA (5) is
thought to act primarily by reversing the monoamine trans-
porters SERT, NET and DAT to release serotonin (21), nor-
epinephrine and dopamine respectively from neurons,
thereby increasing the extracellular levels of these neuro-
transmitters.””*'?") As a first approximation, the entacto-
genic, stimulant and euphoric effects of MDMA are thought
to be due to the reversal of SERT, NET and DAT respectively.
The a-ethylated analogue, MBDB (47), for example, retains
the SERT-reversing and entactogenic activity of MDMA, but
is a poor DAT reverser, and is accordingly much less eupho-
ric.1211221 Additionally, MDMA interacts with numerous
receptors, including the adrenergic a,, and dopaminergic
D, ,, receptors,''?°! and is a low-potency agonist of the

Fig. 12. Structure—activity relationships differen-
tiating the phenethylamine psychedelics (top row)
from the entactogens (bottom row),t''* as illus-
trated by the effective human oral doses.[8> 1161171

48 MDAI
~100 mg

5-HT,, receptor.!'>*! TAAR; has been posited as another
target of MDMA on the basis of sub-micromolar activation
of the receptor in rodents, though it activates the human
receptor with low potency in cellular assays.''?*! The drug
also exerts hormonal influences in humans, possibly as a
result of altered serotonin activity, which are likely respon-
sible for some of its effects.[*>* For further information, we
direct readers to the excellent ‘Dark Classics’ review by
Dunlap et al., which encapsulates current understanding of
the mechanisms of action of MDMA."”"!

The recent resurgence of interest in the therapeutic poten-
tial of MDMA (5) has been led by the Multidisciplinary
Association for Psychedelic Studies (MAPS), who have
published the results of one Phase III clinical trial of
MDMA-assisted psychotherapy, with another ongoing.
The completed trial demonstrated statistically significant
improvement in PTSD symptoms after three treatment ses-
sions.[”?) Earlier promising results at Phase II led MDMA to
be designated a ‘breakthrough therapy’ by the US Food and
Drug Administration (FDA) in 2017, and the drug will be
further evaluated for mainstream use in PTSD in 2023."2%]
Following the approval in 2014 by Switzerland’s Federal
Office of Public Health (FOPH) for the limited clinical use
of MDMA (5), LSD (3) and psilocybin (1),*2°! the Australian
Therapeutic Goods Administration (TGA) also recently
approved from 1 July 2023, the prescription of MDMA and
LSD specifically for the treatment of PTSD and treatment-
resistant depression respectively, under highly restricted
treatment regimens. 2”1

Although MDMA (5) has the potential to improve the
treatment of PTSD and possibly other psychiatric conditions,
it not an ideal drug. With an average duration of action of
4-6 h and significant impairment of motor skills, treatment
sessions are lengthy and complex, and therefore very expen-
sive. A shorter-acting MDMA analogue could have clinical
benefits. The intense euphoria that MDMA induces, proba-
bly due to its ability to elevate extracellular brain dopamine
levels, is an abuse liability. It remains to be seen whether the
‘high’ that comes with MDMA use is essential or at least
beneficial in psychotherapy, or if a less-euphoric but still
effective MDMA analogue can be developed. Repeated rec-
reational use of MDMA has been associated with depleted

249


https://www.publish.csiro.au/ch

S. R. Walker et al.

Australian Journal of Chemistry

brain serotonin levels,"'?®! although these potentially neu-

rotoxic effects of MDMA remain contentious.”””) As a nor-
adrenaline releaser, MDMA is also a stimulant, causing
increases in heart rate and blood pressure,***! which are
problematic in individuals with underlying cardiovascular
disease, and properties not conducive to psychotherapy.
Although most of these issues can be managed in the con-
trolled environment of a clinical setting, there is room for
improvement.

Arylcyclohexylamines

Ketamine (6) and PCP (7) are examples of synthetic disso-
ciative hallucinogens of the arylcyclohexylamine class of
compounds. Phencyclidine (7) was first synthesised by acci-
dent in 1956 by Victor Maddox as part of Parke-Davis’s
anaesthetic development program.’*°! It was initially con-
sidered to be a highly promising new anaesthetic and anal-
gesic as it was highly efficacious while not causing
respiratory depression.!'®'! Phencyclidine (7) was marketed
under the name Sernyl but was withdrawn from human use
in 1967 owing to a range of troubling side effects. The drug
can cause schizophrenic-like psychosis, agitation, aggressive
behaviour, catatonia, a range of adverse physiological
effects and neurotoxicity.''*" Its use as an anaesthetic for
non-human primates continued until 1978 but was with-
drawn because by the mid- to late 1970s, PCP (7) had
become a major illicit drug, especially in the United
States.!"'! Commonly known as “angel dust”, it became
one of the first fully synthetic drugs of abuse. Following
numerous media reports describing users engaging in a
range of disturbing behaviours including extreme violence,
self-mutilation, cannibalism and suicide, its popularity
waned.! 3%

More recently, there has been a resurgence in illicit PCP
(7) use, while it is also being used to adulterate many other
illicit drugs."*'! A number of PCP analogues have also
found their way into the illicit market and result from
chemical modification of either the amine or aromatic por-
tion of the molecule.!"*?! These derivatives are favoured for
their hallucinogenic and euphoric effects. Phencyclidine (7)
readily penetrates the blood-brain barrier and, owing to its
lipophilic nature, also enters the adipose tissue (body fat),
where it can remain for long periods, being slowly released
over time.

The pharmacology of PCP (7) is extremely complex, but
one very important property appears to be its N-methyl-D-
aspartate (NMDA) receptor antagonism, while it also inhi-
bits dopamine and serotonin uptake.!'*>*% Its ability to
induce schizophrenic-like symptoms has been instrumental
in understanding the molecular basis of schizophrenia and
in the development of antipsychotic drugs.!*"]

Ketamine (6) was first synthesised in 1962 by Wayne
State University professor Calvin Stevens while consulting
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for Parke-Davis, as a part of efforts to develop a safer
alternative to PCP (7).!"** The human trials that began in
1964 showed ketamine to be an effective anaesthetic and
much safer than PCP (7), and it was subsequently brought
on to the market in 1969. Ketamine (6) is often colloquially
referred to as a ‘horse tranquilliser’ but it is now widely used
in human medicine, especially for its anaesthetic and anal-
gesic properties.!'*®! Ketamine is currently being investi-
gated as an antidepressant, with its rapid onset following
intravenous administration concomitant with a reduction in
suicidal ideation being considered particularly promising.
At sub-anaesthetic levels, patients can often experience hal-
lucinations or dream-like experiences and an ‘out of body’
feeling,'*”1 hence its categorisation as a ‘dissociative hallu-
cinogen’. Such effects have led to its illicit use, despite in
some cases leading to extreme fear, anxiety and near-death
experiences.>8!

Like PCP (7), ketamine (6) readily crosses the blood-
brain barrier"**! and has been shown to be an NMDA
receptor antagonist, which appears to a key mechanism by
which it induces anaesthesia and analgesia.!’®®! Ketamine
(6) is administered as a racemate, but the (S)-enantiomer
(esketamine, Fig. 13) is the more potent NMDA receptor
antagonist and analgesic, and is marketed as Ketanest for
anaethesia, and Spravato for depression. Ketamine (6)
undergoes metabolism to a wide array of metabolites,
mainly catalysed by cytochrome P45, enzymes in the liver.
Many of these metabolites also have biological effects, thus
complicating understanding the drug’s modes of action. One
key metabolite appears to be norketamine, generated through
demethylation of the secondary amine. The (S)-enantiomer of
norketamine (S-49) is also a more potent NMDA receptor
antagonist than its (R)-counterpart (R-49). It has been sug-
gested that NMDA receptor antagonism does not fully explain
the antidepressant effects of ketamine (6), and that activation
of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, especially by a metabolite of (S)-ketamine
(S-6), (2R,6R)-hydroxynorketamine (50), may be central to

O
HN_ ¢ HN |
Ojij cl s
(R)-6 (S)-6
esketamine

HoN Q HzN, HoN <
HO

(R)-49 (S)-49 50
norketamine (2R,6R)-hydroxynorketamine
Fig. 13. Chemical structures of ketamine enantiomers and some

key metabolites.
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the antidepressant effect."**! Although NMDA receptor antag-
onism is thought to play a central role in the inducement of
hallucinations, ketamine (6),/'*"! like PCP (7) and its
metabolites display complex polypharmacology, affecting a
range of neuronal receptors and transporters involved in
perception. ¢!

Other naturally occurring psychedelics

Fly agaric mushrooms (A. muscaria) are native to the temper-
ate and cold temperate forests of the Northern Hemisphere
and are believed to have originated from the Siberian-western
North American region more than 3 million years ago.[®! They
are now widespread in temperate forests of South America,
New Zealand and southern Australia.''**! Apart from their use
by shamans in northern Europe and Asia, mentioned above,
there is evidence of their consumption in northern Africa, as
they have appeared in cave paintings in present-day Algeria
dating back 5500 years.!®! These iconic mushrooms are ecto-
mycorrhizal fungi, meaning that they form symbiotic relation-
ships with the roots of trees.

Fly agaric mushrooms have been shown to contain a
range of bioactives and toxins, and are bioaccumulators of
vanadium and other toxic metals.'®) Even when one sets
aside the dangers of misidentification of apparently similar
but deadly mushrooms, their consumption is fraught with
danger and frequently produces a wide range of negative
effects. The main constituent thought to be responsible the
hallucinogenic activity of A. muscaria is muscimol (8),
which is derived from ibotenic acid (51, Fig. 14) through a
decarboxylation reaction. Ibotenic acid is a moderate neuro-
toxin and, like muscimol (8), can cross the blood-brain
barrier.""**! Intracranial injections of ibotenic acid can
cause brain damage, leading to similar symptoms to
Alzheimer’s disease. In fact, ibotenic acid (51) injections are
used to generate Alzheimer’s-like rodent models for use in
dementia drug discovery and development studies.'®! The hal-
lucinogenic effects of muscimol (8), although not particularly
well understood, appear to result from very different pharma-
cology to any of the other psychedelic substances described
above. Muscimol (8) is structurally related to the neuro-
transmitter y-aminobutyric acid (GABA, 52) and is an agonist
of both GABA, and GABA( receptors.''* There have been
several reports of patients experiencing hallucinations follow-
ing the administration of the anti-insomnia drug zolpidem,!**!

N-© CO,H
' HO,C™ ™>""NH
HO / NH, Z 2
51 52
ibotenic acid GABA

Fig. 14. Chemical structures of ibotenic acid and y-aminobutyric
acid (GABA).

which is also a GABA receptor agonist, and it is thought that
muscimol (8) may induce hallucinations in a similar way.
Salvinorin A (9) is present in the leaves of Salvia divi-
norum, a plant that originates from a high-altitude region of
present-day southern Mexico. The short-acting psychedelic
effect of salvinorin A (9) and ease of cultivation of S. divi-
norum have led to the expansion of its use worldwide.'*>? In
2002, Australia was the first country to make the possession
and sale of S. divinorum and salvinorin A illegal, and several
countries have since followed suit. Salvinorin A is rapidly
metabolised to inactive products in the gastrointestinal tract
and liver and hence users prefer to either hold S. divinorum
leaves in the mouth while chewing, employing the oral
mucosal route of delivery, or to smoke them.!’®! These
methods provide more rapid delivery to the brain and,
especially in the case of inhalation, avoid first-pass metabo-
lism. The onset of psychedelic effects can be very rapid and
they usually do not last any longer than an hour. Being a
diterpenoid rather than an alkaloid, salvinorin A (9) and
certain phytocannabinoids are the only classes of psyche-
delic that do not contain nitrogen. Salvinorin A (9) also has a
unique mode of action, being a potent and selective k-opioid
receptor agonist.''*®! It has been established that other
k-opioid receptor agonists induce perceptual distortions
and it is now assumed that salvinorin A (9) causes psyche-
delic effects through its activation of k-opioid receptors."*®]
The ingestion of T. iboga bark is said to induce a dream-
like state in which adherents to the Bwiti religion are
thought to connect with their ancestors and also become
more socially connected to their fellow tribal members.!®!
The practice can apparently also induce near-death experi-
ences,""*”1 an effect that is sometimes encountered by users
of classic psychedelics.!"*® The T. iboga plant produces a
large number of alkaloids, with ibogaine (10) being domi-
nant among these. Ibogaine (10), its analogues and metabo-
lites are considered to be mainly responsible for the
pharmacological effects of T. iboga bark. The drug is fairly
rapidly metabolised in humans, with a half-life of approxi-
mately 7 h, and yet its effects can be felt for 1-3 days after
administration.""”! A major metabolite of ibogaine (10) is
12-hydroxyibogaine (53, Fig. 15), commonly known as nor-
ibogaine, and it is very likely to be an important contributor
to the pharmacological effects observed following the inges-
tion of the parent drug. These two alkaloids (10 and 53)
have been assayed against a wide range of receptor and
transporter proteins, and despite their structural similarity

HO
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Fig. 15. Chemical

noribogaine.

structure of major ibogaine metabolite,
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to the tryptamines, do not induce serotonin receptor activa-
tion.''”! Instead, the subjective effects most likely result
from the combination of fairly weak interactions with a
number of CNS receptors and transporters. The psychedelic
and dissociative effects of 10 and 53 may result from partial
agonism of the x-opioid receptor, similar to but weaker
than salivinorin A (9), and the inhibition of the NMDA
receptor, akin to ketamine (6) and PCP (7). Ibogaine came
to prominence in the early 1960s when a young New Yorker,
Howard Lotsof, claimed to have been cured of his heroin
addiction following experimentation with the drug. Apart
from experiencing vivid hallucinations, he reported experi-
encing a detailed ‘life review’ combined with rationalisa-
tions of important life events."'**! The latter appeared to
significantly contribute to the overcoming of his opioid
addiction. Pharmacologically, the non-competitive antago-
nism of several nicotinic acetylcholine receptors (nAChRs) is
thought to make important contributions to the antiaddictive
effects of ibogaine, although it has been argued that simulta-
neous actions at multiple receptors are likely to be very impor-
tant to the observed behavioural effects.!'”! Lotsof’s advocacy
led to sporadic efforts to develop ibogaine as a treatment for
addiction; however, the compound is neurotoxic and cardio-
toxic, the latter most likely stemming from inhibition of potas-
sium ion channel Ky11.1 (the product of the human ether-a-
go-go-related gene (hERG)), which has been implicated in the
adverse cardiac effects of certain non-steroidal anti-
inflammatory drugs./**” Ibogaine use has been associated
with a number of deaths, many of which appear to result
from cardiac arrest."”! This has prompted efforts to develop
less toxic ibogaine analogues, as well as structurally unrelated
nAChR inhibitors for the treatment of addiction.">"!

Summary

Psychedelics are substances that induce an altered state of
consciousness. This can include a dream-like state together
with a changed perception of the environment, and can
sometimes lead to an increased belief in the consciousness
of a range of living and non-living things. Four main classes
of psychedelics can be identified: classic psychedelics such
as the ergoline LSD (3) and tryptamines like psilocybin (1)
and DMT (2); phenethylamines like mescaline (4) and the
entactogen MDMA (5); dissociative hallucinogens like keta-
mine (6); and a group of natural hallucinogens that do not
neatly fit into the other three categories, such as muscimol
(8) and salvinorin A (9). Hallucinogenic deliriants like sco-
polamine are generally not considered to be psychedelic.
There is a history of traditional use of natural psychedelics
dating back to prehistoric times, evidence of which can be
found in Europe, Asia, North and South America and Africa,
and some of these cultural practices continue today.

LSD (3) is a semi-synthetic compound derived from a
class of fungal metabolites known as ergot alkaloids or
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ergolines and is incredibly potent, with an effective human
dose in the tens of micrograms. Psilocybin (1) is found in
some species of mushroom and is a prodrug, cleaving to the
actual psychoactive compound psilocin (24) in vivo. DMT
(2) is also psychedelic and is found in many plant species,
but is very rapidly metabolised in the body through a pro-
cess catalysed by monoamine oxidase enzymes, and is effec-
tively inactive if taken orally. Its duration of action can be
extended if co-administered with monoamine oxidase-
inhibiting harmala alkaloids, which is the basis of the tradi-
tional Amazonian decoction ayahuasca. These psychedelics,
as well as mescaline (4), appear to induce their psychedelic
effect through biased signalling in a particular serotonin
receptor known as the 5HT,, receptor. The synthetic com-
pound MDMA (5) and certain closely related analogues are
generally considered separate from psychedelics and are
termed entactogens. They are thought to exert their psycho-
active effect by reversing the monoamine transporters SERT,
NET and DAT, thereby increasing the extracellular levels of
serotonin, norepinephrine and dopamine. Lysergic acid
diethylamide, psilocybin and MDMA are being investigated
clinically for their use with conditions such as treatment-
resistant depression, PTSD, anxiety, anorexia nervosa and
addiction. These drugs were approved for limited clinical
use in Switzerland in 2014, with psilocybin and MDMA due
to be available in Australia for very restricted prescription
by specially authorised psychiatrists from 1 July 2023.

The synthetic dissociative hallucinogens ketamine (6)
and PCP (7) and their metabolites display complex poly-
pharmacology, affecting a range of neuronal receptors and
transporters involved in perception, of which antagonism of
the NMDA receptor is thought to be quite important.
Ketamine is already a registered drug and is used clinically
as an anaesthetic and analgesic, but is also now being inves-
tigated for its antidepressant properties. Muscimol (8) is
present in the iconic fly agaric mushrooms, which are possi-
bly the first species, either fungal or plant, to be consumed
by humans for their psychedelic or hallucinogenic effects.
Muscimol is thought to induce its hallucinogenic effects
through agonism of certain GABA receptors. Salvinorin A
(9) is found in the leaves of a species of salvia, S. divinorum,
and is assumed to cause its psychedelic effects through
activation of x-opioid receptors. Finally, ibogaine (10), pres-
ent in the bark of T. iboga is thought to exert its psychoactive
effects through a combination of a range of fairly weak
interactions in the CNS, with the psychedelic and dissocia-
tive effects most likely resulting from partial agonism of the
k-opioid receptor and the inhibition of the NMDA receptor.

Conclusion

Psychedelics are a fascinating class of psychoactive drugs,
many of which, owing to their illegal status, have not been
available for scientific study or medical use in most parts of
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the world for approximately five decades. With the results of
a number of clinical trials now becoming available, regula-
tors are taking small, hesitant steps towards allowing their
registration as approved drugs for a select group of mental
health conditions. This has led to a resurgence of interest in
the multifaceted scientific investigation of psychedelics,
which will no doubt provide a rich vein of endeavour for
many years to come.
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