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Introduction - Psychoactive mushrooms 1

Theoretical Part

Introduction

Psychoactive mushrooms

The first recorded description of the use of "inebriating mushrooms" in Mexican ceremonies
came from Spanish chroniclers of the 16th and 17th century. However, the modern scientific
investigation of sacred mushroom use began not until 1936 - 1939 by the ethnobotanist Blas
Pablo Reko, the anthropologists Robert J. Weitlaner, Jean Bassett Johnson, and Irmgard
Weitlaner, and the botanist Richard E. Schultes. Their studies proved and documented the
still continuing use of mushrooms in religious practices in remote regions of Mexico. The eth-
nomycologists Valentina Pavlovnha Wasson and R. Gordon Wasson continued this work in
1953. In 1955 they were the first scientists allowed to actively participate in such ceremonies
together with the photographer Alan Richardson. They confirmed the strong psychoactive
effects of the mushrooms #**. During an expedition in 1956 the mycologist Roger Heim
identified the mushrooms as basidiomycetes of the genera Psilocybe, Stropharia, and Cono-
cybe, and he was able to establish laboratory cultures of many of them together with the
French mycologist Roger Cailleux. The Swiss chemist Albert Hofmann and the laboratory
assistant Hans Tscherter from Sandoz were able to isolate the active principles psilocin (7)
and its phosphate ester psilocybin (3) from these cultures in 1959, guided by self-administra-
tion (Figure 1) [128:134.133.218] "gjince then, psilocin (7) and psilocybin (3) have been detected in
many other mushroom species of the genera Agrocybe '*", Conocybe 2, Copelandia **,
Galerina *¥, Gerronema, Gymnopilus ['?* '*"- 6" 'Hyqgrocybe, Inocybe "% 9421 ‘Mycena,
Psilocybe, Stropharia 1!, Paneolus "1, Paneolina, Pluteus !, and Psathyrella '*". For a

review see: ?'® for an extensive collection of references see: ["°",

Psychoactive effects

The Psilocybe alkaloids share psychoactive effects with a broad range of structurally diver-
gent natural compounds and synthetic agents. Their subjective effects are nearly identical to
those of the alkaloid mescaline (8), the active principle of several sacred Mexican cacti, to
those of N,N-dimethyltryptamine (DMT, 45) from South American psychoactive snuffs and
potions, and to those of lysergic acid diethylamide (LSD, 12), synthesized by Albert Hofmann
in 1938 and 1943 %% 18],

The mental effects caused by these compounds have been somehow inadequately de-

scribed as "psychotomimetic”, "psychodysleptic", or "hallucinogenic" throughout the scientific
literature. More appropriate terms like "psychedelic" or the relatively new term "entheogenic"
are widely used outside the scientific community but could not replace the established scien-

tific standard term "hallucinogenic" #'®!.
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(I)H (I)H
O=P—OH O=P—OH
o) o)
H
NH, N
| |
HN HN
Norbaeocystin (1) Baeocystin (2)
9“ 9“
Psilocybin (3 Aeruginascin (4

Figure 1: Chemical structures of the Psilocybe alkaloids and of aeruginascin.

Chemical structures of the Psilocybe alkaloids norbaeocystin (1), baeocystin (2),
and psilocybin (3). The structure of the non-basic alkaloid-like compound aerugi-
nascin (4) has been elucidated in this study. The compounds are ordered by in-
creasing number of methyl substituents at the amino-group.

Hallucinogens do effect a powerful intensification of senses, feelings, memories, and self-
awareness. In addition, they typically produce visual effects such as moving geometric pat-
terns and brilliant colors, but not true hallucinations. The experience is usually remembered
clearly. These characteristics separate this class of compounds from the, mostly anticho-
linergic, so-called "true hallucinogens" or "deliriants". Hallucinogens usually do not cause
physical side effects, hangovers, or associated diseases, and they do not have addiction
potential. This is in remarkable contrast to the widely abused drugs alcohol and nicotine as
well as to opiates and cocaine. However, they can exhibit profound mental effects, and there-
fore certain rules have to be adhered to in order to prevent adverse reactions [2% 124133, 25,
291 Despite rigorous prohibition, the use of hallucinogenic mushrooms and of Psilocybe
alkaloids has a long history for recreation, self-experience, religious practice, and psycho-

[120, 207]

therapy throughout the world and they are still widely used for these purposes. Cur-

rently, clinical studies in the USA, Switzerland, and Germany are underway to re-examine

their use in psychotherapy and psychiatry % 4,

Biosynthesis of Psilocybe alkaloids

4-Hydroxylated or 4-methoxylated indoles are very rare in nature. Known examples beside
the psilocybin-type alkaloids are the 4-hydroxylation of indol-3-yl-acetic acid by Aspergillus
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niger strains ", methoxylated B-carbolines from Banisteriopsis argentea ['*® "% and Picras-
ma javanica ['®l, the reserpine analog venenatine from Alstonia venenata %", the yohimbine
analogous mitragynines from Mitragyna speciosa ¥, and the aminopyrimidyl-indolic meridi-
anins from the tunicate Aplidium meridianum "3,

In contrast to the former alkaloids, psilocybin (3) has a relatively simple chemical structure. It
is biosynthetically derived from the amino acid tryptophan (34) by enzymatic decarboxylation,
indole-hydroxylation, N-methylations, and O-phosphorylation (Figure 22). Feeding experi-
ments with putative intermediates, analogs of them, and radioactive precursors supported
the view that the biosynthetic pathway starts with a decarboxylation and that O-phosphoryla-
tion is the final step. However, there is still uncertainty about the sequence of 4-hydroxylation
and the N-methylation steps. Some authors even suppose a biosynthetic grid with multiple

routes to psilocybin (3) (10, 54, 241]

Inocybe aeruginascens

The mushroom species Inocybe aeruginascens was first collected in Hungary in 1965 and
was named by the Hungarian mycologist Babos in 1968 ?°. Since then it has been found
widely distributed across central Europe, mainly in Germany and Hungary 1% 9410289881 |5
fruiting season is from May until October, with a peak between May and June. It always
grows in sandy soils under deciduous trees, mostly at anthropogenic locations like parks and

gardens, directly on sand or in short grass.

At least 23 unintentional intoxications due to its vague similarity with the common edible
mushroom species Marasmius oreades (fairy ring mushroom) with characteristic hallucino-
genic symptoms early from 1972 were reported first in1983 by Drewitz "” and Babos %I,
Gartz and Drewitz could then demonstrate the occurrence of psilocybin (3) in Inocybe aerugi-
nascens 1'% *1 This was the first report of this class of alkaloids in the genus Inocybe and
several other groups could verify the occurence of psilocybin (3) in this and two related

Inocybe species 34 122 271.272]

Aeruginascin

In addition to the common alkaloids psilocybin (3) and psilocin (7), two additional compounds
in Inocybe aeruginascens with color reactions similar to psilocybin (3) were described by
Gartz. One of them could later be identified as baeocystin (2) "2’ In subsequent publica-
tions the presence of the unknown compound was verified [1%% 879091882551 g4 jt was named
"aeruginascin” by Gartz *"**!. While screening dozens of hallucinogenic mushroom species
of the genera Psilocybe, Gymnopilus, Paneolus, Conocybe, and Inocybe (including the psilo-
cybin-positive species Inocybe haemacta (Berk. & Cooke) Sacc.) for the presence of aerugi-
nascin (4) over the last 20 years, Jochen Gartz could detect this compound exclusively in

Inocybe aeruginascens !,
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Aeruginascin (4) was shown by TLC to be more hydrophilic than psilocybin (3) and baeo-
cystin (2) and to give a color reaction with Ehrlich's reagent similar to these alkaloids, with
the exception that its pink or mauve spot did not change in color to bluish violet on storage. A
small sample isolated from TLC plates has been reported to give an UV spectrum similar to
that of psilocybin (3) °*®!. Unfortunately, several attempts to isolate higher amounts of suffi-
ciently pure compound were hampered by its hydrophilicity °> "1 and possibly by its chemi-
cal sensitivity.

Aims of the aeruginascin project

Extracts of Inocybe aeruginascens have been previously analyzed by Jochen Gartz and later
by Luydmila Gurevich in the group of H. Laatsch in Géttingen. Purified preparations could be
obtained by these researchers and UV spectra have been recorded. Unfortunately, the iso-
lated amounts were too small for '"H NMR or ">*C NMR measurements, and Cl MS analysis
did not give conclusive results. So the main aim of the current study was to elucidate the
structure of the natural product aeruginascin.

Due to the limited amount of dried Inocybe aeruginascens material we planned to first syn-
thesize norbaeocystin (1) and baeocystin (2) as analytical reference compounds. We were
also in need of larger amounts of 4-hydroxylated tryptamines for the synthesis of potential
5-HT,a receptor ligands. We therefore planned to develop a new efficient synthetic strategy
leading to 4-hydroxylated tryptamines. In the case that aeruginascin could not be identified
by comparison with known compounds we planned to isolate an analytical sample from
Inocybe aeruginascens fruit bodies for spectroscopic structure determinations.

Tryptamines as 5-HT receptor ligands

Hallucinogenic compounds, including Psilocybe alkaloids, act by their interaction with the
serotonergic system of the brain. More specifically, they mimic the action of the neurotrans-
mitter serotonin (5-hydroxytryptamine, 5-HT, 6) at a certain subset of serotonin receptors, the
5-HT.a receptor. Serotonin (6) is one of the major neurotransmitters in the brain as well as a
potent peripheral hormone and signal mediator. The serotonergic system is an important
target for therapeutic agents and drugs, from a medicinal as well as from an economical

e: ['*l). Thirteen different serotonin receptors have been identified

standpoint (for a review se
and characterized in vertebrates (for reviews see: #”*). With the exception of the 5-HT;
receptor they all belong to the class of "G-protein coupled", "heptahelical", or "seven trans-
membrane domain" receptors. Serotonin receptors are divided into seven distinct families,
based on their primary structure and their signal transduction properties. The 5-HT, family
comprises the three subtypes 5-HT,a, 5-HT25, and 5-HT,c which exhibit a high amino acid se-

quence identity and a similar pharmacology (for a review see: ?*®). There exist subtype
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selective antagonists for each of the 5-HT, receptors, as well as 5-HT,5 and 5-HT,¢ receptor
selective agonists. However, no 5-HT;a receptor selective agonist has been described yet.

The serotonergic system as a pharmacological target

The new compounds from this study have been tested at three different 5-HT receptor sub-
types, the 5-HT 4, the 5-HT,a, and the 5-HT,¢ receptor. All these receptors are important
pharmacological targets and have been associated with the mechanism of hallucinogenic
compounds.

The 5-HT,a receptor has a key role in current drugs to treat schizophrenia (for a review see:
(92l 'Compared to classical neuroleptics like haloperidol, the newer atypical neuroleptics like
clozapine, olanzapine, or risperidone lack the acute extrapyramidal and irrerversible long-
term side effects like tardive dyskinesia. All these atypical antipsychotic compounds have in
common a potent antagonism of 5-HTa receptors in combination with a weaker antagonism
of dopamine D, receptors. Moreover, there are indications that 5-HT 4 receptor antagonists
increase the effectiveness of antidepressive therapies with selective serotonin reuptake in-
hibitors (SSRI) ["®"!. The 5-HT.a receptor has also long been implicated in the function of
memory. Indeed, patients treated with preferential 5-HT,a receptor antagonistic neuroleptics
developed deficits in memory related test while these measures improved in patient treated
with classical neuroleptics 8. In human there exists a frequent allele of the 5-HT,a receptor
with a histidine to tyrosine substitution at the C-terminal position 452. This variation results in
receptors with an altered second messenger response ?'l. Recently it has been shown that

human heterozygote carriers of this allele have measurable memory deficits 4.

On the other hand there is compelling evidence that the hallucinogenic effects of compounds
like psilocin (7), LSD (12), or mescaline (8) are mediated by activation of 5-HT 4 receptors
(for an excellent review on the action of hallucinogens see: *°"!). The mechanism and the
pharmacology of these compounds will be discussed in detail below. Interestingly, 5-HT2a
receptor agonists are also effective in lowering the intraocular pressure after topical applica-
tion and are currently under development as a glaucoma treatment %! '8 Evyen the still
unknown mechanism of action of the widely used analgesic drug paracetamol (acetamino-
phen) has been associated with an indirect downregulation of central 5-HT 4 receptors #°*
7 5-HT,a receptors are also located outside the central nervous system in many tissues
like blood platelets or vascular smooth muscle cells including the umbilical vein. Indeed, the

latter has been used in early assays for measuring hallucinogenic activity 47,

A single nucleotide polymorphism in the promoter region of the 5-HT 4 receptor is highly as-
sociated with major depression and suicide. The substitution has been shown to abolish
binding of the NUDR repressor, thereby resulting in enhanced expression levels of the
5-HT 4 receptor ['®®. Not surprisingly, partial agonists of the 5-HT+4 receptor like buspirone or
gepirone are in use as anxiolytics in medicine. Similarly, the association of suicidal behavior
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with mutations of the serotonin reuptake transporter (SERT) gene locus has recently been
confirmed in a meta-study ['®!. Inhibitors of the axonal serotonin reuptake process, the selec-
tive serotonin reuptake inhibitors (SSRI) like fluoxetine, citalopram, paroxetine, or sertraline
are the currently most widely prescribed antidepressives in the treatment of obsessive com-
pulsive disorders, depression, and panic anxiety.

The 5-HT,5 receptor is predominantly located peripherally and has a high abundance in the
gastrointestinal, the pulmonary, and the cardiovascular system. Another early in vitro system
to test hallucinogenic compounds, the rat fundus strip preparation, was actually targeting the
5-HT,5 receptor in this tissue ?°l. A typical valvular heart disease caused by extended use of
the anorectic drug fenfluramine as well as by certain 5-HT (6) secreting tumors, is probably
mediated by activation of 5-HT,g receptors located in the heart valve "®. Despite its mostly
peripheral location the 5-HT.g receptor is also located in several brain areas '**! and has
been shown to mediate anxiolytic-like action ">, hyperphagia 1'*?, and increased wakeful-

ness "“in rats.

5-HT4c receptor agonists were recently under development as potential therapeutics for de-
pression and obsessive compulsive disorder because they lacked the serious side effects

typical for 5-HT reuptake inhibitors % '®° However, in more specific animal models a 5-HT ¢

[151

receptor agonists demonstrated marked sedative-, but not anxiolytic-like effects '*" while a

selective 5-HT,c receptor antagonist / inverse agonist had an anxiolytic-like profile ?*4. More

recently it has been found that 5-HT,c receptor agonists are effective as anti-obesity drugs

n %) Indeed, a 5-HT,c receptor gene promoter poly-

[228]

due to their appetite suppressing actio
morphism has been suggested as a risk factor for obesity

5-HT,a receptor species variants

The existence of intra-species """ as well as inter-species variants of the 5-HT,4 receptor
has been described. While the amino acid sequence of the transmembrane regions of the re-
ceptor is identical between human, pig, and rhesus monkey, the rat receptor has three sub-
stitutions ['*. One of them is a serine to alanine substitution at position 242 (S,4,-A) in helix
5, located in the agonist binding pocket. This substitution alters the structure-activity relation-
ships of ergolines and tryptamines so that indole-N(1)-alkylated ligands bind preferentially to
the rat variant while indole-N(1) unsubstituted compounds bind preferentially to the human
variant. This has been attributed to direct interactions of the amino acid side-chain with the

d [12, 145, 144

ligan 1. Additionally, 15-fold higher affinities of psilocin (7) for the human sequence

variants of the 5-HT receptor have been demonstrated ' (Table 1).
5-HT receptor selectivity of psilocin

Uncertainty exists about the binding profile of the hallucinogenic compound psilocin (7) at
serotonin receptor subtypes in humans. In some publications it is therefore referred to as a
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mixed 5-HT, / 5-HT; receptor agonist '** 2% Unfortunately, comparable binding data at hu-
man receptors does not exist so far (Table 1). A low, two-fold selectivity of psilocin (7) for the
rat 5-HT,x over the rat 5-HT4 receptor has been measured in transfected cells B, Taking
into account the 15-fold higher affinity of psilocin (7) for the human over the rat 5-HTa recep-

81]

tor 'l psilocin (7) might be a reasonably 5-HT,a-selective ligand in humans.

HQ OH
|
NH, NH, N
/ | |
HN HN HN
Tryptamine (5) Serotonin (5-HT, 6) Psilocin (7)

Figure 2: Chemical structures of tryptamine, serotonin (5-HT), and psilocin.

G-protein coupled receptors

The 5-HT,a receptor is a member of a huge class of structurally homologous transmembrane
receptors, the G-protein coupled receptors (GPCR). They all consist of seven helical trans-
membrane domains (TM1 - TM7) and are therefore synonymously called "heptahelical recep-
tors" or "seven-transmembrane receptors”. Another cytosolic helix 8 has recently been dis-
covered in the rhodopsin crystal structure ['*!. Most G-protein coupled receptors, including all
monoamine neurotransmitter receptors, have their agonist binding pocket in the upper trans-
membrane region. A common mode of binding has been found for the monoaminergic recep-
tors. The protonated amine of these agonists binds to a negatively charged aspartate side-
chain of helix 3, while their aromatic hydroxy groups are able to form hydrogen bonds with
threonine or serine side-chains of helix 5. The aromatic nucleus interacts with aromatic side-
chains of helix 6. The rest of the binding pocket is lined with lipophilic and, especially around

the salt bridge, aromatic residues """,

Receptor modeling

For cytosolic proteins the generation of crystal structures by x-ray diffraction is a standard
laboratory procedure today. Unfortunately, this is not true for membrane spanning proteins.
The only G-protein coupled receptor for which partial crystal structures down to a resolution
of 2.6 A exist, is the light sensing rhodopsin ['¢% 252201 _Cyrrently the only method to generate
molecular models of G-protein coupled receptors is by homology modeling using this rho-
dopsin structure as a template. This is based on the assumption of a similar structure and
signaling mechanism for all G-protein coupled receptors.
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Table 1: Published binding data and functional activities of psilocin.

Binding data and functional activities of psilocin (7) at 5-HTa, 5-HT2a, and 5-HT ¢
receptors from different species and at receptors with amino acid substitutions.
Binding data are given as the K; values followed by the applied radioligand.
Functional activity is given as the ECs, value, followed by the relative efficacy as
the percentage of maximal stimulation by 5-HT, and the test system (PLA,-AA:
phospholipase mediated arachidonic acid release; PLC-IP: phospholipase C
mediated IP accumulation).

5-HT1a Receptor Kq or ECsg Assay Reference
5-HT1a rat 49 nM [*H]8-OH-DPAT (37]
190 nM [*H]8-OH-DPAT [190]
5-HT.a Receptor Kq or ECsg Assay Reference
5-HT2a human 81 nM [*H]Ketanserin (2l
95 nM [3H]Ketanserin (71
340 nM [’H]Ketanserin 81
366 nM, 7% (sic!) PLC-IP (7l
5-HT2a human Sise-A 360 nM [*H]Ketanserin (7]
495 nM, 59% PLC-IP (7]
5-HTa rat 6 nM ["**1IDOI [190]
25 nM [125I]DOI [37, 164]
390 nM [PH]Ketanserin [106]
5100 nM [’H]Ketanserin 81
86 nM, 42% PLA-AA [164]
2300 nM, 46% PLC-IP [164]
5-HT,a bovine 410 nM [’H]Ketanserin [190]
5-HT24 human Sps-A 259 nM [*H]Ketanserin (2
5-HT,c Receptor Kq or ECsg Assay Reference
5-HT2c human 140 nM [*H]Mesulergine (2
5-HT2c human Ags2-S 73 nM [*H]Mesulergine (2]
5-HTyc rat 10 nM ["®IIDOI 371
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Several uncertainties and problems have been observed by using homology modeling pro-
cedures. First, in many works extracellular and cytosolic loop regions have been omitted de-
spite their important function in receptor structure. Such regions include the recently discov-
ered cytosolic helix 8 '* and the extracellular loop between helix 4 and 5 with its disulfide
bridge to helix 3, close to the agonist binding site. Also problematic is the omission of the
lipidic and aqueous environment ("in vacuo" simulation) which often results in erroneous hy-
drogen bonding. Moreover, a functional role of water molecules has been suggested for the
structure and function of rhodopsin ?'°. Other problems arises from omitting the broad num-
ber of associated proteins, most importantly the G-protein "1, However, the currently great-
est drawback of homology modeling is that rhodopsin crystal structures only exist for the in-
active state of the receptor. This structure is probably not adequate for modeling the agonist
binding site. In a recent work the inactive state of rhodopsin has therefore been isomerized in
silico into an assumed active state °". Other recent studies have generated an active state
receptor model by applying a broad range of diverse published experimental results as dis-

tance constraints during molecular dynamics simulations ',

Most studies agree that activation of the receptors includes the rotation and relative move-
ment of several transmembrane domains, probably accompanied by disruption of a strong
ionic interaction of the transmembrane helices 3 and 6 #°% 2% and reordering of a "switch-
region" in helix 7 ??°!. In the 5-HT,x and related receptors binding of an agonist might also
induce the reordering of a network of aromatic residues on helix 6 at and below the binding

site 91,

G-protein coupled receptor signaling cascade

The binding of agonists to the binding pocket of G-protein coupled receptors results in the
activation of complex intracellular second messenger cascades, ultimately resulting in cellu-
lar responses such as a fast modulation of protein function as well as delayed changes in
gene expression. The second messenger pathways play an important role in the amplifica-
tion of the receptor generated signal, for its integration over time and over different receptors
("receptor crosstalk"), and for transmitting the signal from the cell membrane to other cell
compartments, including the nucleus.

G-proteins, the first mediators of activation of G-protein coupled receptors, are hetero-tri-
meric proteins composed of the Ga subunit and the tightly associated complex of the G and
the Gy subunit. Both the Ga. and the Gy subunits are membrane bound through lipid an-
chors. G-proteins serve as the first amplification step of the signal cascade because the re-
ceptor-ligand complex is able to activate multiple G-proteins. G-proteins are also adaptors,
mediating the signal transduction between an enormous number of G-protein coupled recep-
tors and a relatively small number of effector pathways. G-proteins are classified by their Ga

subunits, based mainly on the different effector pathways they are coupled to.
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G-proteins are activated by the receptor in a cyclic process, starting with the association of
the Gapy-GDP complex with the receptor. Upon binding of an agonist, the receptor changes
its conformation and thereby induces the release of GDP from Ga and the subsequent bind-
ing of GTP. This results in the release of Ga. and Gy from each other and from the receptor.
Both subunits then activate different effectors. The cycle is terminated by the hydrolysis of
GTP to GDP by the inherent enzymatic activity of Ga and the subsequent reassociation of
Ga-GDP with Gpy.

It has been shown that the 5-HT.4 receptor is able to activate several different pathways. The
phospholipase C (PLC) pathway is the historically most investigated one ®* '6* 233 |t ijs me-
diated by Gog and Gay4, which upon stimulation activate the membrane associated phospho-
lipase CB (PLCB). This enzyme then hydrolyzes the common membrane lipid phosphatidyl-
inositol 4,5-bisphosphate (PIP,) into inositol 1,4,5-triphosphate (IP3) and diacylglycerol
(DAG). IP; is a diffusible cytosolic messenger and activates the IP5 receptor, a Ca** channel
located in the membrane of the endoplasmic reticulum (ER). The resulting increase in cyto-
plasmic Ca*" is able to activate many different cellular targets by mediation of the Ca** bin-
ding protein calmodulin (CaM). One example of such a protein is the serine / threonine pro-
tein phosphatase calcineurin. The still cell membrane bound diacylglycerol (DAG) recruits the
protein kinase C (PKC) to the membrane and, together with Ca®*, activates this enzyme. The
activated PKC in turn phosphorylates serine and threonine residues on a variety of intracel-
lular proteins, including receptors and proteins of the signaling cascade itself, but also ion

channels like the AMPA glutamate receptor /¢,

More recently, it has been shown that the 5-HT,a receptor couples also to other signaling
pathways, mediated by small monomeric G-proteins like RhoA, Ras, and ARF1. The RhoA
and Ras pathways activate phospholipase A, (PLA;) in a complex convergent pathway, one
probably through sequential activation of Gaiyz / Gayz RhoA, PKN / MEKK, MKK, p38, PLA,
and the other one through GaioBy, GBy, Ras, Raf, MEK, ERK, PLA, "%l Activated PLA; in
turn hydrolyzes membrane phospholipids, generating arachidonic acid (AA), an important
signaling molecule and neuromodulator on its own as well as a precursor for a variety of
eicosanoid hormones, including prostaglandins, thromboxanes, and leukotrienes. The ARF1
signaling pathways is mediated by the direct stimulation of the small G-protein ARF1 by the
receptor, stimulation of phospholipase D (PLD), and subsequent hydrolysis of the membrane
lipid phosphatidylcholine into the second messenger phosphatidic acid ['97 24°1.

Gene activation

Ultimately, stimulation of G-protein coupled receptors also leads to changes in gene expres-
sion. A number of immediate early genes regulated by 5-HT,a receptor activation has been

identified. 5-HT,4 receptor agonists induced the genes of the transcription factors C/EBPg,
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krox20, egr-1, egr-2, periodl, and nur77/N10, the transcription factor inhibitor 154, the nu-
clear hormone receptor norl, the signaling protein cyr61/CCN1, the arrestin homolog ilad-1,
the MAP kinase phosphatase mkp-1, the MAP kinase activated kinase sgk, the metabotropic
glutamate receptor signaling related genes ania3a and homerla, and inducible cyclooxy-
genase cox-2, while the gene for the protein kinase sty was repressed [''# 73205, 204, 206]
5-HT,a receptor stimulation also induced the A, adenosine receptor gene AR1 while 5-HT 14
receptor stimulation had the opposite effect ''. The expression of the 5-HT;a, 5-HT,a, and
5-HTc receptors genes remained unchanged upon 5-HT receptor stimulation %,

A general problem with these studies is to decide if gene expression is altered as a direct
result of a receptor mediated signaling cascade or indirectly, possibly even in other cells. The

best studied immediate early gene is the c-fos gene product, a transcription factor ['*# 172 205

204,222,252, 2991 However, induction of c-fos was found to correlate more with general neuronal

activity as a response to glutamate release ''¥. Indeed, the c-fos gene was induced in cells
not expressing 5-HTa receptors 172 252291 nossibly GABAergic interneurons. The c-fos in-

duction by 5-HT,a receptor agonists in these cells was dependent on arachidonic acid, in-

749731 glutamate release **¥, and stimulation of AMPA /

KA glutamate receptors. Moreover, thalamic lesions attenuated cortical c-fos induction 22,

ducible cyclooxygenase (COX-2)

The 5-HT,a receptor mediated gene activation of arc was found to resemble that of c-fos in

many respects %22,

Receptor associated proteins

Receptors, including G-protein coupled receptors, are not isolated entities but part of exten-
ded protein complexes. A common motif on many of these signaling cluster proteins is a
PDZ-binding domain which mediates the association with synaptic scaffold proteins ' 3% 2%71,
A recent study has indeed demonstrated the direct interaction of the C-terminus of the
5-HT . receptor with a synaptic scaffold protein (post synaptic density protein PSD95) *” and
several other proteins like calmodulin, protein kinase theta, cytoskeletal and cytoskeletal bin-
ding proteins (B-actin, spectrin), signaling proteins (neuronal nitric oxide synthase nNOS),

and an internalization related protein (dynamin).

Other direct or functional interactions and co-localizations of 5-HT, receptors include further
internalization related proteins (caveolin-1 !, the G-protein coupled receptor kinase GRK
(288 "spinophilin, 2% arrestins 26195 119.2301 ' qynamin 1% 3¢l) further cytoskeletal and trafficking
related proteins (MAP1A ), small G-proteins (ARF1, RhoA 1'% 24%l) "and G-protein binding
related proteins (RGS proteins "% 12°),

Many enzymes of the G-protein coupled receptor signaling cascade are either membrane
bound or membrane embedded proteins and are most probably aggregated in synaptic mul-
tiprotein complexes. This includes the G-proteins, phospholipase C, calmodulin, activated
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protein kinase C, phospholipase A,, and phospholipase D. Many second messengers are
small diffusible molecules, and clustering of the signaling enzymes has obvious advantages
for the speed and efficiency of signaling.

Several receptor associated proteins exhibited profound effects on the signaling properties of
G-protein coupled receptors. Disrupting the association of caveolin-1 with several receptors,
including the 5-HT2a receptor, led to profound decreases in signaling, probably by interfering
with receptor-Go, coupling B3] Disrupting the interaction with the synaptic scaffold proteins
PSD95 increased the signaling properties of the 5-HT.a receptor by interfering with agonist-
induced receptor internalization #*®1. Overexpression of the "regulator of G-protein signaling"
(RGS) proteins RGS2 and RGS7 decreased 5-HT2a / Go,, mediated cellular activation '),

Receptor dimerization

There is now broad evidence for the oligomerization of G-protein coupled receptors under
physiological conditions (e.g. ®, for reviews see: ' **!). Homo- as well as hetero-dimerization
has been demonstrated in living tissue as well as in cell culture systems. These receptor-
receptor interactions have been shown to influence ligand binding affinity, structure-affinity
relationships, G-protein coupling efficacy as well as selectivity, and internalization kinetics. In
addition, an allosteric interaction between the two binding sites has been demonstrated for
several (hetero-) dimeric receptor pairs. One prominent example is the GABAg receptor
where only heterodimerization between the GABAg1 and the GABAg, subtype forms a func-
tional receptor which is able to activate G-proteins.

Agonist directed trafficking

The 5-HT,a receptor is able to activate second messenger cascades by direct interaction with
several different G-proteins (Goijo, Gaq / Gayq, Garz / Goauyz) as well as the small G-protein
ARF1. It is therefore not surprising that ligands and ligand classes are able to activate differ-
ent signaling pathways with varying potencies through the same receptor, a concept called

" 11641831 ' Also other binding-related events like desensitization

"agonist directed trafficking
and internalization are expected to show comparable ligand-dependent effects. Indeed,
5-HT,a and 5-HTyc receptors have atypical regulation properties in that not only agonists, but

also most synthetic antagonists induce the internalization process 2.

Cellular effects of 5-HT, activation

Several cellular responses to activation of neuronal 5-HT ., receptors have been observed.
Activation of 5-HT2a receptors modulated dendritic voltage gated Na* channels by a Go, /
phospholipase Cp (PLCp) / protein kinase C (PKC) dependent pathway, thereby reducing the
amplitude and increasing the duration of dendritic action potentials ¢! Activation of 5-HT
receptors also led to stimulation of Ca,1.2 L-type voltage gated Ca®* channels by activation
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of the Ga,, / PLCB / IP3 / calcineurin second messenger cascade . In addition, 5-HT,4
receptor agonists decreased NMDA glutamate receptor mediated currents by a Ca®* / cal-
modulin-dependent kinase Il (CaMKIl), but protein kinase C (PKC) independent pathway '
201 Similarly, arachidonic acid, a second messenger of 5-HT,4 receptor activation, has been
shown to potentiate AMPA glutamate receptor currents through the same pathway #'%.
5-HT.a as well as 5-HT44 receptor activation resulted in an increase in cGMP content of corti-
cal brain slices by potentiation of a NMDA receptor mediated response. The responsible
pathway has not been fully elucidated yet but probably involves glutamate release, NMDA
receptor activation, stimulation of neuronal nitric oxide synthase (nNOS), and increased nitric
oxide (NO) release % 2. The enzyme inducible cyclooxygenase (COX-2) is also transiently
up- as well as downregulated by the 5-HT,4 agonist DOI (10), the expression of this enzyme

slightly decreases in the cortical layers | to IV, but strongly increases in layers V and VI '3,

Receptor binding experiments

One of the most important parameters for characterizing receptor ligands is their potency, i.e.
the concentration at which a compound has an effect on the receptor. This value is directly
related to the strength or "affinity" with that a receptor binds a ligand. More accurately, the
affinity of a ligand has been defined as the equilibrium dissociation constant K. This value is
identical to the equilibrium constant K when applying the law of mass action to the bimolecu-
lar receptor / ligand system. K is therefore also identical to the relation of the rate constants

of ligand release (dissociation) Kgissoc and ligand binding (association) Kassoc:

« __ [receptor]figand]  _ Kaseoo
¢ [receptor -ligand complex]  k

dissoc

Lower values of K, indicate higher affinities. Common neurotransmitters and drugs usually
have affinities for G-protein coupled receptors in the nanomolar range. The K4 value of a
compound can be determined experimentally in saturation binding experiments ("Scatchard
experiments") by incubating variable amounts of the radiolabeled ligand with the receptor
and measuring the receptor-bound radioactivity. Because this method requires large
amounts of expensive radioactively labeled ligands, an indirect method has been developed
to determine affinity, the competitive binding experiment. A receptor preparation is incubated
with a constant small amount of radioactive ligand ("radioligand"”, "radiolabel”, or "tracer") and
varying concentrations of the test ligand. Both compounds then compete for binding to the
receptor, depending on the affinities and their concentration. At the end of the incubation, the
receptor membranes are separated from the solution, e.g. by filtration and the receptor
bound radioactivity is measured. The measured radioactivity (as cpm, counts per minute) is
then plotted against the logarithmic concentration of the test ligand, resulting in a typical sig-
moidal binding curve (Figure 3). From this curve the half-maximal inhibiting concentration
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(ICsp) is determined and the binding affinity K; of the test compound is calculated using the
Cheng-Prusoff equation. Under ideal conditions the K; determined in competitive binding ex-
periment equals the K4 determined in saturation binding experiments and both values can be

used as a measure of affinity.

K, = 1+M (Cheng-Prusoff equation)
Kd(radioligand)
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Figure 3: Typical binding curve from a competitive binding experiment.

The concentration is plotted on a logarithmic scale, resulting in a typical sigmoi-
dal binding curve. The ICs; value is the half-maximal inhibiting concentration from
which the affinity K; can be calculated. For this curve compound 11 was tested at

the rat 5-HT.a receptor with [*H]ketanserin as radioligand.

Functional assays

While receptor binding experiments give a measure of ligand affinity, it is not possible to de-
cide from binding data if a ligand is able to activate the receptor. To determine if a ligand acts
as an agonist, a partial agonist, or an antagonist, the response of living cells to the binding
event must be measured ("functional assay"). As described above, 5-HT,4 receptors are able
to activate the enzyme phospholipase C (PLC), mediated by the G-protein Go,. PLC in turn
catalyzes the hydrolysis of the membrane lipid phosphatidyl-D-myo-inositol-4,5-bisphosphate



Introduction - G-protein coupled receptors 15

(phosphatidylinositol bisphosphate, PIP,) into D-myo-inositol-1,4,5-trisphosphate (inositol
trisphosphate, IP3) and sn-1,2-diacyglycerol (DAG). This early step in the signaling cascade
can be utilized for an assay of receptor mediated cellular response.
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Figure 4: Typical dose-response curve from an IP accumulation assay.

The ECsx value is used as a measure of potency in functional assays. This value
is the concentration at which a test compound elicits a half-maximal response.
The concentration is plotted on a logarithmic scale, resulting in a sigmoidal dose-

response curve. In this experiment 5-MeO-NMT (208) was tested at cells trans-
fected with the human 5-HT,a receptor.

Cells are preincubated with [*H]PIP, and then treated with the test compound. After cell per-
meabilization the amount of liberated, tritium labeled inositol phosphates (IP) can then be
measured. This type of assay is known as "phosphatidyl inositol (P1) turnover assay" or "IP
accumulation assay". Similar to the receptor binding experiments, a dose-response curve is
obtained (Figure 4). If the activation is caused by a single mechanism, this dose-response
curve has a typical sigmoidal shape if plotted on a logarithmic concentration axis. The ECs
value is used as a measure of potency, and is defined as the concentration at which the
compound elicits a half-maximal response. The maximal height of the curve in relation to the
maximal height elicited by the natural ligand is called the "intrinsic activity" or, more accu-
rately, "relative efficacy". Full agonists usually have a relative efficacy of 100%, while partial

agonists have a lower value. Antagonists do not elicit a response at all and therefore have a
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relative efficacy of 0%. There are two common ways to experimentally identify antagonists:
Either as compounds hat exhibit a high binding affinity for the receptor in radioligand binding
assays but that do not elicit a response in functional assays, or, alternatively, by measuring
their inhibiting properties on agonist-induced stimulation in co-application experiments.
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Figure 5: Dose-response curves of agonists, partial agonists, and antagonists.

Agonists of different potencies have different ECs, values and horizontally shifted
dose-response curves (A). In contrast, agonists, partial agonists, and antagonists
differ by their maximal stimulation, resulting in a vertical shift of the dose-re-
sponse curves (B). An over-maximal response above 100%, higher than the re-
sponse caused by the natural agonist, is a very uncommon phenomenon. The
maximal stimulation is independent of the potency or the ECs, value, i.e. further

increases in concentration have no effect once the maximal response has been
reached.

Mechanism of hallucinogenic action

It is now widely accepted that hallucinogens primarily act through their agonistic action at
5-HT.a receptors. This has been shown by correlation of behavioral activity in man and ani-
mals to receptor affinities as well as by rat drug discrimination tests involving specific and
subtype-selective 5-HT,a receptor antagonists. Moreover, the hallucinogenic action of psilo-
cybin (3) in humans could be completely blocked by administration of the antagonists ketan-

e [287].

serin (48) and risperidon (For an excellent review see: 7)),
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Serotonergic system

5-HT.a receptors are activated by the neurotransmitter serotonin (6). This neurotransmitter is
released from axons and axon terminals of serotonergic neurons. All these projections
emerge from the raphe nuclei, a complex of neuron clusters located near the midline of the
whole brainstem. The upper raphe complex with the caudal linear nucleus, dorsal raphe nu-
cleus (DR), and the median raphe nuclei (MnR) project primarily to the forebrain, including
the cerebral cortex. Reciprocally, prefrontal cortex pyramidal cells project back to the raphe
nuclei (for a review see: ['*®)). In addition to serotonergic neurons the raphe nuclei also con-
tain non-serotonergic inhibitory GABAergic and excitatory glutamatergic neurons. 5-HT as
well as 5-HT,4 and 5-HT,c receptors are expressed on both types of cells 14049 184 251 gtjimy-
lation of the raphe nuclei with 5-HT receptor subtype-selective ligands therefore results in a
complex modulation, further complicated by the mixed, excitatory as well inhibitory, control
on other brain areas, and the reciprocal modulation from these projection areas .

Hallucinogens and cortical activation

The hallucinogen psilocybin (3) caused an increased activation of most brain areas when
examined in humans in a ['®F]deoxyglucose PET scan study ?®®l. The highest activations
where seen in the prefrontal and the temporal cortex as well as the thalamus ("hyperfron-
tality"). A similar activation pattern was also seen in a human SPECT imaging study using
the hallucinogen mescaline "*”!. Likewise, the hallucinogens DOI (10) and LSD (12) caused
increased extracellular levels of the main excitatory neurotransmitter glutamate in the cortex
201,253 '|ndeed, enhancing glutamate release by mGIuR;;, autoreceptor antagonists resulted
in potentiation of the effects of different hallucinogenic compounds in animal models while
mGIuRy agonists blocked them "% 23l Common mechanisms have been suggested for the
effects of hallucinogenic compounds, dissociative drugs, and natural psychoses, involving a

disruption of thalamo-cortical information processing %4,

Cortical localization of 5-HT receptors

The study of hallucinogens on cortical activation has focused on the prefrontal cortex, mainly
because this area has the highest density of 5-HT,x receptors %8 142 2%1 gnd js preferentially
activated by hallucinogens. The neocortex consists of six layers which are defined by their
different staining characteristics and cellular architecture. These layers are numbered from |
to VI, starting from the outside. The 5-HT,4 receptor in the cortex is predominantly located on
dendrites of pyramidal cells located in layer Ill and V 12981 [58. 59,141,142, 195] \whjle earlier studies
reported an exclusive localization at dendritic shafts in intracellular compartments, a recent
study was able to demonstrate the 5-HT,4 also at dendritic spines and synapses. This discre-
pancy was attributed to the use of different primary antibodies ['**\. Cortical 5-HT,4 receptors
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were also found on presynaptic, putatively dopaminergic, monoaminergic axons and synap-

ses, on astrocytes 7 142195298 and on GABAergic interneurones " 141 2%1],

Pyramidal cells

Pyramidal cells have a large, characteristically shaped cell body located in layers Ill and V.
They are integrating signals vertically throughout the upper layers with a single long apical
dendritic tree which extensively arborizes in the superficial layers. Additionally, basal dendrite
trees emerge from the soma and spread out horizontally in the same cortical layer. Their
axons are the only efferences of the cortex and project either to subcortical brain regions or
to other cortical regions.

In the case of cortico-cortical interconnections, pyramidal cells in layer V project to lower cor-
tical areas (descending feedback connections) while layer Ill pyramidal cells project to higher
cortical areas (ascending feedforward connections). Projections from higher cortical areas
terminate mainly in layers | and VI while projections from lower areas target excitatory spiny-
stellate cells in layer IV, which in turn activate basal dendrites of pyramidal cells in layers ||
and lll. Thalamic projections usually terminate in layer IV, contacting the apical dendrites of

layer V pyramidal cells. 2¢°!

Pyramidal cells are excitatory glutamatergic cells. In the prefrontal cortex a high proportion of
cortical layer V pyramidal cells expresses the 5-HT,a receptor, nearly always in co-expres-
sion with the 5-HT4 receptor ['* 18 2%l However, both receptor subtypes are targeted to dif-
ferent cellular locations. The 5-HT2a receptors are predominantly located on the apical den-
drites in layer V to 11l 2981198 141. 1421 i ¢ ding synaptic spines ['°°! while the 5-HT 4 receptors
seem to be predominantly located in the region of the axon hillock and in the proximal portion
of the pyramidal axon .

Both receptor types are activated by different serotonergic afferents. Two main dense plex-
uses of horizontal serotonergic axons innervate the cortex in layer Va and |, respectively.
The fibers in layer V probably activate pyramidal 5-HT 4 receptors. Between the cortical lay-
ers V and | serotonergic fibers run vertically in parallel to the pyramidal dendrites ['*?l. These
fibers probably interact with the dendritic pyramidal 5-HT.a receptors. Prefrontal cortex pyra-
midal cells also express 5-HT,¢ receptors, albeit in a lower density compared to 5-HT4 re-
ceptors € %683 Not much information on cellular localization and function of these 5-HTc
receptors is currently available. In single-cell RT-PCR experiments 5-HT,¢ receptors were
found in partial cellular co-expression with the 5-HT 4 receptor in one study ¢, but not in

another study 3.

There are hardly any defined synapses detectable between serotonergic axons and pyrami-
dal cells. This has also been observed in other brain areas  °") and it is widely assumed that

slow signaling through the G-protein coupled 5-HT 44 and 5-HT,4 receptors proceeds extra-
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synaptically by short distance diffusion in the extra-cellular space ("paracrine" or "volume

transmission") 1°8- 6% 142]

There are also indirect serotonergic effects on pyramidal cells. They are all inhibitory and are
mediated by the following three mechanisms. The raphe nuclei activate cortical inhibitory
GABAergic neurons (dendrite-targeting interneurons) through 5-HT; receptors, especially in
layer | ['*":2%% Recent experiments suggest also a direct contact of GABAergic axons from
the raphe nuclei with pyramidal cells ", Large GABAergic interneurones in layer V targeting
the pyramidal soma and proximal dendrite (perisomatic chandelier and basket cells) express
the 5-HT,, '*" %" and, to about the same extent, 5-HT 4 receptors %> 2°"], This cell type is in-
volved in pyramidal feed-forward inhibition.

The action of hallucinogens in vitro

Groundbreaking work on the effects of serotonin (6) and hallucinogenic drugs on nerve cells
has been done in the group of George K. Aghajanian at Yale University, USA, using neuro-
physiological methods on brain slice preparations. They showed profound effects of sero-
tonin (6), LSD (12), and DOI (10) on the firing rate of pyramidal cells in layer V of the medial
prefrontal cortex (MPFC). Serotonin (6) applied to cortical brain slices resulted in a strong
increase in spontaneous pyramidal cell firing. This effect was stronger in the medial prefron-
tal cortex compared to other cortical regions while in subcortical regions 5-HT (6) even had
inhibitory effects. Serotonin (6) applied in close proximity to the dendrites of the pyramidal
cells dramatically increased their firing rate after several seconds. This effect was most pro-
nounced in layer IV/Va in a dendritic region close to the cell body, but still observable in layer
I/ll, a more distant dendritic region. Application 100 - 200 yum away from the vertical dendrites
did not result in activation. Also application onto the pyramidal cell body in layer Vb or into
the basilar dendritic field in layer Vb/VI below the cell body did not result in increased firing "1,

The pyramidal firing in the experiments above was mediated by 5-HT.x receptors as shown
by antagonist experiments. However, 5-HTa receptor activation did not cause a pronounced
membrane depolarization and therefore could not directly induce firing of pyramidal cells " "
19.468 This suggested a presynaptic modulation of excitatory inputs, i.e. an increase in gluta-
mate release from glutamatergic terminals. Indeed, blocking the postsynaptic pyramidal
AMPA glutamate receptor decreased the basal firing activity and eliminated the firing re-
sponse to 5-HT. Furthermore, activation of regulatory presynaptic glutamate autoreceptors
with a variety of a group Il/1ll metabotropic glutamate receptor (mGIuR,;;) agonists had the
same effects as blocking the postsynaptic receptor ['®3. A similar presynaptic negative modu-
lation could be obtained by activation of p-opioid [ 78 771 and adenosine A, receptors "%,
while activation of presynaptic muscarinic acetylcholine and as-adrenergic receptors had the

opposite effect and induced pyramidal firing I'” '"?. A decrease in 5-HT,4 agonist mediated
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pyramidal cell firing was also observed after elimination of thalamo-cortical terminals by le-
sioning the medial thalamus !"®2.

All these findings supported the hypothesis that cortical pyramidal cells are indirectly acti-
vated by a presynaptic 5-HT,a receptor modulation of glutamate release. However, the ob-
served effects were independent of incoming axonal impulse flow, i.e. no firing neurons in the
5-HT (6) sensitive regions could be detected in the brain slices preparations and hardly any
5-HT,a receptor containing glutamatergic terminals could be detected by immuno-labeling
and electron microscopy [ "% On the contrary, it was shown that the pyramidal cells itself
express 5-HT.,x receptors at a high density in their proximal dendrites 2981 [58. 141,142, 195] 5
counting for the vast majority of 5-HT. receptors in this region.

The existence of a retrograde messenger was postulated to overcome this discrepancy. In
this extended hypothesis the stimulation of 5-HT,4 receptors on pyramidal cells results in the
secretion of a retrograde messenger which causes a presynaptic release of the excitatory
neurotransmitter glutamate © '8l Indeed, in further studies it could be shown that the 5-HT,a
receptor mediated, delayed, and impulse-independent "asynchronous" glutamate release
was caused by inhibition of presynaptic K, 1.2 voltage gated potassium channels . Intrigu-
ingly, these channels are blocked by extracellular arachidonic acid which is known to be se-
creted upon 5-HT,a receptor stimulation in cell cultures ['** ®* and in vivo where immedi-
ately-early genes like c-fos in non-pyramidal non-5-HT, containing cortical neurons are in-

duced by activation of the arachidonic acid signaling pathway ['"# 173252

The action of hallucinogens in vivo

A major drawback of electrophysiological studies of cortical slice preparation is the missing
connectivity to other brain areas. Indeed, the importance of other brain areas on the effect of
5-HT,a receptor ligands on cortical pyramidal cells has been demonstrated more recently in
in vivo studies, especially in the group of Francesc Artigas in Barcelona, Spain. In many of
these experiments brain microdialysis probes were used as a tool for local drug application

and for sampling local neurotransmitter concentrations.

The results of the in vitro slice experiments described above could essentially be replicated
by these in vivo methods. A cortical glutamate release by stimulation of the thalamus re-
sulted in pyramidal cell activation (measured as a local 5-HT release by a mechanism dis-
cussed below). This activation was blocked by p-opioid receptor activation. Surprisingly,
u-opioid receptor agonists in fact blocked the pyramidal cell activation induced by thalamic
stimulation, but not that upon local DOI (10) application. Furthermore, thalamic lesions did
not affect the activating effect of local DOI (10). The effect of local DOI (10) was, however,
mediated by 5-HT,, and AMPA glutamate receptors, but not by NMDA glutamate receptors
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[13.21,22,41,186. 2321 'and the local application of DOI (10) and LSD (12) was able to increase

local glutamate levels 2°1 2531,

Currently the following hypotheses can explain the local action of hallucinogenic substances
in the cortex in vivo. For both possibilities 5-HT,4 receptors are located postsynaptically on
pyramidal neurons and glutamate is released primarily from non-thalamic sources.

— Positive modulation of pyramidal AMPA glutamate receptors (AMPA potentiation
hypothesis).

— Positive modulation of presynaptic glutamate release, possibly through the action of a
retrograde messenger (retrograde messenger hypothesis).

Much evidence has been collected for the retrograde messenger hypothesis in in vitro brain
slice experiments, but in in vivo experiments this mechanism seems to be of less importance,
as described above. The AMPA potentiation hypothesis is supported by findings that arachi-
donic acid, a second messenger of 5-HT 4 receptor activation ['®* 1% potentiates AMPA glu-
tamate receptor currents by a Ca®* / calmodulin-dependent kinase 1l (CaMKII) pathway #'*
291 AMPA receptors are also positively regulated by protein kinase C (PKC) phosphorylation
[47.%01 'However, in in vivo medial prefrontal cortex brain slice experiments the 5-HT.x receptor
agonist DOB (9) increased AMPA receptor mediated currents only in a minority of the tested
cells. In contrast, NMDA receptor mediated currents were strongly increased in all tested

neurons "%,

The action of hallucinogens on the raphe nuclei

Another focus of recent in vivo experiments was the interaction of the cortex with the upper
raphe nuclei. It could be shown that local application of the 5-HT,a receptor agonist DOI (10)
to the medial prefrontal cortex increased the firing rate of pyramidal neurons projecting to the
raphe nuclei as well as the reciprocal cortical 5-HT release from back-projecting raphe neu-

ron afferents 18232,

Electrical stimulation of the dorsal and the median raphe nuclei results in a complex modula-
tion of pyramidal cell firing. As described above, projections from the raphe nuclei control py-
ramidal cell activation by excitatory dendritic 5-HT,a receptors as well as by inhibitory axonal
5-HT A receptors, pyramidal GABA, receptors, and 5-HT 14, 5-HT24, and 5-HT; receptors on

GABAergic interneurones. The net effect of raphe stimulation on pyramidal cells seems to be
dependent on the location of stimulation in the raphe nuclei, suggesting an independent acti-
vation of excitatory dendritic 5-HTa receptors and inhibitory somato-axonal 5-HT 1 receptors

[14, 176, 233, 231

and interneurones I In general, the inhibitory effects of raphe stimulation on pyra-

midal activation were outweighing excitatory effects.

The raphe nuclei consist of serotonergic, GABAergic, and glutamatergic cells. Individual se-
rotonergic as well as non-serotonergic cells are excited as well as inhibited by stimulation of
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5-HT,4 and 5-HT,a receptors in in vitro slice experiments, suggesting a complex internal ra-
phe connectivity '®¥. In several studies it could be demonstrated that the net effect of sys-
temic 5-HT.a receptor stimulation on raphe nuclei activity and cortical 5-HT release in vivo

was |nh|b|tory [40, 84, 123, 186, 295]_

These findings suggested the following hypothesis. Pyramidal cells are activated by systemic
administration of hallucinogenic 5-HT,a receptor agonist through the following synergistic ef-
fects:

— The inhibitory input from the raphe nuclei onto pyramidal cells is decreased (raphe

mechanism).

— Stimulation of dendritic 5-HT2a receptors increases pyramidal excitation (cortical
mechanism).

Both mechanisms might contribute to the action of hallucinogenic 5-HTa receptor agonists.
The raphe mechanism is supported by the following results. In the somatosensory cortex a
fast desensitization of glutamate release after intracortical administration of the 5-HT,a re-
ceptor agonist DOI (10) was found. In contrast, no desensitization was seen over several
hours after systemic administration of DOI (10) ?*°!. Similar fast desensitizations of 5-HT,a
receptor mediated NMDA receptor induced currents ¥ and 5-HT (6) induced membrane
depolarizations " were observed in the prefrontal cortex. A similar mechanism in the action
of hallucinogenic 5-HT,a agonists and the dissociative NMDA antagonists with respect to
their increase in cortical activation has been suggested ?®. Indeed, similar to 5-HT.x ago-
nists, systemically applied NMDA as well as AMPA glutamate receptor antagonists decrease
cortical 5-HT release through their action on raphe neurons 9.

On the other hand a cortical mechanism might be suggested by the following experiments:
Electrical stimulation of the dorsal raphe nucleus resulted in generalization to LSD (12) !"*"]
and to DOI (10) ['"*® in rat drug discrimination tests and led to increased cortical activity 2.
These results appear somewhat conflicting with the above hypotheses. However, the raphe
nuclei project to most other brain areas and raphe stimulation might indirectly increase exci-
tatory input onto pyramidal cells. Indeed, electrical stimulation of the dorsal raphe nucleus
has been shown to increase activation of the mediodorsal thalamus nucleus. This 