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Research on psychedelics such as lysergic acid diethyla-
mide (LSD) and dissociative drugs such as phencyclidine
(PCP) and the symptoms, neurochemical abnormalities
and treatment of schizophrenia have converged. The
effects of hallucinogenic drugs resemble some of the core
symptoms of schizophrenia. Some atypical antipsychotic
drugs were identified by their high affinity for serotonin 5-
HT,4 receptors, which is also the target of LSD-like drugs.
Several effects of PCP-like drugs are strongly affected by
both 5-HT,o and metabotropic glutamate 2/3 receptor
modulation. A serotonin-glutamate receptor complex
in cortical pyramidal neurons has been identified that
might be the target both of psychedelics and the atypical
and glutamate classes of antipsychotic drugs. Recent
results on the receptor, signalling and circuit mechanisms
underlying the response to psychedelic and antipsychotic
drugs might lead to unification of the serotonin and
glutamate neurochemical hypotheses of schizophrenia.

Introduction

Schizophrenia is a chronic mental illness affecting nearly
1% of the population [1,2]. Its precise causes are unknown,
but epidemiological approaches indicate an increased risk
associated with both genetic and environmental factors
[3,4]. After the onset of schizophrenia, usually in late
adolescence or early adulthood, its severely disabling
symptoms usually persist for life. Antipsychotic medi-
cations currently available are often only partially success-
ful. Some patients are unresponsive to therapy, and suicide
is a leading cause of premature death in schizophrenic
patients [5].

Unlike the chronic neurodegenerative diseases Alzhei-
mer’s and Parkinson’s, schizophrenia lacks both diagnostic
neuropathological changes and genetic animal models. For
several decades schizophrenia research has focused on
neurochemical hypotheses and models, based largely on
the pharmacology of antipsychotic medications and of
certain drugs of abuse. An interest in dopamine resulted
from the observation that early antipsychotic medications
such as chlorpromazine and haloperidol shared a capacity
to block dopamine Dy receptors. Furthermore, amphet-
amines, which increase synaptic dopamine, aggravate
schizophrenic symptoms [1]. However, an exclusive
emphasis on dopamine and the Dy receptor is difficult to
reconcile with the lack of antipsychotic properties of some
potent dopamine D, receptor antagonists such as eticlo-
pride. Also, postmortem brain and positron emission tomo-
graphic (PET) studies have not consistently found
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upregulation or higher activity of D, receptors. Roles for
serotonin and for glutamate in the pathophysiology of
schizophrenia have also been proposed [6-8]. Abnormal-
ities of serotonin in schizophrenia were indicated by the
finding that second-generation antipsychotics such as clo-
zapine or olanzapine have lower affinity for the Do receptor
than for the serotonin 5-HT;s receptor. Glutamate has
been implicated by the schizophrenia-like state elicited
by drugs of abuse that inhibit the N-methyl-p-aspartate
(NMDA) subtype of the glutamate receptor. Here, we dis-
cuss recent findings that provide insight into the related
neurochemical mechanisms of psychedelics and of some
classes of antipsychotic drugs.

Psychotomimetic drug models of psychosis

Because schizophrenia is a uniquely human disorder, it is
difficult to judge the similitude of rodent models that
attempt to recapitulate aspects of its behavioural altera-
tions [9]. Animal models derive from the similarity of the
human effects of psychotomimetic drugs to the symptoms
of schizophrenia. The manifestations of schizophrenia are
divided into ‘positive’ symptoms (e.g. hallucinations, delu-
sions and other thought disorders) and ‘negative’ symp-
toms (e.g. social withdrawal, apathy and abnormal
emotional responses). The human psychoactive effects of
drugs such as phencyclidine (PCP) and lysergic acid
diethylamide (LLSD) include perceptual disturbances, sen-
sory processing, cognition, changes in brain metabolism
and self-representation (see Box 1 for chemical names).
Dissociative PCP-like drugs (e.g. ketamine and MK801)
are non-competitive antagonists at glutamate NMDA
receptors [10], whereas psychedelic drugs such as LSD,
mescaline and psilocybin act as agonists at 5-HTy recep-
tors [11-14]. PCP-like drugs are extensively used as schizo-
phrenia models because of their ability to evoke positive
and negative symptoms and cognitive deficits similar to
those of the illness [10,15]. To date, the PCP model of
psychosis has been proposed to be one of the best pharma-
cological models to mimic schizophrenic psychosis in
healthy volunteers. Interestingly, recent studies indicate
that the psychoactive effects of PCP and LSD model differ-
ent clinical features and/or subtypes of schizophrenia. PCP
psychosis reflects more of the negative schizophrenia
symptoms together with certain catatonic symptoms,
whereas LSD elicits neuropsychological responses that
could be a better model for the paranoid type of schizo-
phrenia [16-19]. Psychedelics tend to induce visual per-
ceptual disturbances, whereas schizophrenia is more
commonly associated with auditory hallucinations. How-
ever, similar to the effects of psychedelics, the symptoms of
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Box 1. Pharmaceutical agents and their full chemical names

5-HTP: L-5-hydroxytryptophan

DOB: 1-(2,5-dimethoxy-4-bromophenyl)-2-aminopropane

DOI: 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane

DOM: 1-(2,5-dimethoxy-4-methylphenyl)-2-aminopropane

LSD: lysergic acid diethylamide

LY314582: [+]-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic acid
LY341495: 25-2-amino-2-[1S,2S-2-carboxycyclopropan-1-yl]-3-
[xanth-9-yl]propionic acid

LY379268: (-)-2-oxa-4-aminobicyclo [3,1,0]lhexane-4,6-dicarboxylic
acid

LY404039: (-)-(1R,45,56S,6S)-4-amino-2-sulfonylbicyclo[3.1.0]hex-
ane-4,6-dicarboxylic acid

MK801 (dizocilpine): (5R,105)-(+)-5-methyl-10,11-dihydro-5H-diben-
zo[a,d]cyclohepten-5,10-imine

PCP (phencyclidine): 1-(1-phenylcyclohexyl)-piperidine

early schizophrenia more often include visual disturb-
ances. As described later, recent work on the neurobiolo-
gical effects of both LSD-like and PCP-like drugs in animal
models provides insight into possible related mechanisms
underlying psychosis.

The cortical 5-HT,4 receptor mediates the responses
induced by LSD-like drugs
5-HTy4 receptor knockout mice are insensitive to the beha-
vioural effects of psychedelics [13,14]. This observation is
consistent with studies showing that pharmacological inac-
tivation of 5-HT 5 receptor signalling blocks the behavioural
effects of hallucinogens in a variety of species including
humans [18,20]. Some studies indicated that the effects of
LSD-like drugs resulted from actions at presynaptic 5-HT3p
receptors expressed by thalamocortical neurons [21-23].
However, recent work from several laboratories using differ-
ent experimental approaches, including a systems pharma-
cology method termed transcriptome fingerprint [14]
(Figure 1), a genetic strategy to express 5-HTy, receptors
primarily in mouse cortical neurons [13], electrophysiologi-
cal recordings in mouse cortical slices [24] and electrolytic
lesions in the thalamic nuclei [25,26], identify the 5-HTox
receptor expressed by cortical pyramidal neurons as
required and sufficient for the cellular and behavioural
responses to psychedelics (Figure 2a). Overall, a preponder-
ance of evidence indicates that the schizophrenia-related
psychosis elicited by LSD-like drugs results from the drug
complexing with postsynaptic cortical 5-HTs4 receptors.
Although the effects of LSD-like drugs require activat-
ing the 5-HTgy5 receptor, closely related non-hallucino-
genic chemicals such as lisuride and ergotamine have
similar 5-HT55 pharmacology but lack comparable neu-
ropsychological effects. Recent results showing that the
pattern of signalling elicited by LSD-like drugs acting at
the 5-HT;5 receptor on cortical pyramidal neurons differs
from that of structurally related non-psychedelic 5-HT2a
receptors agonists might resolve this longstanding para-
dox. Whereas the hallucinogens cause activation of both
Gg11 and G/, subtype G proteins, the non-hallucinogens
activate only Ggui1 [14]. These results indicate that the
mechanism underlying the differences between hallucino-
genic and non-hallucinogenic 5-HT94 receptor agonists are
consistent with a pharmacological model termed ‘agonist
trafficking of receptor signalling’. In this model, the receptor
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Figure 1. Transcriptome fingerprint (TFP) induced by hallucinogenic and non-
hallucinogenic 5-HT,5 receptor agonists in the mouse cortex. Gene reporter
constructs are extensively used to monitor GPCR activation in tissue culture
systems [75]. TFP represents a high-throughput systems-pharmacology-based
approach to measure the complex signalling effects of neuroactive chemicals in
the mouse brain. The head-twitch response is a mouse behaviour that is induced by
5-HT,a receptor hallucinogenic agonists such as DOI, DOM, DOB, mescaline (MSC),
LSD and psilocin (PSI) and not induced by closely related 5-HT,5 receptor non-
hallucinogenic agonists such as ergotamine (EGT), R-lisuride (R-Ls) and S-lisuride
(S-Ls) [14,29]. The TFP approach provides an efficient and unbiased search for
commonalities among the patterns of response of the psychoactive chemicals in
comparison with reference compounds of known properties. As can be seen in the
TFP heatmap, there are common cortex signalling responses elicited by all the
5-HT,5 receptor agonists and specific responses just elicited by the six
hallucinogenic drugs assayed. The common response seems to be due to Gg/1
protein activation and the hallucinogen-specific response to Gy, protein activation.
Further investigation is needed to understand the role of the 5-HT,o-mGlu, receptor
complex in the TFP pattern induced by hallucinogenic and non-hallucinogenic
5-HT, A receptor ligands in the mouse brain cortex, in addition to the heterotrimeric G
proteins and signalling pathways responsible for psychosis-like states. The question
mark indicates that the precise pathways leading from activation of the G proteins to
the characteristic gene expression fingerprints in cortical neurons are not known.

has more than a single ‘on’ state, each of which can be
selected by different activating drugs leading to distinct
patterns of cell signalling and response [13,14,27] (Box 2).
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Figure 2. Neuronal circuits implicated in the responses induced by psychoactive chemicals and antipsychotic drugs. Results in tissue culture and murine models suggest
that the 5-HT,o-mGlu, receptor complex expressed by cortical pyramidal neurons represents the target of both psychoactive 5-HT, receptor agonists and mGlu, receptor
antagonists, in addition to antipsychotic 5-HT, receptor antagonists and mGlu, receptor agonists (a). The serotonin and glutamate release induced in the cortex by PCP-like
psychoactive drugs targeting subcortical NMDA receptors might affect the signalling properties of the cortical 5-HT,o.~mGlu, receptor complex (b). Concurrently, these
results indicate that both LSD-like and PCP-like psychoactive drugs dysregulate the signalling properties of cortical pyramidal neurons and affect cognition and perception

processes in the brain cortex. See Box 1 for chemical names.

The idea that there is a hallucinogen-specific signalling
caused by psychedelics acting at the 5-HT4 receptor dove-
tails with the observation that some antipsychotics were
discovered by their capacity to block the effects of LSD [28].
Furthermore, the level of expression of 5-HT,, receptors
has been reported to be upregulated in postmortem human

brain cortex of young untreated schizophrenic subjects
when assayed by radioligand-binding approaches [29]
(Box 3). These findings indicate that altered 5-HTs4 re-
ceptor signalling might be involved in some of the psychotic
symptoms in patients with schizophrenia. However, some
chemicals that are high-affinity 5-HT5s receptor
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Box 2. Agonist trafficking of receptor signalling

The most accepted pharmacological model to study agonist—
receptor interactions and functional responses is the ternary
complex model [76]. This model postulates that the GPCR is in
equilibrium between two conformational states: inactive (R) and
active (R*). Antagonists present the same affinity for both R and R¥,
and agonists present a higher affinity for R*, stabilizing the
structural conformation and displacing the equilibrium to the active
state. In silico pharmacological approaches generated the hypoth-
esis that GPCRs are in equilibrium between multiple active and
inactive conformational states — a concept termed ‘agonist traffick-
ing of receptor signalling’ [27]. In this model, different agonists
preferentially stabilize different active conformational states, which,
in turn, preferentially interact with different G-protein subtypes.
Thus, this model provides a mechanism whereby different agonists
acting at the same receptor can induce different cellular signalling
responses. The agonist trafficking of a receptor signalling model has
been demonstrated in vitro for several GPCR subtypes [27,77].
Hallucinogenic and non-hallucinogenic 5-HT,5 receptor agonists
represent an attractive experimental system to investigate agonist
trafficking because of their similarities in chemical structures,
pharmacological profiles and signalling responses induced in tissue
cultures but divergence in the behavioural responses elicited.
Recent studies indicate that the mechanism of action of hallucino-
genic drugs is based on agonist trafficking and propose, based on
results in tissue cultures and murine models, that LSD-like
hallucinogens and lisuride-like non-hallucinogens stabilize distinct
active 5-HT,a receptor conformations, modulating different patterns
of signalling responses responsible for their unique behavioural
effects [13,69].

antagonists, such as M100907, show limited antipsychotic
efficacy in schizophrenia clinical trials [30]. Similar results
have also been reported with the selective 5-HT;5 receptor
antagonist eplivanserin [19]. All atypical antipsychotics,
such as olanzapine, clozapine and quetiapine, have in
common a high affinity for the 5-HT,s receptor and a
modest affinity for the dopamine Ds receptor [6]. The
pharmacology of antipsychotic drugs is further compli-
cated by their binding to many other G-protein-coupled
receptor (GPCR) subtypes [31]. Recent studies indicating
functional interactions between serotonin and glutamate
might help to clarify the mechanisms of antipsychotic
drugs and provide new strategies to develop anti-schizo-
phrenia drugs.

Serotonin and glutamate functional interactions

The function of the neurotransmitter serotonin in brain
has been strongly associated with specific physiological
responses, ranging from modulation of neuronal activity
and transmitter release to behavioural changes [23]. Glu-
tamate serves as the principal neurotransmitter of the
pyramidal cells, which are the sources of efferent and
interconnecting pathways of the cerebral cortex and limbic
systems (brain regions implicated in the pathophysiology
of schizophrenia). Recently, functional and behavioural
interactions between 5-HT5,, NMDA and metabotropic
glutamate subtypes 2 and 3 (mGlugy3) receptors have been
identified, which might help to unravel the molecular basis
of cognitive dysfunction in schizophrenia.

Crosstalk between 5-HT,, and mGlu,,; receptors

The detection of functional interactions between 5-HTsa
and mGlug/; receptors in the rat prefrontal cortex by
electrophysiological approaches [32] led to the demon-
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Box 3. Level of expression of the 5-HT,4 receptor in the
schizophrenia brain

Neurobiological and clinical findings suggest that the 5-HT,a
receptor is involved in some of the symptoms of schizophrenia
patients. Thus, activation of 5-HT,5 receptors by LSD-like drugs
induces schizophrenia-like psychosis in humans [19], the cortical 5-
HT,a receptor is necessary for the cellular and behavioural effects
induced by LSD-like drugs [13], atypical antipsychotics all exhibit a
high-affinity blocking 5-HT,a receptors [1] and the function of the
mGlu, receptor inhibiting the responses induced by the 5-HT,a
receptor might represent the signalling mechanism by which
LY404039 caused its antipsychotic effects in clinical trials [8,29].
Based on these findings, it could be expected that the level of
expression of 5-HT,4 receptors might be higher in the postmortem
human brain cortex of schizophrenic subjects. The onset of
schizophrenia is in adolescence or young adulthood, and there is
an association between fewer positive symptoms and increased age
among schizophrenic patients, which correlates with the lower level
of expression of 5-HT,5 receptor in older subjects [29]. In
concordance with the hypothesis described above, the level of
expression of 5-HT,4 receptor determined by [*H]ketanserin-binding
saturation curves in membrane preparations was significantly
higher in the postmortem human brain of young, untreated
schizophrenic subjects compared with individually matched control
subjects [29]. It is important to note that 11 out of 13 schizophrenia
cases included in this study committed suicide [29], and, therefore,
further investigation is required because suicidal behaviour might
affect the level of expression of 5-HT,a receptor [78,79]. Several
publications have reported either unaffected or lower densities of 5-
HT,A receptor in the schizophrenia brain [80-84]. It has been
demonstrated that demographic variables intrinsic to the postmor-
tem human brain studies affect the biochemical parameters in brain
tissue samples [29,85]. Therefore, the higher level of expression of
the 5-HT,a receptor in the schizophrenia brain would be unlikely to
be observed in samples from heterogeneous groups including
treated patients [80-82] or in studies including older patients [81,84].
A recent PET study using the 5-HT,4 receptor antagonist ['®F]alta-
serin in a group of first-episode antipsychotic-naive schizophrenic
patients and matched controls reported significantly increased 5-
HT,A receptor binding in the caudate nucleus and no differences in
5-HT,a receptor binding in cortical regions [86]. However, even
though 5-HT,a receptor binding values did not reach the statistical
significance in the cortex, ['®Flaltaserin binding was higher in 12 out
of the 13 tested cortical regions [86]. Although further investigation
is required, radioligand-binding assays and PET results indicate a
higher density of 5-HT,a receptor in young untreated schizophrenic
subjects, which correlates with the blockage of the 5-HT, receptor
by atypical antipsychotics and its activation by psychotomimetics.

stration of myriad cellular [29,33-35], electrophysiological
[21,25,32,36] and behavioural [29,33,37-41] crosstalk be-
tween these two receptor subtypes.

One hypothesis to explain how mGluy3 receptor acti-
vation abolishes the responses induced by LSD-like drugs
is that the activation of the presynaptic mGluy/s receptor
inhibits glutamate release from cortical terminals induced
by activity at 5-HT,, receptors, which are expressed by
neurons whose cell bodies are located in thalamic nuclei
[21-23,42,43]. However, although 5-HT,, receptors are
located both postsynaptically and presynaptically on tha-
lamocortical neurons, the largest concentration of 5-HT5x
receptors in the cortex are expressed by intrinsic pyrami-
dal neurons [44,45]. mGlus,-receptor-like immunoreactiv-
ity in the cortex is located not only presynaptically but
also postsynaptically, whereas mGlusz-receptor-like
immunoreactivity distribution is mainly presynaptic
[46-48]. The neuroanatomical distribution of 5-HT,,
mGluy, and mGlus receptors raised the possibility of a



Review

direct interaction between postsynaptic cortical 5-HTyp
and mGluy receptors, which are both highly expressed by
pyramidal neurons.

Recent studies have demonstrated that some GPCR
form dimers or, potentially, higher-order oligomers
[49,50]. The concept of GPCRs as functional dimers and/
or oligomers is now well established [51]. The formation of
GPCR heterodimers and/or heterocomplexes can affect the
ligand-binding properties and the functional responses of
the individual receptor components [52]. 5-HTss and
mGluy receptors form a functional receptor heterocomplex
in the mouse and human brain [29]. Experiments indicate
that the heterotrimeric G proteins and signalling path-
ways specifically activated by LSD-like 5-HT,, receptor
agonists in cortical pyramidal neurons require the 5-HT o5~
mGlu, receptor complex, and activation of the mGluy re-
ceptor inhibits these hallucinogen-specific neuronal signal-
ling pathways. Interestingly, in postmortem human brains
of untreated schizophrenia subjects, the level of expression
of the 5-HTy5 receptor was significantly higher and the
level of expression of the mGlu, receptor was significantly
lower when compared with matched control subjects [29]
(Box 3). The dysregulation of the components of the 5-
HTy,-mGlu, receptor complex might predispose to psy-
chosis in schizophrenic patients.

Activation of mGluys receptors reduces behavioural
stereotypy, hyperlocomotion and working memory deficits
produced by NMDA antagonists [7,53]. Recent clinical
trials with the mGlugs receptor agonist 1.Y404039 have
reported significant improvements in both positive and
negative symptoms of schizophrenia [8]. The specific func-
tion of mGlu, and mGlus receptors as potential antipsy-
chotic targets has remained obscure owing to the absence
of selective mGluy and/or mGlus receptor ligands. Recent
experiments with mGluy and mGlus receptor knockout
mice indicate that the mGluy but not the mGlus receptor
mediates the actions of the glutamate agonists L.Y314582,
LY379268 and 1.Y404039 in mouse models of psychosis
with PCP and amphetamine [54-56]. One way to reconcile
the mechanisms of action of LSD-like drugs and the aty-
pical and glutamate classes of antipsychotics is to hypoth-
esize that hallucinogens, atypical antipsychotics and
metabotropic glutamate agonist antipsychotics all act at
the same 5-HT54—-mGlus receptor complex. In this formu-
lation, the molecular target of both atypical antipsychotics
and LSD-like drugs is the 5-HT4 receptor moiety and that
of the new glutamate antipsychotics [8] is the mGluy re-
ceptor moiety. Additional work will be required to test this
hypothesis and to investigate the contribution of the mGlus
receptor expressed on presynaptic terminals projecting to
the cortex to the efficacy of glutamate antipsychotic drugs
(Figure 2a).

Functional interactions between 5-HT,, and NMDA
receptors

The brain regions responsible for the effects of PCP-like
drugs have been the focus of intense research in the last
few years. In rodents, NMDA antagonists induce beha-
vioural responses that include increased activity, head
weaving, deficits in paired pulse inhibition and social
interactions, in addition to cognitive deficits, in particular
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disruption in sensory motor gating (a phenomenon found
consistently among schizophrenia cohorts). Systemic
administration of PCP-like drugs evokes marked hyperlo-
comotion and stereotyped behaviours [57,58] in addition to
a marked increase in the spontaneous discharge rate of the
majority of medial prefrontal cortical neurons [59]. The
extracellular concentrations of serotonin and glutamate in
cortical regions are increased by systemic administration
of PCP-like drugs [58,60,61]. On the contrary, intra-corti-
cal administration of PCP-like drugs does not induce firing
activity [62] nor serotonin and glutamate release in cortical
neurons [58]. Collectively, these results indicate that the
behavioural abnormalities elicited by acute PCP-like drugs
are induced through excitatory inputs into brain cortical
neurons from subcortical regions (Figure 2b).

It has been recently reported that the head-twitch
behavioural response (rapid lateral movements of the head
similar to the pinna reflex) is reliably elicited by a variety of
psychedelics (e.g. DOI, DOM, DOB, mescaline, LSD and
psilocin) and is absent in 5-HTs4 receptor knockout mice
(Figure 1). Furthermore non-hallucinogenic 5-HTA recep-
tor agonists, such as R-lisuride, S-lisuride and ergotamine,
do not induce this behavioural response [13,14]. Thus,
head-twitch seems to serve as a mouse bioassay that is
able to predict the hallucinogenic-specific signalling and
effects of 5-HTy4 receptor agonists in humans. Interest-
ingly, PCP-like drugs also induce head-twitch and head-
weaving responses (slow, side to side or lateral head move-
ment) in rodents [63] and NMDA receptor antagonists
enhance the 5-HTy-receptor-mediated head-twitch
response in mice [64]. In animal models, clozapine, ritan-
serin, amesergide and ketanserin block PCP-dependent
locomotion [65,66] and head-twitch responses [63], which
indicates a potential role of circuits working through the 5-
HT,, receptor in mediating the behavioural responses
induced by NMDA antagonism. Similar results were
reported with the selective 5-HTs5 receptor antagonist
M100907 [67]. Atypical antipsychotics reverse the cellular
responses produced by PCP-like drugs in cortical pyrami-
dal neurons [65,68] and block the serotonin and glutamate
release in the prefrontal cortex [58]. Importantly, local
administration of clozapine in the prefrontal cortex paral-
leled the effects of intraperitoneal administration on the
PCP response [58], which reinforces the potential role of
cortical 5-HTos receptor circuits in the mechanism of
action of both PCP-like and LSD-like drugs (Figures
2a,b). In the same context, recent findings have demon-
strated that the serotonin precursor L-5-hydroxytrypto-
phan (5-HTP) [69] induces a head-twitch response in
mouse via 5-HTya receptors, indicating that serotonin
could have hallucinogenic activity in vivo. mGlu, receptor
activation abolishes the hallucinogen-specific signalling
activated by LSD at the 5-HTy4-mGlu, receptor complex
[29]. Microdialysis experiments in the cortex have demon-
strated that extracellular glutamate increases more slowly
than extracellular serotonin after intraperitoneal admin-
istration of PCP-like drugs [57,58]. These observations
support the speculation that serotonin and glutamate act-
ing through the 5-HT2x-mGluy receptor complex might
each be responsible for different LSD-like and PCP-like
symptoms of schizophrenia.
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Genetics

The etiology of schizophrenia is multifactoral, with evi-
dence for both genetic and environmental factors [70-72].
Research on understanding the genetics of the disease is
progressing rapidly. The stage is now set to begin to think
about how the complex gene-environment interactions
that cause the disease lead to the disruptions in brain
neurochemistry and function.

The heritability of schizophrenia is estimated at 73—
90%. Because genetic causes of schizophrenia are under
strong negative reproductive selection, the predisposing
genetic lesions are postulated to be rare and hetero-
geneous. Potentially pathogenic mutations have been
identified in the genes for DISC1, PDE4B and NPASS3.
Recent genome-wide studies of copy-number variation
have confirmed the earlier reported schizophrenia associ-
ation of a deletion of the 22q11.2 region also implicated in
velo-cardio-facial syndrome and DiGeorge syndrome. The
association of schizophrenia with two other large deletions
in the 1q21.1 and 15q13.3 loci and with several microdele-
tions have also been identified [3,4,73]. Increased risk of
schizophrenia due to gene-environment interactions (the
genetic predisposition to an environmental insult) and
epistasis (dependence of phenotype on the interactions
among two or more genes) are both consistent with the
current epidemiological and genetic studies. Contributing
environmental and epidemiological factors that have been
implicated in increasing the risk of schizophrenia include
foetal hypoxia and folate deficiency, cannabis use, urban
birth or upbringing and migration. The first empirical test
of gene-environment interaction in families having at
least one proband diagnosed with a schizophrenia spec-
trum disorder was recently reported [74]. The authors
studied the interaction between severe obstetrical com-
plications and polymorphisms for schizophrenia candi-
date genes. Among the 13 candidate genes studied, the
genes encoding AKT1, BDNF, GRM3 and DTNBP all
showed a significant interaction with birth complications
in the probands [74]. The multifactoral genetics and gene—
environment pathoetiology of schizophrenia is well estab-
lished. Little is known about how gene-environment
effects affect brain development and lead to alterations
in brain neurochemistry and the symptoms of schizo-
phrenia. The investigation of the molecular and structural
basis of neuronal signalling with the use of psychotomi-
metic drugs might open new avenues for the generation of
mutant mouse models of psychosis and help in under-
standing the neurobiological alterations responsible for
schizophrenia.

Concluding remarks

The serotonin hypothesis of schizophrenia has been of
considerable value in leading to the development of most
of the atypical antipsychotic medications. One feature that
was used to screen for many of the atypical antipsychotic
drugs, such as ritanserin, was its ability to block the LSD
activity at 5-HT4 receptors [28]. Thus, understanding the
mechanism of hallucinogens continues to have the poten-
tial to provide important clues about the basis for psychosis
in this disease. Furthermore, psychedelics have a rich and
subtle pharmacology in which closely related 5-HToa
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receptor agonists vary dramatically in their capacity to
cause LSD-like neuropsychological effects. This provides
an excellent experimental system in which the signalling
and circuit mechanisms underlying psychedelics has been
mapped using systems pharmacology and mouse genetic
models [13,29]. The results obtained with the investigation
of the mechanism of action of LSD-like and PCP-like drugs
provide approaches for the rational design of new types of
antipsychotic drugs and points towards a unification of the
serotonin and glutamate hypotheses of schizophrenia. The
challenge remains to relate the dopamine hypothesis of
schizophrenia to this emerging serotonin-glutamate hy-
pothesis. The remarkable concordance of research on psy-
chedelics and antipsychotics indicates that the study of the
mechanisms of psychotomimetic drugs of abuse will con-
tinue to facilitate the development of better therapies for
schizophrenia.

References
1 Sawa, A. and Snyder, S.H. (2002) Schizophrenia: diverse approaches to
a complex disease. Science 296, 692-695
2 Ross, C.A. et al. (2006) Neurobiology of schizophrenia. Neuron 52, 139-
153
3 Stefansson, H. et al. (2008) Large recurrent microdeletions associated
with schizophrenia. Nature 455, 232-236
4 International Schizophrenia Consortium (2008) Rare chromosomal
deletions and duplications increase risk of schizophrenia. Nature
455, 237-241
5 Meltzer, H.Y. (2001) Treatment of suicidality in schizophrenia. Ann. N.
Y. Acad. Sci. 932, 44-58
6 Miyamoto, S. et al. (2005) Treatments for schizophrenia: a critical
review of pharmacology and mechanisms of action of antipsychotic
drugs. Mol. Psychiatry 10, 79-104
7 Marek, G.J. (2004) Metabotropic glutamate 2/3 receptors as drug
targets. Curr. Opin. Pharmacol. 4, 18-22
8 Patil, S.T. et al. (2007) Activation of mGlu2/3 receptors as a new
approach to treat schizophrenia: a randomized Phase 2 clinical trial.
Nat. Med. 13, 1102-1107
9 Arguello, P.A. and Gogos, J.A. (2006) Modeling madness in mice: one
piece at a time. Neuron 52, 179-196
10 Morris, B.J. et al. (2005) PCP: from pharmacology to modelling
schizophrenia. Curr. Opin. Pharmacol. 5, 101-106
11 Fantegrossi, W.E. et al. (2008) The behavioral pharmacology of
hallucinogens. Biochem. Pharmacol. 75, 17-33
12 Nichols, D.E. (2004) Hallucinogens. Pharmacol. Ther 101, 131-181
13 Gonzalez-Maeso, J. et al. (2007) Hallucinogens recruit specific cortical
5-HT35 receptor-mediated signaling pathways to affect behavior.
Neuron 53, 439-452
14 Gonzalez-Maeso, J. et al. (2003) Transcriptome fingerprints distinguish
hallucinogenic and nonhallucinogenic 5-hydroxytryptamine 2A receptor
agonist effects in mouse somatosensory cortex. /. Neurosci. 23, 8836—
8843
15 Kristiansen, L.V. et al. (2007) NMDA receptors and schizophrenia.
Curr. Opin. Pharmacol. 7, 48-55
16 Pomarol-Clotet, E. et al. (2006) Psychological effects of ketamine in
healthy volunteers. Phenomenological study. Br. J. Psychiatry 189,
173-179
Gouzoulis-Mayfrank, E. et al. (2005) Psychological effects of (S)-
ketamine and N,N-dimethyltryptamine (DMT): a double-blind,
cross-over study in healthy volunteers. Pharmacopsychiatry 38, 301—
311
18 Vollenweider, F.X. et al. (1998) Psilocybin induces schizophrenia-like
psychosis in humans via a serotonin-2 agonist action. Neuroreport 9,
3897-3902
19 Geyer, M.A. and Vollenweider, F.X. (2008) Serotonin research:
contributions to understanding psychoses. Trends Pharmacol. Sci.
29, 445-453
20 Fiorella, D. et al. (1995) Role of 5-HT35 and 5-HTyc receptors in the
stimulus effects of hallucinogenic drugs. II: reassessment of LSD false
positives. Psychopharmacology (Berl.) 121, 357-363

1

15}



Review

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Marek, G.J. et al. (2001) A major role for thalamocortical afferents in
serotonergic hallucinogen receptor function in the rat neocortex.
Neuroscience 105, 379-392

Scruggs, J.L. et al. (2000) DOI-Induced activation of the cortex:
dependence on  5-HTsn  heteroceptors on thalamocortical
glutamatergic neurons. J. Neurosci. 20, 8846-8852

Nichols, D.E. and Nichols, C.D. (2008) Serotonin receptors. Chem. Rev.
108, 1614-1641

Beique, J.C. et al. (2007) Mechanism of the 5-hydroxytryptamine 2A
receptor-mediated facilitation of synaptic activity in prefrontal cortex.
Proc. Natl. Acad. Sci. U. S. A. 104, 9870-9875

Puig, M.V. et al. (2003) In vivo modulation of the activity of pyramidal
neurons in the rat medial prefrontal cortex by 5-HTss receptors:
relationship to thalamocortical afferents. Cereb. Cortex 13, 870-882
Celada, P. et al. (2008) The hallucinogen DOI reduces low-frequency
oscillations in rat prefrontal cortex: reversal by antipsychotic drugs.
Biol. Psychiatry 64, 392-400

Kenakin, T. (2003) Ligand-selective receptor conformations revisited:
the promise and the problem. Trends Pharmacol. Sci. 24, 346-354
Colpaert, F.C. (2003) Discovering risperidone: the LSD model of
psychopathology. Nat. Rev. Drug Discov. 2, 315-320
Gonzalez-Maeso, dJ. et al. (2008) Identification of a serotonin/glutamate
receptor complex implicated in psychosis. Nature 452, 93-97

de Paulis, T. (2001) M-100907 (Aventis). Curr. Opin. Investig. Drugs 2,
123-132

Roth, B.L. et al. (2004) Magic shotguns versus magic bullets: selectively
non-selective drugs for mood disorders and schizophrenia. Nat. Rev.
Drug Discov. 3, 353-359

Marek, G.J. et al. (2000) Physiological antagonism between 5-
hydroxytryptaminess and group II metabotropic glutamate
receptors in prefrontal cortex. J. Pharmacol. Exp. Ther. 292, 76-87
Benneyworth, M.A. et al. (2007) A selective positive allosteric
modulator of metabotropic glutamate receptor subtype 2 blocks a
hallucinogenic drug model of psychosis. Mol. Pharmacol. 72, 477-484
Gewirtz, J.C. et al. (2002) Modulation of DOI-induced increases in
cortical BDNF expression by group II mGlu receptors. Pharmacol.
Biochem. Behav. 73, 317-326

Zhai, Y. et al. (2003) Group II metabotropic glutamate receptor
modulation of DOI-induced c-fos mRNA and excitatory responses in
the cerebral cortex. Neuropsychopharmacology 28, 45-52

Cartmell, J. et al. (2001) Acute increases in monoamine release in the
rat prefrontal cortex by the mGlu2/3 agonist LY379268 are similar in
profile to risperidone, not locally mediated, and can be elicited in the
presence of uptake blockade. Neuropharmacology 40, 847-855
Benneyworth, MLA. et al. (2007) Chronic phenethylamine hallucinogen
treatment alters behavioral sensitivity to a metabotropic glutamate 2/3
receptor agonist. Neuropsychopharmacology 33, 2206-2216
Bespalov, A. et al. (2007) Habituation deficits induced by metabotropic
glutamate receptors 2/3 receptor blockade in mice: reversal by
antipsychotic drugs. J. Pharmacol. Exp. Ther. 320, 944-950

Gewirtz, J.C. and Marek, G.J. (2000) Behavioral evidence for
interactions between a hallucinogenic drug and group II
metabotropic glutamate receptors. Neuropsychopharmacology 23,
569-576

Swanson, C.J. and Schoepp, D.D. (2002) The group II metabotropic
glutamate receptor agonist (—)-2-oxa-4-aminobicyclo[3.1.0.]hexane-
4,6-dicarboxylate (LY379268) and clozapine reverse phencyclidine-
induced behaviors in monoamine-depleted rats. J. Pharmacol. Exp.
Ther. 303, 919-927

Winter, J.C. et al. (2004) Serotonergic/glutamatergic interactions: the
effects of mGlu2/3 receptor ligands in rats trained with LSD and PCP
as discriminative stimuli. Psychopharmacology (Berl.) 172, 233-240
Aghajanian, G.K. and Marek, G.J. (2000) Serotonin model of
schizophrenia: emerging role of glutamate mechanisms. Brain Res.
Brain Res. Rev. 31, 302-312

Aghajanian, G.K. and Marek, G.J. (1999) Serotonin, via 5-HTsa
receptors, increases EPSCs in layer V pyramidal cells of prefrontal
cortex by an asynchronous mode of glutamate release. Brain Res. 825,
161-171

Willins, D.L. et al. (1997) Serotonin 5-HTs receptors are expressed on
pyramidal cells and interneurons in the rat cortex. Synapse 27, 79-82
Jakab, R.L. and Goldman-Rakic, P.S. (1998) 5-Hydroxytryptaminega
serotonin receptors in the primate cerebral cortex: possible site of

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Trends in Neurosciences Vol.32 No.4

action of hallucinogenic and antipsychotic drugs in pyramidal cell
apical dendrites. Proc. Natl. Acad. Sci. U. S. A. 95, 735-740

Ohishi, H. et al. (1998) Distribution of a metabotropic glutamate
receptor, mGluR2, in the central nervous system of the rat and
mouse: an immunohistochemical study with a monoclonal antibody.
Neurosci. Res. 30, 65-82

Neki, A. et al. (1996) Pre- and postsynaptic localization of a
metabotropic glutamate receptor, mGluR2, in the rat brain: an
immunohistochemical study with a monoclonal antibody. Neurosci.
Lett. 202, 197-200

Tamaru, Y. et al. (2001) Distribution of metabotropic glutamate
receptor mGluR3 in the mouse CNS: differential location relative to
pre- and postsynaptic sites. Neuroscience 106, 481-503
Lopez-Gimenez, J.F. et al. (2007) The alb-adrenoceptor exists as a
higher-order oligomer: effective oligomerization is required for receptor
maturation, surface delivery, and function. Mol. Pharmacol. 71, 1015-
1029

Guo, W. et al. (2008) Dopamine D2 receptors form higher order
oligomers at physiological expression levels. EMBO J 27, 2293-2304
Milligan, G. (2007) G protein-coupled receptor dimerisation: molecular
basis and relevance to function. Biochim. Biophys. Acta 1768, 825-835
Milligan, G. and Smith, N.J. (2007) Allosteric modulation of
heterodimeric G-protein-coupled receptors. Trends Pharmacol. Sci.
28, 615-620

Moghaddam, B. and Adams, B.W. (1998) Reversal of phencyclidine
effects by a group II metabotropic glutamate receptor agonist in rats.
Science 281, 1349-1352

Spooren, W.P. et al. (2000) Lack of effect of LY314582 (a group 2
metabotropic glutamate receptor agonist) on phencyclidine-induced
locomotor activity in metabotropic glutamate receptor 2 knockout
mice. Eur. J. Pharmacol. 397, R1-R2

Fell, M.dJ. et al. (2008) Evidence for the role of metabotropic glutamate
(mGlu)2 not mGlu3 receptors in the preclinical antipsychotic
pharmacology of the mGlu2/3 receptor agonist (—)-(1R,4S,5S,6S)-4-
amino-2-sulfonylbicyclo[3.1.0]hexane-4,6-dicarboxylic acid (L.Y404039).
J. Pharmacol. Exp. Ther 326, 209-217

Woolley, M.L. et al. (2008) The mGlu2 but not the mGlu3 receptor
mediates the actions of the mGluR2/3 agonist, LY379268, in mouse
models predictive of antipsychotic activity. Psychopharmacology (Berl.)
196, 431-440

Adams, B.W. and Moghaddam, B. (2001) Effect of clozapine,
haloperidol, or M100907 on phencyclidine-activated glutamate efflux
in the prefrontal cortex. Biol. Psychiatry 50, 750-757

Lopez-Gil, X. et al. (2007) Clozapine and haloperidol differently
suppress the MK-801-increased glutamatergic and serotonergic
transmission in the medial prefrontal cortex of the rat.
Neuropsychopharmacology 32, 2087-2097

Suzuki, Y. et al. (2002) Acute administration of phencyclidine induces
tonic activation of medial prefrontal cortex neurons in freely moving
rats. Neuroscience 114, 769-779

Lorrain, D.S. et al. (2003) Effects of ketamine and N-methyl-p-
aspartate on glutamate and dopamine release in the rat prefrontal
cortex: modulation by a group II selective metabotropic glutamate
receptor agonist LY379268. Neuroscience 117, 697-706
Amargos-Bosch, M. et al. (2003) Stimulation of a1-adrenoceptors in the
rat medial prefrontal cortex increases the local in vivo 5-
hydroxytryptamine release: reversal by antipsychotic drugs. oJ.
Neurochem. 87, 831-842

Jodo, E. et al. (2005) Activation of medial prefrontal cortex by
phencyclidine is mediated via a hippocampo-prefrontal pathway.
Cereb. Cortex 15, 663-669

Nabeshima, T. et al. (1987) Phencyclidine-induced head-twitch
responses as 5-HTs receptor-mediated behavior in rats. Neurosci.
Lett. 76, 335-338

Kim, H.S. et al. (1998) NMDA receptor antagonists enhance 5-HTy
receptor-mediated behavior, head-twitch response, in mice. Life Sci.
63, 2305-2311

O'Neill, M.F. et al. (1998) Effects of 5-hydroxytryptamine, receptor
antagonism on the behavioral activation and immediate early gene
expression induced by dizocilpine. J. Pharmacol. Exp. Ther. 287,839-846
Su, Y.A. et al. (2007) Risperidone attenuates MK-801-induced
hyperlocomotion in mice via the blockade of serotonin 5-HTsa/ec
receptors. Eur. J. Pharmacol. 564, 123-130

231



67 Carlsson, M.L. et al. (1999) The 5-HT4 receptor antagonist M100907 is
more effective in counteracting NMDA antagonist- than dopamine
agonist-induced hyperactivity in mice. J. Neural Transm. 106, 123-129

68 Kargieman, L. et al. (2007) Antipsychotic drugs reverse the disruption
in prefrontal cortex function produced by NMDA receptor blockade
with phencyclidine. Proc. Natl. Acad. Sci. U. S. A. 104, 14843-14848

69 Schmid, C.L. et al. (2008) Agonist-directed signaling of the serotonin 2A
receptor depends on arrestin-2 interactions in vivo. Proc. Natl. Acad.
Sci. U. S. A. 105, 1079-1084

70 van Os, J. et al. (2008) Gene-environment interactions in
schizophrenia: review of epidemiological findings and future
directions. Schizophr. Bull. 34, 1066-1082

71 Tandon, R. et al. (2008) Schizophrenia, §ust the facts’ what we know in
2008. 2. Epidemiology and etiology. Schizophr. Res 102, 1-18

72 Tandon, R. et al. (2008) Schizophrenia, just the facts what we know in
2008 part 1: overview. Schizophr. Res 100, 4-19

73 Walsh, T. et al. (2008) Rare structural variants disrupt multiple genes
in neurodevelopmental pathways in schizophrenia. Science 320, 539-
543

74 Nicodemus, K.K. et al. (2008) Serious obstetric complications interact
with hypoxia-regulated/vascular-expression genes to influence
schizophrenia risk. Mol. Psychiatry 13, 873-877

75 Hill, S.J. et al. (2001) Reporter-gene systems for the study of G-protein-
coupled receptors. Curr. Opin. Pharmacol. 1, 526-532

76 Lefkowitz, R.J. et al. (1993) Constitutive activity of receptors coupled to
guanine nucleotide regulatory proteins. Trends Pharmacol. Sci. 14,
303-307

232

Trends in Neurosciences Vol.32 No.4

77 Urban, J.D. et al. (2006) Functional selectivity and classical concepts of
quantitative pharmacology. J. Pharmacol. Exp. Ther. 320, 1-13

78 Oquendo, M.A. et al. (2006) Higher postmortem prefrontal 5-HTss
receptor binding correlates with lifetime aggression in suicide. Biol.
Psychiatry 59, 235-243

79 Pandey, G.N. et al. (2002) Higher expression of serotonin 5-HTgs
receptors in the postmortem brains of teenage suicide victims. Am.
J. Psychiatry 159, 419-429

80 Burnet, P.W. et al. (1996) 5-HT1 and 5-HT54 receptor mRNAs and
binding site densities are differentially altered in schizophrenia.
Neuropsychopharmacology 15, 442-455

81 Matsumoto, I. et al. (2005) 5-HT34 and muscarinic receptors in
schizophrenia: a postmortem study. Neurosci. Lett. 379, 164-168

82 Dean, B. et al. (2008) Evidence for altered post-receptor modulation of
the serotonin 2a receptor in schizophrenia. Schizophr. Res. 104, 185-
197

83 Dean, B. (2003) The cortical serotonings receptor and the pathology of
schizophrenia: a likely accomplice. J. Neurochem. 85, 1-13

84 Gurevich, E.V. and Joyce, J.N. (1997) Alterations in the cortical
serotonergic system in schizophrenia: a postmortem study. Biol.
Psychiatry 42, 529-545

85 Gonzalez-Maeso, J. et al. (2002) Effects of age, postmortem delay and
storage time on receptor-mediated activation of G-proteins in human
brain. Neuropsychopharmacology 26, 468-478

86 Erritzoe, D. et al. (2008) Cortical and subcortical 5-HTs4 receptor
binding in neuroleptic-naive first-episode Schizophrenic patients.
Neuropsychopharmacology 33, 2435-2441



	Psychedelics and schizophrenia
	Introduction
	Psychotomimetic drug models of psychosis
	The cortical 5-HT2A receptor mediates the responses induced by LSD-like drugs
	Serotonin and glutamate functional interactions
	Crosstalk between 5-HT2A and mGlu2/3 receptors
	Functional interactions between 5-HT2A and NMDA receptors

	Genetics
	Concluding remarks
	References


