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Abstract

Rationale Cannabis abuse and endocannabinoids are asso-
ciated to schizophrenia.

Objectives It is important to discern the association
between schizophrenia and exogenous Cannabis sativa,
on one hand, and the endogenous cannabinoid system, on
the other hand.

Results On one hand, there is substantial evidence that
cannabis abuse is a risk factor for psychosis in genetically
predisposed people, may lead to a worse outcome of the
disease, or it can affect normal brain development during
adolescence, increasing the risk for schizophrenia in
adulthood. Regarding genetic predisposition, alterations
affecting the cannabinoid CNR1 gene could be related to
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schizophrenia. On the other hand, the endogenous canna-
binoid system is altered in schizophrenia (i.e., increased
density of cannabinoid CB1 receptor binding in cortico-
limbic regions, enhanced cerebrospinal fluid anandamide
levels), and dysregulation of this system can interact with
neurotransmitter systems in such a way that a “cannabinoid
hypothesis” can be integrated in the neurobiological
hypotheses of schizophrenia. Finally, there is also evidence
that some genetic alterations of the CNR1 gene can act as a
protectant factor against schizophrenia or can induce a
better pharmacological response to atypical antipsychotics.
Conclusions Cannabis abuse is a risk factor for psychosis
in predisposed people, it can affect neurodevelopment
during adolescence leading to schizophrenia, and a dysre-
gulation of the endocannabinoid system can participate in
schizophrenia. It is also worth noting that some specific
cannabinoid alterations can act as neuroprotectant for
schizophrenia or can be a psychopharmacogenetic rather
than a vulnerability factor.

Keywords Cannabis - Endocannabinoid - Psychosis -
Schizophrenia - Neurobiology - Genetic - Epidemiology

Introduction

Cannabis sativa contains several addictive cannabinoid
substances such as (—)-A’-tetrahydrocannabinol (A-9-
THC) and (—)-A®-tetrahydrocannabinol, and these exoge-
nous cannabinoid substances influence the central nervous
system through the endocannabinoid receptors. Cannabis,
as a drug of abuse, induces changes in the nervous system
which ultimately lead to dependence. Brain chemistry is
modified after the action of repeated cannabis, and the drug
could induce psychotic symptoms (among others), in a
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similar fashion to other drugs such as psychostimulants.
However, the link between cannabis and schizophrenic
psychosis is a matter of controversy. Some authors defend
that there is an independent nosological entity or “cannabis
psychosis,” as it is the case with “amphetamine psychosis”
(Thacore and Sukhla 1976; Nufiez and Gurpegui 2002).
Other authors reject the existence of a nosological entity
(Thornicroft 1990; Hall 1998), and they postulate that
cannabis influences the development of schizophrenic
psychosis, or it is a risk factor involved in the likelihood
to suffer from schizophrenia. However, it is important to
bear in mind that cannabis use was noted to be as high as
43% of patients who had schizophrenia (Bersani et al.
2002) and in 51% of patients with first-episode schizo-
phrenia (Barnett et al. 2007). The greatest risk of onset of
cannabis use is in the age range 15-20 years that coincides
with the onset of schizophrenia (Grant et al. 2008).
Interestingly, acute intoxication with cannabis leads to a
syndrome with similar characteristics to a psychotic state:
confusion, depersonalization, paranoid delusions, halluci-
nations, blunted affect, anxiety, and agitation (D’Souza et
al. 2004; Favrat et al. 2005). However, this acute episode is
transient and wears off once the main psychoactive
component of cannabis, A-9-THC, is eliminated from the
blood. A similar syndrome takes place in schizophrenic
patients where intravenous A-9-THC induces an increase of
positive and negative schizophrenic symptoms (D’Souza et
al. 2005). Chronic abuse seems not to be accompanied by
such a bizarre state, and it has been suggested that frequent
users of cannabis develop tolerance to these effects of
cannabinoids (D’Souza et al. 2008a). It is hence important
to differentiate chronic versus acute effects of cannabis/
cannabinoids, and this review will deal with neurobiolog-
ical, neurophysiological, and epidemiological data support-
ing a role for cannabis/cannabinoids in schizophrenia
(the so-called cannabinoid hypothesis of schizophrenia),
including a review of animal experimental studies on the
topic. Neurobiological studies reveal that cannabis and
endocannabinoids can dysregulate neurotransmitter systems
involved in the pathophysiology of schizophrenia, such as
the dopaminergic and glutamatergic systems, but also
indicate that some endocannabinoids can act as “protective”
compounds against the disorder. These are the two sides of
cannabinoid effects on psychosis, at present known as the
“ups and downs” theory of endocannabinoids in disease
(Di Marzo 2008). This fact is linked to the pleiotropic
nature of cannabinoids, and it is well known that the
cannabinoid system is affected in more than just one way
by a given pathological stimulus (Di Marzo 2008). In this
context, the presence of a polymorphism (G allele) of the
cannabinoid gene CNRI1 has been associated with a better
therapeutic effect of antipsychotics (Hamdani et al. 2008);
and cannabis use in schizophrenics have been interpreted as
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“self-medication,” at least at the beginning of the syn-
drome. However, epidemiological studies further support a
link between cannabis abuse and schizophrenia, and they
indicate that cannabis abuse is a risk factor in people with
special vulnerability to schizophrenic psychosis, it influen-
ces the course of schizophrenia, or it can affect normal
brain development during adolescence, increasing the risk
for psychosis in adulthood (Verdoux and Tournier 2004;
Stefanis et al. 2004). Experimental animal studies support
that adolescence is a critical period, and drug contact during
this period is a risk factor for suffering psychotic symptoms
in the adulthood.

Cannabis and the endocannabinoid system

From a neurobiological point of view, it is important to note
that the relationship between cannabis/cannabinoids and
schizophrenia has two aspects (Miiller-Vahl and Emrich
2008), which could be defined as endogenous and
exogenous. The endogenous aspect is based on the
endogenous cannabinoid system whose dysregulation could
be a factor influencing the onset of schizophrenic psychosis
per se or could indirectly modify other neurotransmitter
systems either leading to schizophrenia or worsening it. The
exogenous side refers to cannabis abuse as a risk factor that
could alter the endocannabinoid system or other neuro-
transmitter systems, hence facilitating the onset of schizo-
phrenia or aggravating its time course. It is crucial to
understand how the endogenous cannabinoid system can be
altered in schizophrenia or can affect those well-known
disturbances of neural systems such as the dopamine and
glutamate ones that have been associated to schizophrenia by
many authors; in other words, it is necessary to integrate the
“cannabinoid hypothesis” of schizophrenia in the “dopami-
nergic and glutamatergic hypotheses” of schizophrenia.

The endogenous cannabinoid system is a ubiquitous
lipid signaling system which appeared early in evolution
and which has important regulatory functions throughout
the body in all vertebrates. The endogenous cannabinoid
system was discovered thanks to the identification of the
first receptor for the main psychoactive constituent of
Cannabis sativa preparations, A-9-THC (Gaoni and
Mechoulam 1964). This receptor termed cannabinoid CB;
receptor (Devane et al. 1988; Herkenham et al. 1991) was
rapidly cloned (Matsuda et al. 1990) and extensive
structure—activity research led to the development of
synthetic compounds with high potency and stereoselectiv-
ity (Howlett et al. 1990). The discovery of the cannabinoid
receptor and the availability of very selective and potent
cannabinomimetics led to the rapid identification of a
family of lipid transmitters that serve as natural ligands
for the cannabinoid CB; receptor: arachidonoylethanola-
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mide, named anandamide from the Sanskrit “internal bliss”
(Devane et al. 1992), and 2-arachidonoylglycerol (Mechoulam
et al. 1995; Sugiura et al. 1995). The pharmacological
properties of the endocannabinoids were found to be very
similar to those of synthetic cannabinomimetics (Piomelli et
al. 2000; Rodriguez de Fonseca et al. 2001).

Two major cannabinoid receptors have been cloned, both
of which belong to the superfamily of G protein-coupled
receptors. The first receptor described was named the CB;
receptor and it is mainly located in the terminals of nerve
cells (central and peripheral neurons and glial cells), the
reproductive system (i.e., testicles), some glandular sys-
tems, and the microcirculation (Howlett et al. 1990). A
remarkable characteristic of the CB; receptors is their very
high expression in the brain. The CB; receptor is the most
abundant G protein-coupled receptor with densities ten to
50 times above those of classical transmitters such as
dopamine or opioid receptors (Howlett et al. 1990;
Herkenham et al. 1991). The CB, cannabinoid receptor
was found initially in multiple lymphoid organs with the
highest expression detected in B lymphocytes, medium
expression in monocytes and polymorphonuclear neutro-
phils, and the lowest expression in T lymphocytes, although
subsequent studies also identified it in microglial cells
(Galiégue et al. 1995; Munro et al. 1993; Piomelli 2003).
Recent reports place the cannabinoid CB, receptor in
neuronal nets of the brain stem and the cerebellum (Onaivi
2006; Suarez et al. 2008), although its role in neurotrans-
mission remains obscure.

Endocannabinoids are released upon demand after
cellular depolarization or receptor stimulation in a
calcium-dependent manner. Once produced, they act in
cannabinoid receptors located in cells surrounding the site
of production. This property indicates that endocannabi-
noids are local mediators similar to the autacoids (i.e.,
prostaglandins). In the central nervous system, the highly
organized distribution of endocannabinoid signaling ele-
ments in GABAergic and glutamatergic synapses and their
preservation of this distribution throughout evolution
suggest a pivotal role in synaptic transmission. Because of
the inhibitory effects on adenylyl cyclase, the activation of
K" currents and the inhibition of Ca*" entry into cells, the
net effect of cannabinoid CB; receptor stimulation is a local
hyperpolarization that leads to the general inhibitory effects
described. If endocannabinoids act postsynaptically, they
will counteract excitatory inputs entering the postsynaptic
cells. This mechanism has been proposed for postsynaptic
interactions with dopaminergic transmission (Felder et al.
1998; Giuffrida et al. 2004; Rodriguez de Fonseca et al.
1998). Despite its importance, this effect is secondary to the
important presynaptic actions whose existence is supported
by two facts: (a) the concentration of cannabinoid CB;
receptors in presynaptic terminals and (b) the well-

documented inhibitory effects of cannabinoid CB, receptor
agonists on the release of GABA, glutamate, acetylcholine,
and noradrenaline (Piomelli 2003; Schliecker and Kathmann
2001). This inhibitory effect has also been demonstrated for
neuropeptides such as corticotrophin-releasing factor and
cholecystokinin (Beinfeld and Connolly 2001; Rodriguez
de Fonseca et al. 1997). Presynaptic inhibition of neuro-
transmitter release is associated with the inhibitory action of
endocannabinoids on Ca®" presynaptic calcium channels
through the activation of CB; receptors. Presynaptic
inhibition of transmitter release by endocannabinoids may
adopt two different forms of short-term synaptic plasticity,
depending on the involvement of GABA or glutamate
transmission, respectively: depolarization-induced suppres-
sion of inhibition (DSI) and depolarization-induced sup-
pression of excitation (DSE) (Diana and Marty 2004;
Wilson and Nicoll 2002). Both forms of synaptic plasticity
involve the initial activation of a postsynaptic large
projecting neuron (pyramidal or Purkinje cells) that sends
a retrograde messenger to a presynaptic GABA terminal
(DSI) or a presynaptic glutamate terminal (DSE), inducing
a transient suppression of either the presynaptic inhibitory
or the presynaptic excitatory input. The contribution of
endocannabinoids to these forms of short-term synaptic
plasticity has been described in the hippocampus and the
cerebellum (Diana and Marty 2004; Wilson et al. 2001;
Wilson and Nicoll 2001). The role of endocannabinoid-
induced DSI or DSE seems to be the coordination of neural
networks within the hippocampus and cerebellum that are
involved in relevant physiological processes, such as
memory or motor coordination.

Overall, endocannabinoids act as local messengers that
adjust synaptic weight and contribute significantly to the
elimination of information flow through specific synapses
in a wide range of time frames. The fact that cannabinoid
receptor stimulation has a major impact on second
messengers involved not only in synaptic remodeling
(Derkinderen et al. 1996; Piomelli 2003), but also in
neuronal differentiation (Rueda et al. 2002) and neuronal
survival (Marsicano et al. 2003), indicates that this
signaling system is a major homeostatic mechanism that
guarantees a fine adjustment of information processing in
the brain and provides counter-regulatory mechanisms
aimed at preserving the structure and function of major
brain circuits. Both processes are relevant for homeostatic
behavior, such as motivated behavior (motor learning,
feeding, reproduction, relaxation, and sleep), and emotions,
as well as for cognition, since learning and memory require
dynamic functional and morphological changes in brain
circuits. An experimental confirmation of this hypothetical
role of the endogenous cannabinoid system was the
demonstration of its role in the control of the extinction of
aversive memories (Marsicano et al. 2002).
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Disturbances of the endocannabinoid system
in schizophrenia

Preclinical studies: alterations in endocannabinoid signaling
in animal models of schizophrenia

It is evident that psychosis is difficult to study from an
experimental point of view in laboratory animals, since
cognitive deficits are crucial in human schizophrenia.
However, certain “psychotic-like” alterations have an
animal correlate, and their study is considered as accept-
able. For instance, prepulse inhibition (PPI) is a phenom-
enon wherein the startle response is reduced when the
startling stimulus is preceded by a low-intensity prepulse
(Graham 1975; Hoffman and Ison 1980; Geyer et al. 2001).
It represents a normal sensorimotor gating response that is
typically impaired in schizophrenic patients (Geyer et al.
2001). In rats and mice, PPI is selectively disrupted
(decreased PPI) by dopamine agonists such as apomor-
phine, serotonergic compounds acting at the 5-HT,4
serotonin receptor, as well as psychotomimetics (Mansbach
et al. 1988; Ralph-Williams et al. 2001, 2002; Ouagazzal et
al. 2001; Geyer et al. 2002). Disruption of PPI is attenuated
by antipsychotic drugs; hence, it is considered as a valid
predictor of “psychosis-like” drug properties in animal
models (Geyer et al. 2001; Ouagazzal et al. 2001).
Contradictory results have been reported regarding canna-
binoid effects on PPI. Some authors have observed that
CB; receptor agonists such as WIN55,212-2, AM404, or
CP55,940 disrupt the PPI (Mansbach et al. 1996; Schneider
and Koch 2002), but others have not seen changes (Stanley-
Cary et al. 2002; Bortolato et al. 2006). The indirect
agonist, AM404, that increases the availability of the
endocannabinoids 2-AG and anandamide in the biophase
also disrupts the PPI in Swiss mice (Fernandez-Espejo and
Galan-Rodriguez 2004), although this finding has not been
corroborated by others (Bortolato et al. 2006). On the other
hand, Ballmaier et al. (2007) report that the CB, antagonists
SR141716A and AM251 act as antipsychotic compounds in
rats reversing phencyclidine- and dizocilpine-induced dis-
ruption of PPI. It has been proposed that PPI changes in
rodents may be masked by decreased startle response
amplitudes (Martin et al. 2003) or that the use of ethanol
as solvent can induce false results because ethanol has
significant effects on PPI performance on its own (Stanley-
Cary et al. 2002). Contradictory results on PPI seem to be
more related to rearing condition or age of the animals,
pointing to an individual susceptibility based on these
factors. Thus, chronic A-9-THC does not affect adult rats
reared in groups, but it disrupts PPI whether rats have been
kept isolated to each other upon weaning (Malone and
Taylor 2006). The cannabinoid WINS55,212-2 disrupts PPI
in prepubertal rats but not in adult animals, and this
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disruption is selectively reversed with haloperidol
(Schneider and Koch 2003).

Auditory-evoked potential can be recorded during
sensory gating tests in laboratory animals. Sensory gating
has been demonstrated to be impaired in schizophrenic
humans as explained and, by using auditory-evoked
electroencephalography responses, a positive wave occur-
ring 50 ms (P50) following the auditory stimulus is the
most widely used auditory-evoked response to assess gating
in humans (Adler et al. 1982; Cadenhead et al. 2000).
Studies using the auditory conditioning—testing paradigm in
rats have shown gating of a negative auditory-evoked
potential recorded from implanted skull electrodes and from
the CA3 region of the hippocampus around 40 ms after an
auditory stimulus (Adler et al. 1986). This wave, known as
N40, is considered a homolog to the P50 wave recorded in
humans (Adler et al. 1986). The cannabinoid agonist
WINS5,212-2 disrupts auditory gating in rats, in the
hippocampus (CA3, dentate gyrus) and the medial prefron-
tal cortex (mPFC), and this disruption is prevented by the
CB, antagonist SR141716A (Dissanayake et al. 2008;
Zachariou et al. 2008). The CB; agonist CP-55940 has
been reported not only to impair PPI in rats but also
auditory gating and neuronal synchrony in limbic areas
such as the hippocampus and entorhinal cortex, as
evaluated through theta field potential oscillations (Hajos
et al. 2008). It seems clear that, at least in rats, cannabinoid
agonists impair auditory gating function in the limbic
circuitry, supporting a connection between cannabis abuse
and schizophrenia as evaluated through this animal model.

Another “psychotic-like” test is based on the induction
of disorganized behavior in rodents (oral stereotypies) by
psychotomimetic drugs and its attenuation with antipsy-
chotics. These responses are considered as to be a
consequence of the hyperdopaminergic activity induced
by the drug. These types of stereotypies are also observed
in psychotic humans, and they are exacerbated with
dopaminergic agonists and attenuated by antipsychotics,
being considered as a “psychotic-like” sign in animal
models of psychosis (Giuliani and Ferrari 1997). In this
respect, A-9-THC has been reported to potentiate the
stereotyped behavior in rats after amphetamine (Gorriti et
al. 1999). Figure 1 depicts two examples on the role of the
endogenous cannabinoid system as a potential modulator of
disorganized behavior. Moreno et al. (2005) reported that
chronic treatment with HU-210, a potent THC-like canna-
binoid agonist, resulted in an exacerbation to dopamine D,-
mediated disorganized behaviors. This was observed after
the induction of CB; receptor desensitization with HU-210
and was evident after a washout period of the drug, when a
substantial CB; downregulation is present. These results
support the idea that cannabinoid CB; receptors serves as a
brake for disorganized behavior mediated by dopaminergic
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Fig. 1 Desensitization (a—d) or blockade (e, f) of cannabinoid
receptors increases dopamine-mediated disorganized behaviors and
panic-like escape reactions. Stereotyped activity (a, b) and jumping
escape behavior (¢, d) (during 5-min scoring periods over a 125-min
session) exhibited in an observation box after administration of
dopamine D, agonist quinpirole (saline, 0.25, 0.5 mg/kg) at day 4 of
withdrawal from chronic HU-210 (20 pg/kg, 14 days, i.p.) or vehicle
treatment. Treatment effect, *p<0.05 versus acute saline administra-
tion in same chronic treatment; interaction chronic treatmentXxacute
administration X time effect, #p<0.05 versus control group. Simulta-
neous administration of a fixed dose of the dopamine D, receptor

transmission overactivity. Removal of this brake by
desensitizing cannabinoid CB; receptor sensitizes to
dopamine-mediated behavioral disorganization. This was
further confirmed by Ferrer et al. (2007) in a simple
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agonist quinpirole (Q, 0.25 mg/kg) with increasing doses of the
dopamine D; agonist SKF 38393 (SKF, 0.05, 0.25, and 1 mg/kg)
produced disorganized behavior, as reflected in the increasing
stereotyped activity (e). Blockade of cannabinoid CB; receptors with
SR141716A (SR, 1 mg/kg) markedly enhanced the response to
quinpirole (0.25 mg/kg) plus SKF (0.25 mg/kg), increasing the
stereotyped behavior (f). *p<0.01, different doses versus vehicle-
treated animals; #p<0.01, SR + SKF + Q versus SKF + Q. All data
are presented as the means + standard error of the mean of eight to ten
determinations per group, Newman—Keul’s test (modified from
Moreno et al. 2005 and Ferrer et al. 2007)

experiment: acute blockade of central CB, receptors with a
selective cannabinoid CB; receptor antagonist led to
potentiation of dopamine D; and D, receptor-mediated
induction of stereotypies. Additionally, Beltramo et al.
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(2000) have observed that dopamine D, receptor-mediated
head stereotypies are reversed by AM404 (10 mg/kg), an
indirect cannabinoid agonist. This AM404-induced effect is
inhibited by pretreatment with the selective CB; receptor
antagonist SR141716A, confirming the participation of
cannabinoid receptors in these effects. Overall, these results
show two important sides: while the endogenous cannabi-
noid system is protective against behavioral disorganiza-
tion, its dowregulation may result in a sensitization to
psychosis-like states.

Animal research also indicates that neuregulin 1 (Nrgl),
a gene from chromosome 8p, seems to be a susceptibility
gene for schizophrenia (Stefansson et al. 2002; Karl et al.
2007). Mutant mice heterozygous for the transmembrane
domain of Nrgl (Nrgl HET mice) exhibit a schizophrenia-
related behavioral phenotype (Stefansson et al. 2002; Karl
et al. 2007). Boucher et al. (2007a, b) have studied the
relationship between neuregulin, schizophrenia, and canna-
binoids in mice. Nrgl HET mice are more sensitive to the
acute effects of A-9-THC in an array of different behaviors
including those that model symptoms of schizophrenia. It
appears that variation in the schizophrenia-related neuregu-
lin 1 gene alters the sensitivity to the behavioral effects of
cannabinoids. It is worth noting that neurodevelopmental
alterations take place in neuregulin 1 mutant mice. Nrgl is
a ligand for ErbB receptor tyrosine kinases which, when
stimulated, may affect schizophrenia-related neurodevelop-
mental processes such as myelination, axon guidance,
neuronal migration, and glial differentiation (Falls 2003).
Neurodevelopmental alterations linked to cannabis abuse
have been associated with schizophrenia in humans (see the
“Clinical studies” section).

There is indeed preclinical evidence indicating that
chronic administration of cannabinoid agonists during the
periadolescent period causes diverse persistent behavioral
alterations in adulthood. For instance, chronic administra-
tion of the cannabinoid receptor agonist CP 55,940 (CP)
from PND 35 to PND 45 in rats resulted in marked sex-
dependent alterations in motor and exploratory activity
(Biscaia et al. 2003) and a 21-day treatment with the same
drug in 30-day-old rats resulted in long-term increased
anxiety and a lasting impairment of working memory
(O’Shea et al. 2004). Interestingly, these later behavioral
changes were observed in adolescent but not adult drug-
treated rats. In another study, chronic pubertal treatment
with another cannabinoid agonist, WIN 55,212-2 (WIN),
resulted in impaired memory in adulthood as well as in a
disrupted PPI of the acoustic startle response and lower
breakpoints in a progressive ratio operant behavior task
(Schneider and Koch 2003). Since PPI deficits, object
recognition memory impairments, and anhedonia/avolition
are among the endophenotypes of schizophrenia, the
authors of this study proposed chronic cannabinoid admin-
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istration during pubertal development as a neurodevelop-
mental animal model for some aspects of the etiology of
schizophrenia. In line with the study by O’Shea et al.
(2004), these authors also showed that chronic treatment
with WIN during adulthood did not lead to changes in any
of the behaviors tested (Schneider and Koch 2003). Thus,
the early adolescent period appears to have a unique
vulnerability to at least some of the adverse effects of
cannabis. On the other hand, in a recent study by O’Shea et
al. (2006), it was found that chronic exposure to the
cannabinoid agonist CP during perinatal, adolescent, or
early adulthood induced similar long-term memory impair-
ments and increased anxiety in male rats. To explain the
different results with respect to their previous study
performed in female rats (O’Shea et al. 2004, see above),
they claimed that adult males might be more vulnerable
than adult females to some of the detrimental effects of
cannabinoids, such as cognitive disturbances. It would be
very interesting to directly address possible sexual dimor-
phisms regarding increased risk to show schizophrenic-like
symptoms in adolescent animals exposed to cannabinoids.
Moreover, the effect of sex should be more carefully
considered in epidemiological studies.

The three-hit model of schizophrenia proposes the
following sequence: Genetic and early environmental
factors disrupt central nervous system development and
together act as a vulnerability factor that produces a long-
term susceptibility to an additional adverse event (usually
around puberty) that then precipitates the onset of schizo-
phrenic symptoms (Maynard et al. 2001; Ellenbroek 2003).
Based on this concept, Schneider and Koch (2005, 2007)
have analyzed the effects of neonatal excitotoxic lesions of
the mPFC and a chronic pubertal treatment with WIN on
various forms of social and nonsocial behaviors. Their
results indicated that behavioral deviations induced by
neonatal mPFC lesions can be exacerbated by pubertal
chronic cannabinoid treatment, leading to long-lasting
impairments of mnemonic short-term information process-
ing and reduced interest for social interaction. Inadequate
social behavior and cognitive impairments are among the
symptoms of schizophrenia (Robertson et al. 2006). In
particular, object recognition memory is impaired in
schizophrenic patients (Heckers et al. 2000; Doniger et al.
2002). Thus, animal models such as the one proposed by
Schneider and Koch (2005, 2006) may be useful in
elucidating the mechanisms by which adolescent cannabis
exposure triggers psychotic symptoms in vulnerable indi-
viduals. With respect to possible neurochemical correlates
of long-term effects of adolescent cannabis exposure, the
PPI deficit induced by chronic peripubertal WIN treatment
observed in the study by Schneider and Koch (2003, see
above) was reversed by acute administration of the
dopamine antagonist haloperidol 85 days after the chronic
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treatment, which suggests persistent alterations in the
dopaminergic system (Schneider and Koch 2003). A more
recent study has examined the effects of repeated cannabi-
noid administration on mesoaccumbens dopaminergic neu-
ronal functions and responses to drugs of abuse. Animals
were pretreated during adolescence or adulthood, for 3 days,
with WIN or vehicle and allowed a 2-week interval. In
WIN-administered rats, dopaminergic neurons were signif-
icantly less responsive to the stimulating action of the
cannabinoid, regardless of the age of pretreatment. Howev-
er, in the adolescent group, but not in the adult group, long-
lasting cross-tolerance developed to morphine, cocaine, and
amphetamine (Pistis et al. 2004). Thus, cannabis exposure at
a young age may induce long-term neuronal adaptations in
the mesolimbic dopaminergic system and hence affect the
responses to both natural rewards and drugs of abuse.

Clinical studies
Genetic studies

Several genetic alterations have been linked to a higher
predisposition to suffer from schizophrenia after cannabis
abuse. Thus, the gene codifying the enzyme catechol-O-
methyl-transferase (COMT), which is involved in dopamine
degradation, shows a functional polymorphism (Vall58Met)
with two variants (G and A) that induce a single amino acid
change in the protein (valine or methionine, respectively).
Those individuals with the G variant (Val/Val genotype) or
Val/Met heterozygotes have a greater likelihood to suffer
from psychotic disorder after cannabis abuse (Caspi et al.
2005). These two COMT isoforms degrade dopamine at a
higher rate than the Met/Met homozygotes, and dopamine
dysregulation is related to schizophrenia.

Genetic alterations affecting the CNRI gene which
codes for the cannabinoid CB; receptor could also be
related to schizophrenia. Ujike et al. (2002) reported that
hebephrenic schizophrenia could be linked to a nine-time
repetition of the triplet AAT in the 3’ region of the
codifying exon of the gene. Recently, Chavarria-Siles et
al. (2008) have confirmed that hebephrenic schizophrenia is
associated with the CNR1 gene and present a type of
symptomatology that resembles cannabinoid-induced psy-
chosis. It, therefore, seems that the CNR1 gene and its
molecular expression could be linked to a special predis-
position to suffer from this type of schizophrenia. However,
alterations in the CNR1 gene leading to an increase risk for
schizophrenia is substantiated in a small number of human
studies, and alternative possibilities have not been ruled out
(i.e., other consequences of the mutated gene).

On the other hand, polymorphisms in the CNRI1 gene
can also be associated to protection for psychosis or to

better therapeutic outcome. Ujike et al. (2002) also report
that 17-time repetition of the AAT triplet confers protection
against the disorder, although this hypothesis cannot be
validated using epidemiological evidence because of the
possible changes in other brain systems that might result
from such a mutation. The CNR1 gene has also been
associated to the therapeutic effects of antipsychotics. A
1359G/A polymorphism of the CNR1 gene (G allele) is
associated to a better pharmacological response to atypical
antipsychotics with a clear dose effect of the G allele in a
population of French schizophrenic patients (Hamdani et al.
2008). The G allele of the CNR1 gene polymorphisms could
be a psychopharmacogenetic rather than a vulnerability
factor regarding schizophrenia and its treatment. In conclu-
sion, genetic studies confirm the two sides of the coin: some
polymorphisms are associated to higher risk for schizophre-
nia, and others are associated to protection against the
disorder or better response to antipsychotic therapy.

Endogenous ligand studies

An involvement of the endogenous cannabinoid system in
schizophrenia is also supported by findings in the
cerebrospinal fluid (CSF) in patients with schizophrenia.
Leweke et al. (1999) reported that the endocannabinoids
anandamide (AEA) and palmitoylethanolamide (PEA) are
elevated in the CSF of untreated schizophrenic patients,
and they proposed a relationship between the onset of
schizophrenia and altered AEA and PEA levels. Levels of
2-arachidonylglycerol (2-AG) were not observed to be
affected because they were below detection. Di Marzo’s
group reported that anandamide levels are also enhanced in
the blood of patients with schizophrenia (De Marchi et al.
2003).

However, Giuffrida et al. (2004), while confirming these
findings, observed that typical antipsychotic treatment
reversed CSF AEA excess, in contrast to treatment with
atypical antipsychotics. In accordance, they suggest that
anandamide hyperactivity is not involved in the onset of
psychosis, but it seems to be a homeostatic mechanisms
tending to reduce hyperdopaminergia. Typical antipsy-
chotics antagonize D,, dopamine receptors, while atypical
compounds possess a wider receptorial spectrum, acting
upon other receptors such as serotonergic 5-HT2A and 5-
HT2C receptors. It is known that D, stimulation increases
AEA release that otherwise reduces dopamine release
through a feedback mechanism, hence inhibition of AEA
augmentation after typical antipsychotics relieving schizo-
phrenia would indicate that hyperanandamidergia is a
compensatory homeostatic mechanisms tending to reduce
excessive dopaminergic stimulation. In fact, there is a clear
negative correlation between psychotic symptoms and CSF
AEA levels (Giuffrida et al. 2004).

@ Springer



538

Psychopharmacology (2009) 206:531-549

In another study, Leweke et al. (2007) examined whether
cannabis use alters serum and CSF anandamide levels in
first-episode antipsychotic-naive schizophrenic humans. In
patients with low-frequency cannabis use, CSF AEA levels
were more than tenfold higher than in high-frequency users.
They propose that frequent cannabis exposure may down-
regulate anandamide signaling in the CNS of patients with
schizophrenia, and this fact could increase the risk for new
psychotic episodes.

CB, receptor studies in postmortem

Three independent research groups have performed post-
mortem evaluations of CB; receptors densities in the brain
of schizophrenic patients. Dean et al. (2001) reported
upregulation of CB; receptors in the dorsolateral prefrontal
cortex by using autoradiography and in situ binding with
the radioligand [PH]CP-55940, a nonselective cannabinoid
agonist. The prefrontal cortex belongs to the dopaminergic
mesocorticolimbic system, and it is involved in attentional
and cognitive processes. Zavitsanou et al. (2004), by using
the more selective radioligand [°H]SR141716A, found that
there is an upregulation of around 64% in density of CB;
receptors in the anterior cingulate cortex, a cortical area
intimately connected with the prefrontal cortex. Finally,
Mewell et al. (2006) detected an increase in the density of
receptors in the posterior cingulate cortex, another region of
the cingulate cortex involved in cognition. In this context,
the cingulate cortex is a site of integration of information
sources that include cognitive, emotional, and interoceptive
signals, and it is considered as divided into four regions
with different roles in the processing of emotional infor-
mation (the four-region model; Vogt 2005), these regions
being activated in important cognitive processes such as
fear, sadness, self-awareness, normal social cognition, and
decision-making (Gallagher et al. 2003; Wicker et al. 2003;
Vogt 2005). The prefrontal cortex is also known to
participate in negative aspects of schizophrenia such as
anhedonia, poor thinking, apathy, blunted social interaction,
and amotivation; hence, all data point to a possible role of
CB, receptor changes in these areas in the symptomatology
of schizophrenia. These studies have been criticized due to
the low number of studied patients and the possible
interference of the antipsychotic medication, but they point
to an intrinsic disturbance of the endocannabinoid system in
frontal and cingulate areas in schizophrenia.

Cannabis abuse, schizophrenia, and brain morphology
As already mentioned, the greatest risk of onset of cannabis
use is in the age range 15-20 years that coincides with the

onset of schizophrenia (Grant et al. 2008). It is possible that
cannabis may affect neurodevelopmental processes, such as
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synaptic plasticity, thought to be impaired in schizophrenia
(Feinberg 1982; Keshavan et al. 1994): Exogenous canna-
binoids could alter endogenous cannabinoid-mediated
synaptic plasticity, affecting brain maturation in adoles-
cence (Robbe et al. 2003). Magnetic resonance imaging
studies in cannabis users without schizophrenia have
revealed reductions of gray matter density (Matochik et al.
2005). However, this reduction was not found by Block et
al. (2000), but they did find that cannabis users have lower
ventricular CSF volume compared with nonusers. A recent
study by Bangalore et al. (2008) indicates that cannabis-
using patients with first-episode schizophrenia have more
prominent gray matter density and volume reduction in the
right posterior cingulate cortex compared to patients not
using cannabis or healthy subjects. Rais et al. (2008)
confirmed that first-episode schizophrenia patients who use
cannabis show a more pronounced brain volume reduction
over a 5-year follow-up than patients with schizophrenia
who do not use cannabis. However, brain volume
reduction has not been found by other authors (Cahn et
al. 2004) by using magnetic resonance acquisition and
processing procedures. It is also important to note that
antipsychotic use has been shown to affect brain structure
in patients with first-episode psychosis (Lieberman et al.
2005) and causes volume changes in the caudate nucleus
(Scheepers et al. 2001), and this factor is a confounding
variable in many studies. To sum up, contradictory results
have been reported regarding the association between
cannabis-induced neuroplastic changes and first episode
of schizophrenia.

Cannabis abuse, schizophrenia, and neurodevelopment
during adolescence

According to the Feinberg hypothesis (Feinberg 1982,
1987), a substantial reorganization of cortical connections,
involving a programmed synaptic pruning, takes place
during adolescence in humans. An excessive pruning of
the prefrontal corticocortical and corticosubcortical synap-
ses, perhaps involving the excitatory glutamatergic inputs
to pyramidal neurons, may underlie schizophrenia. A
reciprocal failure of pruning in certain subcortical struc-
tures, such as the lenticular nuclei, may also occur. Several
developmental trajectories, related to early brain insults as
well as genetic factors affecting postnatal neurodevelop-
ment, could lead to the illness (Spear 2000; Adriani and
Laviola 2004; Marek and Merchant 2005). The high rates
of cannabis use among adolescents and young adults (Hall
and Degenhardt 2007; United Nations Office on Drugs and
Crime, http://www.unodc.org/unodc/index.html; The Euro-
pean Monitoring Centre for Drugs and Drug Addiction
(EMCDDA), http://www.emcdda.europa.eu/) makes it per-
tinent to investigate the short-term and long-term conse-
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quences of cannabis use during this critical period of
development. Indeed, the research of the last decade has
provided substantial evidence indicating that cannabis use
in adolescence increases the likelihood of experiencing
symptoms of schizophrenia in adulthood (Andreasson et al.
1987; Arseneault et al. 2002; Stefanis et al. 2004). This
association has very important consequences in terms of
risk-reduction strategies, which would contribute to pre-
vention and early implementation of therapeutic programs
(De Irala et al. 2005; Verdoux et al. 2005; Miettunen et al.
2008). The evidence pertaining to cannabis use and
occurrence of psychotic or affective mental health out-
comes has been recently reviewed by Moore et al. (2007).
The authors found that there was an increased risk of any
psychotic outcome in individuals who had ever used
cannabis (pooled adjusted odds ratio=1.41, 95% confi-
dence interval [95%CI]=1.20—1.65). Findings were consis-
tent with a dose-response effect with greater risk in people
who used cannabis most frequently (odds ratio=2.09, 95%
CI=1.54-2.84) and suggested that cannabis increases the
risk of psychotic outcomes, independently of confounding
and transient intoxication effects.

It is as yet unclear what the causal relationship between
cannabis use during adolescence and the development of
schizophrenia in adulthood is. It is also important to note
that the conclusion that early chronic cannabinoid use is
detrimental to those at risk for schizophrenia as adults is
based largely on animal data. The ultimate proof of a causal
relationship between cannabis use and psychotic illness
later in life would come from studies in which healthy
young people were exposed to A-9-THC and followed up
until adulthood. Obviously, for practical and ethical
reasons, such an approach is impossible. In fact, among
many other important health risks, it is well known that
cannabis induces harmful effects on cognitive function
(Nordentoft and Hjorthegj 2007; Solowij and Michie 2007,
Solowij et al. 2002). On the other hand, such studies can be
performed in animals under well-controlled conditions.
Hence, such animal models can shed light on the
underlying neurobiological mechanisms and the relation-
ship between cannabis use and schizophrenia, as detailed in
a previous section of this review. As discussed in previous
sections of this review, a dysregulation of the endocanna-
binoid system may be implicated in the pathogenesis of
schizophrenia. The peripubertal period appears to be critical
for the development of cannabinoid CB; receptors and
endocannabinoid levels (Rodriguez de Fonseca et al. 1993;
Wenger et al. 2002). Therefore, it is conceivable that
chronic interference by cannabis with the developing
endocannabinoid system during this critical time interval
leads to severe and persistent functional impairments
(Schneider and Koch 2007) that might reflect, at least in
part, psychosis-related symptoms.

The association between neuregulin 1 and neurodevel-
opment alterations is also of interest. Human and animal
research indicates that neuregulin 1 (Nrgl), a gene from
chromosome 8p, seems to be a susceptibility gene for
schizophrenia (Stefansson et al. 2002; Karl et al. 2007,
Walss-Bass et al. 2006a, b). Walss-Bass et al. have
identified a missense mutation (Val to Leu) in exon 11,
which codes for the transmembrane region of the neuregu-
lin 1 protein, and this mutation is associated with psychosis
(»=0.0049) and schizophrenia (p=0.0191). As explained,
Nrgl is a ligand for ErbB tyrosine kinase receptor which
may affect schizophrenia-related neurodevelopmental pro-
cesses such as myelination, axon guidance, neuronal
migration, and glial differentiation after stimulation (Falls
2003). The variation in the schizophrenia-related neuregulin
1 gene alters the sensitivity to the behavioral effects of
cannabinoids.

Modulation of endocannabinoid signaling
by antipsychotics

Haloperidol medication is known to worsen the cognitive
effects of A-9-THC in schizophrenics, indicating that there is a
cross-talk between the cannabinoid and dopaminergic systems
in schizophrenic patients (D’Souza et al. 2008b). On the other
hand, cannabis-induced psychosis is responsive to treatment
with antipsychotic drugs (Berk et al. 1999), further suggest-
ing that the endocannabinoid system is involved in psychosis
or the therapeutic effects of antipsychotics. The atypical
antipsychotic drug clozapine decreases the use of cannabis in
patients with schizophrenia (Drake et al. 2000). In this
context, Sundram et al. (2005) have reported that, by using in
situ radioligand binding and quantitative autoradiography
with the selective cannabinoid CB; receptor agonist (—)-cis-
3-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4-(3-
hydroxypropyl)cyclohexanol (side chain-2,3,4(N)-3H) ([*H]
CP 55940) to measure the density of the CB; receptor in the
frontal cortex, hippocampus, nucleus accumbens, and stria-
tum, the antipsychotic clozapine significantly decreased [*H]
CP 55940 binding in the nucleus accumbens compared with
vehicle. This effect is not observed with haloperidol,
chlorpromazine, or olanzapine; hence, this effect of clozapine
is a mechanism that makes it uniquely effective in
schizophrenia and comorbid cannabis use. Antipsychotics
also influence the density of the CB, receptor and the actions
of A-9-THC. Thus, Wiley et al. (2008) report that subchronic
treatment with haloperidol and clozapine decreases CB;
receptor-mediated G protein activity in specific forebrain
regions in adult female rats without affecting CB, receptor
densities. In vivo, subchronic treatment with clozapine, but
not haloperidol, attenuates A-9-THC-induced suppression of
activity in adult females. In contrast, antipsychotic treatment
did not change CB, receptor-mediated G protein activation in
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any brain region in adult male rats and in adolescents of
either sex. In vivo, haloperidol, but not clozapine, enhanced
A-9-THC-mediated suppression of activity and hypothermia
in adult male rats whereas neither antipsychotic affected A-9-
THC-induced in vivo effects in adolescent rats. These
findings suggest that modulation of the endocannabinoid
system might contribute in a sex- and age-selective manner
to differences in motor side effects of clozapine versus
haloperidol.

Finally, it is worth mentioning that typical antipsy-
chotic treatment reverses CSF excess of the endocanna-
binoid anandamide in schizophrenics, in contrast to
treatment with atypical antipsychotics (Giuffrida et al.
2004). Since haloperidol medication worsens the cognitive
effects of A-9-THC in schizophrenics, this later fact is in
contrast with the proposed homeostatic protective role of
anandamide excess in schizophrenics (Giuffrida et al.
2004).

Neurobiological integration of cannabinoid
dysregulation with current theories of schizophrenia

Schizophrenic symptoms are attributed, among other
mechanisms, to a hyperdopaminergic state in the meso-
limbic system (the ventral striatum as the main region)
together with a hypodopaminergic tone in the mesocortical
system, the prefrontal cortex being the main region (Grace
1991; Moore et al. 1999). Schizophrenia has consistently
been related to increased dopamine function in the striatum
(Seeman and Lee 1975; Angrist and Van Kammen 1984),
possibly caused by a disinhibition of striatal dopamine
transmission (Laruelle et al. 1996). Biochemical informa-
tion confirms that neural dopaminergic systems are altered
in schizophrenia because striatal D, receptors are upregu-
lated in schizophrenic brains (Hirvonen et al. 2005) and the
dopamine transporter DAT is downregulated in the prefron-
tal cortex, a homeostatic response suggestive of reduced
dopamine release in the biophase (Sekine et al. 2003). The
dopaminergic hypothesis of schizophrenia is strongly
supported by the fact that the most effective antipsychotics
are antidopaminergic compounds, mostly acting upon D,
receptors.

Exogenous or endogenous cannabinoids could partici-
pate in the dysregulation of the mesocorticolimbic dopami-
nergic activity in schizophrenia (Gardner and Vorel 1998)
because the endocannabinoid system is a feedback mech-
anism negatively regulating dopamine release (Rodriguez
de Fonseca et al. 1998). Exogenous administration of
cannabinoid agonists enhances activity of dopamine neu-
rons located in the ventral tegmental area (VTA; French et
al. 1997), leading to augmentation of dopamine release in
the ventral striatum or nucleus accumbens (Gardner et al.
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1988). Although stimulation of CB; autoreceptors is known
to reduce dopamine release (Beltramo et al. 2000; Wilson
and Nicoll 2002), systemic administration of CB; agonists
enhances dopamine release. This is due to the inhibitory
effects of CB; agonists on GABAergic interneurons in the
VTA, which leads to a disinhibition of VTA neurons (see
Fig. 2). Recently, Bossong et al. (2009) have demonstrated
that A-9-THC induces dopamine release in the human
striatum. Using the dopamine D,/Ds tracer [''C]raclopride
and positron emission tomography, they demonstrate that
A-9-THC inhalation reduces [''C]raclopride binding in the
ventral striatum and the precommissural dorsal putamen,
which is consistent with an increase in dopamine levels in
these regions.

It can be speculated that dysregulation of the endocan-
nabinoid system in the VTA or excessive stimulation of
CB; receptors (for instance, after prolonged abuse of A-9-
THC) could be linked to schizophrenia through a facilita-
tion of dopamine release in the mesolimbic system, a
dysregulation of dopaminergic activity or a desensitization
of limbic CB; receptors (Pertwee 2005). At a molecular
level, both dopamine D, and cannabinoid CB; receptor
stimulation induces a decrease in cAMP content in limbic
regions such as the nucleus accumbens. When dopamine
activity is enhanced (as it is the case in schizophrenia),
heterologous sensitization develops: D, receptor stimula-
tion enhances cAMP levels instead. CB; stimulation
opposes D,-mediated cAMP augmentation (Jarrahian et al.
2004), a fact that could help explain why anandamide is
enhanced in schizophrenics’ CSF. However, prolonged
endocannabinoid action (or A-9-THC abuse) would desen-
sitize CB; receptors which would no longer oppose D,-
mediated effects, facilitating hyperdopaminergic effects and
surely aggravating the course of schizophrenic psychosis.
In this context, as already mentioned, cannabis abuse is also
known to reduce CSF hyperanandamidergia, indicating that
cannabis abuse would antagonize the “protective” role
attributed to anandamide (Leweke et al. 2007). The
neurophysiological integration of the endocannabinoid
system with the dopaminergic hypothesis of schizophrenia
is also favored by the fact that there is augmentation of CB,
receptor density in the prefrontal cortex of schizophrenics
(Dean et al. 2001). Logically, upregulation of cannabinoid
receptors and a higher endocannabinoid tone would reduce
dopamine release at a presynaptic level, which could help
explain hypodopaminergic activity in the prefrontal cortex.

Another interesting phenomenon observed in schizo-
phrenics who do not consume cannabis is the reduction in
striatal DAT expression, as measured through [*H]mazindol
binding, while these levels are normal in patients who are
also cannabis abusers (Dean et al. 2003). This effect would
point to a modulation of DAT levels after repeated A-9-
THC which could counteract limbic hyperdopaminergia,
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DA|

Ventral tegmental area

Fig. 2 Cannabis abuse/endocannabinoid excess, and the dopaminer-
gic system in schizophrenia. Cannabis abuse, mostly its active
component A-9-THC (or endogenous cannabinoid excess), acts upon
CB; receptors inducing a limbic dopaminergic hyperactivity (through
inhibition of GABA neurons of the VTA), b prefrontal dopaminergic
hypoactivity (CB,; receptors density is enhanced in the prefrontal
cortex of schizophrenics, and stimulation of CB; receptors reduces

suggesting a potentially “self-medication” role for A-9-
THC. However, it is also evident that with repeated A-9-
THC consumption and the subsequent desensitization of the
CB, receptors, the “self-medication” effect would likely
wear off.

The N-methyl-D-aspartate (NMDA) receptor hypothesis
of schizophrenia states that there is an impairment of the
glutamatergic neurotransmission in limbic and cortical
regions and reduced activity of NDMA receptors is a
central factor. This hypothesis helps explain why NMDA
receptor antagonist such as phencyclidine and ketamine
induce psychotic symptoms (Javitt and Zukin 1991), acting
as hallucinogenic drugs. With regard to the endocannabi-
noid system, 2-AG, unlike anandamide, is especially
involved in glutamatergic neurotransmission, and this
endocannabinoid negatively modulates glutamate release
acting through presynaptic CB; receptors (Katona et al.
2006). It is worth noting that data supporting an interaction
between endocannabinoids and glutamate underlying
schizophrenia are only preclinical, and there is so far no
clinical evidence. The endocannabinoid 2-AG is known to
reduce glutamate release in several neuronal areas related to
schizophrenia such as the hippocampus (Fujiwara and
Egashira 2004), prefrontal cortex (Auclair et al. 2000),

Prefrontal
hypodopaminergia

annabis abuse

Prefrontal cortex

CB1 receptor
desensitization

neuron

Nucleus accumbens

tonic dopamine release), and ¢ desensitizes CB; receptors (i.e., in the
nucleus accumbens) thereby blocking antagonistic properties between
CB; and D, dopamine receptors (leading to upregulation of cAMP, as
detected in schizophrenics). DA dopamine, GABA gamma-
aminobutyric acid, CB; cannabinoid receptor type 1, D, dopamine
receptor type 2

nucleus accumbens (Robbe et al. 2001), and amygdala
(Azad et al. 2003). Glutamate and NMDA receptor
hypoactivity in the prefrontal cortex is also important for
understanding some changes in dopamine neurotransmis-
sion because reduced glutamate release in the prefrontal
cortex is accompanied by reduced dopamine release as well
(see Fig. 3). Taken all together, these data are in accordance
with the proposed hypodopaminergic state in the prefrontal
cortex in schizophrenia.

Experimentally, it is known that glutamate release in the
striatum or accumbens induces the postsynaptic production
and release of 2-AG through the activation of mGIluRS5
receptors. The endocannabinoid 2-AG acts through CB,
autoreceptors by blocking glutamate release (Katona et al.
2006). It is of interest that the antipsychotic effects of the
cannabinoid antagonist rimonabant in animal models are
due to changes in glutamatergic transmission in the nucleus
accumbens, without dopaminergic participation (Soria et al.
2005), suggesting an important role for the interaction of
endocannabinoids and glutamate in this nucleus in psy-
chotic effects. Recently, it has been reported that there is a
functional interaction between 2-AG and AEA in striatal
areas because AEA downregulates the other endocannabi-
noids (Maccarrone et al. 2008), even though effects can

@ Springer



542

Psychopharmacology (2009) 206:531-549

Mesocorjicakinput

@ DA

GIutamatel

«

Nucleus accumbens
Prefrontal cortex

Fig. 3 Endocannabinoids, the NDMA glutamatergic system, and
schizophrenia. In schizophrenic brains, medium spiny GABA neurons
located in the nucleus accumbens would have an enhanced endocan-
nabinoid tone (mostly affecting 2-AG release and its biophase levels).
Enhanced 2-AG diminishes corticostriatal glutamatergic release
through presynaptic CB; receptors. In parallel, a reduced glutamate
release in the prefrontal cortex would in turn reduce dopamine release
from mesocortical terminals (prefrontal dopaminergic hypoactivity).
GABA gamma-aminobutyric acid, CB; cannabinoid receptor type 1,
D, dopamine receptor type 1, NMDA N-methyl-D-aspartate receptor

also be synergic, and the picture is far from being fully
understood (Di Marzo and Maccarrone 2008). It is
interesting to note that neuregulin 1 mutant mice display a
hypofunctional glutamatergic system with a deficit in
NMDA receptor expression (Stefansson et al. 2002; Karl
et al. 2007). In addition, stimulation of tyrosine kinase
ErbB receptor affects glutamate transmission, which is in
line with the NMDA hypothesis of schizophrenia.

At a clinical level, it is possible that there are local
changes of 2-AG in striatal areas. However, Leweke et al.
(2007) reported that, in patients with high-frequency
cannabis use, CSF AEA levels were more than tenfold
lower than in patients with low-frequency use. Taken
together, these facts allow us to propose a hypothesis based
on an opposing role for 2-AG and AEA in schizophrenia, a
hypothesis that needs to be tested with clinical studies.
Thus, a possible dysregulation of both endocannabinoids
could affect glutamate release in limbic and cortical areas,
and the 2-AG/AEA ratio in these areas could be important
for predicting whether or not there is a special risk for
psychosis. To sum up, chronic exposure to cannabinoids or
dysregulation of the endocannabinoid system could alter
dopamine and glutamate systems in such a way that a
“cannabinoid hypothesis” can be integrated in the neurobi-
ological hypotheses of schizophrenia. However, it is
important to note that cannabinoid function affects multiple
systems in the brain and other neurotransmitter systems
could be involved or neurobiological compensatory pro-
cesses could also occur.
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Epidemiological studies

The emergence of psychotic symptoms have been reported
following chronic cannabis use (Castle and Ames 1996;
Hall and Solowij 1997), the age of first use being
important, which confirms the importance of adolescence
as a critical period (Zammit et al. 2002; Henquet et al.
2005). The initial study by Andreasson et al. (1987)
postulated a relation between cannabis use and the
development of schizophrenic syndrome. They studied the
association between level of cannabis consumption and
development of schizophrenia during a 15-year follow-up
in a cohort of 45,570 Swedish conscripts. They concluded
that the relative risk for schizophrenia among high
consumers of cannabis (use on more than 50 occasions)
was 6.0 (95%CI=4.0-8.9) compared with nonusers. Other
authors have carried out similar studies leading to similar
conclusions (Zammit et al. 2002; Arseneault et al. 2002;
van Os et al. 2002), as summarized in Table 1. Ferdinand et
al. (2005) carried out a 14-year follow-up study of 1,580
initially 4- to 16-year-old Dutch individuals and they
concluded that the link between cannabis use and psychotic
symptoms is specific, not depending on the earlier presence
of other types of psychopathology. Recently, Fergusson et
al. (2005) have studied 1,055 members of New Zealand
birth cohort during 4 years and they found that the relative
risk for schizophrenic psychosis in cannabis abusers is 2.23
and rates of psychotic symptoms were between 1.6 and 1.8
times higher (p<0.001) than nonusers of cannabis. More-
over, cannabis is associated with an increased risk of
developing schizophrenia in a dose-dependent fashion
(Zammit et al. 2002; Henquet et al. 2005). This association
between cannabis and schizophrenia is not explained by use
of other psychoactive drugs. In the studies by Zammit et al.
(2002), Arseneault et al. (2002), van Os et al. (2002), and
Fergusson et al. (2005), the effects of the use of other drugs
(cocaine, amphetamine, alcohol, and nicotine) have also
been evaluated, and the odds ratios remain being significant
after controlling for this confounding factor (Smit et al.
2004). Semple et al. (2005) reviewed all previous epidemi-
ological studies and conclude that cannabis is a risk factor
for psychosis and psychotic symptoms, independently of
the presence of other factors (i.e., genetic factors). More
recent studies have been carried out in different countries:
Stefanis et al. (2004) in Greece shows that cannabis use is
also an important risk factor for the negative dimensions of
schizophrenia; Rdossler et al. (2007) in Switzerland found
significant relationships between cannabis use in adoles-
cence and the nuclear syndrome of schizophrenia. The
latest one is carried out in Trinidad and Tobago by Konings
et al. (2008) with similar results concerning the importance
of age of beginning. In a recent meta-analysis, Moore et al.
(2007) concluded that cannabis use increases the risk for
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Table 1 Summary of prospective studies of cannabis use and psychotic symptoms

Study Sample Assessment Outcome measure Cannabis use criteria Association between cannabis
and psychosis (95%CI)
Andreasson 45,570 male At 15 year Clinical diagnosis of Structural interview Relative risk 6 (4.0 to 8.9)
et al. Swedish military follow-up schizophrenia
(1987) conscripts aged 18
to 21
Tien and 4,994 adult Diagnostic interview Self-report (daily use) Odds ratio 2.62
Anthony household
(1990) residents
Arseneault 759 members of At age 26 DMS-1V criteria for Cannabis use Cannabis users by age 15;
et al. New Zealand birth schizophreniform (three times or more) odds ratio 1.95 (0.76 to 5.01)
(2002) cohort disorder
van Os et 4,104 participants in Assessed three ~ BPRS (>1 positive rating Cannabis use derived from Odds ratio 6.81 (1.79 to 25.92)
al. (2002)  Dutch general times over on psychotic symptom Composite International
population study 4 years items) Diagnostic Interview (CIDI)
Zammit et 50,087 Swedish >97% Admissions to hospital for Structure interview Odds ratio 1.3 (1.1 to 1.5) in
al. (2002)  subjects population ICD-8/9 schizophrenia cannabis only users; odds
aged 18 to 20 and other psychoses ratio for using cannabis >50
times was 6.7 (2.1 to 21.7)
Caspi et al. 803 members of At age 26 DMS-IV criteria for Self-report Participants with Val/Val
(2005) New Zealand birth schizophreniform variant of COMT gene;
cohort disorder odds ratio 10.9 (2.2 to 54.1)
Henquet et 2,437 German At baseline and  One or two psychotic L-section of M-CIDI Odds ratio 2.23 (1.30 to 3.84)
al. (2005) participants aged 4 year follow-  outcomes
14 to 24 up
Ferdinand 1,580 Dutch At 14-year Psychotic symptoms were CIDI Odds ratio 2.81 (1.79 to 4.43)
et al. individuals follow-up (ini-  assessed with the CIDI
(2005) tially 4- to 16-
year-old
subjects)
Fergusson 1,055 members At age 25 No. of psychotic Cannabis dependence Daily cannabis users; incident
et al. of New Zealand symptoms in past month rate ratio 1.77 (1.28 to 2.44)
(2005) birth cohort

Despite considerable variation in how cannabis exposure and psychosis were elicited or defined, there is a notable consistency in unadjusted odds
ratio across the population groups studied. This table suggests that cannabis abuse is a risk factor, increasing the chance for developing
schizophrenia or a schizophrenic-like psychotic illness by approximately threefold

psychosis, independently of the presence of several con-
founding factors, and the presence of an alteration in
COMT is just representative for a small group of persons.

On the other hand, some epidemiological studies are in
disagreement with the hypothesis of a causal relationship
between cannabis abuse and schizophrenic psychosis.
Macleod et al. (2004) think that the relationship is
confounded by many uncontrolled factors. A major
disagreement is that the prevalence of schizophrenia
remains stable, despite of the increased amount of cannabis
abuse worldwide. However, at a local level, Boydell et al.
(2006) and Ajdacic-Gross et al. (2007) have found an
increase in the prevalence of schizophrenia, related with the
increase of cannabis abuse in South London and Switzer-
land, respectively.

Some authors consider cannabis-induced psychosis as a
first step towards schizophrenia (Hart 1978). A recent study
by Arendt et al. (2005) has shown that, in a sample of

subjects with a diagnosis of cannabis-induced psychosis,
close to 50% of them developed a schizophrenia spectrum
disorder in a 3-year follow-up study; and male gender and
early beginning of cannabis use appeared to be additional
risk factors. Personality traits also seem to influence the
onset of schizophrenia. Nufiez and Gurpegui (2002) report
that the risk of schizophrenia is higher in subjects with
antisocial personality traits and prolonged cannabis abuse
with respect to subjects with different personality traits.
Schneier and Siris (1987) propose that there is a clear
association between the emergence of psychotic symptoms
and personality alterations in cannabis abusers. Mendhiratta
et al. (1988) reported that neuroticism as evaluated through
the Minnesota Multiphasic Personality Inventory test is
more intense in subjects with toxic psychosis, and Negrete
(1983) reported similar results.

Few studies have tried to discern the role of genetic
factors in the relative risk for schizophrenia. McGuire et
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al. (1993) found a high percentage of relative risk among
those cannabis abusers suffering from psychosis. Varma
and Sharma (1993) found that 30% among siblings of
schizophrenic patients use cannabis. A recent genetic
study found that the link between cannabis and psychosis
is stronger in those who have the Val/Val variant of the
COMT gene (Caspi et al. 2005) with odds ratio being high
(10.9, from 2.2 to 54.1). This enzyme is quite important in
the regulation of dopamine levels since it mediates
dopamine degradation, and dopamine is known to be
involved in schizophrenia. This fact indicates that a
genetic enzymatic alteration is able to enhance the risk for
developing schizophrenia in susceptible cannabis users.

Conclusions

Available epidemiological and neurobiological data suggest
that cannabis abuse is a risk factor for psychosis in
genetically predisposed people, may lead to a worse
outcome of the disease, or it can affect normal brain
development during adolescence, increasing the risk for
schizophrenia in adulthood. Regarding genetic predisposi-
tion, alterations affecting the CNR1 gene which codes for
the cannabinoid CB; receptor could be related to schizo-
phrenia, although this is substantiated in a small number of
human studies, and a missense mutation in the gene which
codes for the transmembrane region of the neuregulin 1
protein is also associated with schizophrenia and alters the
sensitivity to the behavioral effects of cannabinoids. The
endogenous cannabinoid system is altered in schizophrenia
(i.e., increased density of cannabinoid CB; receptor binding
in corticolimbic regions, enhanced anandamide levels in the
CSF), and dysregulation of this system (that could be
induced by exogenous cannabis) can interact with neuro-
transmitter systems in such a way that a “cannabinoid
hypothesis” can be integrated in the neurobiological
hypotheses of schizophrenia (dopamine and glutamate
ones). Finally, there is also evidence that some genetic
alterations of the CNRI1 gene can act as protectant
against schizophrenia rather than as a risk factor or they
can be a psychopharmacogenetic rather than a vulnerability
factor.

Acknowledgements This study was supported by grants to EFE,
MPV, and FRF from RED de Trastornos Adictivos (Instituto Carlos
111, RD06/0001), to EFE from Delegacion del Gobierno para el Plan
Nacional Sobre Drogas (3S1/05/4), and to MPV from MEC SAF2006-
07523.

Conflict of interest There is no actual or potential conflict of
interest in relation to this article.

@ Springer

References

Adler LE, Pachtman E, Franks RD, Pecevich M, Waldo MC,
Freedman R (1982) Neurophysiological evidence for a defect in
neuronal mechanisms involved in sensory gating in schizophre-
nia. Biol Psychiatry 17(6):639—-654

Adler LE, Rose G, Freedman R (1986) Neurophysiological studies of
sensory gating in rats: effects of amphetamine, phencyclidine,
and haloperidol. Biol Psychiatry 21(8-9):787-798

Adriani W, Laviola G (2004) Windows of vulnerability to psychopa-
thology and therapeutic strategy in the adolescent rodent model.
Behav Pharmacol 15:341-352

Ajdacic-Gross V, Lauber C, Warnke I, Haker H, Murray RM, Rdssler
W (2007) Changing incidence of psychotic disorders among the
young in Zurich. Schizophr Res 95(1-3):9-18

Andreasson S, Allebeck P, Engstrom A, Rydberg U (1987) Cannabis
and schizophrenia. A longitudinal study of Swedish conscripts.
Lancet 2:1483—-1486

Angrist B, Van Kammen DP (1984) CNS stimulants as tools in the
study of schizophrenia. Trends Neurosci 7:388-390

Arendt M, Rosenberg R, Foldager L, Perto G, Munk-Jorgensen P
(2005) Cannabis-induced psychosis and subsequent schizophre-
nia-spectrum disorders: follow-up study of 535 incident cases. Br
J Psychiatry 187:510-515

Arseneault L, Cannon M, Poulton R, Murray R, Caspi A, Moffitt TE
(2002) Cannabis use in adolescence and risk for adult psychosis:
longitudinal prospective study. BMJ 325:1212-1213

Auclair N, Otani S, Soubrie P, Crepel F (2000) Cannabinoids
modulate synaptic strength and plasticity at glutamatergic
synapses of rat prefrontal cortex pyramidal neurons. J Neuro-
physiol 83:3287-3293

Azad SC, Eder M, Marsicano G, Lutz B, Zieglansberger W, Rammes
G (2003) Activation of the cannabinoid receptor type 1 decreases
glutamatergic and GABAergic synaptic transmission in the
lateral amygdala of the mouse. Learn Mem 10:116-128

Ballmaier M, Bortolato M, Rizzetti C et al (2007) Cannabinoid
receptor antagonists counteract sensorimotor gating deficits in the
phencyclidine model of psychosis. Neuropsychopharmacology
32(10):2098-2107

Bangalore SS, Prasad KM, Montrose DM, Goradia DD, Diwadkar
VA, Keshavan MS (2008) Cannabis use and brain structural
alterations in first episode schizophrenia—a region of interest,
voxel based morphometric study. Schizophr Res 99(1-3):1-6

Barnett JH, Werners U, Secher SM et al (2007) Substance use in a
population-based clinic sample of people with first-episode
psychosis. Br J Psychiatry 190:515-520

Beinfeld MC, Connolly K (2001) Activation of CB1 cannabinoid
receptors in rat hippocampal slices inhibits potassium-evoked
cholecystokinin release, a possible mechanism contributing to the
spatial memory defects produced by cannabinoids. Neurosci Lett
301:69-71

Beltramo M, Rodriguez de Fonseca F, Navarro M et al (2000)
Reversal of dopamine D, receptor responses by an anandamide
transport inhibitor. J Neurosci 20:3401-3407

Berk M, Brook S, Trandafir Al (1999) A comparison of olanzapine
with haloperidol in cannabis-induced psychotic disorder: a
double-blind randomized controlled trial. Int Clin Psychophar-
macol 14(3):177-180

Bersani G, Orlandi V, Kotzalidis GD, Pancheri P (2002) Cannabis and
schizophrenia: impact on onset, course, psychopathology and
outcomes. Eur Arch Psychiatry Clin Neurosci 252(2):86-92

Biscaia M, Marin S, Fernandez B, Marco E, Rubio M, Guaza C,
Ambrosio E, Viveros MP (2003) Chronic treatment with CP 55,
940 during the periadolescent period differentially affects the



Psychopharmacology (2009) 206:531-549

545

behavioural responses of male and female rats in the adulthood.
Psychopharmacology 170:301-308

Block RI, O’Leary DS, Ehrhardt JC, Augustinack JC, Ghoneim MM,
Arndt S, Hall JA (2000) Effects of frequent marijuana use
on brain tissue volume and composition. NeuroReport 11
(3):491-496

Bortolato M, Campolongo P, Mangieri RA et al (2006) Anxiolytic-like
properties of the anandamide transport inhibitor AM404. Neuro-
psychopharmacology 31:2652-2659

Bossong MG, van Berckel BN, Boellaard R, Zuurman L, Schuit RC,
Windhorst AD, van Gerven JM, Ramsey NF, Lammertsma AA,
Kahn RS (2009) Delta 9-tetrahydrocannabinol induces dopamine
release in the human striatum. Neuropsychopharmacology 34
(3):759-766

Boucher AA, Arnold JC, Duffy L, Schofield PR, Micheau J, Karl T
(2007a) Heterozygous neuregulin 1 mice are more sensitive to
the behavioural effects of Delta9-tetrahydrocannabinol. Psycho-
pharmacology (Berl) 192(3):325-336

Boucher AA, Hunt GE, Karl T, Micheau J, McGregor IS, Arnold JC
(2007b) Heterozygous neuregulin 1 mice display greater baseline
and Delta(9)-tetrahydrocannabinol-induced c-Fos expression.
Neuroscience 149(4):861-870

Boydell J, Van Os J, Caspi A, Kennedy N, Giouroukou E, Fearon P,
Farrell M, Murray RM (2006) Trends in cannabis use prior to
first presentation with schizophrenia, in South-East London
between 1965 and 1999. Psychol Med 36(10):1441-1446

Cadenhead KS, Light GA, Geyer MA, Braff DL (2000) Sensory
gating deficits assessed by the P50 event-related potential in
subjects with schizotypal personality disorder. Am J Psychiatry
157(1):55-59

Cahn W, Hulshoff Pol HE, Caspers E, van Haren NE, Schnack HG,
Kahn RS (2004) Cannabis and brain morphology in recent-onset
schizophrenia. Schizophr Res 67(2-3):305-307

Caspi A, Moftitt TE, Cannon M et al (2005) Moderation of the effect
of adolescent-onset cannabis use on adult psychosis by a
functional polymorphism in the catechol-O-methyltransferase
gene: longitudinal evidence of a gene x environment interaction.
Biol Psychiatry 57:1117-1127

Castle DJ, Ames FR (1996) Cannabis and the brain. Aust N Z J
Psychiatry 30(2):179-183

Chavarria-Siles I, Contreras-Rojas J, Hare E, Walss-Bass C, Quezada
P, Dassori A, Contreras S, Medina R, Ramirez M, Salazar R,
Raventos H, Escamilla MA (2008) Cannabinoid receptor 1 gene
(CNR1) and susceptibility to a quantitative phenotype for
hebephrenic schizophrenia. Am J Med Genet B Neuropsychiatr
Genet 147(3):279-284

De Irala J, Ruiz-Canela M, Martinez-Gonzéalez MA (2005) Causal
relationship between cannabis use and psychotic symptoms or
depression. Should we wait and see? A public health perspective.
Med Sci Monit 11:RA355-RA358

De Marchi N, De Petrocellis L, Orlando P, Daniele F, Fezza F, Di
Marzo V (2003) Endocannabinoid signalling in the blood of
patients with schizophrenia. Lipids Health Dis 19:5

Dean B, Sundram S, Bradbury R, Scarr E, Copolov D (2001) Studies
on [*H]CP-55490 binding in the human central nervous system:
regional specific changes in density of cannabinoid-1 receptors
associated with schizophrenia and cannabis use. Neuroscience
103:9-15

Dean B, Bradbury R, Copolov DL (2003) Cannabis-sensitive
dopaminergic markers in postmortem central nervous system:
changes in schizophrenia. Biol Psychiatry 53:585-592

Derkinderen P, Toutant M, Burgaya F, Lebert M, Siciliano JC,
Defranciscis V, Gelman M, Girault JA (1996) Regulation of a
neuronal form of focal adhesion kinase by anandamide. Science
273:1719-1722

Devane WA, Dysarz FA, Johnson MR, Melvin LS, Howlett AC
(1988) Determination and characterization of cannabinoid recep-
tor in rat brain. Mol Pharmacol 34:605-613

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin
G, Gibson D, Mandelbaum A, Etinge A, Mechoulam R (1992)
Isolation and structure of a brain constituent that binds to the
cannabinoid receptor. Science 258:1946-1949

Di Marzo V (2008) Targeting the endocannabinoid system: to enhance
or reduce? Nat Rev Drug Discov 7:438—455

Di Marzo V, Maccarrone M (2008) FAAH and anandamide: is 2-AG
really the odd one out? Trends Neurosci 29:229-233

Diana MA, Marty A (2004) Endocannabinoid-mediated short-term
synaptic plasticity: depolarization-induced suppression of inhibi-
tion (DSI) and depolarization-induced suppression of excitation
(DSE). Br J Pharmacol 142:9-19

Dissanayake DW, Zachariou M, Marsden CA, Mason R (2008)
Auditory gating in rat hippocampus and medial prefrontal cortex:
effect of the cannabinoid agonist WIN55,212-2. Neuropharma-
cology 55(8):1397-1404

Doniger GM, Foxe JJ, Murray MM, Higgins BA, Javitt DC (2002)
Impaired visual object recognition and dorsal/ventral stream
interaction in schizophrenia. Arch Gen Psychiatry 59:1011-1020

Drake RE, Xie H, McHugo GJ, Green Al (2000) The effects of
clozapine on alcohol and drug use disorders among patients with
schizophrenia. Schizophr Bull 26(2):441-449

D’Souza DC, Perry E, MacDougall L et al (2004) The psychomimetic
effects of intravenous delta9-tetrahydrocannabinol in healthy
individuals: implications for psychosis. Neuropsychopharmacol-
ogy 29:1558-1572

D’Souza DC, Abi-Saab WM, Madonick S, Forselius-Bielen K,
Doersch A, Braley G, Gueorguieva R, Cooper TB, Krystal JH
(2005) Delta-9-tetrahydrocannabinol effects in schizophrenia:
implications for cognition, psychosis, and addiction. Biol
Psychiatry 57(6):594-608

D’Souza DC, Ranganathan M, Braley G, Gueorguieva R, Zimolo Z,
Cooper T, Perry E, Krystal J (2008a) Blunted psychotomimetic
and amnestic effects of delta-9-tetrahydrocannabinol in frequent
users of cannabis. Neuropsychopharmacology 33(10):2505—
2516

D’Souza DC, Braley G, Blaise R, Vendetti M, Oliver S, Pittman B,
Ranganathan M, Bhakta S, Zimolo Z, Cooper T, Perry E (2008b)
Effects of haloperidol on the behavioral, subjective, cognitive,
motor, and neuroendocrine effects of Delta-9-
tetrahydrocannabinol in humans. Psychopharmacology (Berl)
198(4):587-603

Ellenbroek BA (2003) Animal models in the genomic era: possibilities
and limitations with special emphasis on schizophrenia. Behav
Pharmacol 14:409—417

Falls DL (2003) Neuregulins: functions, forms, and signaling
strategies. Exp Cell Res 284(1):14-30

Favrat B, Ménétrey A, Augsburger M, Rothuizen LE, Appenzeller M,
Buclin T, Pin M, Mangin P, Giroud C (2005) Two cases of
“cannabis acute psychosis” following the administration of oral
cannabis. BMC Psychiatry 5:17

Feinberg 1 (1982) Schizophrenia: caused by a fault in programmed
synaptic elimination during adolescence? J Psychiatr Res 17
(4):319-334

Feinberg 1 (1987) Adolescence and mental illness. Science 236
(4801):507-508

Felder CC, Joyce KE, Briley EM, Glass M, Mackie KP, Fahey KIJ,
Cullinan GJ, Hunden DC, Johnson DW, Chaney MO, Koppel
GA, Brownstein M (1998) LY320135, a novel cannabinoid CB1
receptor antagonist, unmasks coupling of the CB1 receptor to
stimulation of cAMP accumulation. J Pharmacol Exp Ther
284:291-297

@ Springer



546

Psychopharmacology (2009) 206:531-549

Ferdinand RF, Sondeijker F, van der Ende J, Selten JP, Huizink A,
Verhulst FC (2005) Cannabis use predicts future psychotic
symptoms, and vice versa. Addiction 100(5):612—618

Fergusson DM, Horwood LJ, Ridder EM (2005) Tests of causal
linkages between cannabis use and psychotic symptoms. Addic-
tion 100(3):354-366

Fernandez-Espejo E, Galan-Rodriguez B (2004) Sensorimotor gating
in mice is disrupted after AM404, an anandamide reuptake and
degradation inhibitor. Psychopharmacology 175:220-224

Ferrer B, Gorriti MA, Palomino A, Gornemann I, de Diego Y,
Bermudez-Silva FJ, Bilbao A, Fernandez-Espejo E, Moratalla R,
Navarro M, Rodriguez de Fonseca F (2007) Cannabinoid CB1
receptor antagonism markedly increases dopamine receptor-
mediated stereotypies. Eur J Pharmacol 559:180—-183

French ED, Dillon K, Wu X (1997) Cannabinoids excite dopamine
neurons in the ventral tegmental area and substantia nigra.
NeuroReport 8:649—-652

Fujiwara M, Egashira N (2004) New perspectives in the studies on
endocannabinoid and cannabis: abnormal behaviors associate
with CB; cannabinoid receptor and development of therapeutic
application. J Pharmacol Sci 96:326-366

Galiégue S, Mary S, Marchand J, Dussossoy D, Carriére D, Carayon
P, Bouaboula M, Shire D, Le Fur G, Casellas P (1995)
Expression of central and peripheral cannabinoid receptors in
human immune tissues and leukocyte subpopulations. Eur J
Biochem 232:54-61

Gallagher HL, Happé F, Brunswick N, Fletcher PC, Frith U, Frith CD
(2003) Reading the mind in cartoons and stories: an fMRI study
of ‘theory of mind’ in verbal and nonverbal tasks. Neuro-
psychologia 38(1):11-21

Gaoni Y, Mechoulam R (1964) Isolation, structure and partial
synthesis of an active constituent of hashish. ] Am Chem Soc
86:1646-1647

Gardner EL, Vorel RH (1998) Cannabinoid transmission and reward-
related events. Neurobiol Dis 5:502-533

Gardner EL, Paredes W, Smith D et al (1988) Facilitation of brain
stimulation reward by d9-tetrahydrocannabinol. Psychopharma-
cology 341:39-44

Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR (2001)
Pharmacological studies of prepulse inhibition models of
sensorimotor gating deficits in schizophrenia: a decade of review.
Psychopharmacology 156:117-154

Geyer MA, Mcllwain KL, Paylor R (2002) Mouse genetic models for
prepulse inhibition: an early review. Mol Psychiatry 7:1039-
1053

Giuffrida A, Leweke FM, Gerth CW et al (2004) Cerebrospinal
anandamide levels are elevated in acute schizophrenia and are
inversely correlated with psychotic symptoms. Neuropsycho-
pharmacology 29:2108-2114

Giuliani D, Ferrari F (1997) Involvement of dopamine receptors in the
antipsychotic profile of () eticlopride. Physiol Behav 61(4):563—
567

Gorriti MA, Rodriguez de Fonseca F, Navarro M, Palomo T (1999)
Chronic (—)-delta9-tetrahydrocannabinol treatment induces sen-
sitization to the psychomotor effects of amphetamine in rats. Eur
J Pharmacol 365:133-142

Grace AA (1991) Phasic versus tonic dopamine release and the
modulation of dopamine system responsivity: a hypothesis for
the etiology of schizophrenia. Neuroscience 41:1-24

Graham FK (1975) The more or less startling effects of weak
prestimuli. Psychophysiology 12:238-248

Grant BF, Chou SP, Goldstein RB et al (2008) Prevalence, correlates,
disability, and comorbidity of DSM-IV borderline personality
disorder: results from the Wave 2 National Epidemiologic Survey
on Alcohol and Related Conditions. J Clin Psychiatry 69(4):533—
545

@ Springer

Hajos M, Hoffmann WE, Kocsis B (2008) Activation of cannabinoid-
1 receptors disrupts sensory gating and neuronal oscillation:
relevance to schizophrenia. Biol Psychiatry 63(11):1075-1083

Hall WD (1998) Cannabis use and psychosis. Drug Alcohol Rev
17:433-444

Hall W, Degenhardt L (2007) Prevalence and correlates of cannabis
use in developed and developing countries. Curr Opin Psychiatr
20:393-397

Hall W, Solowij N (1997) Long-term cannabis use and mental health.
Br J Psychiatry 171:107-108

Hamdani N, Tabeze JP, Ramoz N, Ades J, Hamon M, Sarfati Y,
Boni C, Gorwood P (2008) The CNR1 gene as a pharmacoge-
netic factor for antipsychotics rather than a susceptibility gene for
schizophrenia. Eur Neuropsychopharmacol 18(1):34—40

Hart WG (1978) Reply to a case report by lan Sale and Henry Kristall-
March issue. Aust N Z J Psychiatry 12(2):136-137

Heckers S, Curran T, Goff D, Rauch SL, Fischman AJ, Alpert NM,
Schacter DL (2000) Abnormalities in the thalamus and prefrontal
cortex during episodic object recognition in schizophrenia. Biol
Psychiatry 48:651-657

Henquet C, Krabbendam L, Spauwen J, Kaplan C, Lieb R, Wittchen
HU, van Os J (2005) Prospective cohort study of cannabis use,
predisposition for psychosis, and psychotic symptoms in young
people. BMJ 330(7481):11

Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR,
Rice KC (1991) Characterization and localization of cannabinoid
receptors in rat brain: a quantitative in vitro autoradiographic
study. J Neurosci 11:563-583

Hirvonen J, Van Erp TG, Huttunen J et al (2005) Increased caudate
dopamine D, receptor availability as a genetic marker for
schizophrenia. Arch Gen Psychiatry 62(4):371-378

Hoftman HS, Ison JR (1980) Reflex modification in the domain of
startle: I. Some empirical findings and their implications for how
the nervous system processes sensory input. Psychol Rev
87:175-189

Howlett AC, Bidaut-Russell M, Devane WA, Melvin LS, Johnson
MR, Herkenham M (1990) The cannabinoid receptor: biochem-
ical, anatomical and behavioral characterization. Trends Neurosci
13:420-423

Jarrahian A, Watts VJ, Barker E (2004) D, dopamine receptors
modulate Ga-subunit coupling of the CB; cannabinoid receptor.
J Pharmacol Exp Ther 308:880-886

Javitt DC, Zukin SR (1991) Recent advances in the phencyclidine
model of schizophrenia. Am J Psychiatry 148:1301-1308

Karl T, Duffy L, Scimone A, Harvey RP, Schofield PR (2007) Altered
motor activity, exploration and anxiety in heterozygous neuregu-
lin 1 mutant mice: implications for understanding schizophrenia.
Genes Brain Behav 6(7):677-687

Katona I, Uran GM, Wallace M, Ledent C, Jung KM, Piomelli D,
Mackie K, Freund TF (2006) Molecular composition of the
endocannabinoid system at glutamatergic synapses. J Neurosci
26:5628-5637

Keshavan MS, Anderson S, Pettegrew JW (1994) Is schizophrenia due
to excessive synaptic pruning in the prefrontal cortex? The
Feinberg hypothesis revisited. J Psychiatr Res 28(3):239-265

Konings M, Henquet C, Maharajh HD, Hutchinson G, Van Os J
(2008) Early exposure to cannabis and risk for psychosis in
young adolescents in Trinidad. Acta Psychiatr Scand 118(3):209—
213

Laruelle M, Abi-Dargham A, van Dyck CH et al (1996) Single photon
emission computerized tomography imaging of amphetamine-
induced dopamine release in drug-free schizophrenic subjects.
Proc Natl Acad Sci U S A 93(17):9235-9240

Leweke FM, Giuffrida A, Wurster U, Emrich HM, Piomelli D (1999)
Elevated endogenous cannabinoids in schizophrenia. NeuroRe-
port 10:1665-1669



Psychopharmacology (2009) 206:531-549

547

Leweke FM, Giuffrida A, Koethe D et al (2007) Anandamide levels in
cerebrospinal fluid of first-episode schizophrenic patients: impact
of cannabis use. Schizophr Res 94:29-36

Lieberman JA, Tollefson GD, Charles C, Zipursky R, Sharma T, Kahn
RS, Keefe RS, Green Al, Gur RE, McEvoy J, Perkins D, Hamer
RM, Gu H, Tohen M, HGDH Study Group (2005) Antipsychotic
drug effects on brain morphology in first-episode psychosis.
Arch Gen Psychiatry 62(4):361-370

Maccarrone M, Rossi S, Bari M, De Chiara V, Fezza F, Musella A,
Gasperi V, Prosperetti C, Bernardi G, Finazzi-Agro A, Cravatt
BF, Centonze D (2008) Anandamide inhibits metabolism and
physiological actions of 2-arachidonoylglycerol in the striatum.
Nat Neurosci 11(2):152-159

Macleod J, Oakes R, Copello A, Crome I, Egger M, Hickman M,
Oppenkowski T, Stokes-Lampard H, Davey Smith G (2004)
Psychological and social sequelae of cannabis and other illicit
drug use by young people: a systematic review of longitudinal,
general population studies. Lancet 363(9421):1579—1588

Malone DT, Taylor DA (2006) The effect of Delta9-tetrahydrocan-
nabinol on sensorimotor gating in socially isolated rats. Behav
Brain Res 166(1):101-109

Mansbach RS, Geyer MA, Braff DL (1988) Dopaminergic stimulation
disrupts sensorimotor gating in the rat. Psychopharmacology
94:507-514

Mansbach RS, Rovetti CC, Winston EN, Lowe JA (1996) Effects of
the cannabinoid CB; receptor antagonist SR141716A on the
behavior of pigeons and rats. Psychopharmacology 124:315-322

Marek G, Merchant K (2005) Developing therapeutics for schizo-
phrenia and other psychotic disorders. NeuroRx 2:579-589

Marsicano G, Wotjak CT, Azad SC, Rammes G, Cascio MG,
Hermann H, Tang J, Hofmann C, Zieglgansberger W, Di Marzo
V, Lutz B (2002) The endogenous cannabinoid system controls
extinction of aversive memories. Nature 418:530-534

Marsicano G, Goodenough S, Monory K et al (2003) CBl1
cannabinoid receptors and on-demand defense against excitotox-
icity. Science 302:84-88

Martin RS, Secchi RL, Sung E et al (2003) Effects of cannabinoid
receptor ligands on psychosis-relevant behavior models in the rat.
Psychopharmacology 165:128-135

Matochik JA, Eldreth DA, Cadet JL, Bolla KI (2005) Altered brain
tissue composition in heavy marijuana users. Drug Alcohol
Depend 77(1):23-30

Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI (1990)
Structure of a cannabinoid receptor and functional expression of
the cloned cDNA. Nature 346:561-564

Maynard TM, Sikich L, Lieberman JA, LaMantia AS (2001) Neural
development, cell—cell signaling, and the “two-hit” hypothesis of
schizophrenia. Schizophr Bull 27:457-476

McGuire P, Jones P, Murray R (1993) Psychiatric symptoms in
cannabis users. Br J Psychiatry 163:698

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE,
Schatz AR, Gopher A, Almog S, Martin BR, Compton DR,
Pertwee RG, Griffin G, Bayewithch M, Barg J, Vogel Z (1995)
Identification of an endogenous 2-monoglyceride, present in
canine gut, that binds to cannabinoid receptors. Biochem
Pharmacol 50:83-90

Mendhiratta SS, Varma VK, Dang R, Malhotra AK, Das K, Nehra R
(1988) Cannabis and cognitive functions: a re-evaluation study.
Br J Addict 83(7):749-753

Mewell KA, Deng C, Huang XF (2006) Increased cannabinoid
receptor density in the posterior cingulate cortex in schizophre-
nia. Exp Brain Res 172:550-560

Miettunen J, Térménen S, Murray GK, Jones PB, Méki P, Ebeling H,
Moilanen I, Taanila A, Heinimaa M, Joukamaa M, Veijola J
(2008) Association of cannabis use with prodromal symptoms of
psychosis in adolescence. Br J Psychiatry 192:470—471

Moore H, West A, Grace AA (1999) The regulation of forebrain
dopamine transmission: relevance to the pathophysiology and
psychopathology of schizophrenia. Biol Psychiatry 46:40-55

Moore THM, Zammit S, Lingford-Hughes A, Barnes TRE, Jones PB,
Burke M, Lewis G (2007) Cannabis use and risk of psychotic or
affective mental health outcomes: a systematic review. Lancet
370:319-328

Moreno M, Lopez-Moreno JA, Rodriguez de Fonseca F, Navarro M
(2005) Behavioural effects of quinpirole following withdrawal of
chronic treatment with the CB1 agonist, HU-210, in rats. Behav
Pharmacol 16:441-446

Miiller-Vahl KR, Emrich HM (2008) Cannabis and schizophrenia:
towards a cannabinoid hypothesis of schizophrenia. Expert Rev
Neurother 8(7):1037-1048

Munro S, Thomas KL, Abu-Shaar M (1993) Molecular characteriza-
tion of a peripheral receptor for cannabinoids. Nature 365:61-65

Negrete JC (1983) Effect of cannabis use on health. Acta Psiquiatr
Psicol Am Lat 29(4):267-276

Nordentoft M, Hjorthgj C (2007) Cannabis use and risk of psychosis
in later life. Lancet 370:293-294

Nuiez LA, Gurpegui M (2002) Cannabis-induced psychosis: a cross-
sectional comparison with acute schizophrenia. Acta Psychiatr
Scand 105:151-157

Onaivi ES (2006) Neuropsychobiological evidence for the functional
presence and expression of cannabinoid CB2 receptors in the
brain. Neuropsychobiology 54(4):231-246

O’Shea M, Singh ME, McGregor IS, Mallet PE (2004) Chronic
cannabinoid exposure produces lasting memory impairment and
increased anxiety in adolescent but not adult rats. J Psychophar-
macol 18:502-508

O’Shea M, McGregor IS, Mallet PE (2006) Repeated cannabinoid
exposure during perinatal, adolescent or early adult ages
produces similar long-lasting deficits in object recognition and
reduced social interaction in rats. J Psychopharmacol 20:
611-621

Ouagazzal AM, Jenck F, Moreau JL (2001) Drug-induced potentiation
of prepulse inhibition of acoustic startle in mice: a model for
detecting antipsychotic activity? Psychopharmacology 156:273—
283

Pertwee RG (2005) The therapeutic potential of drugs that target
cannabinoid receptors or modulate the tissue levels or actions of
endocannabinoids. AAPS J 7:E625-E654

Piomelli D (2003) The molecular logic of endocannabinoid signalling.
Nat Rev Neurosci 4:873-884

Piomelli D, Giuffrida A, Calignano A, Rodriguez de Fonseca F (2000)
The endocannabinoid system as a target for therapeutic drugs.
Trends Pharmacol Sci 21:218-224

Pistis M, Perra S, Pillolla G, Melis M, Muntoni AL, Gessa GL (2004)
Adolescent exposure to cannabinoids induces long-lasting
changes in the response to drugs of abuse of rat midbrain
dopamine neurons. Biol Psychiatry 56:86-94

Rais M, Cahn W, Van Haren N, Schnack H, Caspers E, Hulshoff Pol
H, Kahn R (2008) Excessive brain volume loss over time in
cannabis-using first-episode schizophrenia patients. Am J Psy-
chiatry 165(4):490-496

Ralph-Williams RJ, Paulus MP, Geyer MA (2001) Strain-specific
effects of amphetamine on prepulse inhibition and patterns of
locomotor behavior in mice. J Pharmacol Exp Ther 298:148-155

Ralph-Williams RJ, Lehmann-Masten V, Otero-Corchon V, Low MJ,
Geyer MA (2002) Differential effects of direct and indirect
dopamine agonists on prepulse inhibition: a study in D1 and D2
receptor knock-out mice. J Neurosci 22:9604-9611

Robbe D, Alonso G, Duchamp F, Bockaert J, Manzoni OJ (2001)
Localization and mechanisms of action of cannabinoid receptors
at the glutamatergic synapses of the mouse nucleus accumbens. J
Neurosci 21:109-116

@ Springer



548

Psychopharmacology (2009) 206:531-549

Robbe D, Alonso G, Manzoni OJ (2003) Exogenous and endogenous
cannabinoids control synaptic transmission in mice nucleus
accumbens. Ann N Y Acad Sci 1003:212-225

Robertson GS, Hori SE, Powell KJ (2006) Schizophrenia: an
integrative approach to modelling a complex disorder. J Psychi-
atry Neurosci 31:157-167

Rodriguez de Fonseca F, Ramos JA, Bonnin A, Fernandez-Ruiz JJ
(1993) Presence of cannabinoid binding sites in the brain from
early postnatal ages. NeuroReport 4:135-138

Rodriguez de Fonseca F, Carrera MR, Navarro M, Koob GF, Weiss
F (1997) Activation of corticotropin-releasing factor in the
limbic system during cannabinoid withdrawal. Science
276:2050-2054

Rodriguez de Fonseca F, Del Arco I, Martin-Calderon JL, Gorriti MA,
Navarro M (1998) Role of the endogenous cannabinoid system in
the regulation of motor activity. Neurobiol Dis 5:483-501

Rodriguez de Fonseca F, Navarro M, Gomez R, Escuredo L, Nava F,
Fu J, Murillo-Rodriguez E, Giuffrida A, LoVerme J, Gaetani S,
Kathuria S, Gall C, Piomelli D (2001) An anorexic lipid mediator
regulated by feeding. Nature 414:209-212

Rossler W, Riecher-Rossler A, Angst J, Murray R, Gamma A, Eich D,
van Os J, Gross VA (2007) Psychotic experiences in the general
population: a twenty-year prospective community study. Schiz-
ophr Res 92(1-3):1-14

Rueda D, Navarro B, Martinez-Serrano A, Guzman M, Galve-Roperh
I (2002) The endocannabinoid anandamide inhibits neuronal
progenitor cell differentiation through attenuation of the Rap1/B-
Raf/ERK pathway. J Biol Chem 277:46645-46650

Scheepers FE, Gispen de Wied CC, Hulshoff Pol HE, Kahn RS (2001)
Effect of clozapine on caudate nucleus volume in relation to
symptoms of schizophrenia. Am J Psychiatry 158(4):644—646

Schlieker E, Kathmann M (2001) Modulation of transmitter release
via presynaptic cannabinoid receptor. Trends Pharmacol Sci
22:565-572

Schneider M, Koch M (2002) The cannabinoid agonist WIN 55,212-2
reduces sensorimotor gating and recognition memory in rats.
Behav Pharmacol 13:29-37

Schneider M, Koch M (2003) Chronic pubertal, but not adult chronic
cannabinoid treatment impairs sensorimotor gating, recognition
memory, and the performance in a progressive ratio task in adult
rats. Neuropsychopharmacology 28:1760—1769

Schneider M, Koch M (2005) Deficient social and play behavior in
juvenile and adult rats after neonatal cortical lesion: effects of
chronic pubertal cannabinoid treatment. Neuropsychopharmacol-
ogy 30:944-957

Schneider M, Koch M (2007) The effect of chronic peripubertal
cannabinoid treatment on deficient object recognition memory in
rats after neonatal mPFC lesion. Eur Neuropsychopharmacol
17:180-186

Schneier FR, Siris SG (1987) A review of psychoactive substance use
and abuse in schizophrenia. Patterns of drug choice. J Nerv Ment
Dis 175(11):641-652

Seeman P, Lee T (1975) Antipsychotic drugs: direct correlation
between clinical potency and presynaptic action on dopamine
neurons. Science 188(4194):1217-1219

Sekine Y, Minabe Y, Ouchi Y et al (2003) Association of dopamine
transporter loss in the orbitofrontal and dorsolateral prefrontal
cortices with methamphetamine-related psychiatric symptoms.
Am J Psychiatr 160(9):1699-1701

Semple DM, Mclntosh AM, Lawrie SM (2005) Cannabis as a risk
factor for psychosis: systematic review. J Psychopharmacol 19
(2):187-194

Smit F, Bolier L, Cuijpers P (2004) Cannabis use and the risk of later
schizophrenia: a review. Addiction 99:425-430

@ Springer

Solowij N, Michie PT (2007) Cannabis and cognitive dysfunction:
parallels with endophenotypes of schizophrenia? J Psychiatry
Neurosci 32:30-52

Solowij N, Stephens RS, Roffman RA, Babor T, Kadden R, Miller M,
Christiansen K, McRee B, Vendetti J, Marijuana Treatment Project
Research Group (2002) Cognitive functioning of long-term heavy
cannabis users seeking treatment. JAMA 287:1123-1131

Soria G, Mendizabal V, Tourino C et al (2005) Lack of CB;
cannabinoid receptor impairs cocaine self-administration. Neuro-
psychopharmacology 30:1670-1680

Spear LP (2000) The adolescent brain and age-related behavioral
manifestations. Neurosci Biobehav Rev 24:417-463

Stanley-Cary CC, Harris C, Martin-Iverson MT (2002) Differing
effects of the cannabinoid agonist CP55, 940, in an alcohol or
Tween 80 solvent, on prepulse inhibition of the acoustic startle
reflex in the rat. Behav Pharmacol 13:15-28

Stefanis NC, Delespaul P, Henquet C, Bakoula C, Stefanis CN, Van
Os J (2004) Early adolescent cannabis exposure and positive and
negative dimensions of psychosis. Addiction 99:1333-1341

Stefansson H, Sigurdsson E, Steinthorsdottir V et al (2002) Neuregulin
1 and susceptibility to schizophrenia. Am J Hum Genet 71
(4):877-892

Suarez J, Bermudez-Silva FJ, Mackie K, Ledent C, Zimmer A, Cravatt
BF, Rodriguez de Fonseca F (2008) Immunohistochemical descrip-
tion of the endogenous cannabinoid system in the rat cerebellum and
functionally related nuclei. J] Comp Neurol 509(4):400-421

Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, Itoh K,
Yamashita A, Waku K (1995) 2-Arachidonoylglycerol: a possible
endogenous cannabinoid receptor ligand in brain. Biochem
Biophys Res Commun 215:89-97

Sundram S, Copolov D, Dean B (2005) Clozapine decreases [3H] CP
55940 binding to the cannabinoid 1 receptor in the rat nucleus
accumbens. Naunyn Schmiedebergs Arch Pharmacol 371
(5):428-433

Thacore VR, Sukhla SRP (1976) Cannabis psychosis and paranoid
schizophrenia. Arch Gen Psychiatry 33:383-386

Thornicroft G (1990) Cannabis and psychosis. Is there epidemiolog-
ical evidence for an association? Br J Psychiatry 157:25-33

Tien AY, Anthony JC (1990) Epidemiological analysis of alcohol and
drug use as risk factors for psychotic experiences. J Nerv Ment
Dis 178(8):473-480

Ujike H, Takaki M, Nakata K et al (2002) CNRI1, a central
cannabinoid receptor gene, associated with susceptibility to
hebephrenic schizophrenia. Mol Psychiatry 7:515-518

Van Os J, Bak M, Hanssen M, Bijl RV, de Graaf R, Verdoux H (2002)
Cannabis use and psychosis: a longitudinal population-based
study. Am J Epidemiol 156(4):319-327

Varma SL, Sharma I (1993) Psychiatric morbidity in the first-degree
relatives of schizophrenic patients. Br J Psychiatry 162:672—678

Verdoux H, Tournier M (2004) Cannabis use and risk of psychosis: an
etiological link? Epidemiol Psichiatr Soc 13(2):113-119

Verdoux H, Tournier M, Cougnard A (2005) Impact of substance use
on the onset and course of early psychosis. Schizophr Res 79:69—
75

Vogt BA (2005) Pain and emotion interactions in subregions of the
cingulate gyrus. Nat Rev Neurosci 6:533-544

Walss-Bass C, Liu W, Lew DF et al (2006a) A novel missense
mutation in the transmembrane domain of neuregulin 1 is
associated with schizophrenia. Biol Psychiatry 60(6):548-553

Walss-Bass C, Raventos H, Montero AP, Armas R, Dassori A,
Contreras S, Liu W, Medina R, Levinson DF, Pereira M, Leach
RJ, Almasy L, Escamilla MA (2006b) Association analyses of
the neuregulin 1 gene with schizophrenia and manic psychosis in
a Hispanic population. Acta Psychiatr Scand 113(4):314-321



Psychopharmacology (2009) 206:531-549

549

Wenger T, Gerendai I, Fezza F, Gonzalez S, Bisoqno T, Fernandez-
Ruiz JJ, Di Marzo V (2002) The hypothalamic levels of the
endocannabinoid, anandamide, peak immediately before the
onset of puberty in female rats. Life Sci 70:1407-1414

Wicker B, Perrett DI, Baron-Cohen S, Decety J (2003) Being the
target of another’s emotion: a PET study. Neuropsychologia 41
(2):139-146

Wiley JL, Kendler SH, Burston JJ, Howard DR, Selley DE, Sim-
Selley LJ (2008) Antipsychotic-induced alterations in CBI1
receptor-mediated G-protein signaling and in vivo pharmacology
in rats. Neuropharmacology 55(7):1183-1190

Wilson RI, Nicoll RA (2001) Endogenous cannabinoids mediate
retrograde signalling at hippocampal synapses. Nature 410:588-592

Wilson RI, Nicoll RA (2002) Endocannabinoid signaling in the brain.
Science 296:678-682

Wilson RI, Kunos G, Nicoll RA (2001) Presynaptic specificity of
endocannabinoid signaling in the hippocampus. Neuron 31:453—
462

Zachariou M, Dissanayake DW, Coombes S, Owen MR, Mason R
(2008) Sensory gating and its modulation by cannabinoids:
electrophysiological, computational and mathematical analysis.
Cogn Neurodyn 2(2):159-170

Zammit S, Allebeck P, Andreasson S, Lundberg I, Lewis G (2002)
Self reported cannabis use as a risk factor for schizophrenia in
Swedish conscripts of 1969: historical cohort study. BMJ 325
(7374):1199

Zavitsanou K, Garrick T, Huang XF (2004) Selective antagonist [*H]
SR141716A binding to cannabinoid CB; receptors is increased in
the anterior cingulate cortex in schizophrenia. Prog Neuro-
psychopharmacol Biol Psychiatry 28:355-360

@ Springer



	Role of cannabis and endocannabinoids in the genesis of schizophrenia
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Cannabis and the endocannabinoid system
	Disturbances of the endocannabinoid system in schizophrenia
	Preclinical studies: alterations in endocannabinoid signaling in animal models of schizophrenia

	Clinical studies
	Genetic studies
	Endogenous ligand studies
	CB1 receptor studies in postmortem
	Cannabis abuse, schizophrenia, and brain morphology
	Cannabis abuse, schizophrenia, and neurodevelopment during adolescence
	Modulation of endocannabinoid signaling by antipsychotics

	Neurobiological integration of cannabinoid dysregulation with current theories of schizophrenia
	Epidemiological studies
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


