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Cannabis use during adolescence increases the risk of developing psychotic disorders later in life.
However, the neurobiological processes underlying this relationship are unknown. This review reports
the results of a literature search comprising various neurobiological disciplines, ultimately converging
into a model that might explain the neurobiology of cannabis-induced schizophrenia. The article brieﬂy
reviews current insights into brain development during adolescence. In particular, the role of the
excitatory neurotransmitter glutamate in experience-dependent maturation of speciﬁc cortical
circuitries is examined. The review also covers recent hypotheses regarding disturbances in
strengthening and pruning of synaptic connections in the prefrontal cortex, and the link with latent
psychotic disorders. In the present model, cannabis-induced schizophrenia is considered to be a
distortion of normal late postnatal brain maturation. Distortion of glutamatergic transmission during
critical periods may disturb prefrontal neurocircuitry in speciﬁc brain areas. Our model postulates that
adolescent exposure to D9-tetrahydrocannabinol (THC), the primary psychoactive substance in
cannabis, transiently disturbs physiological control of the endogenous cannabinoid system over
glutamate and GABA release. As a result, THC may adversely affect adolescent experience-dependent
maturation of neural circuitries within prefrontal cortical areas. Depending on dose, exact time window
and duration of exposure, this may ultimately lead to the development of psychosis or schizophrenia.
The proposed model provides testable hypotheses which can be addressed in future studies, including
animal experiments, reanalysis of existing epidemiological data, and prospective epidemiological
studies in which the role of the dose–time–effect relationship should be central.
ß 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
There is now accumulating and converging evidence from
epidemiological studies and reanalyses of existing data suggesting
that cannabis use is a risk factor for the development of psychosis
or schizophrenia (Smit et al., 2004; Semple et al., 2005; Moore
et al., 2007). The risk increases with the frequency of cannabis use,
indicating a causal relationship (van Os et al., 2002; Zammit et al.,
2002; Arseneault et al., 2004; Smit et al., 2004; Henquet et al.,
2004; Di Forti et al., 2009). In particular, the use of cannabis during
adolescence increases the risk of development of schizophrenia
later in life (Arseneault et al., 2002; Zammit et al., 2002; Henquet
et al., 2004; Stefanis et al., 2004; Rubino and Parolaro, 2008;
Konings et al., 2008).
The increased risk of developing schizophrenia is speciﬁcally
due to the use of cannabis, since it is independent of the use of
other drugs, e.g. alcohol (Arseneault et al., 2002; van Os et al., 2002;
Zammit et al., 2002; Henquet et al., 2004). In addition, the outcome
of psychosis or schizophrenia may be speciﬁc, because an
association between cannabis use and later depression was not
found (Arseneault et al., 2002), although more recent studies
indicate a link between the use of cannabis and mood disorders
such as bipolar disorder and depression (Moore et al., 2007; van
Laar et al., 2007). However, this evidence is less strong than for the
association between cannabis and schizophrenia, and might be due
to overlapping symptoms between psychiatric disorders (Tsuang
et al., 2004; Tamminga and Davis, 2007; van Os and Kapur, 2009).
Cannabis use preceding psychosis, the presence of a dose–effect
relationship, and persisting association after controlling for
potential confounding factors all suggest strongly that cannabis
use plays a causal role in the onset of schizophrenia. However, in
the determination of causal links, epidemiological research has its
limitations. These studies, by their nature, cannot deﬁnitively
prove that cannabis use is directly related to the risk of developing
schizophrenia. Although they provide evidence of a causal link, the
underlying neurobiological processes leading to an increased risk
of psychosis have not been elucidated (Fergusson, 2004). To
quantify the extent to which statistical linkages between cannabis
and schizophrenia reﬂect underlying causal processes, a better
understanding of the possible neurobiological pathways is needed.
To explain the neurobiology of cannabis-induced schizophrenia, the neurobiological literature was selectively reviewed using a
toxicological approach (Niesink et al., 1995). This approach is
based on the available epidemiological data, and implies a toxic
substance affecting the central nervous system during a critical
period, resulting in irreversible structural changes. These changes
subsequently cause psychopathological effects. It is assumed that
D9-tetrahydrocannabinol (D9-THC, henceforth mentioned as
THC), the main psychoactive substance in cannabis, is the
neurotoxic substance and that adolescence is the critical period.
The interference of THC with a maturational process in the brain of
adolescents is supposed to induce structural and functional
changes. The following aspects will be reviewed in subsequent
sections:
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1. Is cannabis a neurotoxic substance?
2. Which brain structures are still undergoing maturation during
adolescence?
3. Which of these structures are implicated in schizophrenia or
psychosis?
4. Which physiological mechanisms form the basis for these
maturational changes?
5. What is the role of the endogenous cannabinoid system in this
process?
6. In what way does THC interfere with this physiological process?
One of the major problems in the debate revolving cannabis and
schizophrenia is the deﬁnition of the term ‘schizophrenia’. In
epidemiological studies, schizophrenia is used to describe a broad
range of psychotic conditions. However, the psychiatric outcome of
interest in the present review may be better described as a
continuum between incidentally occurring psychotic symptoms
and full-blown disorders as observed in patients diagnosed with
schizophrenia seen in mental health clinics. Throughout this paper,
the terms schizophrenia and psychosis are used as generic names,
referring to this continuum. More detailed information on the
nature and pathophysiology of schizophrenia is provided in
Section 5.
Another issue is the different psychotogenic effects that cannabis
can induce. High-dose intoxication with cannabis can result in acute
psychosis, usually transient (Chopra and Smith, 1974; Thomas,
1996). Cannabis use has been associated with higher relapse rates
and poor treatment outcome of schizophrenia-like disorders
(Linszen et al., 1994; Buhler et al., 2002; van Os et al., 2002).
However, this review focuses on the third effect of cannabis: the
ability to induce a permanent psychotic disorder, usually with a time
lag between exposure to cannabis and the onset of the disease.
From the results of the literature search, it can be postulated
that THC adversely affects normal physiological maturational
processes during adolescence. Usually, the interaction of endogenous cannabinoids with the CB1 receptor is critically involved in
brain maturation through its regulating role in the release of
glutamate. Through its action on CB1 receptors, THC can interfere
with this normal physiological process, resulting in disturbed
glutamate release, subtle neurotoxic effects and subsequent
structural defects. Since maturation of the prefrontal cortex
(PFC) is one of the most important processes during adolescence,
THC may predominantly affect the maturation of speciﬁc
neurocircuitries within this brain region. Moreover, dysfunctioning of the PFC is a key feature of schizophrenia (Callicott et al.,
2003; Minzenberg et al., 2009). The working hypothesis is
therefore that THC interferes with normal maturation of the
adolescent PFC, ultimately giving rise to psychotic symptoms or
schizophrenia.
2. Is THC a neurotoxic substance?
THC is the main psychoactive substance in cannabis (Gaoni and
Mechoulam, 1964). The neurotoxicity of cannabis, i.e. THC, has
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always been a subject of controversy. In vitro studies have
demonstrated contradictory results. Some showed toxic effects of
THC on cultured neurons, prevented by application of CB1 receptor
antagonists (Chan et al., 1998; Campbell, 2001), whereas others
demonstrated CB1-dependent neuroprotective effects of cannabinoids (Hampson et al., 1998; Shen and Thayer, 1998). Chronic
exposure to THC in vivo may be toxic for hippocampal neurons, as
suggested by decreases in the mean volume of neurons and their
nuclei, synaptic density and dendritic length (Scallet et al., 1987)
and a reduction in neuronal density (Landﬁeld et al., 1988).
However, indications for necrosis, edema, infection or trauma in
adult rat brain tissue after THC exposure are lacking (Galve-Roperh
et al., 2000). Administration of cannabis extracts to rodents causes
long-lasting effects at the behavioral level (Carlini et al., 1970; Fehr
et al., 1976; Stiglick and Kalant, 1982). However, chronic exposure of
immature rats to THC induces more irreversible residual effects on
behavior than chronic treatment of mature rats (Stiglick and Kalant,
1985), indicating that the age during exposure may be a critical
determinant of neurotoxicity outcome (Scallet, 1991). This is
conﬁrmed by later animal studies demonstrating that chronic
peripubertal, but not adult, cannabinoid exposure causes longlasting alterations in memory and behavior, in particular in
functions mediated by the PFC such as working memory and
prepulse inhibition (Schneider and Koch, 2003, 2004; O’Shea et al.,
2004). These results suggest that adolescent and adult THC exposure
have differential effects on cannabinoid receptor functions. In rats,
periadolescence appears to be a vulnerable period with respect to
the adverse effects of cannabinoid treatment.
Human studies also suggest that adolescence may be a
vulnerable period for producing long-term cognitive deﬁcits. In
general, studies on the long-term effects of cannabis on cognition
only demonstrate evidence for some mild cognitive impairment,
especially in learning and memory (Grant et al., 2003; Schweinsburg et al., 2008a). Functional imaging studies indicate altered
brain response patterns among cannabis users despite similar task
performance, suggesting increased neural effort and use of
alternative strategies (Eldreth et al., 2004; Jager et al., 2006).
However, both neuropsychological and functional imaging studies
indicate that the detrimental effects of cannabis may be more
pronounced when cannabis is used during adolescence (Jager and
Ramsey, 2008; Schweinsburg et al., 2008a). Most imaging studies
in adolescents have found alterations in working memory
(Jacobsen et al., 2004, 2007; Schweinsburg et al., 2008b). Studies
making a distinction between the initiation of cannabis use in
adolescence and in adult life show attentional deﬁcit and poor
cognitive performance in early-onset cannabis users (onset before
age 17), but not in late-onset users or control subjects (Ehrenreich
et al., 1999; Pope, Jr. et al., 2003).
In summary, although the neurotoxicity of cannabis in general
is not very convincing, more detailed studies suggest that cannabis
could exert differential effects. Not only may adolescence be a
vulnerable period for the adverse effects of cannabis, but cannabis
may also affect particular functions that are regulated by the PFC.
Finally, animal studies demonstrate that THC is responsible for
these adverse effects.
3. Adolescence and brain maturation
Brain development is an organized and highly dynamic
multistep process, which is genetically determined, epigenetically
directed and environmentally inﬂuenced (Tau and Peterson, 2010).
In contrast to earlier beliefs, this process continues both through
childhood and adolescence, the developmental period during
which the body and brain emerge from an immature state to
adulthood (Spear, 2000; Steinberg and Morris, 2001). Although no
precise borders can be deﬁned, adolescence broadly covers the

stage between the non-reproductive (childhood) and reproductive
stages (adulthood), i.e. in humans, an age range roughly starting
between 10 and 12 years and ﬁnishing between 16 and 20 years
(Spear, 2000). Adolescence is characterized by dramatic changes in
brain growth and connectivity, and has been described as a critical
period for the neurodevelopment of speciﬁc, mainly frontal
cortical, brain regions (Slotkin, 2002; Chambers et al., 2003;
Nelson, 2004; Cannon et al., 2005). Due to these excessive changes,
adolescents are susceptible to developmental disturbances induced by exogenous substances (Rice and Barone Jr., 2000;
Andersen, 2003; Smith, 2003; Spear, 2007).
Brain growth among infants and children is focused essentially
on volume: as many brain cells as possible are created, with
numerous connections to other brain cells. From childhood to
adolescence, development shifts from producing a large number of
neurons to creating efﬁcient neuronal pathways. This efﬁciency is
thought to be achieved by synaptic reﬁnement, the process by
which some connections between brain cells are pruned and
eliminated, and ‘‘useful’’ neurons, synapses and dendrites are
selected and preserved for the adult brain (Katz and Shatz, 1996;
Cohen-Cory, 2002; Whitford et al., 2007; Purves et al., 2008; Luna,
2009). Presumably, this indicates that synapses that are most
important to survival and optimal function ﬂourish, whereas
connections that are not being used vanish (Seeman, 1999; de
Haan and Johnson, 2003; Luo and O’Leary, 2005).
3.1. Functional development
Adolescence is characterized by an increased need to regulate
affect and behavior in accordance with long-term goals and
consequences (Steinberg, 2005). Motivated behaviors that reﬂect
the typical development of cognitive, affective, and social
processes are changing to ultimately adult levels of performance
(Ernst and Hardin, 2010). These changes in adolescent behavior
come together with changes in the adolescents’ physical and social
environments, such as physical changes associated with puberty,
changes in family and peer relationships and the increasing impact
of society. Maturing adolescents show increasing capacity to
attend selectively to information and to control their behavior
(Adleman et al., 2002; Luna et al., 2004). The process of mental
growth involves signiﬁcant changes in behavioral response to
cognitive, social and emotional stimuli, speciﬁcally related to
increasing use of results of previous experiences (Knudsen, 2004).
The maturation of complex cognitive processes are supported by
development in speciﬁc core cognitive processes including the
ability to plan, maintain information ‘‘online’’ (working memory),
solve complex cognitive tasks, and exhibit self-regulation and
inhibitory control (Luna and Sweeney, 2004). Working memory is
fundamental to the performance of many cognitive tasks and dayto-day activities. Although working memory is already established
in childhood, it matures over time and reaches adult performing
levels in adolescence. Adolescents are able to perform more
difﬁcult working memory tasks than children (Luciana and Nelson,
1998; Demetriou et al., 2002; Davidson et al., 2006). Some aspects
of working memory seem to mature early, whereas others have a
more protracted maturation (Geier et al., 2009).
Recent studies focusing on the development of the social brain
support evidence that adolescence also represents a period of
signiﬁcant social development (Blakemore, 2008). The social
change includes heightened self-consciousness, increased importance and complexity of peer relationships, an improved understanding of others and a profound change in self-concept
(Blakemore, 2008; Sebastian et al., 2008).
Adolescents report greater ﬂuctuations in their emotional
states and tend to experience highly emotional events more
acutely (Larson et al., 2002). Emotional responses have not yet
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consolidated and changes in emotional capacity are also seen
during this developmental stage (Yurgelun-Todd, 2007).
3.2. Neuroanatomical development
During its development, the cerebral cortex experiences several
transformations, including structural and neurochemical changes,
which altogether result in a change in its functional capacities.
Magnetic Resonance Imaging (MRI) studies showed that different
areas of the cortex do not develop simultaneously: ﬁrst cortical
areas that serve relative simple tasks mature, before development
of higher cortical domains is initiated. The development of higher
domains among which speciﬁc areas within the PFC seems to be
dependent upon the correct development of lower regions that
takes place earlier in the process (de Haan and Johnson, 2003;
Guillery, 2005). The PFC is considered one of the most functionally
advanced areas of the association cortex (Fuster, 1999; Nelson
et al., 2005), is mainly involved in higher order cognitive
processing such as response selection, decision making and
working memory (Krawczyk, 2002; Lee et al., 2007), and
participates in the organization and planning of goal-directed
tasks (Fuster, 1991; Goldman-Rakic, 1995). The sequence of
cortical development is rostro-frontal and latero-medial (Gogtay
et al., 2004). The association cortices that sub-serve executive
functioning, attention and motor coordination comprise the last
cortical regions to mature (Yurgelun-Todd, 2007), and some of the
prefrontal regions may not be fully mature until young adulthood
(Giedd et al., 1999; Toga et al., 2006; Gogtay et al., 2004). Although
MRI studies do not have the resolution to visualize or measure
changes at a synaptic level, combining the structural MRI data with
post-mortem data, it has been speculated that the decrease in
cortical gray mass, as measured by the MRI-studies, represents the
ﬁne tuning of neural connections via elimination of an excess of
synaptic connections and dendrites and strengthening of relevant
connections (Huttenlocher and Dabholkar, 1997; Selemon and
Goldman-Rakic, 1999; Tau and Peterson, 2010).
Especially during the last decade efforts have been made to link
the behavioral changes observed in adolescence with the maturation of speciﬁc regions in the brain. The orderly representation and
control of information within mature neural circuitries are crucial
for the appropriate processing of behavior. Abilities that rely on
posterior brain regions appear to be stable by the age of 8 (Luciana
and Nelson, 1998). Studies investigating the capacity of the PFC to
regulate complex behavior suggest that adult levels of performance on more challenging tests of frontal lobe function are not
reached until adolescence or early adulthood (Levin et al., 1991;
Luciana & Nelson, 1998; Luciana, 2003). Abilities that involve
interactions between posterior brain regions and the frontal lobe
show an intermediate developmental pattern (Luciana, 2003).
Cognitive development through adolescence is associated with
progressively greater efﬁciency of executive control capacities, and
this efﬁciency is paralleled by increased activity within focal
prefrontal regions (Rubia et al., 2000; Tamm et al., 2002). It seems
that with increasing age prefrontal activity becomes more focal and
specialized while irrelevant and diffuse activity in this region is
reduced (Durston et al., 2006; Tamm et al., 2002; Brown et al., 2005).
In the mature brain, working memory largely depends on an
intact dorsolateral prefrontal cortex (DLPFC). Maturation of the
neural circuits that support working memory processes is
illustrated by a fuller and more consistent functioning of
frontoparietal regions with increasing task difﬁculty between
childhood and adolescence. This process is followed by the spatial
reﬁnement of these cortical regions between adolescence and
adulthood (Scherf et al., 2006; Tau and Peterson, 2010).
The maturation of prefrontal networks also plays a critical role
in the emotional behaviors displayed by adolescents. The
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development of prefrontal modulation over emotional processing
as measured by functional MRI studies using affective challenges
continues to develop throughout adolescence into early adulthood.
Neural circuits subserving attentional processes seem to mature
ahead of those supporting socioemotional functioning (YurgelunTodd, 2007).
For information from the outside world, cortical areas subserving high-order behavior completely depend on subcorticocortical connections. Animal studies, speciﬁcally studies in
rodents, suggest unique anatomical and functional changes during
adolescence. An intact innervation of the cortex from subcortical
structures during this time period appears to be a prerequisite for
the proper maturation of speciﬁc cortical areas. Thus, lesions in
neurons connecting subcortical structures, such as the amygdale
and hippocampus, with the prefrontal cortex before adolescence
lead to speciﬁc structural and behavioral changes at the end of
adolescence and in adulthood. Such lesions studies have been
proposed as good animal models for neurodevelopmental psychopathological disorders, such as schizophrenia (Bouwmeester et al.,
2002; Lipska, 2004; Tseng et al., 2009).
The maturation of the prefrontal cortex is protracted compared
with associated subcortical regions. This developmental imbalance
suggests that typical adolescent behavior such as emotional
instability and increased risk-taking are the result of competition
between enhanced activity in subcortical systems (e.g. amygdala
and nucleus accumbens) and less-mature top-down prefrontal
systems (Hare et al., 2008; Casey et al., 2008; Steinberg, 2010).
3.3. Development of neurotransmitter systems
Since optimal prefrontal functioning depends on the dopaminergic and GABA-ergic systems (Sawaguchi and Goldman-Rakic,
1991; Arnsten et al., 1994; Vijayraghavan et al., 2007; Rao et al.,
2000; Constantinidis et al., 2002), functional development of the
PFC also suggests alterations of these neurotransmitter systems
during adolescence. Indeed, dopamine systems in the PFC undergo
substantial reorganization during adolescence (Spear, 2000). Basal
PFC dopamine concentrations peak in early adolescence and
decline thereafter (Andersen et al., 1997), and reﬁnements in
dopamine innervation of prefrontal pyramidal neurons occur (Woo
et al., 1997; Tseng and O’Donnell, 2007). In addition, both the
density of dopamine afferents to the PFC (Rosenberg and Lewis,
1994; Lambe et al., 2000) and the activity of the dopamine
eliminating enzyme catechol-O-methyl transferase (COMT) increase during adolescence (Tunbridge et al., 2007). On the other
hand, dopamine synthesis and turnover in the subcortical
projection areas of the PFC such as the striatum are lower at the
beginning of adolescence than in early adulthood (Teicher et al.,
1993; Andersen et al., 1997). This change in dopamine balance
between the PFC and subcortical structures of the mesolimbic
dopamine system is accompanied by, and probably the result of,
signiﬁcant pruning of axons projecting to the neocortex (Bourgeois
et al., 1994; Woo et al., 1997).
The integrity of adult PFC functioning is dependent on a delicate
interplay between inhibitory, GABA-ergic, and excitatory, mainly
glutamatergic, neurons (Constantinidis et al., 2002; Lisman et al.,
2008; Benes, 2010). During adolescence, the GABA-ergic system
undergoes signiﬁcant maturational changes. Using ultrastructural
techniques, Cunningham and colleagues demonstrated that ﬁbers
from the basolateral amygdala continue to form contacts with
GABA-ergic interneurons in the prefrontal cortex of rats throughout adolescence (Cunningham et al., 2002, 2008).
Lewis et al have intensively studied the development of GABAergic contacts with pyramidal cells in the DLPFC of monkeys (Akil
and Lewis, 1992; Cruz et al., 2003, 2009). They found that different
GABA-ergic inputs to pyramidal cells undergo distinct develop-
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mental trajectories with different types of changes during the
perinatal period and adolescence. These changes are in harmony
with the protracted maturation of behaviors mediated by primate
PFC circuitry (Cruz et al., 2009). A speciﬁc type of GABAinterneurons, the parvalbumin (PV) containing interneurons, is
important for the regulation of working memory and information
transmission between cortical areas (Salinas and Sejnowski, 2001;
Bartos et al., 2007). Synaptic inhibition from PV-interneurons
controls the ﬁring rates of pyramidal neurons and participates in
the development of executive functions associated with prefrontal
brain regions (Goldman-Rakic, 1999; Markram et al., 2004). Adult
levels of executive functioning emerge relatively late in the
postnatal development of primates, throughout childhood and
adolescence (Alexander and Goldman, 1978). In primates, the
delay in achieving mature performance on executive function tasks
correlates with the delayed maturation of PV-inhibitory circuits
(Rao et al., 2000; Uhlhaas et al., 2009; Behrens and Sejnowski,
2009). In humans, the input to GABA-ergic interneurons in the PFC
appears to decrease strongly from adolescence to adulthood
(Lewis, 1997; Spear, 2000).
In summary, adolescence is an important era in brain
development during which stimuli from the external environment
are implicated in anatomical and functional changes of the brain.
Working memory, a key cognitive function underlying other
complex cognitive abilities, undergoes signiﬁcant maturation
during adolescence. This is in line with the functional and
anatomical changes seen in the PFC during this age period. Apart
from the structural changes, brain neurotransmitter systems, such
as dopamine and GABA, undergo dramatic changes during
adolescence. These alterations are implicated in changes in
information processing of the PFC.
4. Experience, sensitive periods and mechanisms of cortical
plasticity
Before various cortical areas have reached their mature
structure, they pass through several developmental phases.
Although differences exist between different cortical areas in
the mechanisms underlying this process of cortical maturation, the
individual maturational processes are basically the same. First,
vast numbers of synapses and neurons are formed, followed by
synaptic strengthening and elimination and pruning of redundant
arbors. The forming of these more efﬁcient microcircuitries within
the functional areas of the cerebral cortex is the last step in the
formation of a mature network.
4.1. Experience
External stimuli play an important role in brain maturation,
making the brain unique to the speciﬁc individual (Rakic et al.,
1994; Lichtman and Colman, 2000). The role of external stimuli has
been intensively studied in brain development during early
postnatal life (Quinlan et al., 1999; Zuo et al., 2005), but adolescent
brain development has received little attention (Nelson, 2004).
Experience is thought to play an important role in the strengthening and loss of synapses and dendritic and axonal arbors (Purves
et al., 2008; Tau and Peterson, 2010). Through inducing patterns of
neural activity, experience causes a cascade of events that reﬁne
the initially coarse connectivity into precise circuits. This has been
clearly demonstrated for monosensoric stimuli in the reﬁnement
of less evolved cortical regions such as the visual cortex (Quinlan
et al., 1999; Berardi et al., 2003), olfactory cortex (Brunjes and
Frazier, 1986; Zou et al., 2004; Franks and Isaacson, 2005), barrel
cortex (Micheva and Beaulieu, 1997; Zuo et al., 2005) and auditory
cortex (Reale et al., 1987; Kral et al., 2005), but has also been shown
for more sophisticated functions, including bird song and language

development in humans (Buonomano and Merzenich, 1998;
Doupe and Kuhl, 1999; Neville and Bavelier, 2002; Nordeen and
Nordeen, 2004). There are several indications that the underlying
mechanisms of experience-induced synaptic plasticity of sensorimotoric cortical areas may be generalized to other, more complex,
cortical areas such as those in the PFC. Deprivation of complex
stimuli in vulnerable periods, such as rearing in an impoverished
environment (Beneﬁel et al., 2005) and social isolation (Hall, 1998),
results in permanent disturbances in adult behavior, disturbances
that seem to be mediated by defects in the neural circuitry within
the PFC (Card et al., 2005). Deprivation studies also have shown
that social play behavior, the ﬁrst form of non-mother directed
social behaviors displayed by most adolescent mammals, is
essential for appropriate social, cognitive and sexual development
(Vanderschuren et al., 1997).
4.2. Sensitive periods
Experience-dependent modiﬁcations typically occur during
postnatal ‘‘sensitive periods’’ (Sur and Leamey, 2001; Knudsen,
2004). Sensitive periods are permissive temporal windows during
which activity-dependent synaptic rearrangements occur, and
after which mature connectivity is established. Critical periods are
a special class of sensitive periods that result in irreversible
changes in brain function (Knudsen, 2004). After a sensitive period,
synaptic reorganization is more difﬁcult to induce (Knudsen, 2004;
Johnson, 2005; Fox et al., 2010). Sensitive periods start once the
relevant neural pathways have developed. Critical or sensitive
developmental periods have been well deﬁned for a series of
sensory and motor systems, but not for higher-order behavior.
However, this does not mean that they do not exist. Although not
experimentally demonstrated yet, it is plausible to assume that the
maturation of higher-order neural circuits in adolescence occurs
during sensitive periods (Tau and Peterson, 2010). Experience that
occurs before the ‘‘opening’’ of a sensitive period will have no effect
on the maturation of the circuit. Experience-dependent shaping of
high-level circuits cannot occur until the computations being
carried out by lower-level circuits have become reliable (Fig. 1).
This implies that sensitive periods for regions of the brain that
process high-level information cannot open until relevant
information from lower level areas is sufﬁciently precise and
reliable, and the reliable encoding of low-level information in turn
depends on earlier sensitive critical period experience (Knudsen,
2004). Complex behaviors may comprise multiple sensitive
periods. Thus, the development of complex functions involves
cascades of sensitive periods affecting different levels of processing
at different ages (Knudsen, 2004). Although stimuli from the
cognitive, social and emotional domain are thought to be
important for appropriate brain maturation during adolescence,
it does not exclude an important role for this type of stimuli during
critical or sensitive periods during infancy and childhood. For
example, social contacts with parents has shown to be important
for brain plasticity early in life (Helmeke et al., 2009; Musholt et al.,
2009), whereas social contacts with peers are thought to be
important for brain development during adolescence (Leussis and
Andersen, 2008).
4.3. Brain plasticity
The remodeling of existing synapses has a key function in the
reorganization and ﬁne-tuning of neural circuits during sensitive
periods (Citri and Malenka, 2008). Most of what we know about
these activity-dependent changes in neural circuits at the synaptic
level comes from electrophysiological studies of long-term
potentiation (LTP) and long-term depression (LTD). During the
time span of the sensitive period, synaptic connections are
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Fig. 1. Impact of environmental stimuli on adolescent brain maturation.
After birth external stimuli trigger, via subcortical structures, ﬁnal maturation of speciﬁc cortical areas during critical and sensitive periods. Before birth, the development of
speciﬁc cortical areas is mainly regulated by endogenous factors. After birth, regulation is performed by external stimuli. Shortly after birth, most of the stimuli are
monosensoric in nature, gradually followed by more complex stimuli, in combination with information that has already been stored (see text). Cortico-cortical connections
regulate the onset of a speciﬁc critical period by depolarisation of postsynaptic membranes (A). Presynaptic stimulation by external stimuli ensure the release of glutamate
(B). Simultaneous glutamate release and depolarisation of the postsynaptic membrane allows for activation of ‘‘immature’’ NMDA receptors and strengthening or pruning of
the synaptic connection (see Fig. 2).

stimulated by neural activity in the form of electrical stimulation.
The strength and pattern of activity at a given synapse produce
transient or enduring potentiation or depression of communication between neurons (Martin et al., 2000; Morris, 2006; Purves
et al., 2008). LTP and LTD require NMDA-receptor activation and
the inﬂux of Ca2+-ions. Ca2+-ions act as a second messenger which
may modify the synapse structurally (Yashiro and Philpot, 2008).
In case of LTP, this will strengthen the synaptic connection, in the
case of LTD, this might lead to a weakening and ultimately pruning
of the synaptic connection (Segal, 2005). The pruning of the
synapse might in turn lead to retraction and ultimately removal of
dendritic branches. Whether the initially established synapses are
strengthened or removed depends on synchronization of the preand postsynaptic membrane; the postsynaptic membrane needs to
respond to presynaptic neurotransmitter release (Herron et al.,
1986; Segal, 2005; Yashiro and Philpot, 2008). Synchronization
stabilizes the synapse, whereas failure to synchronize leaves the
postsynaptic membrane unstable, leading to retraction and
elimination of the synapse.
4.3.1. Silent synapses
Presynaptic stimulation might be a consequence of external
stimuli. Via subcortical structures, external stimuli are transformed into action potentials inducing presynaptic neurotransmitter release in the cortex. Thus, external stimuli indirectly
activate glutamatergic neurons which results in an efﬂux of
glutamate and subsequently in an activation of NMDA-receptors.
Probably, at the start of the critical period, the early
postsynaptic membranes contain an abundance of silent synapses that lack AMPA-receptors (Hanse et al., 2009). These
synapses contain NMDA-receptors that are unresponsive to
glutamate, due to blockade of the ion channels by Mg2+. To allow
ion inﬂux, the blocked NMDA receptor pore needs to be

dislodged (Mayer et al., 1984; Isaac et al., 1997; Isaac, 2003).
This only occurs when the postsynaptic membrane is sufﬁciently
depolarized: postsynaptic depolarization dissociates the Mg2+
from its binding site within the ion channel. Simultaneous
glutamate binding will result in a fully activated channel. Thus,
in order to dislodge the Mg2+ and to activate the ion channel, a
coincidence of presynaptic glutamate release and postsynaptic
depolarization is needed (Fig. 2A).
How and what depolarizes the postsynaptic membrane is not
yet fully understood. There is evidence that back-propagating
action potentials provide the necessary postsynaptic depolarization. The back-propagating action potential is to be viewed as a
dendritic signal that provides information to synapses about the
ﬁring state of the postsynaptic neuron (for review: Colbert, 2001).
Because GABA-ergic neurotransmission plays an important role in
the demarcation of the critical period (Hensch, 2005a,b), it is also
possible that GABA-ergic neurotransmission plays a role in the
depolarization of the postsynaptic membrane. In this context, the
ﬁnding that during development inhibitory synapses transiently
releases glutamate might be of interest (Gillespie et al., 2005). It
might be that GABA-ergic interneurons derived from already
mature brain areas are responsible, which could explain the order
in postnatal neocortical maturation. Whether LTP or LTD are
initiated is dependent on the different rates of repetitive synaptic
activity; induction of LTP requires high-frequency activity and LTD
is induced by low-frequency activity. Another determinant of LTP
synaptic plasticity is the temporal relationship between activity in
the pre- and postsynaptic neuron. At a low frequency of synaptic
activity LTD will occur if presynaptic activity is preceded by a
postsynaptic action potential whereas LTP occurs if the postsynaptic action potential follows presynaptic activity, a phenomenon
referred to as spike timing dependent plasticity (STDP) (for review:
Caporale and Dan, 2008).
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4.3.2. The role of the postsynaptic calcium concentration
A coincidence of the postsynaptic depolarization and presynaptic glutamate release enables Ca2+ inﬂux through the NMDA
receptors. In the more enduring forms of plasticity, postsynaptic
changes in intracellular Ca2+ regulate a variety of biochemical
cascades, such as protein phosphorylation and changes in gene
expression. This may greatly outlast the period of synaptic activity
and can yield enduring changes in synaptic strength (Malenka,
1991; Zucker, 1999). The properties of STDP arise from timingdependent differences in postsynaptic Ca2+ signals. If a postsynaptic action potential occurs after presynaptic activity, the
resulting depolarization will relieve the Mg2+-block on NMDA
receptors, which causes a relatively large amount of Ca2+ inﬂux
through the postsynaptic NMDA-receptor, resulting in LTP. When a
postsynaptic action potential precedes a presynaptic action
potential postsynaptic metabotropic glutamate receptors (mGlu’s)
are activated, resulting in the synthesis of endocannabinoids
which acts as a retrograde messenger for glutamate release (see
Section 6) and will reduce the amount of Ca2+ entry through the
NMDA receptors, leading to LTD (Nevian and Sakmann, 2006).
When presynaptic action potentials in STDP precede the postsynaptic action potential this results in a transient large inﬂux of Ca2+
through the NMDA-receptor and a large increase in the postsynaptic Ca2+ concentration will occur, which is required for induction
of LTP.

Fig. 2. Role of the endocannabinoid system in activity-regulated glutamate release
and NMDA receptor changes.
(A) The process of strengthening and pruning is an activity-dependent process, in
which the immature glutamatergic NMDA receptor plays an important role. With
simultaneous presynaptic glutamate release (1), depolarisation of the postsynaptic
membrane (2) lifts the Mg2+ blockade of the ‘‘immature’’ NMDA receptor (3 ! 4),
and binding of glutamate to the postsynaptic NMDA receptor (5) enables Ca2+ to
cross the postsynaptic membrane through the immature NMDA receptor (6). The
increased Ca2+ concentration starts the synaptic strengthening process. Activation
of the metabotropic glutamate receptor (mGlu) stimulates the increase of
postsynaptic endocannabinoid (eCB) synthesis, e.g. anandamide (7). Endogenous
endocannabinoids control the release of presynaptic glutamate and GABA through
an interaction with the presynaptic CB1 receptor (8 ! 9). In this way, an excess of
postsynaptic Ca2+ inﬂux may be prevented.
(B) Transient blockade of the CB1 receptor, for example by exposure to exogenous
cannabinoids such as THC (1), disrupts the protective effect of the endogenous
cannabioid system (2), thereby causing an excess of glutamate (3) and consequently
too great an inﬂux of Ca2+ (4) in the postsynaptic neuron. This causes a disturbance
of the LTP/LTD balance, which may lead to pruning of the postsynaptic part of the
synapse and possibly of the postsynaptic dendritic arbors. The ultimate result might
be a disturbance in local neuronal circuitry (see Fig. 3).

4.3.3. Changes in NMDA- and AMPA-receptors
The neural activity that the experience brings about is also
responsible for the incorporation of AMPA receptors in the
postsynaptic membrane. Binding of glutamate to the AMPAreceptors further depolarizes the postsynaptic membrane, which
also unlocks the Mg2+ blockade of the NMDA receptor. Thus,
incorporation of AMPA receptors changes the silent synapses into
functional ones. Since more AMPA receptors are being incorporated during the course of the critical period, the functional NMDA
receptor change is increasingly dependent on activation of AMPA
receptors (Kerchner and Nicoll, 2008).
Further neuronal activity during the critical period changes the
composition of the NMDA receptors (Ewald and Cline, 2009; Wang
and Gao, 2009). NMDA receptors comprise both NR1 and NR2
subunits, which express distinct functional properties (Seeburg,
1993; Mori and Mishina, 1995). The NMDA receptor consists of
four NR2 subunits and two types of NR2 subunits are discerned:
NR2A and NR2B. The subunit composition of adult NMDA receptors
is different from that of immature NMDA receptors. During the
critical period, the ratio of NR2B/NR2A subunits changes. In the
beginning, almost all subunits are of the glutamate sensitive NR2B
type, and at the end of the critical period most of them are of the
less sensitive NR2A type (Sinor et al., 2000; Kovacs et al., 2001).
This NMDA receptor subunit change, together with the increase in
less glutamate sensitive AMPA receptors, makes the postsynaptic
membrane less effective in modifying synaptic efﬁcacy through
the critical period. Critical periods end once an individual has
received adequate experience, and the relevant pathway is
irreversibly committed to a particular pattern of connectivity.
The net result of the maturational processes during the critical
period is a new local neuronal circuitry with functional characteristics that are different from the original circuitry. The NMDA
receptor and the binding of glutamate are critically implicated in
this reﬁnement of cortical circuits. Blocking the binding of
glutamate to the NMDA receptor with speciﬁc receptor antagonists
during critical periods results in long-lasting defects in cortical
circuits that might be reﬂected as functional disorders during
adulthood (Johnston, 2004).
Although glutamate plays a central role in cortical maturation,
overactivation of ionotropic glutamate receptors can induce either
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Fig. 3. Inﬂuence of cannabis exposure on neural circuitry development.
Subpart A represents normal cortical pyramidal neurons before pruning of synapses and neurites during a critical period. Subpart B represents the same pyramidal neuron as
in subpart A, but now after a normal critical period during which several synapses, neurites and dendrites have been pruned, in this way forming part of a normal cortical
circuitry. Subpart C represents the same pyramidal neuron as in subpart A, but now after a critical period during which too much glutamate has been released, e.g. due to
exposure to exogenous cannabinoids. Such persistent circuitry alterations may result in disturbed neurotransmitter signalling in other brain areas ultimately leading to
aberrant neural responses.

apoptosis or necrosis through excessive Ca2+ inﬂux, a process
known as excitotoxicity (Mody and MacDonald, 1995; Olney,
2003). This is illustrated by the fact that the immature brain is
more sensitive to the excitotoxic effects of glutamate than the
adult brain (Ikonomidou et al., 1999; Olney et al., 2000). Because
the immature NMDA receptor is more sensitive to glutamate, the
probability to induce such excessive concentrations of postsynaptic intracellular Ca2+ is increased during the critical period.
Excitotoxicity may disturb the normal maturational processes
by the formation of aberrant cortical connections (Olney, 2003).
Thus, binding of glutamate to the NMDA receptor will have greater
consequences during the critical period than outside this phase.
In summary, several areas in the prefrontal cortex undergo
important changes during adolescence. It is not the number of cells
that changes but the connections of several branches of different
neurons. Changes within a certain area take place during a critical
period. External stimuli are the trigger for these changes. Speciﬁc
stimuli are important during critical or sensitive periods in speciﬁc
areas. The external stimuli are supposedly responsible for the
release of glutamate. Presynaptically released glutamate stimulates postsynaptic NMDA-receptors. Postsynaptic GABA-ergic
connections probably depolarize the postsynaptic membrane, in
this way unlocking immature NMDA-receptors. The depolarization
of the postsynaptic membrane may also be caused by a process of
backward propagated action potentials. Ca2+-ions easily pass the
ion channels within activated NMDA-receptors and enter the
postsynaptic part of the synapse. Intracellular Ca2+ in combination
with endogenous cannabinoids determine whether this will result
in strengthening or pruning of the synaptic connection. Nature and
number of these connections ultimately determine the quality of
the mature neuronal network (Fig. 3).
5. Schizophrenia and the prefrontal cortex
Psychosis can occur in numerous organic and functional
disorders of which schizophrenia is only one. Schizophrenia itself
is a scientiﬁc construct to indicate a group of imperfectly
understood brain disorders characterized by alterations in higher
functions related to perception, cognition, communication, planning and motivation. The clinical symptoms are usually classiﬁed
as positive, negative and cognitive symptoms (Carpenter, Jr. and
Buchanan, 1994). Positive symptoms include hallucinations,
delusions and lack of insight. Negative symptoms involve poverty
of thought, anhedonia, apathy and a substantial reduction in social
life and affective expression. Although positive symptoms are most
prominent, cognitive impairments are considered to be the core
feature of the illness (Elvevag and Goldberg, 2000; Gold, 2004).

Psychotic symptoms not only occur in schizophrenia and other
psychiatric disorders. A signiﬁcant proportion of the population
has symptoms without a history of psychiatric or medical illness
(van Os et al., 2000, 2009). Nowadays, there is much evidence for
the existence of a continuum of psychotic experiences. The
symptoms usually emerge in early adulthood.
The pathogenesis of schizophrenia is unknown. There is a
substantial genetic component, and environmental experiences
are involved. This is indicated by the familial incidence of
schizophrenia: the risk for developing the disease increases with
the degree of kinship (monozygotic twins have a concordance rate
of more than 50%). Genetic research into schizophrenia suggests
that multiple genes are involved in its etiology (McGufﬁn et al.,
1994).
Several hypotheses have been advanced to explain the possible
mechanisms giving rise to the widespread behavioral, neuroanatomical, neurophysiological, and neuropathological abnormalities
of schizophrenia (for review: Keshavan et al., 2008). Most
signiﬁcant are the dopamine (imbalance) hypothesis and the
neurodevelopmental hypothesis. The dopamine hypothesis states
that altered dopamine function leads to the symptoms observed in
schizophrenics: positive symptoms of schizophrenia are probably
related to excessive dopamine activity in mesolimbic brain areas,
and the negative/deﬁcit syndrome is related to abnormally low
dopamine activity in the PFC (Davis et al., 1991). The activity of
mesolimbic dopamine terminals is under control of the PFC.
Stimulation or inhibition of PFC function affects ﬁring rates of
subcortical dopamine neurons as well as dopamine release
(Jackson et al., 2001; Murase et al., 1993). Dopamine, glutamate
receptors and GABA-ergic interneurons regulate the activity of
pyramidal cells in the PFC. This regulation includes the activation
of GABA interneurons by glutamate. Recently, Bitanihirwe et al.
(2009) have shown that the glutamatergic neurotransmission on
GABA-ergic neurons in the PFC is deﬁcient in schizophrenic
patients.
The neurodevelopmental hypothesis of schizophrenia proposes
that schizophrenia is partly the result of an early brain insult
affecting brain development, in which several factors such as
infections, malnutrition or birth complications might play an
etiological role (Weinberger, 1987). In particular, the lack of
evidence of neurodegeneration or postmaturational neural injury
supports a developmental hypothesis (Arnold, 1999). Therefore,
most likely abnormal pruning or apoptosis of prefrontal synapses
and ﬁbers underlies schizophrenia (Feinberg, 1982; Keshavan
et al., 1994; Glantz et al., 2006). Originally, the neurodevelopmental model was limited to the perinatal period. Recent ﬁndings
that brain development continues well into adolescence indicate
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that also adolescence can be regarded as a ‘‘vulnerable’’ period for
neuronal network development. For proper development during
childhood and adolescence, interaction with the environment,
particularly the social environment, plays an important role.
Therefore, social, emotional and cognitive stimuli might be
involved in the maturation of mature neuronal networks, as
indicated by additional risk factors for developing schizophrenia.
Early parental loss either from death or separation, lower
socioeconomic class, possibly as a result of increased stress or
poor nutrition, and other socioenvironmental variables such as
growing up in urban areas and migrational status have shown to be
additional risk factors for developing schizophrenia (Allardyce and
Boydell, 2006; Cantor-Graae, 2007; For reviews: Picchioni and
Murray, 2007; Tandon et al., 2008).
Another important risk-factor for developing schizophrenia or
closely related psychotic disorders is the use of cannabis during
adolescence. At least nine independent studies support the ﬁnding
that the use of cannabis can lead to an increased risk of psychosis
later in life (Andreasson et al., 1988; Arseneault et al., 2002;
Fergusson et al., 2003; Henquet et al., 2004; Mauri et al., 2006;
Stefanis et al., 2004; van Os et al., 2002; Weiser et al., 2002; Zammit
et al., 2002). A systematic review by Moore et al shows that risk of
psychosis increases by about 40% in people who have previously
used cannabis (Moore et al., 2007). This review also showed a
dose–response effect: an increased risk of 50–200% in the most
frequent users (Smye, 2008). One of the epidemiological studies
(Arseneault et al., 2002), showed that children and adolescents
who had used cannabis by the age of 15 years were 4.5 times more
likely to have been diagnosed with schizophreniform psychosis at
the age of 26 years; those who had used the drug by the age of 18
years were 1.6 times as likely to receive that diagnosis (Arseneault
et al., 2002; Murray et al., 2008).
Psychotic symptoms are not fully expressed until brain
development and maturation are largely completed, which is
not until the end of adolescence. An additional indication for the
necessity of a mature brain for the expression of positive
symptoms is that both the NMDA-antagonists phencyclidine
(PCP) and ketamine induce psychotic symptoms (Javitt and Zukin,
1991; Krystal et al., 1994) and neurocognitive disturbances similar
to those of schizophrenia in adults, but not in young adolescents or
children (White et al., 1982; Reich and Silvay, 1989; Baldridge and
Bessen, 1990).
The limitations of the dopamine and neurodevelopmental
hypotheses are signiﬁcant. The dopamine hypothesis and the
neurodevelopmental hypothesis are not mutually exclusive, and
there have been various attempts to link them. It is currently
believed that disturbed neuronal development leads to the
development of instability in the networks involved in the
regulation of dopaminergic activity between and within the PFC
and subcortical mesolimbic structures (Feinberg, 1982; Keshavan
et al., 1994; Glantz et al., 2006; Benes, 2010).
An excess of cognitive impairments has been found in samples of
schizophrenic patients compared to controls (Bowie and Harvey,
2005). The cognitive impairments in schizophrenic patients are at
least partly attributed to a dysfunctional working memory and thus
to disturbances in the functioning of the PFC (Goldman-Rakic, 1999;
Levy and Goldman-Rakic, 2000). This might be due to abnormalities
in GABA-mediated neurotransmission (Hashimoto et al., 2008;
Lewis et al., 2008; Mellios et al., 2009), regulating neuronal activity
of glutamatergic pyramidal cells during working memory.
Nowadays, it is commonly believed that the biological basis of
schizophrenia might be understood in terms of an abnormality in
brain development. Several studies investigating the etiology of
schizophrenia point to subtle changes of GABA-and glutamatergic
networks within the prefrontal cortex (Benes et al., 1992; Reynolds
and Beasley, 2001; Lewis et al., 2004; Benes, 2010). Genetic

approaches have identiﬁed several possible risk factor genes, some
of which are related to mechanisms known to be important in the
development of brain circuits and synapses (Harrison and Owen,
2003). Risk factors for schizophrenia suggest that the disrupted
development is the result of an interaction between genetic and
environmental factors. The disrupted neurocircuitry may upset the
dopamine balance between cortical and subcortical structures,
ultimately resulting in psychotic symptoms.
6. The cannabinoid system and cortical maturation
To prevent excitotoxicity induced by an extreme inﬂux of Ca2+
through postsynaptic ion channels, the synapse controls the
amount of glutamate that is presynaptically released. An important mechanism to regulate glutamate homeostasis is the
endogenous cannabinoid system (Schlicker and Kathmann,
2001; Wilson and Nicoll, 2002; Chevaleyre et al., 2006). It consists
of cannabinoid receptors and endocannabinoid ligands that work
on these receptors. At least two cannabinoid (CB) receptors have
been characterized: CB1 and CB2 (Matsuda et al., 1990; Munro
et al., 1993). The CB1 receptor is the most abundant G-proteincoupled receptor in the mammalian brain and is expressed at high
levels in the basal ganglia, cerebellum, hippocampus and cortex
(Herkenham et al., 1991; Glass et al., 1997). Most of the CNS effects
of cannabinoid drugs are mediated by the CB1 receptor (Huestis
et al., 2001, 2007). The CB2 receptor is mainly detected in the
periphery (Munro et al., 1993). The identiﬁcation of cannabinoid
receptors resulted in the discovery of endogenous cannabinoid
ligands, the two most important being anandamide and 2arachidonoylglycerol (2-AG) (Devane et al., 1992; Sugiura et al.,
1995; Stella et al., 1997).
The endocannabinoids are not stored as classical neurotransmitters, but are released from the postsynaptic neuron and diffuse
retrogradely across the synaptic cleft to stimulate CB1 receptors on
the presynaptic neuron. Activation of these CB1 receptors
transiently decreases neurotransmitter release from presynaptic
terminals (Schlicker and Kathmann, 2001; Wilson and Nicoll,
2002; Chevaleyre et al., 2006). This retrograde inhibition of
synaptic transmission has been described for GABA-ergic and
glutamatergic synapses throughout the whole brain, including the
neocortex, suggesting that endocannabinoids represent a widespread mechanism of synaptic regulation (Schlicker and Kathmann, 2001; Wilson and Nicoll, 2002; Chevaleyre et al., 2006).
Furthermore, the endocannabinoid signaling acts on-demand and
in a synapse-speciﬁc manner: endocannabinoids are released
when they are needed (Marsicano et al., 2003) and only affect
neurotransmitter release from their accompanying presynaptic
site (Brown et al., 2003). All these qualities make the endocannabinoid system pre-eminently suitable as a physiological protective
mechanism against excessive stimulation of glutamate receptors,
which might easily appear during critical periods.
Exogenous cannabinoids affect the function of the endocannabinoid system. The regulatory role of the endogenous cannabinoid
system in GABA and glutamate neurotransmitter release is
disrupted by both synthetic cannabinoids (Kreitzer and Regehr,
2001; Yoshida et al., 2002; Chevaleyre and Castillo, 2003) and THC
(Mato et al., 2004; Hoffman et al., 2007). Possible mechanisms
responsible for this disruption include down regulation (loss of
binding sites) and desensitization (uncoupling from G-proteins) of
CB1 receptors. These mechanisms have consistently been shown
after chronic administration of both synthetic cannabinoid
agonists and THC (Breivogel et al., 1999; Sim-Selley and Martin,
2002; Martin, 2005). By preventing endocannabinoid-mediated
control over the homeostasis of glutamate and GABA, exogenous
cannabinoids might dramatically affect the process of maturational reﬁnement of cortical neuronal networks.
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The endogenous cannabinoid system has a signiﬁcant role in
neural development. Both functionally active cannabinoid receptors and endogenous cannabinoids emerge early in the developing
brain (Fernandez-Ruiz et al., 2004), being critically involved in the
transition from synaptogenesis to synaptic communication in
developing neuronal circuits (Harkany et al., 2008). In addition,
CB1 receptors regulate the precise topography of the cortical
whisker barrel map, suggesting a role in cortical network
development (Deshmukh et al., 2007). However, research on the
involvement of the endocannabinoid system in adolescent brain
development is just in its infancy. Interestingly, the few studies
available indicate a strong correlation between the presence of the
CB1 receptor in a certain cortical area and its speciﬁc critical period
(Mizoguchi et al., 2006; Deshmukh et al., 2007).
In the present review, we emphasize on the role of the
endogenous cannabinoid system in strengthening and elimination
of excitatory synaptic connections in cortical neurocircuitries
during adolescence. This is because structural MRI-studies have
shown that the maturation of speciﬁc cortical areas during
adolescence is accompanied with thinning of the gray matter
(e.g. Gogtay et al., 2004). It is generally believed that this change in
gray matter is a consequence of pruning of synaptic connections
(Giedd et al., 1999; Gogtay et al., 2004). Most of the synaptic
attrition is achieved through the selective elimination of asymmetric junctions, on dendritic spines (Bourgeois et al., 1994;
Luciana, 2003). Asymmetric synaptic contacts regulate excitatory,
mainly glutamatergic, transmission. However, this does not imply
that this ‘‘protective’’ role of endogenous cannabinoids during
adolescent maturation is the only one. The eCB system has also an
important role in the development of the neural system much
earlier in life (Berghuis et al., 2007), which also makes the prenatal
period a sensitive period for exposure to cannabis (Galve-Roperh
et al., 2009; Schneider, 2009). In addition the eCB system plays an
important role in cellular processes underlying learning and
memory (Heifets and Castillo, 2009). However, these effects of
cannabinoids are beyond the scope of this review.
In summary, activation of cannabinoid receptors on synaptic
terminals results in regulation of ion channels, neurotransmitter
release and synaptic plasticity. Neuromodulation of synapses by
endocannabinoids is proving to have a wide range of functional
effects, and they have been implicated in brain plasticity and
learning and memory processes, which is beyond the scope of this
review (for reviews: Harkany et al., 2007; Trezza et al., 2008;
Heifets and Castillo, 2009; Fisar, 2009). Endocannabinoids are in a
strategic position to regulate synaptic GABA and glutamate release
in an on-demand feedback mechanism. Therefore, the endocannabinoid system seems to be critically involved in the regulation of
neuronal reﬁnement. Exogenous cannabinoids, including THC, can
disrupt the regulatory role of the endocannabinoid system and
thus can affect the process of maturational reﬁnement of cortical
neuronal networks.
7. General discussion
Using a toxicological approach and based on recent biological and
medical literature, it is postulated that the exposure of cannabis,
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more precisely THC, during adolescence results in disturbance of the
experience-driven reﬁnement of speciﬁc local neural circuits within
the PFC. The dose, the exact time-window and duration of the
exposure determine the severity and precise location of the cortical
disturbance. The CB1 receptor is the primary target for this
neurotoxic effect of THC. Under physiological conditions, the
interaction of endogenous cannabinoids with the CB1 receptor is
important in controlling the release of glutamate and GABA.
Glutamate plays a prominent role in the process of strengthening
and pruning of synapses during critical periods in postnatal
development during which mature neural circuitries are established. A consequence of a transient disturbance of the cannabinoid
control system by the exposure of THC is disruption in the release of
glutamate, which might result in an anomaly of synaptic connections. The improper construction of local neural circuitries within
the PFC has functional implications for physiological communication with other cortical and subcortical structures, mainly through
transmission abnormalities of dopamine and GABA. Abnormal
functioning of the PFC and disturbances in dopamine homeostasis
are key elements in schizophrenia. Our model of the neurobiology of
cannabis-induced schizophrenia is summarized in Table 1.
The core of our neurobiological model about the relationship
between the use of cannabis and the development of schizophrenia
is the interaction of the primary psychoactive ingredient in
cannabis, THC, with its primary biological target, the CB1 receptor.
After all, it is this speciﬁc interaction that subsequently induces a
permanent structural effect that distinguishes cannabis use from
other risk factors for schizophrenia. Although a few neurobiological models have already been proposed, little attention has been
paid to the role of the CB1 receptor, the speciﬁc time-span of the
exposure, and the permanent character of the lesion. These issues
form the basis of our model. Although this model is based on
available neurobiological evidence, it should be noted that several
assumptions are made that require further elucidation.
First of all, cannabis contains more than 60 different
cannabinoids, while in the current model it is assumed that THC
is the toxic component. This is based on the fact that THC is the
main psychoactive component in cannabis, and that it is also the
main ligand for the CB1 receptor. The lasting effects due to
exposure to cannabis as demonstrated in animal testing are a
result of an interaction with the CB1 receptor. Further, it is
assumed that postnatal developmental reﬁnement of speciﬁc areas
within the PFC takes place in a way homologous to that in other
cortical areas that have been studied more extensively. Investigating experience-driven plasticity of speciﬁc PFC areas is difﬁcult,
among others because of the lack of information on speciﬁc stimuli
necessary for this reﬁnement. However, there are several
indications that the underlying mechanisms of experienceinduced synaptic plasticity of sensory cortical areas may be
generalized to other, more complex, cortical areas such as those in
the PFC. Thus deprivation of complex stimuli in vulnerable periods,
e.g. rearing in an impoverished environment, play deprivation and
social isolation, results in permanent disturbances in adult
behavior, disturbances that seem to be mediated by defects in
neural circuits within the PFC. However, until now there is no real
proof that the same neurobiological substrates are implicated.

Table 1
Model of cannabis-induced schizophrenia: from etiology to symptoms.
Etiology: cannabis hampers the protective action of the endogenous cannabinoid system during a vulnerable period: adolescence.
Pathogenesis: lack of a protective system during sensitive periods of brain maturation of speciﬁc areas within the prefrontal cortex causes a disturbed
neurotransmitter release (glutamate/GABA), affecting the strengthening and pruning process of synapses and dendrites.
Pathology: misshapen local cortical neurocircuitries within the prefrontal cortex due to mistakenly connected or lacking neural connections.
Pathophysiology: disturbed control (excitation and inhibition) of cortical and subcortical neural networks by the affected circuitries in the prefrontal cortex.
Symptoms: disturbed neurotransmission in the projection areas of the affected prefrontal cortical areas, e.g. overactive dopamine in the striatum, or hypoactive
dopamine in the prefrontal cortex.
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By analogy with the visual cortex, it might be expected that
transformation of the immature NMDA receptor into its mature
form, together with the incorporation of AMPA receptors in the
postsynaptic membrane, is one of the mechanisms responsible for
synaptic strengthening and pruning during the critical or sensitive
period for speciﬁc areas within the PFC. Indeed, studies showing a
decrease in efﬁcacy (Burgard and Hablitz, 1993) and a transient
change in concentration (Insel et al., 1990; McDonald and
Johnston, 1990) of cortical NMDA receptors during development
indicate that glutamate-NMDA receptor interactions are implicated in activity-dependent changes in cortical areas within the
frontal lobe. Furthermore, in non-human primates, the number of
excitatory synapses in the PFC declines substantially during
adolescence until stable adult levels are achieved (Bourgeois
et al., 1994). However, other mechanisms than the unique NMDA
receptor subunit composition may also be involved in critical
period synaptic pruning. Because the endocannabinoid system also
regulates the release of GABA, temporary dysregulation of the CB1
receptor on GABA-ergic synapses through cannabis exposure may
also have detrimental effects on the reﬁnement of neural circuits
within the PFC. It is not yet clear to what extent glutamatergic
excitatory NMDA receptors and GABA-ergic neurons mutually
interact during critical periods. Probably GABA-ergic neurons
determine the onset of the critical period, whilst the NMDA
receptor is involved in the functional change, i.e. the strengthening
or pruning, of the synapse itself. This supports the view that higher
brain structures developing during critical periods require both
input from areas that have already undergone a maturational
change and information derived from the external environment. In
the present model, the ﬁrst may be supplied by cortico-cortical
connections, whereas the latter is provided by speciﬁc subcorticocortical input. At the circuitry level, this would mean optimization
of the connections between subcortical and cortical areas through
elimination of redundant ﬁbers and strengthening of the remaining ones. As a result, the described model predicts cortical
structural abnormalities after cannabis exposure. However, these
structural changes, such as an altered branching pattern of
dendrites or changes in the number of synapses on cortical
pyramidal cells, will be subtle and thus difﬁcult to demonstrate.
Current techniques are not able to determine such subtle structural
changes in microcircuitries in vivo.
To study experience-driven changes in neural circuitries we
mainly rely on animal data, certainly when focusing on the cellular,
synaptic and dendritic level. The functional development of
especially the prefrontal cortex in humans is more sophisticated
than in non-human primates and other animals, which will have
its reﬂection in the underlying neural construction. In animal
studies it is therefore difﬁcult to study disruptions of these higher
order functions. Some of the striking symptoms in schizophrenia
such as hallucinations and delusions seem to be restricted to
humans; it is surmised that these phenomena do not occur in nonhuman primates or in other animals. For complex human illnesses,
such as schizophrenia, etiological validity is difﬁcult to assess in
animal models, because little is known about the etiology of the
illness. However, animal models can be used to test hypotheses
about the possible etiology of the illness and studies in
experimental animals can provide potentially important new
insight into a range of brain mechanisms with relevance to
schizophrenia (van den Buuse et al., 2005). And therefore, animal
‘models’ are an important tool in studying the symptoms and
development of cannabis-induced schizophrenia, alongside
approaches such as post-mortem studies, psychophysiological
studies, imaging and epidemiology.
In the proposed model, a prominent role in the maturation of
cortical areas is reserved for the endogenous cannabinoid system.
Despite a suggested involvement for this system in neural

development, research on the role of the endocannabinoid system
in adolescent brain development is just in its infancy. A
comprehensive neuroanatomical analysis of CB1 receptors and
endogenous cannabinoids during speciﬁc critical periods within
particular areas of the frontal cortex is currently lacking. In
addition, studies investigating the role of the endogenous
cannabinoid system in strengthening and pruning of synapses
during critical time periods in humans are needed. The few data
currently available converge in the direction of a correlation
between the presence of the CB1 receptor in a certain cortical area
and its speciﬁc critical period (Eggan et al., 2009).
Because cannabis may induce several effects, the exact
contribution of cannabis to the development of schizophrenia is
difﬁcult to determine. Cannabis has an acute effect, an effect on the
long term and a precipitating effect in people with a pre-existing
pathology. To study the mechanisms of cannabis-induced schizophrenia, it is necessary to separate these different effects.
Therefore, in the real life situation the associations that are
measured in epidemiological studies are the consequence of more
than one effect of cannabis: a detrimental effect of cannabis on the
construction of the maturing central nervous system and a
provoking effect of psychoses in an already affected neural
circuitry. With epidemiological studies it is not possible to discern
these effects. The different effects of cannabis are most likely
mediated by the same CB1 receptor, but the mechanisms of the
pathological and physiological consequences of the cannabis-CB1
receptor interactions are different. In real life situations, these
various effects of cannabis may occur simultaneously and will also
mutually interfere with each other.
Although cannabis use is an important risk factor for the
development of schizophrenia, it is only one of many. Other risk
factors, such as birth complications or malnutrition during
pregnancy, may provoke earlier or other brain lesions. Theoretically, there are several possibilities concerning the etiology of
cannabis-induced schizophrenia. For example, the development of
schizophrenia could be the result of an early lesion in combination
with a challenge by the acute effect of cannabis in adolescence, an
early lesion followed by a second lesion caused by the cannabis
exposure in adolescence (two-hit model), or a permanent lesion
produced by cannabis use during adolescence. In the ﬁrst and the
second model, cannabis is just a trigger for an already affected
neuronal circuitry. However, animal (Stiglick and Kalant, 1985;
Schneider and Koch, 2003; O’Shea et al., 2004) and human data
(Arseneault et al., 2004) suggest that cannabis exposure alone may
be a sufﬁcient factor to induce a developmental brain defect that
might result in schizophrenia. Neither of the ﬁrst two hypotheses
can explain these results.
Moreover, epidemiological studies until now have never shown
that cannabis-induced schizophrenia would not occur in nonsensitive people. The research that has been done in vulnerable
people concerns studies in people diagnosed with subclinical
symptoms (Henquet et al., 2004). In fact, these people already
suffered from a subclinical prodromal syndrome at the time that
the exposure to cannabis took place. Therefore, there is a need for
studies investigating a relationship of heredity for schizophrenia
and additional risk posed by the use of cannabis.
It has been reported that a functional polymorphism in the
COMT gene moderated the inﬂuence of cannabis use in adolescence on the development of psychosis in adult life (Caspi et al.,
2005; Henquet et al., 2006). However, a disruption of the dopamine
metabolism, for example by an inherited disorder of the COMT
enzyme, seems rather an additional than a causal risk factor. A
disturbed dopamine metabolism probably has a higher impact in
case of an already disturbed dopamine regulation, e.g. as a result of
structural changes. A disturbance of the dopamine metabolism
alone is probably not sufﬁcient to cause schizophrenia and
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therefore it seems that a disruption of COMT, the metabolizing
enzyme of dopamine, is not an implicit factor for the cannabisinduced schizophrenia. Although it cannot be excluded that a
genetically disturbed regulation of dopamine metabolism may
lower the threshold for symptoms revealed by cannabis-induced
structural deﬁcits.
Although the present model certainly does not exclude other risk
factors, it should be kept in mind that in this model, a dose–time–
effect relationship is responsible for the toxic effect of cannabis
during late postnatal development. This is possibly also one of the
main reasons why not everyone who used cannabis during
adolescence will develop a permanent psychosis. Lower exposure
will result in a less serious, probably sub-threshold effect. On the
other hand, the model is useful to explain how in individual cases
people that are not vulnerable for schizophrenia might develop
psychosis in adult life after cannabis exposure during adolescence.
Cannabis alters perception and has amnesic effects, therefore
theoretically, it is possible that the effects of cannabis assert
themselves already much earlier in the chain of events underlying
experience-dependent maturation (Fig. 1). As described above, the
‘‘experience’’ necessary for brain maturation in adolescence is
probably formed by an unknown combination of cognitive, social
and emotional stimuli. Deprivation of such incentives at the
beginning of the chain would ultimately yield into the same effects
as a blockade of neurobiological mechanisms further down the
chain. It is well known that acute cannabis intoxication has an
inhibitory effect on social and emotional behavior and on cognitive
functioning. Acute intoxication by cannabis might therefore be
similar to a deprivation of these stimuli. This might suggest that
cannabis itself has no effect on the neurobiological processes in
this developmental chain of events, but hampers the start of the
process by blocking exogenous stimuli that are necessary to launch
the chain.
In this review we elaborated on the accumulating and
converging evidence from epidemiological studies that strongly
suggests that cannabis use during adolescence plays a causal role
in the development of persistent psychotic disorders later in life.
Although an alternative explanation would be that schizophreniaprone subjects may consume more cannabis during adolescent
development because of the presence of muted forms of psychosisrelated behavior, this discussion is beyond the scope of our review.
The issue of causality has been extensively discussed in numerous
epidemiological studies and reviews (e.g. Arseneault et al., 2004;
Moore et al., 2007) and all suggest a causal link between cannabis
use and the risk of developing schizophrenia. Elucidating the
underlying neurobiological processes will enhance understanding
of this causal relationship and will provide testable hypotheses for
future experimental research.
7.1. Future research
Based on the present model, suggestions can be made for future
research on neurobiological mechanisms underlying cannabisinduced schizophrenia. First, studies are needed to investigate the
respective contributions of excitatory and inhibitory synapses and
the involvement of the endogenous cannabinoid system to the
experience-dependent reﬁnement of neural circuitries in the
prefrontal cortex during adolescence. Although it is most obvious
that ﬁnal reﬁnement during adolescence in the PFC happens at
synapses where subcortico-cortical and cortico-cortical neurons
merge with pyramidal NMDA-receptors, this still has to be proven.
Future studies should especially be aimed at dose and speciﬁc
time-window of cannabis exposure and the structural changes that
it causes in speciﬁc areas within the PFC.
Notably, much research has focused on studying the heredity of
schizophrenia in family and twin studies, but there are no studies
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in which the results of family and twin studies have been
combined with those of early cannabis use. In particular, results of
such studies can elucidate the contribution of cannabis-induced
schizophrenia at population level. More and more epidemiological
data become available, but important information about the exact
period and amount of exposure is still missing. New prospective
studies might shed more light on this matter, when these factors
will be taken into account in the design of the studies.
Since the described model stresses that cannabis use during
adolescence is critical in the development of schizophrenia later in
life, epidemiological studies distinguishing use of cannabis during
and after adolescence could conﬁrm the assumptions made in the
present model. Most of the research on the neurobiological basis of
schizophrenia is monodisciplinary and the same applies to the
study of the action and function of endogenous cannabinoids,
although both require a multidisciplinary approach. The current
model represents an attempt to construct a coherent multidisciplinary framework based on the results from various monodisciplines.
Acknowledgements
We thank Dr. Jan M. van Ree for critical reading and
commenting the manuscript and Dr. Susan Boobis for editing
the ﬁrst version of the paper.
References
Adleman, N.E., Menon, V., Blasey, C.M., White, C.D., Warsofsky, I.S., Glover, G.H.,
Reiss, A.L., 2002. A developmental fMRI study of the Stroop color-word task.
Neuroimage 16, 61–75.
Akil, M., Lewis, D.A., 1992. Postnatal development of parvalbumin immunoreactivity in axon terminals of basket and chandelier neurons in monkey neocortex.
Prog. Neuropsychopharmacol. Biol. Psychiatry 16, 329–337.
Alexander, G.E., Goldman, P.S., 1978. Functional development of the dorsolateral
prefrontal cortex: an analysis utlizing reversible cryogenic depression. Brain
Res. 143, 233–249.
Allardyce, J., Boydell, J., 2006. Review: the wider social environment and schizophrenia. Schizophr. Bull. 32, 592–598.
Andersen, S.L., 2003. Trajectories of brain development: point of vulnerability or
window of opportunity? Neurosci. Biobehav. Rev. 27, 3–18.
Andersen, S.L., Rutstein, M., Benzo, J.M., Hostetter, J.C., Teicher, M.H., 1997. Sex
differences in dopamine receptor overproduction and elimination. Neuroreport
8, 1495–1498.
Andreasson, S., Allebeck, P., Engstrom, A., Rydberg, U., 1988. Cannabis and schizophrenia. Lancet 1, 1000–1001.
Arnold, S.E., 1999. Neurodevelopmental abnormalities in schizophrenia: insights
from neuropathology. Dev. Psychopathol. 11, 439–456.
Arnsten, A.F., Cai, J.X., Murphy, B.L., Goldman-Rakic, P.S., 1994. Dopamine D1
receptor mechanisms in the cognitive performance of young adult and aged
monkeys. Psychopharmacology (Berl.) 116, 143–151.
Arseneault, L., Cannon, M., Poulton, R., Murray, R., Caspi, A., Mofﬁtt, T.E., 2002.
Cannabis use in adolescence and risk for adult psychosis: longitudinal prospective study. BMJ 325, 1212–1213.
Arseneault, L., Cannon, M., Witton, J., Murray, R.M., 2004. Causal association
between cannabis and psychosis: examination of the evidence. Br. J. Psychiatry
184, 110–117.
Baldridge, E.B., Bessen, H.A., 1990. Phencyclidine. Emerg. Med. Clin. North Am. 8,
541–550.
Bartos, M., Vida, I., Jonas, P., 2007. Synaptic mechanisms of synchronized gamma
oscillations in inhibitory interneuron networks. Nat. Rev. Neurosci. 8, 45–56.
Behrens, M.M., Sejnowski, T.J., 2009. Does schizophrenia arise from oxidative
dysregulation of parvalbumin-interneurons in the developing cortex? Neuropharmacology 57, 193–200.
Beneﬁel, A.C., Dong, W.K., Greenough, W.T., 2005. Mandatory ‘‘enriched’’ housing of
laboratory animals: the need for evidence-based evaluation. ILAR J. 46, 95–105.
Benes, F.M., Vincent, S.L., Alsterberg, G., Bird, E.D., SanGiovanni, J.P., 1992. Increased
GABAA receptor binding in superﬁcial layers of cingulate cortex in schizophrenics. J. Neurosci. 12, 924–929.
Benes, F.M., 2010. Amygdalocortical circuitry in schizophrenia: from circuits to
molecules. Neuropsychopharmacology 35, 239–257.
Berardi, N., Pizzorusso, T., Ratto, G.M., Maffei, L., 2003. Molecular basis of plasticity
in the visual cortex. Trends Neurosci. 26, 369–378.
Berghuis, P., Rajnicek, A.M., Morozov, Y.M., Ross, R.A., Mulder, J., Urban, G.M.,
Monory, K., Marsicano, G., Matteoli, M., Canty, A., Irving, A.J., Katona, I., Yanagawa, Y., Rakic, P., Lutz, B., Mackie, K., Harkany, T., 2007. Hardwiring the brain:
endocannabinoids shape neuronal connectivity. Science 316, 1212–1216.

382

M.G. Bossong, R.J.M. Niesink / Progress in Neurobiology 92 (2010) 370–385

Bitanihirwe, B.K., Lim, M.P., Kelley, J.F., Kaneko, T., Woo, T.U., 2009. Glutamatergic
deﬁcits and parvalbumin-containing inhibitory neurons in the prefrontal cortex
in schizophrenia. BMC Psychiatry 9, 71.
Blakemore, S.J., 2008. Development of the social brain during adolescence. Q. J. Exp.
Psychol. (Colchester) 61, 40–49.
Bouwmeester, H., Wolterink, G., van Ree, J.M., 2002. Neonatal development of
projections from the basolateral amygdala to prefrontal, striatal, and thalamic
structures in the rat. J. Comp. Neurol. 442, 239–249.
Bourgeois, J.P., Goldman-Rakic, P.S., Rakic, P., 1994. Synaptogenesis in the prefrontal
cortex of rhesus monkeys. Cereb. Cortex 4, 78–96.
Bowie, C.R., Harvey, P.D., 2005. Cognition in schizophrenia: impairments, determinants, and functional importance. Psychiatr. Clin. North Am. 28 613-33,
626.
Breivogel, C.S., Childers, S.R., Deadwyler, S.A., Hampson, R.E., Vogt, L.J., Sim-Selley,
L.J., 1999. Chronic delta9-tetrahydrocannabinol treatment produces a timedependent loss of cannabinoid receptors and cannabinoid receptor-activated G
proteins in rat brain. J. Neurochem. 73, 2447–2459.
Brown, S.P., Brenowitz, S.D., Regehr, W.G., 2003. Brief presynaptic bursts evoke
synapse-speciﬁc retrograde inhibition mediated by endogenous cannabinoids.
Nat. Neurosci. 6, 1048–1057.
Brown, S.M., Henning, S., Wellman, C.L., 2005. Mild, short-term stress alters
dendritic morphology in rat medial prefrontal cortex. Cereb. Cortex 15,
1714–1722.
Brunjes, P.C., Frazier, L.L., 1986. Maturation and plasticity in the olfactory system of
vertebrates. Brain Res. 396, 1–45.
Buhler, B., Hambrecht, M., Lofﬂer, W., an der, H.W., Hafner, H., 2002. Precipitation
and determination of the onset and course of schizophrenia by substance
abuse—a retrospective and prospective study of 232 population-based ﬁrst
illness episodes. Schizophr. Res. 54, 243–251.
Buonomano, D.V., Merzenich, M.M., 1998. Cortical plasticity: from synapses to
maps. Annu. Rev. Neurosci. 21, 149–186.
Burgard, E.C., Hablitz, J.J., 1993. Developmental changes in NMDA and non-NMDA
receptor-mediated synaptic potentials in rat neocortex. J. Neurophysiol. 69,
230–240.
Callicott, J.H., Mattay, V.S., Verchinski, B.A., Marenco, S., Egan, M.F., Weinberger,
D.R., 2003. Complexity of prefrontal cortical dysfunction in schizophrenia: more
than up or down. Am. J. Psychiatry 160, 2209–2215.
Campbell, V.A., 2001. Tetrahydrocannabinol-induced apoptosis of cultured cortical
neurones is associated with cytochrome c release and caspase-3 activation.
Neuropharmacology 40, 702–709.
Cannon, T.D., Glahn, D.C., Kim, J., van Erp, T.G., Karlsgodt, K., Cohen, M.S., Nuechterlein, K.H., Bava, S., Shirinyan, D., 2005. Dorsolateral prefrontal cortex activity
during maintenance and manipulation of information in working memory in
patients with schizophrenia. Arch. Gen. Psychiatry 62, 1071–1080.
Cantor-Graae, E., 2007. The contribution of social factors to the development of
schizophrenia: a review of recent ﬁndings. Can. J. Psychiatry 52, 277–286.
Caporale, N., Dan, Y., 2008. Spike timing-dependent plasticity: a Hebbian learning
rule. Annu. Rev. Neurosci. 31, 25–46.
Card, J.P., Levitt, P., Gluhovsky, M., Rinaman, L., 2005. Early experience modiﬁes the
postnatal assembly of autonomic emotional motor circuits in rats. J. Neurosci.
25, 9102–9111.
Carlini, E.A., Hamaoui, A., Bieniek, D., Korte, F., 1970. Effects of (–) delta-9-transtetrahydrocannabinol and a synthetic derivative on maze performance of rats.
Pharmacology 4, 359–368.
Carpenter Jr., W.T., Buchanan, R.W., 1994. Schizophrenia. N. Engl. J. Med. 330, 681–
690.
Casey, B.J., Jones, R.M., Hare, T.A., 2008. The adolescent brain. Ann. N. Y. Acad. Sci.
1124, 111–126.
Caspi, A., Mofﬁtt, T.E., Cannon, M., McClay, J., Murray, R., Harrington, H., Taylor, A.,
Arseneault, L., Williams, B., Braithwaite, A., Poulton, R., Craig, I.W., 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.
Chambers, R.A., Taylor, J.R., Potenza, M.N., 2003. Developmental neurocircuitry of
motivation in adolescence: a critical period of addiction vulnerability. Am. J.
Psychiatry 160, 1041–1052.
Chan, G.C., Hinds, T.R., Impey, S., Storm, D.R., 1998. Hippocampal neurotoxicity of
Delta9-tetrahydrocannabinol. J. Neurosci. 18, 5322–5332.
Chevaleyre, V., Castillo, P.E., 2003. Heterosynaptic LTD of hippocampal GABAergic
synapses: a novel role of endocannabinoids in regulating excitability. Neuron
38, 461–472.
Chevaleyre, V., Takahashi, K.A., Castillo, P.E., 2006. Endocannabinoid-mediated
synaptic plasticity in the CNS. Annu. Rev. Neurosci. 29, 37–76.
Chopra, G.S., Smith, J.W., 1974. Psychotic reactions following cannabis use in East
Indians. Arch. Gen. Psychiatry 30, 24–27.
Citri, A., Malenka, R.C., 2008. Synaptic plasticity: multiple forms, functions, and
mechanisms. Neuropsychopharmacology 33, 18–41.
Cohen-Cory, S., 2002. The developing synapse: construction and modulation of
synaptic structures and circuits. Science 298, 770–776.
Colbert, C.M., 2001. Back-propagating action potentials in pyramidal neurons: a
putative signaling mechanism for the induction of Hebbian synaptic plasticity.
Restor. Neurol. Neurosci. 19, 199–211.
Constantinidis, C., Williams, G.V., Goldman-Rakic, P.S., 2002. A role for inhibition in
shaping the temporal ﬂow of information in prefrontal cortex. Nat. Neurosci. 5,
175–180.

Cruz, D.A., Eggan, S.M., Lewis, D.A., 2003. Postnatal development of pre- and
postsynaptic GABA markers at chandelier cell connections with pyramidal
neurons in monkey prefrontal cortex. J. Comp. Neurol. 465, 385–400.
Cruz, D.A., Weaver, C.L., Lovallo, E.M., Melchitzky, D.S., Lewis, D.A., 2009. Selective
alterations in postsynaptic markers of chandelier cell inputs to cortical pyramidal neurons in subjects with schizophrenia. Neuropsychopharmacology 34,
2112–2124.
Cunningham, M.G., Bhattacharyya, S., Benes, F.M., 2002. Amygdalo-cortical sprouting continues into early adulthood: implications for the development of normal
and abnormal function during adolescence. J. Comp. Neurol. 453, 116–130.
Cunningham, M.G., Bhattacharyya, S., Benes, F.M., 2008. Increasing Interaction of
amygdalar afferents with GABAergic interneurons between birth and adulthood. Cereb. Cortex 18, 1529–1535.
Davidson, M.C., Amso, D., Anderson, L.C., Diamond, A., 2006. Development of
cognitive control and executive functions from 4 to 13 years: evidence from
manipulations of memory, inhibition, and task switching. Neuropsychologia 44,
2037–2078.
Davis, K.L., Kahn, R.S., Ko, G., Davidson, M., 1991. Dopamine in schizophrenia: a
review and reconceptualization. Am. J. Psychiatry 148, 1474–1486.
de Haan, M., Johnson, M.H., 2003. Mechanisms and theories of brain development.
In: De Haan, M., Johnson, M.H. (Eds.), The Cognitive Neuroscience of Development. Psychology Press, Taylor & Francis, New York, pp. 1–18.
Demetriou, A., Christou, C., Spanoudis, G., Platsidou, M., 2002. The development of
mental processing: efﬁciency, working memory, and thinking. Monogr. Soc.
Res. Child Dev. 67, i–155.
Deshmukh, S., Onozuka, K., Bender, K.J., Bender, V.A., Lutz, B., Mackie, K., Feldman,
D.E., 2007. Postnatal development of cannabinoid receptor type 1 expression in
rodent somatosensory cortex. Neuroscience 145, 279–287.
Devane, W.A., Hanus, L., Breuer, A., Pertwee, R.G., Stevenson, L.A., Grifﬁn, G., Gibson,
D., Mandelbaum, A., Etinger, A., Mechoulam, R., 1992. Isolation and structure of
a brain constituent that binds to the cannabinoid receptor. Science 258, 1946–
1949.
Di Forti, M., Morgan, C., Dazzan, P., Pariante, C., Mondelli, V., Marques, T.R., Handley,
R., Luzi, S., Russo, M., Paparelli, A., Butt, A., Stilo, S.A., Wiffen, B., Powell, J.,
Murray, R.M., 2009. High-potency cannabis and the risk of psychosis. Br. J.
Psychiatry 195, 488–491.
Doupe, A.J., Kuhl, P.K., 1999. Birdsong and human speech: common themes and
mechanisms. Annu. Rev. Neurosci. 22, 567–631.
Durston, S., Davidson, M.C., Tottenham, N., Galvan, A., Spicer, J., Fossella, J.A., Casey,
B.J., 2006. A shift from diffuse to focal cortical activity with development. Dev.
Sci. 9, 1–8.
Eggan, S.M., Mizoguchi, Y., Stoyak, S.R., Lewis, D.A., 2009. Development of cannabinoid 1 receptor protein and messenger RNA in monkey dorsolateral prefrontal
cortex. Cereb. Cortex.
Ehrenreich, H., Rinn, T., Kunert, H.J., Moeller, M.R., Poser, W., Schilling, L., Gigerenzer, G., Hoehe, M.R., 1999. Speciﬁc attentional dysfunction in adults following
early start of cannabis use. Psychopharmacology (Berl.) 142, 295–301.
Eldreth, D.A., Matochik, J.A., Cadet, J.L., Bolla, K.I., 2004. Abnormal brain activity in
prefrontal brain regions in abstinent marijuana users. Neuroimage 23, 914–
920.
Elvevag, B., Goldberg, T.E., 2000. Cognitive impairment in schizophrenia is the core
of the disorder. Crit. Rev. Neurobiol. 14, 1–21.
Ernst, M., Hardin, M., 2010. Neurodevelopment underlying adolescent behavior: a
neurobiological model. In: Zelazo, P.D., Chandler, M., Crone, E. (Eds.), Developmental Social Cognitive Neuroscience. Psychology Press, Taylor & Francis
Group, New York, pp. 165–189.
Ewald, R.C., Cline, H.T., 2009. NMDA receptors and brain development. In: van
Dongen, A.M. (Ed.), Biology of the NMDA Receptor. CRC-Press, Boca-Raton, FL,
pp. 1–16.
Fehr, K.A., Kalant, H., LeBlanc, A.E., 1976. Residual learning deﬁcit after heavy
exposure to cannabis or alcohol in rats. Science 192, 1249–1251.
Feinberg, I., 1982. Schizophrenia: caused by a fault in programmed synaptic
elimination during adolescence? J. Psychiatr. Res. 17, 319–334.
Fergusson, D.M., Horwood, L.J., Swain-Campbell, N.R., 2003. Cannabis dependence
and psychotic symptoms in young people. Psychol. Med. 33, 15–21.
Fergusson, D.M., 2004. Cannabis and psychosis: two kinds of limitations which
attach to epidemiological research. Addiction 99, 512–513.
Fernandez-Ruiz, J., Gomez, M., Hernandez, M., de Miguel, R., Ramos, J.A., 2004.
Cannabinoids and gene expression during brain development. Neurotox. Res. 6,
389–401.
Fisar, Z., 2009. Phytocannabinoids and endocannabinoids. Curr. Drug Abuse Rev. 2,
51–75.
Fox, S.E., Levitt, P., Nelson III, C.A., 2010. How the timing and quality of early
experiences inﬂuence the development of brain architecture. Child Dev. 81,
28–40.
Franks, K.M., Isaacson, J.S., 2005. Synapse-speciﬁc downregulation of NMDA receptors by early experience: a critical period for plasticity of sensory input to
olfactory cortex. Neuron 47, 101–114.
Fuster, J.M., 1991. The prefrontal cortex and its relation to behavior. Prog. Brain Res.
87, 201–211.
Fuster, J.M., 1999. Synopsis of function and dysfunction of the frontal lobe. Acta
Psychiatr. Scand. Suppl. 395, 51–57.
Galve-Roperh, I., Sanchez, C., Cortes, M.L., Del Pulgar, T.G., Izquierdo, M., Guzman,
M., 2000. Anti-tumoral action of cannabinoids: involvement of sustained
ceramide accumulation and extracellular signal-regulated kinase activation.
Nat. Med. 6, 313–319.

M.G. Bossong, R.J.M. Niesink / Progress in Neurobiology 92 (2010) 370–385
Galve-Roperh, I., Palazuelos, J., Aguado, T., Guzman, M., 2009. The endocannabinoid system and the regulation of neural development: potential implications in psychiatric disorders. Eur. Arch. Psychiatry Clin. Neurosci. 259, 371–
382.
Gaoni, Y., Mechoulam, R., 1964. Isolation, structure and partial synthesis of an active
constituent of hashish. J. Am. Chem. Soc. 86, 1646–1647.
Geier, C.F., Garver, K., Terwilliger, R., Luna, B., 2009. Development of working
memory maintenance. J. Neurophysiol. 101, 84–99.
Giedd, J.N., Blumenthal, J., Jeffries, N.O., Castellanos, F.X., Liu, H., Zijdenbos, A., Paus,
T., Evans, A.C., Rapoport, J.L., 1999. Brain development during childhood and
adolescence: a longitudinal MRI study. Nat. Neurosci. 2, 861–863.
Gillespie, D.C., Kim, G., Kandler, K., 2005. Inhibitory synapses in the developing
auditory system are glutamatergic. Nat. Neurosci. 8, 332–338.
Glantz, L.A., Gilmore, J.H., Lieberman, J.A., Jarskog, L.F., 2006. Apoptotic mechanisms
and the synaptic pathology of schizophrenia. Schizophr. Res. 81, 47–63.
Glass, M., Dragunow, M., Faull, R.L., 1997. Cannabinoid receptors in the human
brain: a detailed anatomical and quantitative autoradiographic study in the
fetal, neonatal and adult human brain. Neuroscience 77, 299–318.
Gogtay, N., Giedd, J.N., Lusk, L., Hayashi, K.M., Greenstein, D., Vaituzis, A.C., Nugent
III, T.F., Herman, D.H., Clasen, L.S., Toga, A.W., Rapoport, J.L., Thompson, P.M.,
2004. Dynamic mapping of human cortical development during childhood
through early adulthood. Proc. Natl. Acad. Sci. U.S.A. 101, 8174–8179.
Gold, J.M., 2004. Cognitive deﬁcits as treatment targets in schizophrenia. Schizophr.
Res. 72, 21–28.
Goldman-Rakic, P.S., 1995. Architecture of the prefrontal cortex and the central
executive. Ann. N. Y. Acad. Sci. 769, 71–83.
Goldman-Rakic, P.S., 1999. The physiological approach: functional architecture of
working memory and disordered cognition in schizophrenia. Biol. Psychiatry
46, 650–661.
Grant, I., Gonzalez, R., Carey, C.L., Natarajan, L., Wolfson, T., 2003. Non-acute
(residual) neurocognitive effects of cannabis use: a meta-analytic study. J.
Int. Neuropsychol. Soc. 9, 679–689.
Guillery, R.W., 2005. Is postnatal neocortical maturation hierarchical? Trends
Neurosci. 28, 512–517.
Hall, F.S., 1998. Social deprivation of neonatal, adolescent, and adult rats has distinct
neurochemical and behavioral consequences. Crit. Rev. Neurobiol. 12, 129–162.
Hampson, A.J., Grimaldi, M., Axelrod, J., Wink, D., 1998. Cannabidiol and (-)Delta9tetrahydrocannabinol are neuroprotective antioxidants. Proc. Natl. Acad. Sci.
U.S.A. 95, 8268–8273.
Hanse, E., Taira, T., Lauri, S., Groc, L., 2009. Glutamate synapse in developing brain:
an integrative perspective beyond the silent state. Trends Neurosci. 32, 532–
537.
Hare, T.A., Tottenham, N., Galvan, A., Voss, H.U., Glover, G.H., Casey, B.J., 2008.
Biological substrates of emotional reactivity and regulation in adolescence
during an emotional go-nogo task. Biol. Psychiatry 63, 927–934.
Harkany, T., Guzman, M., Galve-Roperh, I., Berghuis, P., Devi, L.A., Mackie, K., 2007.
The emerging functions of endocannabinoid signaling during CNS development.
Trends Pharmacol. Sci. 28, 83–92.
Harkany, T., Mackie, K., Doherty, P., 2008. Wiring and ﬁring neuronal networks:
endocannabinoids take center stage. Curr. Opin. Neurobiol. 18 (3), 338–345.
Harrison, P.J., Owen, M.J., 2003. Genes for schizophrenia? Recent ﬁndings and their
pathophysiological implications. Lancet 361, 417–419.
Hashimoto, T., Arion, D., Unger, T., Maldonado-Aviles, J.G., Morris, H.M., Volk, D.W.,
Mirnics, K., Lewis, D.A., 2008. Alterations in GABA-related transcriptome in the
dorsolateral prefrontal cortex of subjects with schizophrenia. Mol. Psychiatry
13, 147–161.
Heifets, B.D., Castillo, P.E., 2009. Endocannabinoid signaling and long-term synaptic
plasticity. Annu. Rev. Physiol. 71, 283–306.
Helmeke, C., Seidel, K., Poeggel, G., Bredy, T.W., Abraham, A., Braun, K., 2009.
Paternal deprivation during infancy results in dendrite- and time-speciﬁc
changes of dendritic development and spine formation in the orbitofrontal
cortex of the biparental rodent Octodon degus. Neuroscience 163, 790–798.
Henquet, C., Krabbendam, L., Spauwen, J., Kaplan, C., Lieb, R., Wittchen, H.U., van Os,
J., 2004. Prospective cohort study of cannabis use, predisposition for psychosis,
and psychotic symptoms in young people. BMJ 330 (7481), 11.
Henquet, C., Rosa, A., Krabbendam, L., Papiol, S., Fananas, L., Drukker, M., Ramaekers,
J.G., van, O.J., 2006. An experimental study of catechol-o-methyltransferase
Val158Met moderation of delta-9-tetrahydrocannabinol-induced effects on
psychosis and cognition. Neuropsychopharmacology 31, 2748–2757.
Hensch, T.K., 2005a. Critical period plasticity in local cortical circuits. Nat. Rev.
Neurosci. 6, 877–888.
Hensch, T.K., 2005b. Critical period mechanisms in developing visual cortex. Curr.
Top. Dev. Biol. 69, 215–237.
Herkenham, M., Lynn, A.B., Johnson, M.R., Melvin, L.S., De Costa, B.R., Rice, K.C., 1991.
Characterization and localization of cannabinoid receptors in rat brain: a
quantitative in vitro autoradiographic study. J. Neurosci. 11, 563–583.
Herron, C.E., Lester, R.A., Coan, E.J., Collingridge, G.L., 1986. Frequency-dependent
involvement of NMDA receptors in the hippocampus: a novel synaptic mechanism. Nature 322, 265–268.
Hoffman, A.F., Oz, M., Yang, R., Lichtman, A.H., Lupica, C.R., 2007. Opposing actions
of chronic Delta9-tetrahydrocannabinol and cannabinoid antagonists on hippocampal long-term potentiation. Learn. Mem. 14, 63–74.
Huestis, M.A., Boyd, S.J., Heishman, S.J., Preston, K.L., Bonnet, D., Le, F.G., Gorelick,
D.A., 2007. Single and multiple doses of rimonabant antagonize acute effects of
smoked cannabis in male cannabis users. Psychopharmacology (Berl.) 194,
505–515.

383

Huestis, M.A., Gorelick, D.A., Heishman, S.J., Preston, K.L., Nelson, R.A., Moolchan,
E.T., Frank, R.A., 2001. Blockade of effects of smoked marijuana by the CB1selective cannabinoid receptor antagonist SR141716. Arch. Gen. Psychiatry 58,
322–328.
Huttenlocher, P.R., Dabholkar, A.S., 1997. Development and anatomy of prefrontal
cortex. In: Krasnegor, N.A., Lyon, G.R., Goldman-Rakic, P.S. (Eds.), Development
of the Prefrontal Cortex: Evolution, Neurobiology and Behavior. Paul H. Brooks,
Baltimore, pp. 69–84.
Ikonomidou, C., Bosch, F., Miksa, M., Bittigau, P., Vockler, J., Dikranian, K., Tenkova,
T.I., Stefovska, V., Turski, L., Olney, J.W., 1999. Blockade of NMDA receptors and
apoptotic neurodegeneration in the developing brain. Science 283, 70–74.
Insel, T.R., Miller, L.P., Gelhard, R.E., 1990. The ontogeny of excitatory amino acid
receptors in rat forebrain I. N-methyl-D-aspartate and quisqualate receptors.
Neuroscience 35, 31–43.
Isaac, J.T., 2003. Postsynaptic silent synapses: evidence and mechanisms. Neuropharmacology 45, 450–460.
Isaac, J.T., Crair, M.C., Nicoll, R.A., Malenka, R.C., 1997. Silent synapses during
development of thalamocortical inputs. Neuron 18, 269–280.
Jackson, M.E., Frost, A.S., Moghaddam, B., 2001. Stimulation of prefrontal cortex at
physiologically relevant frequencies inhibits dopamine release in the nucleus
accumbens. J. Neurochem. 78, 920–923.
Jacobsen, L.K., Mencl, W.E., Westerveld, M., Pugh, K.R., 2004. Impact of cannabis use
on brain function in adolescents. Ann. N. Y. Acad. Sci. 1021, 384–390.
Jacobsen, L.K., Pugh, K.R., Constable, R.T., Westerveld, M., Mencl, W.E., 2007.
Functional correlates of verbal memory deﬁcits emerging during nicotine
withdrawal in abstinent adolescent cannabis users. Biol. Psychiatry 61, 31–40.
Jager, G., Kahn, R.S., Van den Brink, W., van Ree, J.M., Ramsey, N.F., 2006. Long-term
effects of frequent cannabis use on working memory and attention: an fMRI
study. Psychopharmacology (Berl.) 185, 358–368.
Jager, G., Ramsey, N.F., 2008. Long-term consequences of adolescent cannabis
exposure on the development of cognition, brain structure and function: an
overview of animal and human research. Curr. Drug Abuse Rev. 1, 114–123.
Javitt, D.C., Zukin, S.R., 1991. Recent advances in the phencyclidine model of
schizophrenia. Am. J. Psychiatry 148, 1301–1308.
Johnson, M.H., 2005. Sensitive periods in functional brain development: problems
and prospects. Dev. Psychobiol. 46, 287–292.
Johnston, M.V., 2004. Clinical disorders of brain plasticity. Brain Dev. 26, 73–80.
Katz, L.C., Shatz, C.J., 1996. Synaptic activity and the construction of cortical circuits.
Science 274, 1133–1138.
Kerchner, G.A., Nicoll, R.A., 2008. Silent synapses and the emergence of a postsynaptic mechanism for LTP. Nat. Rev. Neurosci. 9, 813–825.
Keshavan, M.S., Anderson, S., Pettegrew, J.W., 1994. Is schizophrenia due to excessive synaptic pruning in the prefrontal cortex? The Feinberg hypothesis
revisited. J. Psychiatr. Res. 28, 239–265.
Keshavan, M.S., Tandon, R., Boutros, N.N., Nasrallah, H.A., 2008. Schizophrenia, ‘‘just
the facts’’: what we know in 2008 Part 3: neurobiology. Schizophr. Res. 106
(2–3), 89–107.
Knudsen, E.I., 2004. Sensitive periods in the development of the brain and behavior.
J. Cogn. Neurosci. 16, 1412–1425.
Konings, M., Henquet, C., Maharajh, H.D., Hutchinson, G., van Os, J., 2008. Early
exposure to cannabis and risk for psychosis in young adolescents in Trinidad.
Acta Psychiatr. Scand. 118, 209–213.
Kovacs, A.D., Cebers, G., Cebere, A., Moreira, T., Liljequist, S., 2001. Cortical and
striatal neuronal cultures of the same embryonic origin show intrinsic differences in glutamate receptor expression and vulnerability to excitotoxicity. Exp.
Neurol. 168, 47–62.
Kral, A., Tillein, J., Heid, S., Hartmann, R., Klinke, R., 2005. Postnatal cortical
development in congenital auditory deprivation. Cereb. Cortex 15, 552–562.
Krawczyk, D.C., 2002. Contributions of the prefrontal cortex to the neural basis of
human decision making. Neurosci. Biobehav. Rev. 26, 631–664.
Kreitzer, A.C., Regehr, W.G., 2001. Retrograde inhibition of presynaptic calcium
inﬂux by endogenous cannabinoids at excitatory synapses onto Purkinje cells.
Neuron 29, 717–727.
Krystal, J.H., Karper, L.P., Seibyl, J.P., Freeman, G.K., Delaney, R., Bremner, J.D.,
Heninger, G.R., Bowers Jr., M.B., Charney, D.S., 1994. Subanesthetic effects of
the noncompetitive NMDA antagonist, ketamine, in humans. Psychotomimetic,
perceptual, cognitive, and neuroendocrine responses. Arch. Gen. Psychiatry 51,
199–214.
Lambe, E.K., Krimer, L.S., Goldman-Rakic, P.S., 2000. Differential postnatal development of catecholamine and serotonin inputs to identiﬁed neurons in prefrontal
cortex of rhesus monkey. J. Neurosci. 20, 8780–8787.
Landﬁeld, P.W., Cadwallader, L.B., Vinsant, S., 1988. Quantitative changes in
hippocampal structure following long-term exposure to delta 9-tetrahydrocannabinol: possible mediation by glucocorticoid systems. Brain Res. 443,
47–62.
Larson, R.W., Moneta, G., Richards, M.H., Wilson, S., 2002. Continuity, stability, and
change in daily emotional experience across adolescence. Child Dev. 73, 1151–
1165.
Lee, D., Rushworth, M.F., Walton, M.E., Watanabe, M., Sakagami, M., 2007. Functional specialization of the primate frontal cortex during decision making. J.
Neurosci. 27, 8170–8173.
Leussis, M.P., Andersen, S.L., 2008. Is adolescence a sensitive period for depression?
Behavioral and neuroanatomical ﬁndings from a social stress model. Synapse
62, 22–30.
Levin, H.S., Culhane, K.A., Hartman, J., Evankovich, K., Mattson, K., Harward, H.,
Ringholz, G., Ewing-Cobbe, L., Fletcher, J.M., 1991. Developmental changes in

384

M.G. Bossong, R.J.M. Niesink / Progress in Neurobiology 92 (2010) 370–385

performance on tests of purported frontal lobe functioning. Dev. Neuropsychol.
7 (3), 377–395.
Levy, R., Goldman-Rakic, P.S., 2000. Segregation of working memory functions
within the dorsolateral prefrontal cortex. Exp. Brain Res. 133, 23–32.
Lewis, D.A., 1997. Schizophrenia and disordered neural circuitry. Schizophr. Bull.
23, 529–531.
Lewis, D.A., Hashimoto, T., Morris, H.M., 2008. Cell and receptor type-speciﬁc
alterations in markers of GABA neurotransmission in the prefrontal cortex of
subjects with schizophrenia. Neurotox. Res. 14, 237–248.
Lewis, D.A., Cruz, D., Eggan, S., Erickson, S., 2004. Postnatal development of prefrontal inhibitory circuits and the pathophysiology of cognitive dysfunction in
schizophrenia. Ann. N. Y. Acad. Sci. 1021, 64–76.
Lichtman, J.W., Colman, H., 2000. Synapse elimination and indelible memory.
Neuron 25, 269–278.
Linszen, D.H., Dingemans, P.M., Lenior, M.E., 1994. Cannabis abuse and the course of
recent-onset schizophrenic disorders. Arch. Gen. Psychiatry 51, 273–279.
Lipska, B.K., 2004. Using animal models to test a neurodevelopmental hypothesis of
schizophrenia. J. Psychiatry Neurosci. 29, 282–286.
Lisman, J.E., Coyle, J.T., Green, R.W., Javitt, D.C., Benes, F.M., Heckers, S., Grace, A.A.,
2008. Circuit-based framework for understanding neurotransmitter and risk
gene interactions in schizophrenia. Trends Neurosci. 31, 234–242.
Luciana, M., Nelson, C.A., 1998. The functional emergence of prefrontally-guided
working memory systems in four- to eight-year-old children. Neuropsychologia
36, 273–293.
Luciana, M., 2003. The neural and functional development of human prefrontal
cortex. In: De Haan, M., Johnson, M.H. (Eds.), The Cognitive Neuroscience of
Development. Psychology Press, Taylor & Francis, New York, pp. 157–179.
Luna, B., Sweeney, J.A., 2004. The emergence of collaborative brain function: FMRI
studies of the development of response inhibition. Ann. N. Y. Acad. Sci. 1021,
296–309.
Luna, B., Garver, K.E., Urban, T.A., Lazar, N.A., Sweeney, J.A., 2004. Maturation of
cognitive processes from late childhood to adulthood. Child Dev. 75, 1357–
1372.
Luna, B., 2009. Developmental changes in cognitive control through adolescence.
Adv. Child Dev. Behav. 37, 233–278.
Luo, L., O’Leary, D.D., 2005. Axon retraction and degeneration in development and
disease. Annu. Rev. Neurosci. 28, 127–156.
Malenka, R.C., 1991. The role of postsynaptic calcium in the induction of long-term
potentiation. Mol. Neurobiol. 5, 289–295.
Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., Wu, C., 2004.
Interneurons of the neocortical inhibitory system. Nat. Rev. Neurosci. 5, 793–
807.
Marsicano, G., Goodenough, S., Monory, K., Hermann, H., Eder, M., Cannich, A., Azad,
S.C., Cascio, M.G., Gutierrez, S.O., van der, S.M., Lopez-Rodriguez, M.L., Casanova,
E., Schutz, G., Zieglgansberger, W., Di, M.V., Behl, C., Lutz, B., 2003. CB1
cannabinoid receptors and on-demand defense against excitotoxicity. Science
302, 84–88.
Martin, B.R., 2005. Role of lipids and lipid signaling in the development of cannabinoid tolerance. Life Sci. 77, 1543–1558.
Martin, S.J., Grimwood, P.D., Morris, R.G., 2000. Synaptic plasticity and memory: an
evaluation of the hypothesis. Annu. Rev. Neurosci. 23, 649–711.
Mato, S., Chevaleyre, V., Robbe, D., Pazos, A., Castillo, P.E., Manzoni, O.J., 2004. A
single in-vivo exposure to Delta 9THC blocks endocannabinoid-mediated synaptic plasticity. Nat. Neurosci. 7, 585–586.
Matsuda, L.A., Lolait, S.J., Brownstein, M.J., Young, A.C., Bonner, T.I., 1990. Structure
of a cannabinoid receptor and functional expression of the cloned cDNA. Nature
346, 561–564.
Mauri, M.C., Volonteri, L.S., De Gaspari, G.I., Colasanti, A., Brambilla, M.A., Cerruti, L.,
2006. Substance abuse in ﬁrst-episode schizophrenic patients: a retrospective
study. Clin. Pract. Epidemiol. Ment. Health 2, 4.
Mayer, M.L., Westbrook, G.L., Guthrie, P.B., 1984. Voltage-dependent block by Mg2+
of NMDA responses in spinal cord neurones. Nature 309, 261–263.
McDonald, J.W., Johnston, M.V., 1990. Physiological and pathophysiological roles of
excitatory amino acids during central nervous system development. Brain Res.
Brain Res. Rev. 15, 41–70.
McGufﬁn, P., Asherson, P., Owen, M., Farmer, A., 1994. The strength of the genetic
effect. Is there room for an environmental inﬂuence in the aetiology of
schizophrenia? Br. J. Psychiatry 164, 593–599.
Mellios, N., Huang, H.S., Baker, S.P., Galdzicka, M., Ginns, E., Akbarian, S., 2009.
Molecular determinants of dysregulated GABAergic gene expression in the
prefrontal cortex of subjects with schizophrenia. Biol. Psychiatry 65, 1006–
1014.
Micheva, K.D., Beaulieu, C., 1997. Development and plasticity of the inhibitory
neocortical circuitry with an emphasis on the rodent barrel ﬁeld cortex: a
review. Can. J. Physiol. Pharmacol. 75, 470–478.
Minzenberg, M.J., Laird, A.R., Thelen, S., Carter, C.S., Glahn, D.C., 2009. Meta-analysis
of 41 functional neuroimaging studies of executive function in schizophrenia.
Arch. Gen. Psychiatry 66, 811–822.
Mizoguchi, Y., Eggan, S.M., Wright, K.M., Cruz, D.A., Mackie, K., Lewis, D.A., 2006.
Development of cannabinoid CB1 receptors in monkey prefrontal cortex. Society for Neuroscience Poster 190.4/MM96.
Mody, I., MacDonald, J.F., 1995. NMDA receptor-dependent excitotoxicity: the role
of intracellular Ca2+ release. Trends Pharmacol. Sci. 16, 356–359.
Moore, T.H., Zammit, S., Lingford-Hughes, A., Barnes, T.R., Jones, P.B., Burke, M.,
Lewis, G., 2007. Cannabis use and risk of psychotic or affective mental health
outcomes: a systematic review. Lancet 370, 319–328.

Mori, H., Mishina, M., 1995. Structure and function of the NMDA receptor channel.
Neuropharmacology 34, 1219–1237.
Morris, R.G., 2006. Elements of a neurobiological theory of hippocampal function:
the role of synaptic plasticity, synaptic tagging and schemas. Eur. J. Neurosci. 23,
2829–2846.
Munro, S., Thomas, K.L., Abu-Shaar, M., 1993. Molecular characterization of a
peripheral receptor for cannabinoids. Nature 365, 61–65.
Murase, S., Grenhoff, J., Chouvet, G., Gonon, F.G., Svensson, T.H., 1993. Prefrontal
cortex regulates burst ﬁring and transmitter release in rat mesolimbic dopamine neurons studied in vivo. Neurosci. Lett. 157, 53–56.
Murray, R.M., Lappin, J., di Forti, M., 2008. Schizophrenia: from developmental
deviance to dopamine dysregulation. Eur. Neuropsychopharmacol. 18 (Suppl.
3), S129–S134.
Musholt, K., Cirillo, G., Cavaliere, C., Rosaria, B.M., Bock, J., Helmeke, C., Braun, K.,
Papa, M., 2009. Neonatal separation stress reduces glial ﬁbrillary acidic proteinand S100beta-immunoreactive astrocytes in the rat medial precentral cortex.
Dev. Neurobiol. 69, 203–211.
Nelson, C.A., 2004. Brain development during puberty and adolescence: comments
on part II. Ann. N. Y. Acad. Sci. 1021, 105–109.
Nelson, E.E., Leibenluft, E., McClure, E.B., Pine, D.S., 2005. The social re-orientation of
adolescence: a neuroscience perspective on the process and its relation to
psychopathology. Psychol. Med. 35, 163–174.
Nevian, T., Sakmann, B., 2006. Spine Ca2+ signaling in spike-timing-dependent
plasticity. J. Neurosci. 26, 11001–11013.
Neville, H., Bavelier, D., 2002. Human brain plasticity: evidence from sensory
deprivation and altered language experience. Prog. Brain Res. 138, 177–188.
Niesink, R.J.M., de Vries, J., Hollinger, M.A. (Eds.), 1995. Toxicology: Principles and
Applications. CRC-Press, Boca-Raton, FL.
Nordeen, K.W., Nordeen, E.J., 2004. Synaptic and molecular mechanisms regulating
plasticity during early learning. Ann. N. Y. Acad. Sci. 1016, 416–437.
O’Shea, M., Singh, M.E., McGregor, I.S., Mallet, P.E., 2004. Chronic cannabinoid
exposure produces lasting memory impairment and increased anxiety in
adolescent but not adult rats. J. Psychopharmacol. 18, 502–508.
Olney, J.W., 2003. Excitotoxicity, apoptosis and neuropsychiatric disorders. Curr.
Opin. Pharmacol. 3, 101–109.
Olney, J.W., Farber, N.B., Wozniak, D.F., Jevtovic-Todorovic, V., Ikonomidou, C., 2000.
Environmental agents that have the potential to trigger massive apoptotic
neurodegeneration in the developing brain. Environ. Health Perspect. 108
(Suppl. 3), 383–388.
Picchioni, M.M., Murray, R.M., 2007. Schizophrenia. BMJ 335, 91–95.
Pope Jr., H.G., Gruber, A.J., Hudson, J.I., Cohane, G., Huestis, M.A., Yurgelun-Todd, D.,
2003. Early-onset cannabis use and cognitive deﬁcits: what is the nature of the
association? Drug Alcohol Depend. 69, 303–310.
Purves, D., Augustine, G.J., Fitzpatrick, D., Hall, W.C., LaMantia, A.-S., McNamara, J.O.,
White, L.E., 2008. Modiﬁcation of brain circuits as a result of experience. In:
Purves, D., Augustine, G.J., Fitzpatrick, D., Hall, W.C., LaMantia, A.-S., McNamara, J.O., White, L.E. (Eds.), Neuroscience. Sinauer Associates, Inc., Sunderland,
Massachusetts, pp. 611–633.
Quinlan, E.M., Philpot, B.D., Huganir, R.L., Bear, M.F., 1999. Rapid, experiencedependent expression of synaptic NMDA receptors in visual cortex in vivo.
Nat. Neurosci. 2, 352–357.
Rakic, P., Bourgeois, J.P., Goldman-Rakic, P.S., 1994. Synaptic development of the
cerebral cortex: implications for learning, memory, and mental illness. Prog.
Brain Res. 102, 227–243.
Rao, S.G., Williams, G.V., Goldman-Rakic, P.S., 2000. Destruction and creation of
spatial tuning by disinhibition: GABA(A) blockade of prefrontal cortical neurons
engaged by working memory. J. Neurosci. 20, 485–494.
Reale, R.A., Brugge, J.F., Chan, J.C., 1987. Maps of auditory cortex in cats reared after
unilateral cochlear ablation in the neonatal period. Brain Res. 431, 281–290.
Reich, D.L., Silvay, G., 1989. Ketamine: an update on the ﬁrst twenty-ﬁve years of
clinical experience. Can. J. Anaesth. 36, 186–197.
Reynolds, G.P., Beasley, C.L., 2001. GABAergic neuronal subtypes in the human
frontal cortex—development and deﬁcits in schizophrenia. J. Chem. Neuroanat.
22, 95–100.
Rice, D., Barone Jr., S., 2000. Critical periods of vulnerability for the developing
nervous system: evidence from humans and animal models. Environ. Health
Perspect. 108 (Suppl. 3), 511–533.
Rosenberg, D.R., Lewis, D.A., 1994. Changes in the dopaminergic innervation of
monkey prefrontal cortex during late postnatal development: a tyrosine hydroxylase immunohistochemical study. Biol. Psychiatry 36, 272–277.
Rubia, K., Overmeyer, S., Taylor, E., Brammer, M., Williams, S.C., Simmons, A., Andrew,
C., Bullmore, E.T., 2000. Functional frontalisation with age: mapping neurodevelopmental trajectories with fMRI. Neurosci. Biobehav. Rev. 24, 13–19.
Rubino, T., Parolaro, D., 2008. Long lasting consequences of cannabis exposure in
adolescence. Mol. Cell Endocrinol. 286, S108–S113.
Salinas, E., Sejnowski, T.J., 2001. Correlated neuronal activity and the ﬂow of neural
information. Nat. Rev. Neurosci. 2, 539–550.
Sawaguchi, T., Goldman-Rakic, P.S., 1991. D1 dopamine receptors in prefrontal
cortex: involvement in working memory. Science 251, 947–950.
Scallet, A.C., 1991. Neurotoxicology of cannabis and THC: a review of chronic
exposure studies in animals. Pharmacol. Biochem. Behav. 40, 671–676.
Scallet, A.C., Uemura, E., Andrews, A., Ali, S.F., McMillan, D.E., Paule, M.G., Brown, R.M.,
Slikker Jr., W., 1987. Morphometric studies of the rat hippocampus following
chronic delta-9-tetrahydrocannabinol (THC). Brain Res. 436, 193–198.
Scherf, K.S., Sweeney, J.A., Luna, B., 2006. Brain basis of developmental change in
visuospatial working memory. J. Cogn. Neurosci. 18, 1045–1058.

M.G. Bossong, R.J.M. Niesink / Progress in Neurobiology 92 (2010) 370–385
Schlicker, E., Kathmann, M., 2001. Modulation of transmitter release via presynaptic
cannabinoid receptors. Trends Pharmacol. Sci. 22, 565–572.
Schneider, M., 2009. Cannabis use in pregnancy and early life and its consequences:
animal models. Eur. Arch. Psychiatry Clin. Neurosci. 259, 383–393.
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., 2004. Deﬁcient social and play behavior in juvenile and
adult rats after neonatal cortical lesion: effects of chronic pubertal cannabinoid
treatment. Neuropsychopharmacology.
Schweinsburg, A.D., Brown, S.A., Tapert, S.F., 2008a. The inﬂuence of marijuana use
on neurocognitive functioning in adolescents. Curr. Drug Abuse Rev. 1, 99–111.
Schweinsburg, A.D., Nagel, B.J., Schweinsburg, B.C., Park, A., Theilmann, R.J., Tapert,
S.F., 2008b. Abstinent adolescent marijuana users show altered fMRI response
during spatial working memory. Psychiatry Res. 163, 40–51.
Sebastian, C., Burnett, S., Blakemore, S.J., 2008. Development of the self-concept
during adolescence. Trends Cogn. Sci. 12, 441–446.
Seeburg, P.H., 1993. The TINS/TiPS lecture. The molecular biology of mammalian
glutamate receptor channels. Trends Neurosci. 16, 359–365.
Seeman, P., 1999. Images in neuroscience. Brain development, X: pruning during
development. Am. J. Psychiatry 156, 168.
Segal, M., 2005. Dendritic spines and long-term plasticity. Nat. Rev. Neurosci. 6,
277–284.
Selemon, L.D., Goldman-Rakic, P.S., 1999. The reduced neuropil hypothesis: a circuit
based model of schizophrenia. Biol. Psychiatry 45, 17–25.
Semple, D.M., McIntosh, A.M., Lawrie, S.M., 2005. Cannabis as a risk factor for
psychosis: systematic review. J. Psychopharmacol. 19, 187–194.
Shen, M., Thayer, S.A., 1998. Cannabinoid receptor agonists protect cultured rat
hippocampal neurons from excitotoxicity. Mol. Pharmacol. 54, 459–462.
Sim-Selley, L.J., Martin, B.R., 2002. Effect of chronic administration of R-(+)-[2,3Dihydro-5-methyl-3-[(morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-b enzoxazinyl]-(1-naphthalenyl)methanone mesylate (WIN55,212-2) or delta(9)-tetrahydrocannabinol on cannabinoid receptor adaptation in mice. J. Pharmacol. Exp.
Ther. 303, 36–44.
Sinor, J.D., Du, S., Venneti, S., Blitzblau, R.C., Leszkiewicz, D.N., Rosenberg, P.A.,
Aizenman, E., 2000. NMDA and glutamate evoke excitotoxicity at distinct
cellular locations in rat cortical neurons in vitro. J. Neurosci. 20, 8831–8837.
Slotkin, T.A., 2002. Nicotine and the adolescent brain: insights from an animal
model. Neurotoxicol. Teratol. 24, 369–384.
Smit, F., Bolier, L., Cuijpers, P., 2004. Cannabis use and the risk of later schizophrenia: a review. Addiction 99, 425–430.
Smith, R.F., 2003. Animal models of periadolescent substance abuse. Neurotoxicol.
Teratol. 25, 291–301.
Smye, V.L., 2008. Review: use of cannabis is associated with increased risk of
psychotic outcomes later in life. Evid. Based Nurs. 11, 90.
Spear, L.P., 2000. The adolescent brain and age-related behavioral manifestations.
Neurosci. Biobehav. Rev. 24, 417–463.
Spear, L.P., 2007. Assessment of adolescent neurotoxicity: rationale and methodological considerations. Neurotoxicol. Teratol. 29, 1–9.
Stefanis, N.C., Delespaul, P., Henquet, C., Bakoula, C., Stefanis, C.N., van Os, J., 2004.
Early adolescent cannabis exposure and positive and negative dimensions of
psychosis. Addiction 99, 1333–1341.
Steinberg, L., 2005. Cognitive and affective development in adolescence. Trends
Cogn. Sci. 9, 69–74.
Steinberg, L., 2010. A dual systems model of adolescent risk-taking. Dev. Psychobiol.
52, 216–224.
Steinberg, L., Morris, A.S., 2001. Adolescent development. Annu. Rev. Psychol. 52,
83–110.
Stella, N., Schweitzer, P., Piomelli, D., 1997. A second endogenous cannabinoid that
modulates long-term potentiation. Nature 388, 773–778.
Stiglick, A., Kalant, H., 1982. Learning impairment in the radial-arm maze following
prolonged cannabis treatment in rats. Psychopharmacology (Berl.) 77, 117–123.
Stiglick, A., Kalant, H., 1985. Residual effects of chronic cannabis treatment on
behavior in mature rats. Psychopharmacology (Berl.) 85, 436–439.
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.
Sur, M., Leamey, C.A., 2001. Development and plasticity of cortical areas and
networks. Nat. Rev. Neurosci. 2, 251–262.
Tamm, L., Menon, V., Reiss, A.L., 2002. Maturation of brain function associated with
response inhibition. J. Am. Acad. Child. Adolesc. Psychiatry 41, 1231–1238.
Tamminga, C.A., Davis, J.M., 2007. The neuropharmacology of psychosis. Schizophr.
Bull. 33, 937–946.
Tandon, R., Keshavan, M.S., Nasrallah, H.A., 2008. Schizophrenia, ‘‘just the facts’’
what we know in 2008. 2. Epidemiology and etiology. Schizophr. Res. 102, 1–18.
Tau, G.Z., Peterson, B.S., 2010. Normal development of brain circuits. Neuropsychopharmacology 35, 147–168.
Teicher, M.H., Barber, N.I., Gelbard, H.A., Gallitano, A.L., Campbell, A., Marsh, E.,
Baldessarini, R.J., 1993. Developmental differences in acute nigrostriatal and

385

mesocorticolimbic system response to haloperidol. Neuropsychopharmacology
9, 147–156.
Thomas, H., 1996. A community survey of adverse effects of cannabis use. Drug
Alcohol Depend. 42, 201–207.
Toga, A.W., Thompson, P.M., Sowell, E.R., 2006. Mapping brain maturation. Trends
Neurosci. 29, 148–159.
Trezza, V., Cuomo, V., Vanderschuren, L.J., 2008. Cannabis and the developing brain:
insights from behavior. Eur. J. Pharmacol. 585, 441–452.
Tseng, K.Y., Chambers, R.A., Lipska, B.K., 2009. The neonatal ventral hippocampal
lesion as a heuristic neurodevelopmental model of schizophrenia. Behav. Brain
Res. 204, 295–305.
Tseng, K.Y., O’Donnell, P., 2007. Dopamine modulation of prefrontal cortical interneurons changes during adolescence. Cereb. Cortex 17, 1235–1240.
Tsuang, M.T., Taylor, L., Faraone, S.V., 2004. An overview of the genetics of psychotic
mood disorders. J. Psychiatr. Res. 38, 3–15.
Tunbridge, E.M., Weickert, C.S., Kleinman, J.E., Herman, M.M., Chen, J., Kolachana,
B.S., Harrison, P.J., Weinberger, D.R., 2007. Catechol-o-methyltransferase enzyme activity and protein expression in human prefrontal cortex across the
postnatal lifespan. Cereb. Cortex 17, 1206–1212.
Uhlhaas, P.J., Roux, F., Singer, W., Haenschel, C., Sireteanu, R., Rodriguez, E., 2009.
The development of neural synchrony reﬂects late maturation and restructuring of functional networks in humans. Proc. Natl. Acad. Sci. U.S.A. 106, 9866–
9871.
van den Buuse, M., Garner, B., Gogos, A., Kusljic, S., 2005. Importance of animal
models in schizophrenia research. Aust. N. Z. J. Psychiatry 39, 550–557.
van Laar, M., van Dorsselaer, S., Monshouwer, K., de Graaf, R., 2007. Does cannabis
use predict the ﬁrst incidence of mood and anxiety disorders in the adult
population? Addiction 102, 1251–1260.
van Os, J., Bak, M., Hanssen, M., Bijl, R.V., de Graaf, R., Verdoux, H., 2002. Cannabis
use and psychosis: a longitudinal population-based study. Am. J. Epidemiol.
156, 319–327.
van Os, J., Hanssen, M., Bijl, R.V., Ravelli, A., 2000. Strauss (1969) revisited: a
psychosis continuum in the general population? Schizophr. Res. 45, 11–20.
van Os, J., Kapur, S., 2009. Schizophrenia. Lancet 374, 635–645.
van Os, J., Linscott, R.J., Myin-Germeys, I., Delespaul, P., Krabbendam, L., 2009. A
systematic review and meta-analysis of the psychosis continuum: evidence for
a psychosis proneness-persistence-impairment model of psychotic disorder.
Psychol. Med. 39, 179–195.
Vanderschuren, L.J., Niesink, R.J., van Ree, J.M., 1997. The neurobiology of social play
behavior in rats. Neurosci. Biobehav. Rev. 21, 309–326.
Vijayraghavan, S., Wang, M., Birnbaum, S.G., Williams, G.V., Arnsten, A.F., 2007.
Inverted-U dopamine D1 receptor actions on prefrontal neurons engaged in
working memory. Nat. Neurosci. 10, 376–384.
Wang, H.X., Gao, W.J., 2009. Cell type-speciﬁc development of NMDA receptors in
the interneurons of rat prefrontal cortex. Neuropsychopharmacology 34, 2028–
2040.
Weinberger, D.R., 1987. Implications of normal brain development for the pathogenesis of schizophrenia. Arch. Gen. Psychiatry 44, 660–669.
Weiser, M., Knobler, H.Y., Noy, S., Kaplan, Z., 2002. Clinical characteristics of
adolescents later hospitalized for schizophrenia. Am. J. Med. Genet. 114,
949–955.
White, P.F., Way, W.L., Trevor, A.J., 1982. Ketamine—its pharmacology and therapeutic uses. Anesthesiology 56, 119–136.
Whitford, T.J., Rennie, C.J., Grieve, S.M., Clark, C.R., Gordon, E., Williams, L.M., 2007.
Brain maturation in adolescence: concurrent changes in neuroanatomy and
neurophysiology. Hum. Brain Mapp. 28, 228–237.
Wilson, R.I., Nicoll, R.A., 2002. Endocannabinoid signaling in the brain. Science 296,
678–682.
Woo, T.U., Pucak, M.L., Kye, C.H., Matus, C.V., Lewis, D.A., 1997. Peripubertal
reﬁnement of the intrinsic and associational circuitry in monkey prefrontal
cortex. Neuroscience 80, 1149–1158.
Yashiro, K., Philpot, B.D., 2008. Regulation of NMDA receptor subunit expression
and its implications for LTD, LTP, and metaplasticity. Neuropharmacology 55,
1081–1094.
Yoshida, T., Hashimoto, K., Zimmer, A., Maejima, T., Araishi, K., Kano, M., 2002. The
cannabinoid CB1 receptor mediates retrograde signals for depolarization-induced suppression of inhibition in cerebellar Purkinje cells. J. Neurosci. 22,
1690–1697.
Yurgelun-Todd, D., 2007. Emotional and cognitive changes during adolescence.
Curr. Opin. Neurobiol. 17, 251–257.
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, 1199.
Zou, D.J., Feinstein, P., Rivers, A.L., Mathews, G.A., Kim, A., Greer, C.A., Mombaerts, P.,
Firestein, S., 2004. Postnatal reﬁnement of peripheral olfactory projections.
Science 304, 1976–1979.
Zucker, R.S., 1999. Calcium- and activity-dependent synaptic plasticity. Curr. Opin.
Neurobiol. 9, 305–313.
Zuo, Y., Yang, G., Kwon, E., Gan, W.B., 2005. Long-term sensory deprivation prevents
dendritic spine loss in primary somatosensory cortex. Nature 436, 261–265.

