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Abstract. Given the relatively high attributable risks associated with urbanicity it is crucially important to learn more on how
this exposure impacts on population risk for schizophrenia. Further elucidation of the environmental influences that currently go
under the name of "urbanicity" therefore is a crucial step in unravelling the etiology of schizophrenia. In order to make the step
from association to cause, a plausible mechanism detailing the pathway from impact of exposure to onset of psychotic symptoms
is needed. This paper outlines possible avenues and clues to the identification of possible mechanisms and pathways. The focus is
on mechanisms of gene-environment interaction in the context of both functional genetic polymorphisms and epigenetic variation.

INTRODUCTION

There may be no other issue in schizophrenia research
with more far-reaching public health implications than
the finding that young people growing up in an urban
environment accumulate an increased risk for schizophre-
nia (Lewis et ai, 1992; Torrey et ai, 1997; Mortensen et
ai, 1999; van Os et ai, 2001; Spauwen et ai, 2006).

Causality?

The fact that the incidence of schizophrenia increases
consistently with increasing levels of urbanicity in a dose-
response fashion suggests not only statistical association,
but also causality (van Os, 2004). It is likely that the kind
of geographical variation in incidence associated with
urbanization reflects an environmental exposure, and that
this environment has its impact, through continuous or
repeated exposure, on developing children and adoles-
cents and, possibly, the epigenome (Pedersen &
Mortensen, 2006). Thus, the time window of exposure is
not around the time of onset of psychotic disorder, but
long before (Marcelis et ai, 1999; Pedersen & Mortensen,
2001a). Recent studies in Germany, Greece, the UK and
the Netherlands (van Os et ai, 2001; Stefanis et ai, 2004;
Spauwen et al., 2006) have shown that the increased level
of risk for psychotic disorder in urban populations is not
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phenotypically silent, because the prevalence of at-risk
mental states, characterized by subtle psychosis-like phe-
nomena, is also higher in urban areas, independent of the
increased rate of psychotic disorder, and independent of
service use, sociodemographic factors including ethnic
group, drug use and size of social network (Pedersen &
Mortensen, 2001a, b; van Os, 2004).

Recent analyses also suggest that the increased risk for
clinical and non-clinical expressions of psychosis in
urban areas is not mediated by neuropsychological
impairment, traffic air pollution, obstetric complications
or childhood socioeconomic position (Stefanis et ai,
2004). Although viral hypotheses have been put forward
to explain associations with urbanicity, household crowd-
ing is not a risk factor for schizophrenia (Agerbo et ai,
2001) and a hypothesized viral exposure for a rare disor-
der is arguably difficult to reconcile with the lack of
mediation of cognitive variables and with elevated preva-
lences of subtle psychosis-like experiences of 23% in the
most urban versus 13% in the most rural areas (van Os et
ai, 2001). The high prevalence of such at-risk mental
states is suggestive of a much more widespread environ-
mental exposure with a cumulative impact over the
course of development.

Genetic factors: selection or interaction?

The urban exposure is unlikely to entirely represent a
non-causal epiphenomenon resulting from genetic selec-
tion, because changes in urban exposure states during
childhood also result in changes in risk for the outcome
of adult psychosis (Pedersen & Mortensen, 2001a). As it
is increasingly likely that genetic effects in schizophrenia
are to a large degree conditional on the environment and,
vice versa, that environmental effects are conditional on
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genetic risk (van Os & Sham, 2003), gene-environment
interactions may also play a role in explaining urban
effects. For example, genetic liability may make individ-
uals more susceptible to the risk-increasing effect of the
environmental factor associated with urbanicity. If urban-
icity acts in co-participation with genetic factors it has
been speculated that as far as the environmental compo-
nent is concerned, the underlying mechanism may be best
thought of, in terms of impact on the individual, as the
cumulative effects of altered social interactions at the
level of the person and possibly also beyond that at the
level of the wider social environment such as the neigh-
bourhood (van Os et al, 2005). The further elucidation of
the environmental influences that currently go under the
name of "urbanicity" is thus a crucial step in unravelling
the etiology of schizophrenia.

From proxy exposure to plausible mechanism?

However, a crucial element necessary for making the
step from association to cause is lacking: that of a plausi-
ble mechanism detailing the pathway from impact of
exposure to onset of psychotic symptoms. Urbanicity is
merely a proxy description for some underlying environ-
mental factors in urban areas, and these need to be iden-
tified first before further progress can be made
(Krabbendam & van Os, 2005).

Identifying the urbanicity exposure

One hypothesis regarding risk-increasing mechanisms
is the impact of "urban stress". What constitutes urban
stress has yet to be validated, however, although stress due
to noise is a possible candidate. Direct effects of pollution
have been hypothesised but have little biological plausibil-
ity. Differences in health behaviours may play a part, but
substance misuse has been widely controlled for in studies
of the association between schizophrenia and urbanicity.

Remarkably little attention has been paid to other
social factors (van Os, 2004). However, aspects of the
wider social environment have been shown to affect men-
tal health outcomes, also in relation to psychosis. For
example, aspects of the wider social environment such as
community level of social fragmentation, social isolation
and social inequality may account for variation in the
incidence of schizophrenia in small areas (van Os et al.,
2000).The impact of such variables may be truly ecolog-
ical, affecting every person in the community regardless
of their individual socio-demographic and other charac-
teristics, thus creating a distributed liability in exposed
populations (van Os, 2004).

Work conducted so far has considered the urban envi-
ronment and the large city as homogeneous entities, but
in fact there are important within-city contrasts, the study
of which may aid in identifying the factors in the urban
environment that act to specifically increase the risk for
schizophrenia (Krabbendam & van Os, 2005). The inci-
dence of schizophrenia, contrary to that of common men-
tal disorders (Weich et al., 2003), is not the same across
small areas such as neighbourhoods (Farris & Dunham,
1939; Hare, 1956a, b; Giggs, 1986). Recent studies have
focussed on the developmental effect of variables
referred to as "social capital" or "the glue that holds soci-
ety together" (McKenzie et al, 2002). Cognitive social
capital, or aspects of the degree of mutual trust, bonding
and safety in neighbourhoods exerts a developmental
impact on the mental health of children growing up in
these environments (Drukker et al, 2003; 2005; De Silva
et al., 2005). If cognitive social capital constitutes one of
the mechanisms explaining the association between
schizophrenia and the urban environment, it is important
to examine how exactly the urban exposure impacts on
population expression of psychosis.

How does urbanicity impact on population
expression of psychosis?

Given the relatively high attributable risks associated
with urbanicity (Marcelis et al., 1998; Mortensen et al,
1999) it is crucially important to learn more on how this
exposure impacts on population risk for schizophrenia. In
particular, it is important to assess whether the urban
exposure remains largely phenotypically silent with regard
to the psychosis outcome in exposed individuals (figure
1A), or whether the exposed, as a group, exhibit a broad
shift in clinical and non-clinical expression of psychosis
(figure IB). The former model would suggest that the psy-
chosis phenotype in exposed individuals only emerges if
combined with another rare cause for schizophrenia, i.e.
urbanicity in itself would not be sufficient to cause expres-
sion of psychosis. The latter model, however, would sug-
gest that something in the urban environment is sufficient
to facilitate the expression of psychosis, although other
causal influences may be needed to reach a sufficiently
severe level to attract a diagnosis of schizophrenia.

A recent study on this subject showed that exposed
individuals as a group display higher levels of psychosis,
suggesting that urbanicity is a sufficient factor to cause
non-clinical expression of psychosis (figure IB)
(Spauwen et al, 2004). Exposure to other causal factors
may be required to subsequently make the shift to levels
of psychosis that are compatible with a diagnosis of
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schizophrenia or other psychotic disorders. These find-
ings are compatible with the impact of environmental
variation in cognitive social capital that, in combination
with predisposing vulnerability (genetic or environmen-
tal), results in onset of psychotic disorder.

modal value

• Not exposed
Exposed

Schizophrenia
threshold

Level of expression of psychosis

In figure 1A, only a tiny fraction of the exposed population exceeds the level of
expression of psychosis compared to the non-exposed, suggesting that the urban
exposure is required to combine with a rare causal factor in order to cause the rare
disorder schizophrenia. In figure IB, however, thee exposed, as a group, exhibit a
broad shift in clinical and non-clinical expression of psychosis, suggesting that
something in the urban environments is sufficient to facilitate the expression of
psychosis, although other causal influences may be needed to reach a sufficiently
severe level to attract a diagnosis of schizophrenia.

Figure 1. - Impact of urban exposure on population risk.

Environmental risk factors

% with expression
of psychosis

Age

In figure 2 a mechanism is shown whereby the urban environment increases the
risk for psychosis. The outcome of the genetically driven and age-associated rise
in expression of psychosis associated with puberty persists in an urban environ-
ment (environmental risk factors), as shown in the dotted line 2A, whereas in a
rural environment (no environmental risk factor) the expression declines again
with age and therefore has a better outcome, solid line 2B.

Figure 2. — The psychosis proneness - psychosis persistence model.

Thus, a subsequent study showed that the risk-increas-
ing effect of urbanicity on the occurrence of psychotic
symptoms was only apparent in those with pre-existing
psychosis proneness (or "schizotypy"), independent of
other variables that are known to increase the risk for psy-
chosis. This study, using psychometric measures of psy-
chosis proneness, provided a more direct confirmation of
previous research (van Os etal., 2003; 2004), where it was
found that a proxy genetic risk factor for schizophrenia (a

family history of schizophrenia) interacted synergistically
with the proxy environmental risk factor that urbanicity
represents. To the extent that variation in measures of psy-
chosis-proneness is due to genetic factors (Linney et ai,
2003), our findings are compatible with a mechanism of
gene-environment interaction. However, to the extent that
variation in measures of psychosis proneness is due to
environmental factors (van Os et ai, 2005) the findings
may also represent environment-environment interaction.

The psychosis proneness - psychosis persistence model

A descriptive mechanism of how the urban environ-
ment facilitates the pathway from psychosis proneness to
clinical expression of psychotic disorder is the so-called
psychosis proneness - psychosis persistence model
(Cougnard et al., submitted for publication). This model
postulates that the outcome of the age-associated rise in
expression of psychosis associated with puberty (Galdos
et al., 1993), which is common and can be measured in
the general population, is more likely to persist in an
urban environment, whereas in a rural environment the
expression declines again with age and therefore has a
better outcome (figure 2). The empirical model thus indi-
cates that the ontogenesis of psychosis may be conceived
as the poor outcome of a developmentally common psy-
chosis phenotype (psychosis proneness or schizotypy),
which, under the influence of environmental factors in
the urban environment, may display abnormal persistence
thus possibly increasing the risk for progression towards
clinical psychotic disorder (Spauwen et al, 2006).

Possible mechanisms

Sensitization

A possible mechanism of risk may reside in behaviour-
al and/or neurochemical sensitization. As discussed
above, studies have shown that subjects with a (psycho-
metric or familial) liability for psychosis showed an
increased risk for psychotic symptoms or disorder when
they were growing up in an urban environment. Living in
an urban environment is associated with increased expo-
sure to environmental stress (high traffic densities, neigh-
bourhood noise, violence and victimization, reduced
social capital and pollution). The enduring enhancement
of the behavioural response to this environmental stress is
described as behavioural sensitization (Myin-Germeys et
al., 2005). Behavioural sensitization in relation to envi-
ronmental stress may be interpreted in the light of the
dopamine (DA) sensitization hypothesis of psychotic
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symptoms. It has been suggested that schizophrenia is
associated with endogenous dopamine sensitization, a
state characterized by hyperresponsiveness of DA neurons
to environmental stimuli in which even exposure to mod-
erate levels of stress are associated with an excessive DA
response (LarueJle, 2000; Kapur, 2003). Furthermore, it
has been suggested that dopamine mediates the expression
of psychotic experiences from moment-to-moment in
patients with schizophrenia (Myin-Germeys et al, 2005).

Social and Cognitive mechanisms

Individuals with a genetic liability to schizophrenia
may be less likely to have their early abnormal mental
states corrected in urban areas with lower levels of infor-
mal social control, resulting in higher rates of expression
of psychosis (van Os et al, 2005) Similarly, aspects of
the wider social environment such as lack of perceived
safety or social stress might directly contribute to the
development of cognitive vulnerabilities for psychosis
(Birchwood et ai, 2000; Bentall et al, 2001; Garety et
al., 2001) resulting in higher rates of psychotic disorder
in the genetically predisposed (van Os, 2004).

Gene-urbanicity interactions: from proxy to direct
measureres?

As discussed above, a general mechanism of gene-
environment interaction is supported by replicated popula-
tion-based evidence suggesting synergism between urban-
icity and familial liability in their effect on psychotic dis-
order (van Os et al, 2003; 2004; Spauwen et al, 2006).
Once genes that increase the risk for schizophrenia have
been reliably identified, it will be possible to directly
investigate genotype-environment interaction. Although
four-fifths of the variance in schizophrenia risk is attribut-
able to genes, the locus of a possible genetic defect
remains elusive, even given recent optimism (Harrison &
Owen, 2003). The search has been slow and frustrating,
probably because there are multiple susceptibility genes
(genes that increase the risk for psychiatric disorder, but
are neither necessary nor sufficient in themselves to cause
illness), each of small effect, which act in conjunction
with epigenetic mechanisms and environmental factors.

Functional polymorphisms involved in gene-environment
interactions

One gene involved in gene-environment interactions
may be the gene for catechol-O-methyltransferase
(COMT) (Caspi et al, 2005; Henquet et al, submitted for

publication; Stefanis et al, submitted for publication).
The COMT gene codes Catechol-O-Methyltransferase, an
enzymatic inactivator of dopamine, norepinephrine and
epinephrine. In the prefrontal cortex, COMT is critical in
the breakdown of dopamine. The COMT gene, mapped to
chromosome 22qll, contains a functional polymorphism,
involving a Met to Val substitution at codon 158, which
results in two common allelic variants, the Valine (Val)
and the Methionine (Met) allele, associated with high ver-
sus low enzyme activity (Lotta et al, 1995; Lachman et
al., 1996). In the general population, this results in a dis-
tribution of individuals with the Met/Met (approximately
25%), Val/Met (50%) and Val/Val (25%) genotype.
Increased COMT activity associated with the Val allele
may result in a combination of i) reduced dopamine neu-
rotransmission in the prefrontal cortex (Egan et al, 2001),
and subsequently ii) increased levels of mesolimbic
dopamine signalling, which is hypothesized to predispose
to the expression of delusions and hallucinations
(Laruelle, 2000; Weinberger et al, 2001; Kapur, 2003).
As disturbances in dopaminergic transmission have long
been implicated in schizophrenia, and COMT influences
frontal lobe function and presynaptic dopaminergic activ-
ity, it may provide a possible biological correlate for the
association with schizophrenia in conjunction with envi-
ronmental exposures such as cannabis (Caspi et al, 2005;
Henquet et al, submitted for publication), stress (Stefanis
et al, submitted for publication) and, possibly, urbanicity.
An attractive hypothesis, therefore, is that the cumulative
effect of urbanicity interacts with a functional polymor-
phism such as COMTVal158Met that may be associated
with reduced cortical control of subcortical dopaminergic
projections, favouring the expression of psychosis (Kapur,
2003; Marcelis et al, 2004; Myin-Germeys et al, 2005).

Epigenetic mechanisms of gene-environment interaction

Epigenetics is defined as the study of mitotically or
meiotically heritable variations in gene function that can-
not be explained by changes in DNA sequence (Petronis,
2001). Gottesman & Bertelsen (1989) examined the risk of
schizophrenia in the offspring of MZ twins discordant for
schizophrenia. The risks in the offspring of twins did not
differ, suggesting that the cause of discordance is not her-
itable, but rather environmental or epigenetic. Epigenetic
mechanisms are only recently being uncovered but it is
likely that they are extremely prevalent and affecting
many behaviours and health outcomes. Genomic pro-
grams could be modified by genetic alterations, which are
transmitted in the germ line. For example, Weaver,
Meaney and Szyf studied rat maternal care effects on the
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hippocampal transcriptome and anxiety-mediated behav-
iours in the offspring that are reversible in adulthood. They
concluded that"... Our data illustrate a new mechanism by
which widespread and stable lifelong interindividual vari-
ation in gene expression in the brain might emerge. This
mechanism does not require germ-line transmission and
could be elicited by natural variations in maternal behav-
iour early in life". The main difference between genetic
and epigenetic variation is the potential for reversal with
the appropriate manipulation. Thus, Weaver and col-
leagues showed that "Our data demonstrate the profound
effects that early-life environment might have on the func-
tioning of the genome and its lifelong consequences for
behaviour into adulthood" (Weaver et ai, 2006).

A recent fascinating study suggests that epigenetic
mechanisms may also contribute to the association
between urbanicity and schizophrenia, although this
explanation was not considered specifically by the
authors (Pedersen & Mortensen, 2006). In this study, it
was reported that the increased risk for schizophrenia also
applied to children who were born in rural areas, but
whose mother had been exposed to an urban environment
at the time of birth of the nearest oldest sibling. This data
therefore fascinatingly suggest that the effect of urbanic-
ity may consist of silencing or activating genetic material
in the germ line that thus "remember" the urban exposure
and pass it on to the next generation, regardless of place
of birth. Alternatively, the findings may indicate that
some of the causes underlying the association between
urbanicity and schizophrenia may be rooted in families
rather than individuals (Pedersen & Mortensen, 2006).
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