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Abstract It is becoming increasingly apparent
that genetic research into psychiatric disorders
would benefit from consideration of the environment
because these risk mechanisms are likely to interact.
Despite generalised anxiety disorder (GAD) being
one of the most prevalent disorders presented in
primary care, there is a paucity of published studies
of gene-environment interactions (G x E) for this
phenotype. This article describes how our current
knowledge of GAD is useful in designing studies of
G X E for GAD. To increase the chances of identi-
fying replicable G X E for GAD further information
is needed with regards to: defining and measuring
GAD, difficulties co-occurring with GAD, quantita-
tive genetic estimations for GAD, specific genes
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associated with GAD, and specific environmental
risks for GAD.
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Introduction

An eminent geneticist recently gave a talk on psychi-
atric genetics. He ended his talk by concluding that
there is little point searching for genes for a disorder
without simultaneously considering environmental
influences. While this view could be considered
somewhat extreme, the importance of exploring inter-
actions between genes and the environment is
increasingly evident. In spite of this, there is a dearth of
research reporting gene-environment interactions in
relation to many common psychiatric disorders
including generalised anxiety disorder (GAD). GAD is
characterised by persistent chronic worry and tension,
often including symptoms such as sleep difficulties,
lack of concentration and restlessness (Diagnostic and
Statistical Manual, DSM-IV, [1]). This disorder is one of
the most prevalent mental disorders seen in primary
care. For example, a recent review paper estimated the
12-month prevalence of GAD to be about 2% for adults
in Europe [41] and results from the National Comor-
bidity Survey found the lifetime prevalence of GAD to
be 5% [36]. Furthermore, the lifetime prevalence GAD
using a broader definition (whereby the stipulation of
6 months duration is relaxed to a single month) has
been estimated at 12% for males and 18% for females
[29]. This article addresses issues that need to be con-
sidered on the way to discovering replicable gene-
environment interactions for GAD. The specific ideas
developed here are partly based on more general
strategies for investigating interactions between mea-
sured genes and environments proposed by Moffitt
et al. [46].
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Gene-environment interactions

Gene-environment interaction (G X E) refers to ge-
netic sensitivity or susceptibility to environmental
experience. To illustrate this point, carriers of a
certain “risk” allele (version of a gene) could be
more likely to become anxious following a stressful
life event as compared to carriers of another “non-
risk” allele. Although most genetic research is con-
ducted without consideration of the environment
(and conversely the majority of environmental re-
search is conducted without regards to genes), it is
clear that interdisciplinary research assessing both
types of influence may prove fruitful. For example, if
an allele is more likely to be associated with a trait
following conditions of environmental stress, the
gene-trait association may be buried in a study
populated by individuals who have experienced
mixed levels of stress. Similarly, an environmental
influence may appear weak in a sample diverse for a
specific gene, yet may be much greater in individuals
with a specific “risk” version of that gene. To further
understanding of both genetic and environmental
influences on various traits there has recently been a
marked interest concerning G X E research. How-
ever, only a handful of published studies to date
have focused on generalised anxiety. One such study
led by Silberg demonstrated that genetic variance for
anxiety increased from 19% in adolescent girls who
had not experienced adverse life events, to 44% in
those who had two such experiences ([58], see also
[11]). A further study demonstrated an interaction
between a measured genetic variable (the short 5-
HTT allele) and an environmental variable (low so-
cial support) in predicting phenotypes associated
with GAD in children (observed behavioural inhibi-
tion and mother-reported shyness) [18]. It is hoped
that the current article will stimulate further research
into this area and such information will help to
elucidate the pathways by which genes influence
GAD and may eventually be useful in developing
preventive programmes and treatments for this
common disorder.

GAD

Measurement

As with any type of study, it is essential to precisely
define and measure the phenotype. GAD can be
considered in terms of symptoms (e.g. see the Penn
State Worry Questionnaire, 45) or as a disorder [54]
and measured using self-reports or clinical inter-
views. In order to provide robust evidence of a
G X E, it is important to assess GAD in a variety of
ways (e.g. using different measures, informants and
occasions). Indeed, some of the most widely cited

reports of G X E have measured the outcome vari-
able in multiple ways [6, 8]. For example, one study
explored the association between childhood mal-
treatment and a genotype associated with varying
levels of monoamine oxidase (a key enzyme involved
in the degradation of neurotransmitters including
serotonin and dopamine) in association with later
antisocial behaviour. Antisocial behaviour was mea-
sured as a conduct disorder in standardised assess-
ments according to DSM-IV criteria; by self- and
informant-reports of behaviour; and in terms of
convictions [6]. In addition to allowing internal
replications of results, multiple reports enable the
calculation of error-reduced composites, which in-
crease the likelihood of detecting genetic and genu-
ine environmental effects.

A complementary approach to measuring GAD is
to examine endophenotypes for this disorder. End-
ophenotypes are intermediate phenotypes that are
more proximal to the genes influencing a disorder
than its signs and symptoms [21]. Endophenotypes
are conceptualised as risk markers of a disorder and
may be neurophysiological, biochemical, endocrino-
logical, neuroanatomical, cognitive or neuropsycho-
logical. Focusing on endophenotypes has certain
advantages over studying GAD directly, such as pro-
viding greater statistical power to identify genes (due
to endophenotypes having greater proximity to genes
than signs and symptoms of GAD) and providing cues
as to the pathways by which genes influence GAD.
Indeed, it has been suggested that G x E and neuro-
science research must come together to benefit both
fields [7]. A number of studies have explored neural
structures relevant to the pathophysiology of gener-
alised anxiety disorder, showing atypical responses in
the amygdala and ventral prefrontal cortex in anxious
individuals as compared to controls (e.g. 44, 48, 61).
Further studies have found associations between
certain brain responses and genes, both of which have
been independently linked to anxiety. For example,
research shows that the short allele of the 5-HTT
promoter polymorphism is associated with greater
neuronal activity in the amygdala in response to
fearful stimuli ([26], see also [4, 19, 25, 27]). As the
amygdala is involved in the detection of environ-
mental threat and its reactivity is genetically moder-
ated, it is likely that this brain structure is a good
focus point for future G x E research.

Comorbidity

Although GAD sometimes occurs alone, it commonly
co-occurs with other difficulties including other anxi-
ety disorders (e.g. social phobia, specific phobia and
panic disorder), as well as other types of difficulties
including chronic fatigue syndrome and chest pain (for
a review, see [49]). The association between GAD and
major depressive disorder (MDD) has received partic-
ular attention as research has demonstrated high levels



of comorbidity between these disorders (GAD corre-
lates more highly with MDD than with other disorders,
37). With regards to concurrent comorbidity, results
from the US National Comorbidity Survey revealed that
17% of the respondents with lifetime MDD had also
experienced GAD [38]. Research also suggests
sequential bidirectional comorbidity between the two
conditions with data from one prospective longitudinal
study revealing anxiety preceded depression in 41% of
cases and depression preceded anxiety in 36% of cases
[47]. There are many possible ways of dealing with
comorbidity in research, including focusing exclusively
on “pure cases” which may increase power to detect
effects by reducing noise. However, the fact that
comorbidity represents an epidemiological reality
suggests that it may be challenging to recruit adequate
samples of “pure cases”, and excluding comorbid cases
may result in an artificial representation of factors
associated with GAD in the general population. Instead,
by measuring potentially co-occurring conditions, it is
possible to statistically examine the influence of
comorbidity on any association revealed.

Twin studies

Twin data can be used to estimate the magnitude of
genetic and environmental influences on individual
differences in a trait such as GAD in a population. This
is achieved by comparing the similarity of identical
twins (who are genetic clones of one another) and
nonidentical twins (who share on average half of their
segregating genes, i.e. those genes that make individ-
uals differ from one another) (see [52] for further
information). Such studies typically partition variance
of a trait into additive genetic influences (genetic
influences for which combined effects are equal to the
sum of individual effects), shared environmental
influences (those that make individuals within a family
similar) and nonshared environmental influences
(those that make individuals within a family differ).

There have been numerous quantitative genetic
investigations of GAD with varying estimates of ge-
netic, shared and nonshared environmental influ-
ences. A meta-analysis by a group of leading
researchers at the Virginia Institute for Psychiatric
and Behavioural Genetics estimated the heritability of
GAD in adults to be .32, with small shared environ-
mental influence for females but not males, and the
rest of the variance attributable to nonshared envi-
ronmental influences [28]. Finding that GAD is heri-
table has led researchers to pose further questions
such as whether genetic influences increase with
environmental risk exposure.

In addition to twin studies of GAD in adults, there
are also twin studies of different types of anxiety in
children and adolescents [12, 23]. Some of these
studies suggest that there is smaller genetic influence
and larger shared environmental influence in children
as compared to adolescents (e.g. with regards to
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separation anxiety, see [15]) highlighting the possi-
bility that genes that interact with the environment
only emerge in adolescence. Similarly, environmental
risks are also likely to dynamically unfold across
development. Empirical tests of the hypothesis that
age is an important moderator of G X E for GAD are
therefore needed. Towards this goal, our own group
cross-sectionally compared G x E results for different
anxiety subtypes in two samples of twins at different
ages [39]. We reported an increase in genetic effects
across independent negative life events for separation
anxiety in childhood and panic in adolescence.

As well as providing estimates of genetic, shared
and non-shared environmental influences on GAD,
quantitative genetic studies are also able to provide
information about risk factors underlying co-occur-
ring traits. For example, such models are able to
estimate the extent to which genes influencing one
disorder (e.g. GAD) are the same as those influencing
another disorder (e.g. MDD). Similarly, the overlap
between shared environmental factors influencing
different disorders, as well as nonshared environ-
mental factors influencing different disorders, can also
be examined. Such information can be informative
when planning G X E studies, as it may be useful for
selecting candidate genes and environmental factors to
explore. For example, strong genetic overlap between
MDD and GAD suggests that genes known to influence
MDD may be good candidates for exploration with
regards to GAD (e.g. [35, 55]). Quantitative genetic
research focusing on GAD and other difficulties (e.g.
neuroticism, [29, 42]) may also be informative in
stimulating hypotheses for future research by sug-
gesting which genetic and environmental influences
are likely to be important (based on previous research
specifying genetic and environmental influences on
each trait individually and knowledge about the
overlap between influences on these phenotypes).

Perhaps more directly relevant to the issue of G X
E, it is possible to examine whether estimated genetic
influences interact with measured environmental
influences on a trait using twin data [53]. These sta-
tistical G x Es have been found for a number of traits
including anxiety [11, 58] and major depression,
which commonly co-occurs with GAD [38]. Indeed, in
a study by Kendler et al. [33], it was found that the
likelihood of developing a major depression episode
was greatest amongst individuals at genetic risk, if
they also experienced a stressful life event. Such
studies are useful in providing hypotheses for re-
search, as the environmental measure (in this exam-
ple, stressful life events), is an obvious candidate for
inclusion in future interaction studies including
measured genes (see [46]).

Genes

Obvious genes to test in interaction models are those,
which have been associated with GAD previously.
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Much of the work in this area has focused on sero-
tonin genes, as serotonin is widely believed to be in-
volved in the pathophysiology of anxiety disorders,
and certain anxiolytic (anxiety relieving) drugs target
the serotonin transporter. One study found that pa-
tients with GAD had a higher frequency of an allele
containing 12 copies of the variable number tandem
repeat in the second intron of the serotonin trans-
porter gene as compared to controls [50]. An addi-
tional study reported an association between the short
allele of the promoter region of the serotonin trans-
porter and GAD [64]. Further reports have focused on
monoamine oxidase A (MAO-A), which is an enzyme
involved in the catabolism of neurotransmitters
including serotonin and dopamine. One study found
that >3 repeat alleles of the MAO-A gene polymor-
phism were greater in females suffering GAD as
compared to controls [57]. The link between MAO-A
and GAD has been emphasised elsewhere, with a re-
ported association between the MAO-A 941T allele
and GAD, although not panic disorder or major
depression [60]. Although the results of this study
suggest a segregation of GAD from major depression
with regards to MAO-A T941G, the strong genetic
overlap between MDD and GAD revealed by twin
studies (e.g. [35, 55]) suggests that candidate genes
involved in G X E for GAD may also come from
studies focusing on MDD. For example, there is
mounting evidence to suggest that individuals with
one or two copies of the short allele of the promoter
region of the serotonin transporter (5-HTT) gene are
more likely to experience depression following envi-
ronmental stress as compared to those with two long
versions of the allele (e.g. [8, 14, 31, 34, 62]), although
not all studies have reported this interaction (e.g. [20,
59]). Coupled with the finding that 5-HTT is associ-
ated with GAD, researchers have been led to investi-
gate the possibility of an association between stressful
life events and the 5-HTT gene in predicting general
anxiety syndrome [34]. This study did not reveal a
significant interaction, which is intriguing given the
interactions between stressful life events and the 5-
HTT gene in predicting episodes of major depression
in the same sample. Discussing this finding, Rutter
[56] suggests that although genes for anxiety and
depression may be shared, genetic risk for anxiety
and depression may operate through different mech-
anisms (perhaps genetic risks for anxiety do not
interact with environmental risk factors, or interact
with environmental risk factors not explored in this
study). Studies exploring genes associated with
depression have highlighted other candidate genes for
further exploration including brain derived neuro-
trophic factor polymorphisms, which have been
associated with bipolar disorder (for recent reviews of
the genetics of depression and related traits, see [30,
40]). Twin studies have also suggested moderate to
high genetic overlap between neuroticism and GAD
[29, 42] suggesting that genetic polymorphisms that

have been linked with neuroticism previously may be
good candidates for further exploration.

When choosing between polymorphisms for
investigation in studies, a practical consideration is
the frequency with which the polymorphism occurs in
the general population. In a moderately sized sample,
associations with GAD are clearly more likely to be
identified when focusing on commonly occurring (as
compared to rarer) polymorphisms. Despite an array
of candidate genes to test, previous G X E research
suggests that certain genes associated with GAD may
only be revealed once the environment is taken into
consideration. Hence, genes, which have not yet been
linked to a specific disorder, but have been shown to
moderate environmental (e.g. stressor) responsive-
ness, may also be sensible candidates for further
exploration. Studies illustrating these types of asso-
ciations often involve animals, and one study of this
kind demonstrated that length variation of the sero-
tonin transporter gene-linked polymorphic region in
rhesus monkeys interacts with early experience
(having been raised by parents vs. having been raised
by peers) to affect central serotonin functioning ([3],
see also [2, 9]).

Environment

In addition to twin data providing information
about environmental factors associated with GAD,
non-genetic analyses have also been important. For
example, a report focusing on the population-based
Virginia Twin Registry examined life events associated
with generalised anxiety and major depression [32].
Amongst interesting results, it was found that danger
events (those associated with the anticipation of dire
consequences) were associated with pure generalised
anxiety but not pure major depression. Conversely,
humiliation events (those associated with feeling de-
valued, rejected or having failed) were associated with
pure major depression but not pure generalised anx-
iety. Generalised anxiety and major depression co-
occurred and risk factors for pure major depression
and pure generalised anxiety were both important for
these co-morbid cases. Such findings are relevant to
the selection of measured environment in G X E
studies and confirm the importance of considering co-
occurring conditions when designing a study, as
environmental risk appears to vary depending on the
treatment of comorbidity. This study also highlighted
the importance of timing when considering environ-
mental events. For example, loss events (those associ-
ated with a real or imagined loss of a person,
possession, health, respect etc) were associated with
pure generalised anxiety occurring in the same month
but not occurring 1, 2 or 3 months subsequently. Life
events involving danger or physical threats (i.e., to life
or limb) as discussed earlier, are likely to be appro-
priate environmental factors to include in models of
G X E in relation to GAD (see also 17). Indeed, it is



possible that including social threat environmental
influences such as humiliation and public shame (as
opposed to physical threat) in studies of G X E may
make it difficult to identify true interactions. Physi-
cally threatening life events are particularly suitable
environmental risks as they are proximal (i.e., specific
factors directly affecting the individual). Other prox-
imal risk factors for GAD include being widowed,
separated or divorced [22, 63]. Distal risk factors such
as being middle-aged or from a low-income bracket
have also been associated with GAD [22, 63]. Distal
risk factors are less appropriate for inclusion in G X E
models as they may have their effects on GAD through
proximal risk factors (see [46] for a more general
discussion of this issue).

Although many of the studies exploring risk fac-
tors for GAD focus on adults, anxiety disorders often
first appear early in life. For example, recently pub-
lished data from the prospective Dunedin Multidis-
ciplinary Health and Development Study of an entire
birth cohort revealed that 38% of adults aged 32 years
with GAD suffered anxiety disorders at ages 11-
15 years [24]. This highlights the potential scope to
examine G X E for GAD in young people as well as in
adults which may be beneficial as understanding the
mechanisms by which pediatric anxiety develops may
be particularly important for developing preventions
and treatments for these common difficulties. Al-
though certain “environmental” factors may be rele-
vant to both the child and adult samples (e.g.
threatening life events have also been associated with
anxiety in children, [13]), this is not always the case.
For example, it would be absurd to examine ones own
marital status in a study focusing on G X E for GAD
in children, who are below the age of marital consent.
In contrast, it would be more appropriate to include
information about parenting (which has been asso-
ciated with childhood anxiety, for a recent review, see
[5]). Such risk factors can also be included in studies
focusing on adult participants, although when
obtaining retrospective reports, there may be inherent
problems related to recall accuracy.

Although many of the risks considered thus far are
often thought as “environmental” risks, it is clear that
genes influence exposure to many of these “environ-
mental” risks (a phenomenon known as gene-envi-
ronment correlation, rGE). Indeed, a study of
childhood depression found that there was a sub-
stantial genetic influence on the association between
parental negativity and adolescent depression, which
the authors interpreted as likely to result from an
evocative gene-environment correlation, with adjust-
ment problems influenced by genetic propensities
evoking negative reactions from others [51]. It is
important to control for rGE when searching for
G X E due to a number of reasons. One such reason is
that if twin studies reveal greater genetic effects for
GAD at higher levels of environmental risk (e.g. when
someone has experienced more threatening life
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events) this could suggest that environmental events
impact on heritability (G X E) or people with “risky”
genotypes are more likely (for reasons related to their
genetic make-up) to be exposed to numerous envi-
ronmental risks (rGE). Furthermore, associations
between a measured risk genotype and environmental
risk could reflect the measured risk genotype inter-
acting with unmeasured genes, which are associated
with the environmental risk (rGE) rather than a true
interaction between the measured gene and the
environment (G x E). There are various ways of
controlling for rGE, and this is possible when exam-
ining interactions in twin and adoption samples.

What now?

To summarise, as with all genetic research it is funda-
mental to start with a clearly defined and well-measured
phenotype. Indeed, refinement of definition and mea-
surement of phenotypes is a continually evolving pro-
cess and research which is currently underway to
address the issues of how best to conceptualise GAD in
the DSM-V may eventually be useful when designing
studies of G X E (e.g. see [47]). It is also important to
continue considering endophenotypes, as although
research of this type is still in its infancy, combining
G x E and endophenotype research holds great prom-
ise for a developed understanding of the pathways by
which genes influence behaviours.

Although we now have information about specific
genetic and environmental influences, which can be
used to test hypotheses about G x E for GAD, it is
clear that there is scope to further specify genetic and
environmental influences. Indeed, it is apparent that
multiple genes and environmental influences are
likely to be associated with GAD, suggesting that the
replicated genetic and environmental influences
identified thus far represent the tip of the iceberg with
regards to factors influencing GAD. Capitalising on
improved research methods (e.g. microarrays, neu-
roimaging and single gene manipulations in animal
models), different types of researches (e.g. MZ twin
studies, prospective longitudinal epidemiology and
experimental and animal research), and developed
knowledge of associated phenotypes (e.g. MDD and
neuroticism) holds great promise for the identifica-
tion of further risk factors. Of note, the inclusion of
more precise phenotypes and robust influences on
these phenotypes will reduce the sample sizes neces-
sary to detect effects in studies of G x E.

In addition to obtaining further specific informa-
tion with regards to the conceptualisation of GAD as
well as genetic and environmental influences, the time
is ripe to start testing the models of G X E, and data
and techniques available for such purposes are
abundant. Given the excitement surrounding the
G x E approach to understand the mechanisms
underlying common difficulties, it is surprising that
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there is very little research of this type addressing
GAD. We believe that the greatest advances will be
made in this field by collaborations between the very
best scientists from different fields. Indeed, admirable
efforts by psychologists with background knowledge
of environmental risks for disorders but lacking ge-
netic knowledge may result in limited studies of G x
E. Similarly, geneticists lacking a rich understanding
of issues related to environmental risk may find their
G x E research disappointing. Together, researchers
are likely to make groundbreaking contributions to
the field of G X E for GAD. Indeed, geneticists are
becoming increasingly interested in the role of epi-
genetics (heritable information distinct from the DNA
sequence itself) on phenotypes [16]. Notably, research
in this field has demonstrated that environments may
impact on gene expression. Additionally, the epige-
nome is particularly susceptible to environmental
influences during certain developmental periods [10].
This further emphasises the importance of bringing
together researchers from different fields in order to
advance the understanding of G x E for GAD still
further.

Finally, psychiatric research is conducted with the
eventual aim of alleviating suffering by preventing
difficulties from developing and addressing those that
do. It is therefore particularly salient that there has
been a recent interest in genes as moderators of re-
sponse to treatment for psychiatric disorders (e.g.
depression, for a review see [43]). Although to date
research of this type has not focused upon GAD, this
type of G X E research is likely to be of key signifi-
cance for clinicians and patients alike.
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