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1.1. Neurophysiological plasticity and (ab)normal psychology

One of the wide-sense definitions of experience is “an event or occurrence which leaves an
impression on someone” (Simpson et al.,, 1989). In contemporary Psychobiology, it is broadly
accepted that human brain organization is fundamentally shaped by experience. This concept
would embrace not only factors from outer events, but also “internal” incidents such as genetically

encoded developmental changes, or merely psychological processes (Kolb, 1995).

In this sense, constantly fluctuating experiential challenges largely influence brain evolution
at both phylogenetic and ontogenetic levels (Killackey, 1990). Normally, brain performance and
human behavior are characterized by great flexibility in response to these context-specific
experiences (Greenough et al., 1987; Gunnar and Nelson, 1992). Biologically, this continuous flow
of experiential interactions leading to brain evolution is fostered by brain plasticity, a process
consisting of several organized and extremely dynamic steps, which are genetically determined,
epigenetically directed and environmentally influenced (Gilbert et al., 2005; Tau and Peterson,
2010). Of note, recent research indicates that brain plasticity is closely related to individual
differences in experience, and that these experiential dissimilarities constitute the very basis of

phenotypic individuality (Freund et al., 2013).

The presence of enriching experiences, especially during specific developmental windows,
may increase the adaptability of humans and other species through cerebral modifications
(Rosenzweig and Bennett, 1996). However, human individuals may likewise lose the normal
plasticity of their brains when exposed to unbearable patterns of stress during their lifespan
(Harkness et al., 2015). Highly stressful experiences during critical or circumscribed periods of brain
development can impair, often permanently, the activity of major neuroregulatory systems, with
profound and lasting neurobehavioral consequences as those observed in cognitive impairments

and psychopathological disorders (de Kloet et al., 2005).
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As can be inferred from above, the notion of brain plasticity has enormous consequences
for the understanding of behavior, cognition and psychopathology. Though outstanding conceptual
and technically complex issues still exist in the empirical formulations of a link between the
neurophysiology of the brain and both psychic and behavioral phenotypes (Schall, 2004), the
contemporary tradition in brain science has largely built upon —and continues developing— this
concept (Rolls, 2012). Accordingly, the experiential configuration of brain plasticity would mediate
the plasticity of phenotypes such as those studied by Psychology, Psychiatry and related behavioral

sciences.

1.1.1. Phenotypic plasticity in response to the experience

In the behavioral sciences, the concept of phenotypic plasticity can be roughly categorized into two
classes: developmental and activational plasticity (Snell-Rood, 2013). In short, the concept of
developmental plasticity denotes the capacity of an individual carrying a specific genetic
background to adopt different developmental trajectories under distinct settings. This kind of
plasticity has largely been studied in the literature. It parallels —and is sometimes equivalent to— the
concept of phenotypic plasticity in evolutionary biology. Phenotypic plasticity was initially
popularized in the early 1960s as the mechanism whereby the expression of a genotype is altered
by its environment (Bradshaw, 1965). Despite its early origin, research on phenotypic plasticity is
still under development (Walsh et al., 2015). For instance, recent studies on the epigenetics of
disease highlight the role of phenotypic plasticity to understand the biological disruptions leading to

pathological conditions (Feinberg, 2007; Petronis, 2010).

Classical studies in evolutionary biology recognize phenotypic plasticity as a potentially
important element in evolution, which is under genetic control and, remarkably, may or may not be
adaptive (Caswell, 1983). Though the idea of an “adaptive” plasticity contrasts with the notion of

homeostasis as an evolutionary goal, theoretical formulations have demonstrated how these two
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concepts can converge: in order to promote adaptation, plasticity in “response variables” should

shelter “essential variables” from environmental disturbances (Ashby, 1956; Caswell, 1983).

Thus, developmental plasticity is thought to promote integrated adult phenotypes (at the
ontogenetic level) and to be one —though not the sole— mechanism prompting phylogenetic
evolution. A schematic representation of this concept using neural networks has been proposed by
Snell-Rood (2013), and has been adapted here in Figure 1. As shown in sections A and B, if there
were two genetically-identical individuals, differences in their experiential inputs (E1 and E2) may
sensitize distinct afferent, processing and efferent network layers to change the probabilities of
reaching particular psychobiological phenotypes (P1 or P2). For instance, the individual in section
A, after continuous exposure to a given experience E2, may have increased its synaptic weights to
favor a particular phenotype (i.e., P2). In contrast, the final phenotype outcome should be different
had this individual been exposed to E1l. In that case, other neural circuits could have been
sensitized to give rise to a different phenotype (i.e., P1). Thus, during adulthood, the individual in
section A may be relatively insensitive to stimulus E1, whereas the individual in section B may lack
an appropriate biobehavioral response to stimulus E2. Though this may seem a somehow abstract
model, its biological feasibility is clearly observed in phenomena such as synaptic potentiation and

depression (Linden, 1994; Royer and Pare, 2003).
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Figure 1. Neural network diagrams illustrating behavioral plasticity. A: Activational plasticity refers to
differential activation of an underlying network by different environments. B: Developmental plasticity refers to
the differential development of neural networks in different environments such as a change in synaptic weights

as a result of experience. Adapted from Snell-Rood (2013).

Complementarily, activational plasticity refers to the differential activation of underlying
networks (Snell-Rood, 2013). In the present context, there may be some overlap between this
concept and the notion of phenotypic flexibility (Forsman, 2014). An individual with high activational
plasticity would be able to detect a wide range of environments (E1-E4), and to respond to it using a
psychobiological phenotype from a relatively large catalogue (P1-P4), as depicted in section D of

Figure 1. In contrast, individuals with low activational plasticity would be insensitive to some
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environmental clues, and would have only a small set of responses in front of their experiences

(Figure 1, section C).

As mentioned by Snell-Rood (2013), this type of plasticity has likewise been referred to as
“behavior as plasticity” or “innate behavioral plasticity” (Dukas, 1998; Mery and Burns, 2010). Innate
behavioural responses lead to behavioral modifications in response to the environment (Mery and
Burns, 2010). High activational plasticity may be enormously advantageous when an individual is
required to show rapid and reversible behavioral changes in response to extremely unstable
temporally fluctuating environments (Van Buskirk, 2002). Nevertheless, issues such as
environmental differences between generations of individuals may prompt other kinds of flexibility

(Moran, 1992) such as the aforementioned developmental plasticity.

1.1.2. Developmental plasticity: the brain and the early origins of mental disorders

Human brain development occurs across several phases, conferring a scenario of potential
vulnerability windows. Early brain insults can often have severe consequences on the ensuing

growth stages (Andersen, 2003).

A conventional schema portraying normal neurodevelopmental windows can be found in
Figure 2. As depicted therein, the earliest maturational stages typically imply a large number of
modifications (birth, migration, synaptic production, and others) to the majority of neurons. These
biological processes provide the basis of the long-lasting impact of early insults. Immature brains
adapt by integrating information to generate a stable biological structure and appropriate functioning
mechanisms, whereas grown-up organisms normally adapt to changing stimuli by compensatory
mechanisms (Andersen, 2003). Paralleling the notions deployed in the previous section of this
document, information coming to immature brains would help sensitize different structures and

functions to rise a relatively complete adult organism (developmental plasticity?), whereas
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accommodation of the adult brain to rapidly changing environments would depend on timely

mechanisms (activational plasticity?).
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Figure 2. Stages of brain development and windows of vulnerability. Developmental periods occurring in
phases set a stage for putative vulnerability periods. Early life insults (bottom) would be integrated as
innervation patterns, and a later pre-pubertal insult may cause more adaptive functional changes. Adapted

from Andersen (2003).

Theories of early neurodevelopmental origins of adult diseases have been robustly
validated for psychiatric conditions with clinical manifestations as diverse as schizophrenia, autism,
bipolar disorder, depression and even personality disorders (Raine, 2006; Ansorge et al., 2007;

Gliga et al., 2014; Bavamian et al., 2015). In addition, cognitive phenotypes closely related to
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neuropsychiatric disorders are extremely sensitive to neurodevelopmental stages of maturation

(Bunge and Wright, 2007).

Among various hypotheses, these theories of early developmental disruptions propose that
specific genetic and environmental vulnerability factors may alter the maturation of brain circuits to
increase the risk for psychopathology and cognitive deficits later in life (Ansorge et al., 2007).
Namely, these neuropsychiatric conditions would be the final state of an abnormal
neurodevelopmental trajectory started several years before the disease onset (Rapoport et al.,

2012).

Complementarily, further research suggests that other neurodevelopment-based
mechanism underlies the clinical manifestation of several neuropsychiatric disorders. Specifically, it
has likewise been proposed that, though these diseases may have a peak in symptom
manifestation at certain points in life, different symptom courses may be present both before and
after the “clinical onset” (Andersen, 2003; Paus et al., 2008). This is depicted by epidemiologically-
derived data in Figure 3. For instance, though the classical hypotheses on the neurodevelopmental
roots of schizophrenia would suggest a severe prenatal disruption of brain development due to
(intra-uterine) environmental factors which manifests during adulthood (Fananas et al., 1990;
Fananas et al., 1996; Rapoport et al., 2012), Figure 3 indicates that some (soft?) clinical signs can
be observed even before the age of fifteen. Likewise, though the clinical onset (and the symptom
peak) of mood disorders would be at around 25 years of age, some signs should appear before the
age of ten. These evidences may somehow indicate that some brain sensitization mechanisms may
gradually evolve to sustain the clinical expression of the disease. Perhaps this process may be
related to developmentally-induced neural facilitation and depression, one of the very bases of

plasticity.
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Figure 3. Age of onset and peak of mental disorders. Adapted from Casey et al. (2014) and Paus et al. (2008).

1.1.3. Is there also room for activational plasticity in psychopathology?

The classical ethological framework proposes that when there is no sensitivity to fluctuations, a
behavioral pattern is repetitive despite contextual differences, and thus an organism lacks plasticity
(Japyassu and Caires, 2008). Stereotyped behavior may thus represent a state of low activational
plasticity (Japyassu and Malange, 2014). The extent to which this type of behavior may be
maladaptive and lead to (psycho)pathological conditions has largely been studied within the subject
of psychological flexibility (Kashdan and Rottenberg, 2010; Aldao and Nolen-Hoeksema, 2012). In
short, psychological flexibility —as opposed to stereotypy- is thought to promote mental health by
spanning a wide range of capabilities such as i) adaptation to several situational demands, ii)
mindset and behavioral shifting to promote personal functioning, iii) maintenance of balance across
life domains and iv) awareness and commitment to behavior promoting specific values (Kashdan
and Rottenberg, 2010). A lack of psychological flexibility —corresponding to low activational
plasticity— has been suggested as a key factor behind several psychopathological conditions such
as depression and anxiety (Fresco et al., 2006; Kashdan and Steger, 2006; Bylsma et al., 2008).
This lack of adaptability seems at least partly rooted on cognitive profiles, default mental states and
personality (Kashdan and Rottenberg, 2010), three factors that have likewise been related to a
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broad range of psychiatric outcomes (Halligan and David, 2001; Widiger, 2011; Whitfield-Gabrieli

and Ford, 2012).

Taken together, these evidences provide a basis to understand a large extent of the
etiology and the clinical manifestation of severe psychiatric disorders. They somehow argue for a
model of psychopathology as disrupted ways of integrating the experience through brain plasticity

mechanisms.

1.2. An empirical approach to psychopathology and plasticity: genetically

informative designs

The previous ideas support a theoretical framework to understand the concept of psychopathology
through the dynamics of brain plasticity. Remarkably, these ideas have been outlined on the basis
of experimentally derived (scientific) evidences. Namely, the empirical support to the concept of
plasticity as a key element in mental health and disease comes from research spanning a huge
amount of diverse techniques (Cicchetti and Cohen, 2006; Turecki et al., 2014). The current section

expands on some of the most popular approaches to this subject.

1.2.1. Gene x Environment interactions

A recent review by Belsky and Pluess (2013) has highlighted the historical role that genetically
informative designs has had to approach the subject when investigating human populations. These
authors emphasize that the study of Gene x Environment (GxE) interactions (Caspi et al., 2002)
has enriched the understanding of how some susceptible individuals have an increased risk for
developmental alterations when exposed to adverse circumstances, whereas other subjects do not

have this liability and can thus be considered resilient.
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Until recent years, almost all the Psychiatry-related literature on (GXE) interactions had
been conducted using the framework of “vulnerability genes” or “risk alleles” (Belsky et al., 2009;
Zammit et al., 2010). A number of mechanisms have been proposed within this framework of
“vulnerability genes”. For instance, Figure 4 (sections A and B) exemplifies some of these
paradigms. In section A, a genetic risk factor increases the risk for psychopathology in the broad
population, although its effect is higher when individuals are exposed to environmental risk factors
(in this case, cannabis use). Complementarily, section B shows another mechanism of vulnerability
induced by the genetic background. Briefly, it shows how the average effect of the genetic risk
factor on psychopathology in the population would be small if the people were not exposed to
cannabis; however, cannabis users would have differential psychosis risk depending on their

genotype.

Despite the usefulness of these classical GXE approaches built upon the notion of genetic
vulnerability, the concept of “plasticity genes” has gained popularity in Psychiatry during the last
decade (Belsky et al., 2009). A “plasticity gene” would make individuals more responsive to both
enriched/positive and deprived/negative environments. For example, section C of Figure 4 depicts
how the effect of the genotype would depend on the (lack of) exposure to cannabis: valine allele
carriers with no cannabis consumption would have low risk for psychosis, whereas those
consuming cannabis would be at increased risk. Likewise, individuals lacking the valine allele may
or may not display psychosis depending on whether or not they consumed cannabis. The valine
allele would thus be a risk factor for psychosis in cannabis users and a protective factor in non-
users. In this scenario, the valine allele would have (on average) no effect on psychosis risk in the
population if there were equivalent amounts of cannabis users and non-users. But perhaps the
clearest “plasticity gene” scenario is shown in section D. Therein, individuals who lack the valine
allele have the same risk for psychosis, regardless of their cannabis consumption status. In

contrast, valine allele carriers who do not consume cannabis have lower risk for psychopathology
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than the rest of the population, and valine carriers who are also consumers have actually an

increased risk for psychosis.

The mechanism shown in section D of Figure 4 may also be illustrative of the concepts of
developmental and activational plasticity. For instance, let the horizontal axis span from resilient to
susceptible organismic background. For the case of developmental plasticity, assume that the
environmental exposure consists of prenatal insults, and let the vertical axis be the risk for
schizophrenia during adulthood. Thus, broadly speaking, individuals who are not exposed to
obstetric complications (dashed line in the plot) have similar risks for adult schizophrenia,
regardless of their initial biological background. On the contrary, individuals who are genetically
susceptible to schizophrenia (perhaps due to genetic alterations) would have an increased risk
when exposed to environmental insults. Likewise, there may be a compensatory genetic load
making other subjects resilient and thus reducing their risk to develop adult psychosis even in the
presence of obstetric complications. Additional examples of GXE can be found across the literature

(Alemany et al., 2011; Estrada et al., 2011; Goldberg et al., 2013; Alemany et al., 2014).
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Figure 4. Four hypothesized mechanisms of GXE interaction between COMT’s rs4680 valine allele (V+:

presence of valine allele, V-: absence of valine allele) and cannabis use (C+: presence of cannabis exposure;

C-: no cannabis exposure) on risk of psychosis. Sections A and B represent classical “vulnerability gene”

approaches, whereas sections C and D correspond to a “plasticity gene” effect. Adapted from Zammit et al.

(2010).
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Activational plasticity may be exemplified by considering short-term phenotypic responses.
In the previous case, obstetric complications differentially affected resilient and susceptible
individuals and, perhaps decades later, schizophrenic disorders would appear. In contrast, one
could consider two variables with immediate connections: a particular stressful situation and an
outcome of anxiety. In the absence of stressful situations, the majority of the individuals would have
an average risk for an anxious disorder (dashed line). However, the emotional coping style of the
individuals —which makes them more or less susceptible and resilient— could determine whether a

particular person has low or high risk for anxiety following a concrete life event.

1.2.2. Monozygotic twin designs: classical approaches

Far-reaching psychiatric research has been conducted using human twins throughout the history.
Perhaps the first studies on this topic using scientific methodologies were conducted in the 19"
century by Savage (1883) and Gill (1883), by examining a couple of cases of mania and

melancholia.

There are two types of twins: monozygotic (MZ) and dizygotic (DZ). MZ twin pregnancies
result from a single fertilized egg (a “zygote”) that suddenly splits producing two individuals. MZ
twins have almost completely identical DNA sequences (Mastroeni et al., 2009; van Dongen et al.,
2012). In contrast, DZ (also known as “fraternal”’) twins are produced when two zygotes are
separately fertilized; as other pairs of siblings, DZ twins have an average of 50% of genetic
resemblance. Some of the explanations about the appearance of this type of twinning include the
maturation of more than one dominant ovarian follicle during the same menstrual cycle, or
increased concentrations of follicle-stimulating hormone in the mother (Hall, 2003). Further
information on the origins and biological features of twinning can be found in Figure 5 and

elsewhere (Hall, 2003; Machin, 2009).
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Figure 5. Origin of MZ and DZ twins. A: DZ twins are typically considered dichorionic diamniotic. B: MZ twins
may be dichorionic diamniotic, monochorionic diamniotic or monochorionic monoamniotic. Adapted from

Machin (2009).

Conventional approaches to study data from both MZ and DZ twins typically come from
Quantitative Genetics (Posthuma et al., 2003). Though there are several technigues to analyze this
information, some principles of biometrical genetic theory classical twin studies have been largely
employed in Behavior Genetics (Rijsdijk and Sham, 2002; Posthuma et al., 2003). Typically, the
methodologies used in this field are based on examining the correlations in phenotypic traits
between MZ and DZ twins. From this, the relative importance of latent factors is derived as follows
(Rijsdijk and Sham, 2002). Briefly, the phenotypic variance (P) can be decomposed into an additive
equation of the next four terms: i) additive genetic influences (A: the sum of the effects of individual
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alleles at all loci that influence the trait), ii) non-additive genetic influences (D: interactions between

alleles), iii) environmental influences shared by family members (C: common environmental

variation) and iv) differences among family members (E: unique environment) (Figure 6). Thus, the

phenotypic variance is expressed as P = A + D + C + E, and the four elements contributing to the

phenotype are disentangled by examining the patterns of correlation between MZ and DZ twins.

e

Phenotype
Twin 1

1 (MZ & DZ)

1 (MZ) or % (DZ)
1 (MZ) or 2 (DZ)

A @

Phenotype
Twin 2

e

Figure 6. Path diagram for the basic univariate twin model. The additive “A” and dominance “D” factors have a

correlation of 1 between MZ twins and 0.5 and 0.25 between DZ twins, respectively. Shared familial

environment “C” has a correlation of 1 for both MZ and DZ twins who are reared together. “E” (unique

environment) is the source of variance that will result in differences among members of one family; it is

uncorrelated between members of MZ and DZ pairs. The path coefficients for “A”, “D”, “C” and “E” are

TP

represented by “a”, “d”, “c” and “e”. Adapted from Rijsdijk and Sham (2002).
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Though this way of decomposing the phenotypic variance to obtain estimates of different
latent factors behind it has an enormous potential —as demonstrated by its popularity in the
literature—, some points have to be addressed in order to use it in empirical studies of twin samples.
For instance, this A+ D + C + E model (or its A + C + E analogous) require relatively large sample

sizes of both MZ and DZ twins (Posthuma and Boomsma, 2000; Draisma, 2011).

As an alternative, designs with only MZ twins have their own potential from the point of view of
Quantitative Genetics, even when using moderate sample sizes (Hu et al., 1998; Carlin et al.,
2005). Although these designs do not allow the dissection of phenotypic variance into the four
different components described above, they provide a number of useful alternatives to parse out

genes and environment:

i) specific non-shared environmental influences independent of genetic factors can be
deduced from MZ twin data, since they are practically identical at the genetic level (Pike
et al., 1996);

i) there is a relatively high degree of intrapair discordance in complex traits exhibited by
MZ twins (Hall, 2003). This allows arranging genetically-informative designs with three
groups of twin pairs: healthy (neither genetic nor environmental trait liability), discordant
(unique environmental trait liability) and concordant (genetic liability) (Wolfensberger et
al., 2008; Borgwardt et al., 2010; Ettinger et al., 2012). By quantitatively comparing the
traits across the three groups, some inferences on the genetic and environmental
bases of some phenotypes can be elaborated;

iii) when using a MZ twin sample, associations between phenotypes can be decomposed
into familial and unique environmental factors using statistical models for clustered data
(Begg and Parides, 2003; Carlin et al., 2005). This would be similar to separating a
phenotypic association into P = F + E —where F = A + C cannot be further

decomposed—, which can be done despite the absence of DZ twins in a given sample.
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Besides, novel experimental designs on the epigenetic basis of behavior get an enormous profit
of MZ twin samples (Wong et al., 2005; Petronis, 2006; Ballestar, 2010); this will be discussed in

detail in subsequent sections.

But how classical MZ twin studies, from Quantitative Genetics, could provide insights on the
mechanisms leading to psychopathology through brain plasticity disruptions? An initial evident
response could come from basic studies in Biology. For instance, recent research is highlighting the
capacity of both cells and organisms with equal DNA sequences to produce different phenotypes in
response to environmental and stochastic factors (Sultan, 2000; Raser and O'Shea, 2005). Though
the very phenomenon of phenotypic flexibility may likewise be genetically fostered (Ayroles et al.,
2015), the current opinion in Epidemiological Epigenetics accepts the convention of phenotypic

plasticity as environmentally driven (Wong et al., 2005).

The same question can be answered from the very basis of human MZ twin research. Data
from MZ twin studies supports the notion that an important extent of the human phenotypes arises
from plasticity mechanisms (Visscher and Posthuma, 2010; Wells and Stock, 2011). A clear
example of this point is the notion of “variability gene”, initially proposed by Berg (1988). Briefly, the
concept of “variability gene” is built upon intrapair differences in MZ twins: it examines whether pairs
of MZ twins carrying a certain genotype have larger phenotypic differences than other MZ twins with
different genetic background. Studies developing this concept would thus allow determining which
genetic load (if any) confers enhanced sensitivity in response to environmental factors. Though
apparently outdated, the “variability gene” concept has recently been highlighted as a practical
starting point to analyze novel hypotheses with modern research designs (Teare, 2011; van

Dongen et al., 2012).
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1.2.3. Monozygotic twin designs: epigenetic perspectives

Epigenetics is commonly described as the study of gene expression changes that are produced by
heritable, though potentially reversible, modifications of chromatin structure or DNA methylation
(Henikoff and Matzke, 1997). Epigenetics has allowed challenging the dogma that complex
phenotypes are the outcome of DNA sequence variations interacting with the environment
(Petronis, 2006). With the advent of Epigenetics, the abovementioned equations to describe
phenotypic variance (P = G + E) can be reformulated to include another component: P =G + E +

EpiG (epigenetics) (Petronis, 2006). An overview of some epigenetic mechanisms can be found in

Figure 7.
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Figure 7. Schematic representation of DNA methylation and histone acetylation. Hypermethylated DNA
recruits silencing transcription chromatin remodeling complexes with histone deacetylases and promotes

chromatin condensation, whereas hypomethylated DNA unfolds into a ‘beads-on-a-string’ structure in which
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histones are accessible for chromatin remodeling factors. Abbreviations: Ac, acetyl group; Me, methyl group.

Adapted from Korzus (2010).

Amidst several different epigenetic marks, DNA methylation is particularly interesting in
epidemiological studies, due to its accessibility, inter-individual variability and temporal stability
(Foley et al., 2009; Talens et al., 2010). Remarkably, research has suggested that DNA methylation
changes may be an important element underlying the etiopathology and clinical manifestation of a
range of complex human disorders (Relton and Davey Smith, 2010). More specifically, DNA
methylation is supposed to influence several psychopathological, neurocognitive and behavioral
phenotypes (Abdolmaleky et al., 2004; Sabunciyan et al., 2012; Yu et al., 2012; Baker-Andresen et

al., 2013; Grayson and Guidotti, 2013).

Among distinct functions, DNA methylation seemingly serves as a biological mechanism
mediating the link between organismic adaptability/plasticity and disease states (Feinberg, 2007;
Feinberg and Irizarry, 2010). More specifically, it has been proposed that some complex diseases
may be partly due to losses of phenotypic plasticity could be epigenetically-mediated after the
disruption of normal balance between gene-promoting and gene-silencing (Feinberg, 2007). This is

schematically depicted in Figure 8.
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Figure 8. Phenotypic plasticity and the epigenetics of human disease and ageing. Commonly, epigenetic

[—)(—'

lesions in human disease affect a cell’s ability to change its phenotype. A: in monogenic disorders, a defect in
the epigenetic machinery hinders normal development. DNA methylation (brown circles) proceeds normally but
is not recognized due to the absence of MeCP2 (large red oval). This leads to a failure to silence genes
properly during development (dashed arrow). B: Cancer involves many epigenetic lesions that could affect a
pluripotent program in tissue-specific stem cells (bivalent euchromatin and heterochromatin proteins) and

normal tissue-specific silencing of gene A and activation of gene B after differentiation (lower left panel). C:
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Ageing involves a loss of the normal plasticity of response to environmental signals. Adapted from Feinberg

(2007).

There is also evidence suggesting that behavioral flexibility is sustained by similar DNA
methylation changes (Baker-Andresen et al., 2013; Barbier et al., 2015). Overall, this background
confers DNA methylation a key role in bridging the path between phenotypic flexibility in changing

environments and in psychiatric disease.

However, though epigenetic modifications constitute a worthy landmark of the biological
responses to the environment (Aguilera et al., 2010), an important extent of the DNA methylation
variability observed in a population is due to factors other than the environment (i.e., genetic
variants altering epigenetic processes) (Kaminsky et al., 2009). For this reason, Epigenetics
research on complex diseases using DNA methylation measures has been notably fostered by MZ
twin designs (Teare, 2011; van Dongen et al., 2012). For instance, several pioneer studies in
Psychiatry have suggested that DNA methylation differences may underlie the discordance for
psychopathology observed within MZ twin pairs; this has been proposed for a range of phenotypes
as diverse as schizophrenia (Dempster et al., 2011), bipolar disorder (Kuratomi et al., 2008),

depression (Dempster et al., 2011), and even personality traits (Kaminsky et al., 2008).

Finally, it is worth noting that there are different temporal patterns of DNA methylation
changes (Talens et al., 2010). These timing patterns may somehow provide clues on the different
types of plasticity described before (i.e., developmental and activational; see section 1.1.1). In the
literature on the epigenetic epidemiology of psychiatry-related complex diseases, there are two

popular timing patterns proposed for DNA methylation.

First, some reports suggest that transversally-measured DNA methylation levels may reflect
previous environmental insults occurred even years before the epigenetic assessment. In this

regard, the seminal work showing an association between prenatal famine and peripheral blood
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DNA methylation status measured several decades later has been considered a strong proof of the
fact that some epigenetic marks are established in specific lifetime windows and then remain fixed
(Heijmans et al., 2008; Tobi et al., 2009). This would have large implications for psychiatric research
since epidemiological studies show that specific adult psychiatric diseases may be the result of
previous adverse environmental conditions occurring at different periods: i.e., while adverse
obstetric histories have typically been linked to schizophrenia (Rapoport et al., 2012), later factors
during the infancy are commonly associated with depression (Dunn et al., 2013). Remarkably, some
studies also show that methylation of certain loci may be different depending on timing of event
exposure (Klengel et al., 2014). On this basis, one could hypothesize that exposure to risk factors,
even when taking place during previous life stages, may leave a trace in the epigenome, thus
justifying a retrospective research approach (i.e., the current methylation measurement may
correlate with previous exposure to a given risk factor). This may, in a way, be related to the notion
of developmental plasticity: perhaps a methylation mark established during a life stage may block

later phenotypic plasticity.

In addition, a complementary approach consists in assessing the current epigenetic status
in relation to the present psychopathology (i.e., does the current methylation represent an ongoing
psychobiological imbalance?). The literature suggest this may also be possible (Liu et al., 2013;
Zhao et al., 2013); rather than being in disagreement with the previous (retrospective) view, one
could hypothesize that both views are valid and that different loci would be methylated according to
one or the other mechanism. This process may perhaps be related to activational plasticity: some
individuals could have a worse response to their experiences due to disruptions in their capacity to

generate dynamic DNA methylation changes.
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1.2.4. Imaging (epi)genetics

Findings from quantitative genetic studies using epidemiological methods —mainly family, twin and
adoption studies— have significantly contributed to the development of Psychiatric Genetics during
the last decades (Pardes et al., 1989). These studies have justified the use of molecular genetics
information to search for specific genetic markers of psychopathology, which is a project still under
development (Plomin and Davis, 2009). Though molecular genetics research in Psychiatry has
undoubtedly made significant progresses, the current advances in the field suggest that
complementary approaches such as epigenetics (Bondy, 2011) and neuroimaging (Bigos and

Weinberger, 2010) can provide new and highly relevant insights.

In this sense, modern research combining molecular genetics information with brain scans
collected from the same individuals has raised the so-called field of imaging genetics. Imaging
genetics constitutes a unique means to analyze the putative impact that functionally-relevant
genetic variation can have on brain structure and function, which may ultimately lead to a better
understanding of the biological foundations of brain alterations in behavioral and psychiatric

phenotypes (Bigos and Weinberger, 2010; Tost et al., 2014; Arslan, 2015).

Additionally, statistical studies have long emphasized that “association does not mean
causation” (Miettinen, 1983), which consequently implies that the statistical link between a genetic
variant and a clinical phenotype does not (per se) provide a straightforward biological mechanism of
disease. This fact has also highlighted the potential role of imaging genetics as a valuable tool to
uncover the biological mechanisms underlying statistical associations between genes and

psychopathology (Bigos and Weinberger, 2010).

The advent of novel neuroimaging techniques has allowed the examination of the brain in
vivo through several ways. Perhaps the most popular non-invasive techniques to examine the brain
in vivo are those employing magnetic resonance imaging (MRI) scanners. Briefly, the MRI-based

techniques are employed in medical radiology to analyze anatomical and physiological properties of
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the brain in health and disease. By combining a powerful magnetic field, radio frequency pulses and
computerized procedures, pictures of body organs such as the brain can be obtained. An MRI
device first changes the aligning patterns of hydrogen atoms of the body, and then detects the
energy they emit when going back to their normal alignment positions. As different tissues emit
distinct energies when undergoing this process, MRI scanners reconstruct pictures of the tissues

scanned (http://www.radiologyinfo.org/en/info.cfm?pg=bodymr). Some of the conventional MRI-

based techniques used in Psychiatry include structural MRI (mainly used for volumetric analysis
and brain morphology research), functional MRI (employed to assess brain function by analyzing
blood-oxygen-level-dependent (BOLD) signals, a correlate of neural activity), diffusion weighted
imaging (DWI, which analyzes the diffusion process of molecules such as water, and allows
retrieving microscopic details on tissue architecture). A schematic summary of these techniques can

be found in Figure 9.

Figure 9. Examples of MRI-based techniques used in psychiatric research. A: 3D T1l-weighted anatomical
volume, for bran morphometry studies. B: Functional MRI (fMRI) time series acquired through a time interval.
C: Diffusion-weighted-imaging (DWI) scan (bottom), which allows inferring a tractography image (top), to

represent white matter fibers.
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Several examples of imaging genetics studies can be found in the literature. For instance,
genes such as disrupted in schizophrenia 1 (DISC1), interleukin-13 (IL1B) and zinc finger protein
804A (ZNF804A), which were previously associated with psychiatric conditions, have recently been
shown to modify brain structure and function (Hashimoto et al., 2006; Fatjo-Vilas et al., 2012;
Nenadic et al., 2015). Likewise, a novel report has indicated that polymorphic variation in putative
neuropsychiatric risk genes is associated with brain differences since the early brain developmental
stages, emphasizing the role that genetic influences on fetal brain growth may have on psychiatric
disease risk (Knickmeyer et al., 2014). More specifically, genes such as catechol-O-
methyltransferase (COMT), apolipoprotein E (APOE) and brain-derived neurotrophic factor (BDNF)
were found associated with gray matter volume across a number of brain regions at birth (Figure

10).
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Figure 10. Effect of the rs4680 (COMT) genotype on brain structure. Top: locations of gray matter increases
(red) and decreases (blue) in Val/Val homozygotes when compared with Met carriers. Bottom: selected 2D
slices with significant clusters displayed on the atlas of the neonate brain. The color bar represents the t-value

at each voxel. Red/yellow (blue/green) indicates Val/Val > (<) other. Adapted from Knickmeyer et al. (2014).
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Overall, the aforesaid research proposes specific neurobiological mechanisms as mediators
of associations between genetic variants and neuropsychiatric phenotypes. Of note, the
applications of imaging genetics are not limited to the comprehension of mediator mechanisms.
Perhaps one of the most innovative approaches outside that scope is the study of plasticity. Brain
plasticity mechanisms in response to the experience may be largely influenced by genetic factors
and are linked to both neurocognitive performance and behavioral phenotypes such as depression
(Brans et al., 2010; Chen et al., 2013; Tost et al., 2014). These findings are certainly relevant for
contemporary research since they underline how genetically-driven dynamic pathways of neural

activity might play an important role in health and disease.

Importantly, the study of neural plasticity in relation to psychopathology is not limited to
combining information from in vivo brain structure and function with molecular biology data. The
recent increase in popularity and availability of epigenetic techniques has given rise to the emergent
field of imaging epigenetics (Wiers, 2012; Nikolova and Hariri, 2015), another promising tool to
investigate plasticity changes in response to the experience. Since several brain changes observed
through neuroimaging can be considered reflective of molecular mechanisms underlying neural
plasticity, epigenetic processes have been proposed as mediators of behavioral flexibility

disruptions in psychopathology (Johnstone et al., 2013).

In this regard, a recent report showed associations between DNA methylation changes in
BDNF and brain structure assessed with neuroimaging in depressed individuals (Choi et al., 2015).
This is outlined in Figure 11. The authors of that study hypothesize that the influence of BDNF
methylation on depression risk may be through the epigenetic regulation of neural development and
plasticity. This hypothesis is well supported by previous findings on epigenetic changes in BDNF

that modify neural and cognitive profiles in depressed individuals (Kuhn et al., 2014).
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Figure 11. Correlation between methylation fraction of the BDNF and mean fractional anisotropy of the right

anterior corona radiata. The CpG site analyzed here (“CpG4”) was located at -688 bp from the transcriptional

start site. The fractional anisotropy value was residualized to adjust for potential confounders. Adapted from

Choi et al. (2015).

Similarly, based on empirical findings, Alvarado et al. (2015) have proposed that DNA

methylation may serve as a mediator process in the relationship between stressful stimuli and long-

term sensory, affective and cognitive disruptions. Considering the evidences of DNA methylation

modifications in cognitive plasticity (Miller and Sweatt, 2007; Day and Sweatt, 2010), Alvarado et al.

(2015) interpret their own research outcomes as evidence of epigenetically-mediated modifications

of brain plasticity after stress exposure (Figure 12).
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Figure 12. Tissue specific and cellular effects of chronic pain on the prefrontal cortex. A: Outline of
neuroanatomical and molecular changes that accompany pain. B: lllustration of higher order chromatin

modeling. C: Histone modification depiction. D: DNA modifications. Adapted from Alvarado et al. (2015).

1.3. Neural plasticity in depression-related phenotypes: evidences and

perspectives

The preceding sections have underscored the importance of neurophysiological plasticity in
response to the experience as a risk factor for behavioral disorders, and have shown how some
genetically-informative designs may contribute to the understanding of such putative plasticity
disruptions. For the sake of generality, they have not focused on any specific phenotype. It is worth
noting that most research linking alterations of neural plasticity mechanisms and psychopathology
has focused on individuals with psychotic disorders, and has been done mostly from the frame of
developmental —but not activational— plasticity (Sanderson et al., 2012; Burrows and Hannan, 2013;

Waltereit et al., 2014). However, despite some evidences supporting not only the
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neurodevelopmental origins of depressive psychopathology (Ansorge et al., 2007) but also some
neuroplasticity disruptions in depressed individuals after stress (Pittenger, 2013), neither

developmental nor activational plasticity alterations in depression have been studied in depth.

In view of this, the present section focuses on two main topics on developmental and
activational plasticity in depression-related phenotypes: current evidences and future perspectives.
First, a brief description of the research supporting the notion of developmental/activational
neuroplasticity alterations in depression-related phenotypes is presented. Secondly, a subsection
provides an overview of how novel technologies and research designs may converge to improve
the understanding of several neurobiological mechanisms linking these two types of plasticity

mechanisms and depression.

1.3.1. Developmental plasticity in depression-related phenotypes: early

neurodevelopment and risk for adult depression

One of the most replicated risk factors for depressive psychopathology is stress exposure during
early neurodevelopmental stages, in line with neurobiological theories of sensitive periods for the
adverse effects of life stress in humans (Heim and Binder, 2012). It is widely accepted that the
“developmental dimensions of genetic and environmental factors” (Ansorge et al., 2007) play a
foundational role in the etiology and pathophysiology of depressive phenotypes. In the psychiatric
literature, perhaps the most popular neurobiological mechanism proposed as mediator of the link
between early stress and depression is the hypothalamic-pituitary-adrenocortical (HPA) system
model (Figure 13). This theory has become popular after research evidences showing that
environmental developmental factors can have enduring effects in the HPA system physiology and
—in parallel- in behavior; it proposes that early stress has a long-lasting effect on baseline
measures of HPA metabolism measured years later in depressed individuals (Ansorge et al., 2007).

Notice that similar HPA system alterations also occur following adult stress (namely, in the short-
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term) (Marco et al., 2011), but this is discussed as part of activational plasticity mechanisms in a
later subsection. Complementarily, it is worth noting that previous animal studies on the early life
programing of the HPA axis in psychopathology have proposed neural plasticity alterations as a key
mediator mechanism underlying non-adaptive emotional and social phenotypes (Marco et al.,

2011).
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Figure 13. Consequences of the early life experience of stress on the HPA system and depression. High levels
of maternal care lead to a suppressed HPA system and reduced depression- and anxiety-like behavior in the
adult (box “a”). Conversely, stress during development leads to a hyperactive HPA system and increased

depression- and anxiety-like behavior in the adult (box “b”). Adapted from Ansorge et al. (2007).

Overall, these and other related findings support the view of depression as a disorder of
altered neuronal plasticity following stress exposure early in life (Calabrese et al., 2009; Cattaneo et
al., 2015). Thus, the neuroplasticity hypothesis of depression could be postulated by systematically
linking the concepts of developmental experiences, plasticity and psychopathology. This abstraction

may allow new insights on the origins of depression, since the evolutionary roots of
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psychopathology may be understood —at least partly- as neuroplasticity deficits following

developmental adaptations in front of stressful experiences (Lee et al., 2015).

1.3.2. Activational plasticity in depression-related phenotypes: emotional and

cognitive flexibility disturbance in depression

Convergent evidence from transversal research designs in Psychiatric Genetics has led to authors
such as Castren and Rantamaki (2010) to propose a neuroplasticity hypothesis of major depressive
disorder. Though this may seem a wide-sense notion, these authors actually derive their hypothesis
from the very punctual evidence that altered BDNF protein secretion may lead to dysfunctional
emotional brain circuits in depression. This putative etiopathogenic mechanism has been supported
by additional research in both animals and humans (McEwen, 2001; Calabrese et al., 2009; Masi
and Brovedani, 2011; Kuhn et al., 2014; Cattaneo et al., 2015). A proposed brain mechanism to
explain how the BDNF and some epigenetic factors may prompt neuroplastic disruptions in

depression after stress is schematized in Figure 14.
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Figure 14. Schematic representation of the direct and indirect effect of stress on inflammation and
neuroplasticity-related processes. Stress induces an immediate release of glucocorticoidas and pro-
inflammatory cytokines; then, increased levels of glucocorticoids alter the CRH-ACTH brain signaling;
afterwards, neurogenesis and neurotrophic factor production are altered. Likewise, proinflammatory cytokines
can alter brain functioning and neurotrophins production and release. Additionally, stress can work indirectly by
activating epigenetic mechanisms (inset box) which may act on the same target stress related genes. Adapted

from Cattaneo et al. (2015).

Additionally, probably one of the most comprehensive literature reviews connecting short-
term (activational?) plasticity and depression was recently conducted by Pittenger (2013).
Remarkably, his work was not directly focused on the phenotype of depression; rather, he
described how some neurocognitive endophenotypes of depression can be considered neuroplastic

disruptions following stress exposure. He highlighted the evidences from animal research indicative

44



of plasticity impairments in the hippocampus following stressful events in experimental models of
depression (Pittenger and Duman, 2008; Lupien et al., 2009). While such hippocampal changes
were mainly studied as triggers of cognitive damages, these and other studies in humans have also
led to propose that pharmacological antidepressant treatments focused on the enhancement of
plasticity have enormous therapeutic potential (Pittenger, 2013). Of note, a very recent clinical study
in humans has shown that the electroconvulsive treatment of major depression can modify the

structural plasticity of the hippocampus and the amygdala (Joshi et al., 2015).

Taken together, the previous evidences indicate that the normal plasticity processes
underlying emotional and cognitive mechanisms may be disrupted in depressive phenotypes. The
short-term alterations of both the neurotrophic system (i.e., BDNF signaling) and the hippocampus
outlined in several of these reports resemble activational plasticity deficits in depressed individuals,

though these neurobiological principles still need to be confirmed (Cattaneo et al., 2015).

1.3.3. Developmental plasticity and depression: additional research hypotheses

Despite the broad set of findings supporting developmental plasticity alterations in depression,
further research can be conducted to determine the extent of this neuroplasticity hypothesis. Two
main points could be addressed in this regard. First, what are the early developmental windows in
which long-lasting alterations leading to depression may occur? And, secondly, what are the
specific neurobiological mechanisms underlying developmental plasticity changes in depressed
humans? Although this subsection does not pretend to answer these questions thoroughly, it will

provide a number of points that remain unsolved and may be future research subjects.

First, despite the increasing interest in the early origins of adult diseases in both general
pathology (Calkins and Devaskar, 2011; Bavamian et al., 2015) and psychiatry (Cicchetti and
Walker, 2003; Cicchetti and Cohen, 2006; Turecki et al., 2014), still there is no clarification on the
specific neurodevelopmental windows altering the risk for depression. A generally accepted view is
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that stressful events during the first years of life may predispose an individual to depression during
adulthood (Heim et al., 2010; Heim and Binder, 2012). This would contrast with research in
psychotic disorders such as schizophrenia and autism, where developmental insults occurring
during prenatal stages are thought to predispose to psychopathology (Goldstein et al., 2002). As
discussed previously, some of the stressful events during the first years of life may lead to
depression through developmental plasticity. But can fetal stress disrupt plasticity to predispose to
depressive phenotypes? This is an interesting topic that could be examined further, since there are

conflicting evidences in the literature (Wojcik et al., 2013).

Thus, there would be an apparent paradox: both psychosis and depression would have
developmental plasticity alterations, but while psychosis may be sensitive to fetal developmental
damages, depression risk would be affected by post-natal life stress. This apparent inconsistency
may be solved by concluding that damage to the nervous system in utero may imply different
circuitry pathways than damage to the brain early in life. Nevertheless, the paradox gets even more
intricate in view of other evidence from epidemiological psychiatry: some subclinical manifestations
of psychopathology with a psychometric relationship with psychosis (i.e., psychotic experiences) are
comorbid with the clinical manifestation of depression (Wigman et al., 2012). This fact somehow
supports the view of psychopathology as “a network of overlapping and reciprocally impacting
dimension liabilities” (Wigman et al., 2012). Nevertheless, the apparent neurobiological specificity
mentioned above —psychosis resulting from prenatal stress and depression resulting from early life
stress— gets blurred in presence of comorbidity evidences. What is more, Kelleher and Cannon
(2011) have proposed that several risk factors for (clinically-defined) psychosis, including obstetric
complications, also increase the risk for subclinical psychotic experiences. Hence, knowing that
fetal damage increases the risk for both psychosis and psychotic experiences, and considering that
psychotic experiences and depression are highly comorbid, why is there no conclusive association

between obstetric complications and the risk for depression?
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Several hypotheses can be feasibly postulated: first, psychotic experiences are connected
with the clinical psychosis phenotype only in psychometric terms —but not so clearly at the
population level- (Linscott and van Os, 2010). If this is correct, the high prevalence of subclinical
psychosis in depressed individuals could not necessarily imply a large overlap in risk factors for
both phenotypes. This has recently been highlighted by a report by Kounali et al. (2014), who
concluded that psychotic experiences —a non-clinical psychosis phenotype— have only a week
genetic and environmental risk overlap with schizophrenia. But by overemphasizing this population
discontinuity between clinical and non-clinical psychosis, the data suggesting that individuals with
non-clinical psychosis constitute a valid population in which to investigate the etiology of the clinical

phenotype (Kelleher and Cannon, 2011) would perhaps be overly neglected.

Rather than staying with either a direct continuity view (Kelleher and Cannon, 2011) or a
population discontinuity paradigm (Linscott and van Os, 2010; Kounali et al., 2014), perhaps a third
synthesizing model can be held. This would not only help uncover the relationship between clinical
and non-clinical psychosis, but should also have larger implications for psychiatric research. In the
present research setting, the aforesaid paradox of comorbidity between depression and non-clinical
psychosis contrasting with an apparent specificity of neurodevelopmental windows leading to
psychosis and depression may be elicited by adopting a third position. Namely, it may be
reasonable emphasizing that there are some shared etiopathogenic mechanisms and perhaps

intermediate phenotypes shared by all three psychopathological constructs.

Therefore, perhaps focusing on specific neurobiological endophenotypes (Gottesman and
Gould, 2003) of relevance for depression and clinical and subclinical psychosis may shed light on
the apparent paradoxes: it might be practical hypothesizing that the similarities and differences in
neurophysiological pathways underlying the three phenotypes would provide new insights into the

apparent phenomenological complexity of risk factors and psychopathological dimensions.

In this sense, novel technologies assessing neurobiological (endophenotypic) mechanisms
in vivo in human individuals manifesting any of these three phenotypes can potentially be useful.
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They may allow consolidating the developmental plasticity hypotheses of depression. For instance,
with the advent of new epigenetic techniques, recent research has shown that the methylation of
plasticity genes in children may be related to later risk for depression (Alisch et al., 2014). This type
of epigenetic mechanisms has likewise been proposed as mediator of the environmental impact of
early neurodevelopmental insults in psychosis (Dong et al.,, 2015). Additionally, it has been
suggested that some epigenetic mechanisms may underlie distinct daily-life expressions of
psychopathology —including subclinical psychosis— (Pishva et al., 2014). Although research on the
epigenetics of subclinical psychosis has just recently started and there are only a few studies on the
subject, it somehow suggests that examining the neuroplastic bases of depression, in relation to
both clinical and non-clinical psychosis may shed light on the specific and shared biological
processes underneath psychopathology. Remarkably, this kind of translational neuroscience
approaches may not only elicit etiological dynamics of each disorder, but might also be able to

inform a clinically-oriented nosology (Hyman, 2007).

The former paragraphs thus make a case for the integration of epigenetic information into
the research on developmental plasticity mechanisms in depression. Importantly, as noticed in
subsection 1.2.4, the neurobiological landscapes below psychopathological phenotypes can be
largely clarified by combining epigenetic information with human brain imaging data obtained in
vivo. For instance, experimental research models of depression have indicated that early life stress
predisposes to hippocampal plasticity changes, which may probably lead to affective disorders later
in life (Herpfer et al., 2012). The integration of these different sources of information, along with
intra-phenotype contrasts using not only depression, but also related neurocognitive and
psychopathological phenotypes, seems a good candidate strategy to unravel relevant
etiopathogenic and dynamic factors in psychopathology. These new approaches may thus provide
relevant clues on the specific neurobiological mechanisms underlying developmental plasticity

changes in depressed humans.
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1.3.4. Activational plasticity and depression: additional research hypotheses

So far, the neuroplasticity hypothesis of depression was formulated using the concept of
developmental plasticity. Namely, the ideas proposed above tried to bridge the impact of early life
stress on adult depression by using “developmental plasticity” as a connector. However, this
hypothesis can be expanded further by incorporating the notion of “activational plasticity”. As
described in subsection 1.1.3, this concept refers to the capacity of showing a rich set of responses
in front of diverse and changing experiential stimuli. Short-term rigidity when facing different
experiences may thus be a disease trait. The differences between developmental and activational
plasticity may probably be related to the complementary concepts of disease state (the final
outcome after previous exposure to risk factors) and disease trait (an unadaptive mechanism of

response).

A large number of new research findings could perhaps be used as support for the notion of
activational plasticity disruptions in depression. Along with the previously mentioned neuroimaging
findings (Joshi et al., 2015), epigenetic evidences could also support activational plasticity deficits in
depression (LaPlant et al., 2010). These separate findings may foster new investigation proposals

during the next years, probably integrating diverse sophisticated techniques.
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2. HYPOTHESES AND OBJECTIVES
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Based on the background mentioned in the Introduction, the main hypothesis guiding this thesis is:

Main hypothesis: Several etiopathogenic mechanisms of depression-related phenotypes
can be clarified by expanding on processes of biobehavioral plasticity in response to the
experience. This expansion can be elaborated on the basis of both neurodevelopmental
phenomena (developmental plasticity) and novel biological mechanisms detectable through

neuroimaging and epigenetics approaches (activational plasticity).

A few specific hypotheses can be drawn from above:

Specific hypothesis 1: [Depression and developmental plasticity.] Depression-related
psychopathological phenotypes are induced by factors altering the early neurodevelopment, and

these long-lasting changes can be assessed in adulthood.

Specific hypothesis 2: [Depression and activational plasticity.] The clinical
manifestation of depression-related psychopathological phenotypes can be understood as
activational plasticity deficits; these deficits can be assessed as neurobiological disease traits using

novel epigenetic and neuroimaging techniques.

In relation to the specific hypothesis 1, the role of the obstetric risk factors for neurodevelopmental
disorders was analyzed, with regard to depression-related phenotypes. This was done through the
specific objectives 1 to 5. Each of these objectives is accompanied by a manuscript in the following

sections.

Objective 1: The (still inconclusive) association between low birth weight and depression is
examined using a genetically informative design. Namely, in recognition that both birth weight and

depression are the result of genes and environment, a research protocol is developed to examine
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whether the genetic (environmental) factors determining birth weight are shared with the genetic
(environmental) factors influencing depression risk. This is investigated by means of an informative
sample of adult twins from the University of Barcelona Twin Registry (n = 121 adult twin pairs).

[Psychol Med 44, 1117-1119]

Objective 2: Since low birth weight has been associated with cortical surface area
reductions, and considering that depressive individuals display volumetric brain reductions, the
potential confounding role of these variables in morphological neuroimaging measures was

analyzed in a sample of 48 twins (24 MZ pairs). [PLoS ONE 10(6), €0129616]

Objective 3: The role of birth weight and working memory (a cognitive endophenotype of
psychopathology) in modulating DNA methylation levels of IGF2 and related genes was evaluated

in an informative sample of 34 twins (17 MZ pairs). [PLoS ONE 9(8), e103639]

Objective 4. The putative association between winter season of birth (a risk factor for
neurodevelopmental psychotic disorders) and subclinical psychosis (a phenotype largely prevalent
in depression, and assumedly linked to clinical psychosis) is examined by reviewing and meta-
analyzing the existing literature and new data (n = 481 healthy adults). [Psychat Res 225(3), 227-

235]

Objective 5: The putative mediating role of cortical thickness changes in the association
between season of birth and (subclinical) psychotic experiences is analyzed using high-resolution

3D MRI scans in a sample of 48 twins (24 MZ pairs). [J Psychiat Res 56, 144-149]

In relation to the specific hypothesis 2, putative brain imaging and peripheral blood epigenetic
signatures underlying the clinical manifestation of depression-related phenotypes were analyzed.
This was done through the specific objectives 6 to 10. Each of these objectives is accompanied by

a manuscript in the next sections.
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Objective 6: The potential activational plasticity differences in cognition between individuals
are assessed in a carefully selected sample of 54 MZ twin pairs (108 individuals). To this end, two
polymorphisms in the epigenetic gene DNMT3B are analyzed using the “variability gene” approach.

[Eur Psychiat 30(2), 303-308]

Objective 7: The relationship between DEPDC7 epigenetic signatures in peripheral blood
and depressive symptomatology during the last 30 days was analyzed in a sample of 17 MZ twin

pairs (34 individuals) using an intrapair-differences model. [Eur Psychiat, In press]

Objective 8: The potential epigenetic signatures of depression were analyzed using a
genome-wide design, with two distinct approaches: differential methylation and variable methylation
assessment. This was analyzed in a sample of 17 MZ twin pairs (34 individuals). [Transl Psychiatry

5, e557]

Objective 9: The relationship between genotypic variation in FKBP5 and hippocampal
structural connectivity was analyzed in relation to depression risk, in a sample of 54 informative MZ

twins (27 pairs), using a connectome-based approach. [Submitted]

Objective 10: The potential genetic or environmental roots of the association between
amygdalar resting-state connectivity and depression was analyzed using two different time-series
analysis approaches, in a sample of 48 informative MZ twins (24 pairs). [Human Brain Mapping, In

press]
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Letter to the Editor

Low birth weight and adult depression: eliciting
their association

Theories supporting fetal origins of adult health
and disease are nowadays widely accepted regarding
some psychiatric conditions (Losh et al. 2012; Eide
et al. 2013). However, whether genetic or environmen-
tal factors disrupting fetal growth might constitute a
risk factor for depressive and/or anxious psychopath-
ology remains still controversial.

A recent meta-analysis (Wojcik et al. 2013) evaluated
the current evidence for an association between low
birth weight (BW) and adult depression or psycho-
logical distress in the general population, and found
no conclusive association between them. Remarkably,
the systematic literature search performed by the
authors allowed them to identify a couple of recent
health register studies with positive results (Abel
et al. 2010; Larsen et al. 2010). Although they were
discarded from the statistical analyses of Wojcik et al.
(2013) after considering that depression could be
largely undiagnosed in the populations included
therein, these important cohort designs-—alongside
the results from the meta-analysis itself—leave the
door open to further scrutiny and debate.

Besides, despite the comprehensiveness of the
above-mentioned meta-analysis, it is worth taking
into account that fetal growth and psychopathology
may share both genetic and environmental aetiological
factors. In view of this, twin methodology can contrib-
ute to disentangle the putative origins of the contro-
versial association discussed herein. Importantly, as
heritability estimates of depression are relatively low
(h? about 37%) and individual-specific environmental
effects have a substantial influence on depressive
phenotypes (Sullivan et al. 2000), it is likely that
intra-uterine environmental factors affecting each of
the co-twins” BW may play a role in engendering this
psychopathology. In addition, previous epidemiologi-
cal studies using twins have taken as their starting
point inconclusive associations between low BW
and later outcomes, to corroborate that non-genetic
influences on BW may underlie the presence of disease
(Villamor et al. 2009).

As monozygotic (MZ) twins are nearly identical at
the DNA sequence level, their differences in BW pro-
vide a measure of non-genetic effects on fetal growth.

Hence, a twin design constitutes an appropriate meth-
odology to approach the current issue controlling
for potential genetic confounders. Along these lines,
if the BW-depression link were exclusively due to
intra-uterine environmental impact on BW, this analy-
sis would help to clarify the aetiology of this associ-
ation and may possibly assist in the identification of
at-risk individuals during early stages.

Here, the authors aimed to assess the presence of
a link between BW and depression or anxiety and to
determine whether the association can be explained
by either familial factors (genetic plus shared environ-
ment) or within-pair differences in size at birth (i.e.
unique environmental influences: does the twin with
the lower BW have a higher risk for psychopathology
than his co-twin?).

The variables of interest have been studied here
using information from a representative sample of
adult twins from the University of Barcelona Twin
Registry (n=121 pairs). The presence of lifetime mental
disorders was assessed in a face-to-face interview
using the Structured Clinical Interview for DSM-IV
Axis I Disorders (SCID-I) by a trained clinical psychol-
ogist (X.G.). After excluding duos where at least one
co-twin presented a neurological or psychiatric diag-
nosis other than depression or anxiety, 210 individuals
(85 MZ and 20 dizygotic pairs; mean age=31 years,
s.0.=13 years, 33% male) were selected for analysis.
Taking into account the increasing evidence of
shared aetiopathology and diagnostic criteria overlap
for depressive and anxious disorders (Lowe et al.
2008), and given that previous reports have widely
used instruments that measure symptoms of de-
pression and anxiety together (Wojcik et al. 2013),
patients with any of both lifetime diagnoses were
grouped in a single set: D/A (affected by depression
and/or anxiety). In all, 51 individuals (24% of the
sample) had at least one of these lifetime diagnoses.
Information on BW (and obstetric history) was col-
lected by interviewing the twins’ mothers (Walshe
et al. 2011), using the Lewis-Murray Scale for
Obstetric Complications (Lewis ef al. 1989). BW distri-
bution by gestational age of all subjects in the sample
was in accordance with a previous report of twins
(Glinianaia et al. 2000). In the overall sample, the
mean BW was 2522 (s.0.=626, range 800-4150) g, and
the observed mean intra-pair difference in BW was
279 (s.0.=254) g.

Corrections for sex, age and weeks of gestation
of the twins were included in all the analyses.
Participants gave their written informed consent, and
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all procedures were carried out in accordance with the
Declaration of Helsinki.

As a preliminary step, a logistic regression was per-
formed in the above-mentioned subsample (n=210
individuals) to test for a potential direct relationship
between BW and adult D/A. Huber—White estimators
were applied to adjust for non-independence of the
observations. No such association was found ($=0.31,
s.£.=0.32, p=0.34).

It is worth noting that Pearson’s correlation for BW
of the MZ twin subset was r=0.83, which means that
approximately 17% of the BW variance could be
attributed to unique intra-uterine factors not shared
by MZ twins. Thus, despite the previous (null) result,
separating the variance of BW into familial and unique
environmental factors was likely to provide additional
information. This would clarify if the putative BW-
D/A link was only due to one of these features and
had been confounded by the other. In order to assess
this hypothesis, a multivariate regression model solved
by generalized estimating equations with an exchange-
able correlation structure was applied using data
from the group of 85 MZ twin pairs (15 D/A concord-
ant, 14 D/A discordant and 56 healthy duos).

For the current aim, the logistic regression logit(r;)
=Po+Psui.+Puw(Xij— 1) gives an estimate of both (i) gen-
etic and shared environmental factors (f5) and
(ii) unique environmental events affecting each co-twin
(Bw) (Begg & Parides, 2003) that confer risk for disease.
Subindexes i € {1, ..., n} and j € {1, 2}, respectively,
stand for pair number (here, n=85 MZ pairs) and
co-twin number (an arbitrarily assigned number with-
in a pair: 1 or 2); m; represents the probability that
co-twin j from the ith pair has of being affected by
D/A; py is the regression intercept; u; =(X;;+Xp)/2 is
the mean BW value of the ith pair; and Xj;—u; repre-
sents the deviation of co-twin j from the pair’s mean.

The so called unique environmental events (Xj;— ;)
allow the quantification of the degree of (dis)advan-
tage that each co-twin had during the pregnancy, as
reflected in BW. In pairs where both twins had the
same BW, X;;—u; equals 0, whereas positive or nega-
tive values of this term signify, respectively, that a
co-twin had the higher or lower BW in his pair.
Thus, fp allows testing whether the twin with the
lower BW has a higher risk for D/A than his heavier
co-twin, which might indicate a role for a unique
environment.

Results of this regression indicate no association be-
tween either genetic plus common environmental (fg)
or unique environmental events (fy) and D/A (fg=
0.53, s..=0.37, p=0.15; pw=-0.2, 5.e.=0.79, p=0.79).

Although the sample size used for the current calcu-
lations was modest, all results were far from statistical
significance, suggesting that they were not just related

to lack of statistical power. They argued against a con-
siderable effect size of the evaluated risk factors.
Remarkably, demographic characteristics of this sam-
ple are representative of the general population for
both obstetric and psychopathological profiles (both
BW profile and sex distribution of D/A in the whole
set of twins were in good agreement with the litera-
ture), which might render associations detectable.

The current results indicate that neither BW by
itself nor environmental influences on BW are asso-
ciated with adult depression. Thus, pregnancy factors
associated with discordant BW in twins seem to not
predispose to adult D/A. Remarkably, this latter
finding is in agreement with a previous independent
twin study indicating no differential risk for D/A diag-
nosis in MZ twins discordant for BW (Foley et al. 2000).
Altogether, these research reports suggest that contro-
versial results on the topic are probably not due to en-
vironmental influences on BW.

As stated by Wojcik et al. (2013), factors such as
severity of symptoms may underlie the fact that both
positive and negative results have been reported on
the BW—depression association, particularly consider-
ing the fact that earlier studies have been based on het-
erogeneous research designs. In effect, the present
analyses lacked the possibility of evaluating diverse
disease severities, and advocate for further research
on this issue as a putative means to clarify the contro-
versial results. The relative contribution of genetic
and/or environmental factors that may underlie the
(potential) relationship between fetal growth and
adult D/A should also be elucidated taking this fact
into consideration, in order to gain more epidemiologi-
cal insights.

Further data are available on request.
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Abstract

Background

Previous research suggests that low birth weight (BW) induces reduced brain cortical sur-
face area (SA) which would persist until at least early adulthood. Moreover, low BW has
been linked to psychiatric disorders such as depression and psychological distress, and to
altered neurocognitive profiles.

Aims

We present novel findings obtained by analysing high-resolution structural MRI scans of 48
twins; specifically, we aimed: i) to test the BW-SA association in a middle-aged adult sam-
ple; and ii) to assess whether either depression/anxiety disorders or intellectual quotient
(1Q) influence the BW-SA link, using a monozygotic (MZ) twin design to separate environ-
mental and genetic effects.

Results

Both lower BW and decreased IQ were associated with smaller total and regional cortical
SA in adulthood. Within a twin pair, lower BW was related to smaller total cortical and
regional SA. In contrast, MZ twin differences in SA were not related to differences in either
IQ or depression/anxiety disorders.
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Conclusion

The present study supports findings indicating that i) BW has a long-lasting effect on
cortical SA, where some familial and environmental influences alter both foetal growth and
brain morphology; ii) uniquely environmental factors affecting BW also alter SA; iii) higher
IQ correlates with larger SA; and iv) these effects are not modified by internalizing
psychopathology.

Introduction

Human neurodevelopment is a highly intricate, stage-dependent, dynamic, lifetime process.
Early periods of growth are of particular importance due to their enduring impact on the
remaining sequence of anatomical maturational processes. In fact, intrauterine and neonatal
brain insults have been shown to have a long-term impact on behaviour and neurological out-
comes [1,2].

Factors such as prematurity and very low birth weight (BW) have been related to altered
cortical brain features later in life [3-5]. As genetic and environmental influences modify brain
features differently across stages [6] Bystron et al., 2008), studying which early modifications of
the human cortex have long-lasting effects—and their potential origins, both genetic and non-
genetic-may shed light on human brain maturational processes and their consequences for
cognitive functioning, and mental health and disease.

Accordingly, models of developmental vulnerability to adult psychopathology have recently
been fostered by twin and magnetic resonance imaging (MRI) studies. They have demonstrated
that both genetic and environmental influences play a role in abnormal neurocognition and
related mental health issues [7]. Genetically informative neuroimaging approaches have con-
tributed considerably to the discipline of developmental psychopathology, since they allow
links between genes, brain structure/function, and neurocognitive profiles associated with both
normal and pathological psychological traits to be ascertained [8-10].

More explicitly, three recent MRI studies have consistently shown that BW variation within
a normal range has an effect on cortical features detectable in children, adolescents and young
adults. This effect seems to be environmentally driven and independent of major psychiatric
diagnoses. Specifically, the findings indicate that BW has long-term consequences on total and
regional cortical surface area (SA), but not on cortical thickness [11-13]. This is consistent
with previous research showing that cortical thickness and surface are two phenotypes highly
independent at the genetic level [14], which suggests their alterations could be associated to rel-
atively distinct neuropsychiatric outcomes.

The direction of the association is the same in these studies: low BW individuals show reduced
cortical SA. Nevertheless, reductions of cortical SA have been found in different regions when
directly analysing the relationship between BW and SA [11, 13], from those when the focus is
exclusively on environmental influences on BW, as measured by monozygotic (MZ) twin differ-
ence designs [12]. Given that MZ twins have the same genetic background, their phenotypic dis-
similarities are believed to be environmentally-induced. Accordingly, the slight contrast in
previous reports may indicate that the variety of genetic and environmental factors influencing
BW [15,16] can alter cortical anatomy in specific ways. Remarkably, cortical brain surface alter-
ations found by these authors are located in areas with relevance for psychiatric research, such as
the temporal, superior frontal and cingulate regions [17-19].
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As concluded by Walhovd et al. [13], BW differences across diagnostic groups and condi-
tions may influence differences observed in cortical parameters assessed later in life in neuro-
imaging research. The present study aims to address three considerations in this regard.

First, it has been reported that human intelligence, measured by IQ, could correlate with
brain volume [20,21]. Moreover, altered cognitive capabilities have been related to low BW
[22,23]. Skranes et al. [4] reported that cognitive impairments in very-low-BW young adults
may be due to decreases in cortical SA caused by altered foetal growth trajectories. It has simi-
larly been proposed that both depressive and anxious pathologies are associated with lower IQ
[24], which means both cortical SA and IQ need to be included when analysing the association
between BW and cortical variables. Also, a phenotypic correlation between cognitive abilities
and cortical SA has been shown in healthy individuals, with genetic factors accounting for
~86% of the association [25]. Hence, genetically informative designs (i.e., studies of MZ twins)
may allow us to determine whether the proposed alteration of BW and SA due to uniquely
environmental factors [12] holds independently of (likewise) environmental influences on IQ
or internalizing psychopathology.

Secondly, there is some-so far inconclusive-evidence of fetal growth alterations as risk fac-
tor for adult internalizing disorders (namely, depression and psychological distress) [26,27].
Several cortical morphological brain alterations have been related to these psychopathological
states [28-31]. Current evidence suggests that anxious and depressive disorders exhibit a wide
degree of comorbidity, a common etiopathology and diagnostic criterion overlap [32-35]. This
is probably reflected as shared brain morphometry alterations [36,37] and may also induce SA
changes.

Finally, as different patterns of change in cortical and subcortical structures emerge across
successive stages of normal development [38], the age range across which the BW-SA link is
valid remains unidentified.

Hence, while the previous associations have consistently been demonstrated in children,
adolescents and young adults, further verification in older samples is still necessary. Besides, no
previous study has evaluated the potential role of anxious-depressive psychopathology in alter-
ing these associations.

Our study aims: i) to test the previously identified associations (BW-SA; and MZ differences
in both BW and SA) using a sample of middle-aged adults; and ii) to evaluate whether such
associations persist regardless of internalizing (anxious-depressive) disorders and differences
in 1Q profiles.

Methods
Ethics statement

Written informed consent was obtained from all participants after a detailed description of the
study aims and design, approved by the institutional ethics committee (Comissi6 de Bioetica
de la Universitat de Barcelona (CBUB); Institutional Review Board registry IRB00003099;
Assurance number: FWA00004225; http://www.ub.edu/recerca/comissiobioetica.htm). All
procedures were in accordance with the Declaration of Helsinki.

Sample description

Participants of this study were part of a larger twin sample consisting of 242 European descent
Spanish adult twins from the general population who gave permission to be contacted for
research purposes. The current sample consisted of a 54-individual (27-twin-pair) subset of
participants extracted from the initial group. For the current sample, the exclusion criteria
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applied included age under 18 and over 65, a medical history of neurological disturbance, pres-
ence of sensory or motor alterations and current substance misuse or dependence.

Medical records and a battery of psychological and neurocognitive tests were obtained in
face-to-face interviews by trained psychologists. Additionally, peripheral blood or saliva sam-
ples were obtained from all participants, and zygosity of the pairs was determined by genotyp-
ing 16 highly polymorphic microsatellite loci from DNA samples (SSRs; PowerPlex 16 System
Promega Corporation). Identity on all the markers can be used to assign monozygosity (i.e.,
whether twins of a given pair were born from a single fertilized ovum, and are so identical at
the DNA sequence level) with greater than 99% accuracy [39].

From the previous sample, a group of 54 middle-aged participants (27 MZ twin pairs; age
range 22-56, median age 38; 47% female), who were informative for psychopathology, neuro-
cognition and early stress factors, accepted to participate in an ongoing research project relat-
ing cognitive performance, brain function and epigenetic signatures.

The twins included in this subset of 54 participants met the following criteria: a) age at scan
between 20 and 56 years, b) both twins right-handed and c) neither twin had a lifetime diagno-
sis other than depression and/or anxiety. Pairs where one or both twins met the criteria for a
lifetime psychiatric diagnosis other than depression or anxiety, or with either neurological or
major medical illnesses, were excluded (see c¢. Clinical and Neurocognitive Assessment).

After this point, due to image artifacts and a lack of data on some participants, the final sam-
ple (i.e., the subset included in all the statistical analysis) consisted of 48 individuals (24 twin
pairs) (mean (SD) age = 36 (11) years; 42% male); there were 6 diagnosis-concordant (anxiety/
depression) and 8 diagnosis-discordant pairs, and 10 healthy control twin pairs. All analyses
described below refer to this 48-individual sample. Further demographic and descriptive details
of this group of twins can be found elsewhere [40] and below.

Clinical and Neurocognitive Assessment

A trained clinical psychologist applied the Structural Clinical Interview for DSM-IV Axis I
Disorders (SCID-I) [41] in a face-to-face interview to screen for the presence of any lifetime
depression (major depressive disorder or depressive disorder not otherwise specified) or anxi-
ety spectrum disorders (panic disorder with/without agoraphobia, specific/social phobia, gen-
eralized anxiety disorder, agoraphobia without history of panic disorder, anxiety disorder not
otherwise specified or obsessive-compulsive disorder).

Individuals meeting the diagnostic criteria for at least one lifetime diagnosis of anxiety or
depression were classified as affected by a stress-related disorder, and “concordant”, “discor-
dant” and “healthy” statuses of twin pairs were defined accordingly (Table 1). Most of the
affected individuals in this sample experienced a first episode of any anxiety or depressive psy-
chopathology during their adolescence, consistent with previous epidemiological data [42].

Intelligence quotient (IQ) was estimated from five subtests (block design, digit span, matrix
reasoning, information and vocabulary) of the Wechsler Adult Intelligence Scale (WAIS-III)
[43,44] by trained psychologists.

Participants were asked to report if they had received pharmacological or psychological
treatment or had consulted a psychiatrist or psychologist since they first participated in the
study. Only three individuals had life-time exposure to drug treatment for anxiety or
depression.

Birth weight

Information on obstetric complications was collected by direct interviews with the participants’
mothers [45] by means of the Lewis-Murray Obstetric Complications Scale [46]. BW
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Table 1. Demographic, clinical, neurocognitive, obstetric and cortical variables for concordant, discordant and healthy MZ twin pairs.

Gender (m/f)
Depression*
Anxiety*
Comorbid*

Age

[e]

BW (grams)
ICV (cm®)

Total SA (mm?)

Intrapair BW diff.
(grams)

Intrapair 1Q diff.

Intrapair total SA diff.

(mm?)

CONCORDANT (12 subjects)

Number of
individuals

2/10

4

6

2

Mean (SD)
40.8 (13.3)

103 (13.7)

2625 (508)
1282 (257)
152600 (15287)

303 (361)

6.7 (7.2)
2425 (1960)

Abbreviations: m = males; f = females;

DISCORDANT (16 subjects) HEALTHY (20 subjects) Group

comparison

% Number of % Number of % X-square?; p

individuals individuals

16.6/83.3 6/10 37.5/62.5 12/8 60/40 5.97; 0.052

16.6 4 12.5 - - -

25 1 3.1 - - -

8.3 3 9.4 - - -

Range Mean (SD) Range Mean (SD) Range X-square®; p

23-56 33.1(12.2) 20-53 35.2 (7.9) 22-48 3.34; 0.188

83-127 106.3 (11.6) 87-131 107.4 (6.9) 96-118 0.9; 0.639

1900-3360 2421 (424) 1800-3000 2482 (536) 1400-3350 1.17; 0.557

890-1592 1420 (212) 1106-1829 1533 (78) 1440-1719 9.42; 0.009*

136200 159900 (17158) 133500 164400 (8658) 151900 3.53;0.172

174500 185600 182400

50-1000 334 (336) 100-1000 315 (277) 0-1000 0.41; 0.82

1-18 6.6 (4.6) 1-13 4.4 (3.9) 0-12 1.16; 0.56

144-5399 5874 (5765) 275-17330 3191 (3515) 109-9772 1.22; 0.542

* = lifetime diagnoses according to the Diagnostic and Statistical Manual of Mental Disorders; SD = standard deviation; I1Q = intellectual quotient;
BW = birth weight; ICV = total intracranial volume; SA = surface area

@ = X-square and p-value estimates for gender data were obtained using Monte Carlo tests with 10 replicates

b = Kruskal-Wallis X-square, as these variables were continuous

* = statistically significant p-value.

doi:10.1371/journal.pone.0129616.t001

distribution by gestational age of all the subjects in the sample was in accordance with a previ-
ous report of Caucasian twins [47].

MRI acquisition and postprocessing

High-resolution 3D structural datasets, using a T1-weighted magnetization-prepared rapid
gradient echo, were acquired at the MRI Unit of the Image Platform (IDIBAPS, Hospital Clinic
de Barcelona) by means of a TIM TRIO 3 T scanner (Siemens, Erlangen, Germany), with the
parameters: 3D T1-weighted MPRAGE sequence, TR = 2300 ms, TE = 3.03 ms, TT = 900 ms,
flip angle = 9°, 192 slices in the sagittal plane, matrix size = 256x256, 1 mm?’ isometric voxel,
8-channel coil.

MRI scans were processed and analysed using the freely available software FreeSurfer
(version 5.1.0; http://surfer.nmr.mgh.harvard.edu/), run on Ubuntu with the Linux 2.6.28-
11-generic kernel. Further technical details of FreeSurfer can be found in the literature [48-52].

Cortical SA was measured over the interface between grey and white matter, at the so-called
white matter surface, as this matches a morphological trait and has lower sensitivity to cortical
thickness than the outermost surface [53]. The cerebral cortex was parcellated into 148 units
(hereafter regions; 74 per hemisphere) based on gyral and sulcal structure [54]. Cortical SA
measurements were obtained for all the subjects for each region and for the total cortical man-
tle. Regions of interest (ROIs) were defined from previous reports (see Statistical analysis), by
combining some of the 148 available regions. Afterwards, total intracranial volume (ICV) was
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estimated [55]. As volume estimates do not increase linearly with SA parameters, ICV was
raised to the power of 0.754 (hereafter ICV®7>*) for later use as a covariate in statistical analy-
sis. Both the cortical parcellation and intracranial volume calculation procedures have been
validated against manual measurements (for details, see references above).

These procedures were fully automated; all scans were visually inspected, and slight manual
corrections were applied when necessary, following standard procedures. General information
on total SA and ICV measurements for the sample are given in Table 1.

Selection of MRI variables and statistical analysis

Cortical SA across the 148 regions of all 48 subjects were exported as a data matrix, and all sta-
tistical analysis was performed in the R Statistical Software [56]. Four different analyses based
on multivariate linear regressions were performed. ICV was used as a covariate, given its poten-
tial to correlate with general brain features [14].

First, in order to test for associations between raw BW measures and SA phenotypes across
the 48 individuals (i.e., considering each twin as an independent observation), linear mixed-
effects (LME) models were implemented [57] using SA measurements (in square millimetres)
from the dataset mentioned above. LME models allow corrections to be made for the correlated
nature of data from twin pairs, thus providing appropriate regression estimates for specific out-
comes of interest (here, SA of either total cerebral cortex or each of nine ROIs). Following pre-
vious reports on statistical analysis of twin data [58-60], pair id was included as a random
effect, to apply a “random” shift in the intercept to both twins in every pair.

Consequently, the initial analysis implemented an LME regression to test for an association
between BW, diagnostic status and a measure of total SA, controlling for gender, age, ICV and
weeks of gestation [Total SA = B, + ;(gender) + B,(age) + B5(ICV*"*) + B, (weeks of gesta-
tion) + B5(BW) + B«(IQ) + B,(diagnosis)].

Next, nine similar analyses were carried out using ROIs over relevant Brodmann’s areas [SA
of ROI = f, + B;(gender) + f,(age) + B5(ICV®7*Y) + B,(weeks of gestation) + f5(BW) + 55(1Q)
+ B,(diagnosis)]. As shown in Fig 1, the ROIs covered, in the right hemisphere, A) middle,
superior and transverse temporal, inferior insula, orbital medial olfactory and intermediate
regions between them; B) middle posterior, posterior dorsal and marginalis cingulate regions,
plus the paracentral area; C) subcallosal and frontal superior gyri, including the suborbital sul-
cus; and D) temporal pole. In the left hemisphere, ROIs were at E) temporal inferior gyrus, F) a
cluster including the subcallosal, anterior cingulate and suborbital regions, G) middle and
superior temporal cortex, H) orbital gyrus and H-shaped orbital sulcus, and I) frontal superior
region. As discussed below, the Bonferroni correction to the statistical significance threshold
was used for this set of regressions (pgopuferroni = 0.05 /9 = 0.0056). ROIs A, B, C, E and F were
defined from a study of normal BW variation in the general population [13], whereas ROIs D,
G, H and I were previously associated with (environmentally-driven) MZ twin pair differences
in BW [12]. As discussed above (see Introduction), all these candidate areas have been shown
relevance for neuropsychiatric outcomes [17-19].

Then, with the aim of evaluating whether lower BW within a twin pair was associated with
smaller intrapair SA, regression models using twin pair differences [58,61] were applied. While
structural equation modeling allows parsing out the specific genetic, shared and unique envi-
ronmental factors underlying phenotypic relationships in relatively large samples of both MZ
and dizygotic twins [62,63], it is not suited for the current sample with a moderate number of
MZ twin pairs. In contrast, other statistical approaches based on regression modeling have
been developed to be used with MZ twin data, and their usefulness and feasibility have been
proven even for relatively small samples [58,61]. Since previous reports indicate that the
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Fig 1. Nine anatomical ROIs for analysis of associations between SA and any of BW, 1Q or
depression/anxiety. Additional details on ROI selection and nomenclature can be found in Methods.

doi:10.1371/journal.pone.0129616.g001

association between BW and SA may largely be due to unique environmental factors [12,13], a
common method to analyze (environmentally induced) differences within MZ twin pairs was
adopted. Briefly, this approach consists in estimating the expected value of an outcome variable
from: E(D;") = Bw1 DX + PwaD;X + BwsDiX +. .., where the outcome variable (here, intrapair
differences in cortical SA) is D;" = Y;;—Y},; and the individual predictors are in the form D;* =
Xiy—Xi, D = X’;;—X,», and so on, with the set {X,X’X”,. ..} being the model predictors
(here, ICV, IQ, BW and diagnostic, as mentioned below). The first subindex 7 stands for pair
number, with i € {1,. . .,n} (here, n = 24 MZ pairs), and the second subindex j € {1,2} is the ran-
domly assigned co-twin number.

In the previous model, the By coefficients for covariates with the same value for both co-
twins (i.e., age) cancel out by the subtraction D =X;—X; =0, and only the variables that
may show intrapair differences are thus included.

Initially, total (intrapair) differences in BW and total (intrapair) differences in SA were ana-
lysed. In contrast to the previous regressions, neither gender nor age was included as covariates
from this point on, as they had the same value for both twins in each pair. A regressor variable
corresponding to differences in diagnostic status was included. The models applied to assess
intrapair differences included the variables of interest (BW, IQ and diagnostic status) and
ICV as a covariate [Intrapair differences in total SA = By(intrapair differences in ICVo7% +
Bi(intrapair differences in IQ) + B,(intrapair differences in BW) + Ss(intrapair differences in
diagnostic)].

Finally, to explore putative locations of origin for this last association, the nine ROIs were
evaluated. Intrapair differences were tested following the technique mentioned in the preceding
paragraph [Intrapair differences in SA of ROI = By(intrapair differences in ICV®”>*) + B, (intra-
pair differences in IQ) + S,(intrapair differences in BW) + f;(intrapair differences in
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diagnosis)]. Correspondingly, Bonferroni adjustments were applied by considering pponferroni =
0.05/9 =0.0056.

As only 24 observations were included in the preceding tests of intrapair differences (one
observation for each twin pair), p-values for this regression model were obtained from permu-
tation tests, with the ImPerm R package [64]. Such permutation-based p-values are particularly
suited to saturated experimental designs and datasets from non-normal populations or those
with apparent outliers. Permutated p-values shown in the Results were in agreement with those
obtained with ordinary least squares regressions.

Results

Table 1 shows descriptive sample data, arranged according to the psychopathological status of
each twin pair (concordant, discordant or healthy pairs).

Among the three groups (concordant, discordant and healthy), no differences were found
for either age, BW, IQ or total SA. ICV did show statistically significant inter-group differences
(p = 0.009), which were seemingly driven by the concordant group (Kruskal-Wallis X-square
for discordant vs. healthy p = 0.286), whose lower ICV mean value might have been due to the
fact that there were 5 female and only 1 male pair. Consequently, adjustments for ICV were
included in all subsequent tests (see Methods).

As a preliminary step, collinearity between BW and IQ, BW and diagnosis, and IQ and diag-
nosis were tested; none of them was found to be statistically significant.

BW and cortical SA: direct association

When evaluating all 48 observations independently (i.e., correcting for the clustered origin of
observations from twin pairs), we found associations between total cortical SA and both BW
(6=5.89,t=2.79,p=0.011) and IQ (8 =299.2, t = 2.67, p = 0.015). Nonetheless, total SA was
not related to diagnosis of internalizing psychopathology (f = -2279.9, t = -1.52, p = 0.145).
By examining the nine ROIs described above, it was found that the size of only one of them
was associated with BW. Specifically, the dimension of ROI B, in the right cingulate and adja-
cent areas positively correlated with BW (8 = 0.34, t = 3.39, pgonferroni = 0.026). Similarly, IQ
score was directly proportional to size of the left subcallosal, anterior cingulate and suborbital
cluster (ROIF, B =14.1, t = 3.27, pponferroni = 0.034) and also showed a trend towards associa-
tion with the left temporal inferior gyrus (ROL E, 8 = 13.5, t = 2.79, pponferroni = 0.099) (see
Fig 1). No association was found between the size of any of these ROIs and diagnostic status.

Intrapair differences in BW and intrapair differences in cortical SA

Within a twin pair, smaller total cortical SA was associated with lower BW (5= 7.6, p = 0.004),
but with no differences in either IQ (f = 125.5, p = 0.2) or diagnostic status (8 = -1677.3,
p=0.149).

Finally, analysis of the nine ROIs detailed above showed that smaller intrapair area in the
left middle and superior temporal cortical regions was related to lower BW within a pair (ROI
G, B =0.8, pponferroni = 0.029) (see Fig 1). Intrapair differences in IQ and diagnosis had no effect
on intrapair SA differences in these ROIs.

Discussion

These results, from a middle-aged adult sample, support an association between low BW and
reduced cortical SA, in line with previous findings in younger samples. Such an association was
found at the level of both individuals and MZ-differences, and by evaluating both total and
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ROI SA. Neither the internalizing (i.e., anxious-depressive) psychopathological status nor the
IQ scores of the participants altered this association.

BW and cortical SA

Initially, analysis was performed in order to search for influences of BW, IQ and diagnosis on
cortical SA, across the 48 participants. BW was related to SA of the whole cortical mantle-each
gram of BW accounted for approximately 5.94 mm? of adult SA-and of a region comprising
the right cingulate and paracentral cortex. IQ was also associated with SA, in agreement with
former publications showing larger brain volumes in people with higher IQ [20,21]. Specifi-
cally, higher IQ was correlated with larger total SA and larger SA of two regions in the left
hemisphere: temporal inferior cortex and a cluster including cingulate, subcallosal and subor-
bital areas.

The analysis considered all subjects independently (i.e., as members of a general-population
sample, correcting for the clustering of observations due to twin-pair relatedness). Remarkably,
all associated ROIs (B, E and F, see Fig 1) corresponded to those derived from a study of a het-
erogeneous sample of healthy non-related individuals [13].

Intrapair differences in BW and intrapair differences in cortical SA

As mentioned above, it is known that BW and SA are the result of both genetic and environ-
mental influences. Accordingly, by examining MZ twin pair differences, additional analysis
explored the relationship of exclusively environmental effects on both phenotypes. We found
that, within a twin pair, lower BW is associated with smaller total SA. Every gram of intrapair
disadvantage in BW was associated with an average reduction of approximately 7.6 mm” in
total cortical SA in adulthood. By comparing this result with those of previous sections, it is fea-
sible to infer that SA is particularly sensitive to environmentally-driven BW variation. ROI
analysis of intrapair differences indicated that a region covering the left middle and superior
temporal cortex was specifically susceptible to environmental factors affecting BW. This area
(ROI G, see Fig 1) was defined from a previous study of small intrapair BW differences of MZ
twins [12].

While it was possible to show that non-genetic influences on foetal growth provoke changes
in brain morphology, this was not the case for IQ. The detected IQ-SA link may be due to
either familial factors (genes and shared environment) or gene-environment interactions, but
solely environmental effects on both IQ and SA (as detected by MZ pair differences) were not
associated with each other. Notably, this is also consistent with previous indications of the
genetic origins of the association between intelligence and brain volume [21] and more recent
evidence that most of the cognitive ability-SA relationship may be accounted for by genetic fac-
tors [25]. Our results are in agreement with these studies and also suggest the existence of envi-
ronmental factors that commonly affect BW and SA, but not IQ and SA.

Lastly, all these relationships persisted independently of diagnosis of anxious-depressive dis-
orders; this implies the results are robust, despite a putative confounding effect of clinical traits.
Although inconclusive, there is some evidence linking foetal growth and risk for adult depres-
sion and/or psychological distress [26,27]. Hence, one could expect some differential brain
morphological effect depending on diagnostic criteria. Nevertheless, this was not the case in
the analysis carried out here: our results indicate that BW alters SA regardless of internalizing
psychopathology traits. Further research using distinct severity of psychopathological status
may clarify potential diagnosis-specific effects.
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Limitations of the study

Finally, some limitations deserve consideration. First, the sample size is relatively small.
Though replication using larger independent samples and with more severe phenotypic discor-
dance is required, it is worth noting that the current findings are consistent with previous
reports that show a long-lasting influence of early foetal growth alterations on adult brain
morphology, which persist even despite the presence of psychotic psychopathology [11-13].
The present results partly replicate such studies in an independent sample, and suggest that
the BW-SA relationship holds despite the presence of anxious/depressive disorders. This
agreement probably suggests the presence of strong effect sizes for the above mentioned
relationships.

Other putative limitation of this work is the phenotypical (i.e., clinical) heterogeneity across
MZ twin groups, with an unbalanced distribution of concordant, discordant and healthy pairs.
While cross-validating the present results with larger independent datasets from twin pairs
with a narrower and more balanced phenotypic distribution is necessary, two features from the
ongoing study should be noted. First, the clinical phenotype did not seem to modify any of the
statistical associations described here. Namely, both BW-SA and IQ-SA associations were sta-
tistically significant across the diverse clinical-psychopathological composition of the MZ sub-
groups: the associations held across the set of all concordant, discordant and healthy pairs.

In addition, the only IQ measure employed here was derived from a full-scale assessment.
While previous research indicates that both full-scale and performance IQ may be related to
differences in BW of MZ co-twins [12], exploring the associations between performance IQ
and BW may be difficult here mainly due to two reasons. First, using only a few intelligence
subscales to build up a performance IQ measure may give rise to statistical distributions
departing from normality. In this sense, the full-scale IQ measure was computed by averaging
over a relatively large number of intelligence subscales, thus approaching a robust and nor-
mally-distributed variable. Secondly, in the larger UB twin registry dataset (n > 200 co-twins),
not all IQ subscales seem associated with BW, seemingly due to the moderate (average) intra-
pair difference in BW. Importantly, the associations described here between cortical SA and IQ
are in agreement with former reports and show consistency with biological mechanisms pro-
posed by recent literature.

Conclusion

The present study supports previous findings indicating that BW has a long-lasting effect on
cortical SA, where a mixture of familial (genes and shared environment) and solely environ-
mental interactions may influence both foetal growth and brain morphology; and environmen-
tal factors affecting BW have a specific effect on SA as well: a portion of SA which is entirely
driven by the environment seems to be modified by the fraction of BW that is also determined
by non-genetic influences. This distinction is particularly interesting given that ROI analysis
indicate that the left temporal cortex is sensitive to environmental influences on BW, but it is
not determined by the whole BW variation; which indicates that diverse determinants of BW
(genes, environment and their interplay) may affect SA differently. Additionally, higher IQ
scores correlate with larger SA; this relationship does not seem to be driven by unique environ-
mental factors. None of these associations were modified by the presence of internalizing (anx-
ious-depressive) disorders.
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Abstract

Neurodevelopmental disruptions caused by obstetric complications play a role in the etiology of several phenotypes
associated with neuropsychiatric diseases and cognitive dysfunctions. Importantly, it has been noticed that epigenetic
processes occurring early in life may mediate these associations. Here, DNA methylation signatures at /GF2 (insulin-like
growth factor 2) and IGF2BP1-3 (IGF2-binding proteins 1-3) were examined in a sample consisting of 34 adult monozygotic
(MZ) twins informative for obstetric complications and cognitive performance. Multivariate linear regression analysis of twin
data was implemented to test for associations between methylation levels and both birth weight (BW) and adult working
memory (WM) performance. Familial and unique environmental factors underlying these potential relationships were
evaluated. A link was detected between DNA methylation levels of two CpG sites in the IGF2BP1 gene and both BW and
adult WM performance. The BW-IGF2BP1 methylation association seemed due to non-shared environmental factors
influencing BW, whereas the WM-IGF2BP1 methylation relationship seemed mediated by both genes and environment. Our
data is in agreement with previous evidence indicating that DNA methylation status may be related to prenatal stress and
later neurocognitive phenotypes. While former reports independently detected associations between DNA methylation and
either BW or WM, current results suggest that these relationships are not confounded by each other.
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Introduction Remarkably, recent research has shown that epigenetic
processes may mediate associations between environmental insults

Prenatal growth in humans has been linked to several complex originating low BW, and several pathological conditions across the

disorders in adulthood. In this regard, epidemiological studies
demonstrate that poor intrauterine environment induces offspring
phenotypes which are characterized by an increased risk of
developing different chronic diseases [1]. In particular, indirect
markers of prenatal suffering such as low birth weight (BW) have
been shown to influence risk for neurodevelopmental disorders
involving high cognitive dysfunction, such as schizophrenia and
autism [2—4]. However, further studies indicate that low BW may

not influence risk for other mental conditions such as anxiety or stability over periods of years and covary with individual traits [9],

depression [5,6], probably suggesting some specificity between this probably underlying the relationship between prenatal events and
risk factor and a number of neurodevelopment-related psychiatric DNA methylation in adulthood [10].

and cognitive outcomes.

human lifespan [7]. Of note, among the different epigenetic
marks, DNA methylation is particularly interesting in this context,
since there is evidence that large inter-individual differences in
methylation levels occur at regions covering mammalian develop-
mental genes, and that this variability may correlate with
phenotypic plasticity in changing environments [8]. Importantly,
additional investigation on this topic has led to propose that some
of these so-called variably methylated regions show temporal
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In view of it, studies of the insulin-like growth factors and
related genes are relevant as regards neurodevelopmental alter-
ations, as it is widely recognized that the proteins they codify
participate in complex signaling pathways affecting fetal and
postnatal development [11]. Accordingly, epigenetics research
indicates that DNA methylation levels of the insulin-like growth
factor 2 (IGF2) and related developmental genes are linked to
human prenatal insults such as maternal malnutrition and stress,
fetal insults and low BW [12-16], and correlate with particular
neuroanatomical features such as cerebral and cerebellar weight
[17-19]. From these studies, it is feasible inferring that /GF2 DNA
methylation marks (established early in life and measured in
adulthood) influencing fetal growth and development could also
have some relationship with adult brain outcomes such as
neurocognitive and neuropsychiatric traits.

Accordingly, expression levels, polymorphic variants and other
biologically relevant features of the IGF2 gene have frequently
been associated with neurodevelopmentally induced behavioral
traits, neurogenesis and cognitive phenotypes [20-24]. Of note,
among several neurocognitive functions, IGF2 has repeatedly
been linked not only to modulation of memory consolidation and
enhancement [25,26], but also to working memory (WM)
performance [21,24]. WM designates a mechanism by which
things are kept in mind when complex tasks are executed [27], and
involves the activation of several brain regions implicated in other
types of memory [28]. Its basic structure is thought to develop
from around 6 years of age through adolescence [29,30], and it
may probably be modified later in response to training [31].

Remarkably, these two previously proposed links are not
definitely clear: on one side, locus-specific /GF2 DNA methylation
has been suggested to remain as a fingerprint reflecting fetal
growth disturbances; in contrast, though WM performance evolves
during later ontogenetic stages, it has also been related to IGF2
signaling networks. Furthermore, while some studies suggest
adverse prenatal events may modify adult WM performance
[32,33] the evidence for a link between BW and WM in the adult
general population is still not conclusive [34]. With this
background, it is feasible hypothesizing that plasticity of cognitive
functioning could somehow arise in response to biochemical
alterations left printed early in life as DNA methylation marks.

Notably, published research reports showing relationships
between adult /GF2 methylation and previous fetal development
do not typically control for the putative relationship between this
adult epigenetic mark and neuropsychological performance, as
reflected in psychometric measures. In addition, to the knowledge
of authors, studies relating psychometric outcomes and IGF2
DNA methylation (rather than expression levels or polymorphic
variants) are scarce.

Thus, by exploring DNA methylation levels at /GF2 and in
three genes codifying for allied factors IGF2-binding proteins 1-3,
IGF2BP1I-3), the current study was aimed at evaluating epigenetic
correlates of BW and adult WM performance in a monozygotic
(MZ) twin sample. Models implemented here assessed a putative
link between DNA methylation and either BW or WM, controlling
for each other. In addition to testing for direct associations, using
MZ twins also allowed evaluating methylation changes and their
putative phenotypic correlates controlling for confounding factors
common to both twins (i.e. genes and shared environment).

Materials and Methods

a. Ethics statement
Written informed consent was obtained from all participants
after a detailed description of the study aims and design, approved
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by the institutional ethics committee (Comissié de Bioetica de la
Universitat de Barcelona (CBUB); Institutional Review Board
registry IRB00003099; Assurance number: FWA00004225;
http://www.ub.edu/recerca/comissiobioetica.htm). All procedures
were in accordance with the Declaration of Helsinki.

b. Sample description

Participants of this study were part of a larger twin sample
consisting of 242 European descent Spanish adult twins from the
general population who gave permission to be contacted for
research purposes. The current sample consisted of a 34-individual
(17-twin-pair) subset of participants extracted from the initial
group of participants. For the current sample, exclusion criteria
applied included age under 21 and over 65, a medical history of
neurological disturbance, presence of sensory or motor alterations
and current substance misuse or dependence.

Medical records and a battery of psychological and neurocog-
nitive tests were obtained in face-to-face interviews by trained
psychologists (S.A and X.G.). Additionally, peripheral blood or
saliva samples were obtained from all participants, and zygosity of
the pairs was determined by genotyping 16 highly polymorphic
microsatellite loci from DNA samples (SSRs; PowerPlex 16 System
Promega Corporation). Identity on all the markers can be used to
assign monozygosity (i.e., whether twins of a given pair were born
from a single fertilized ovum, and are so identical at the DNA
sequence level) with greater than 99% accuracy [35].

From the previous sample, a group of 34 middle-aged
participants (17 MZ twin pairs; age range 22-56, median age
38; 47% female), who were informative for psychopathology,
neurocognition and early stress factors, accepted to participate in
an ongoing research project relating cognitive performance, brain
function and genome-wide epigenetic signatures. Peripheral blood
was available for all members of this group. All analyses described
below refer to this 34-individual subset (Table 1).

c. Methylation data

The Ilumina Infintum HumanMethylation450 (450K) Bead-
Chip [36,37] was used. Briefly, by genotyping sodium bisulfite
treated DNA, this platform assays DNA methylation at 482,421
CpG sites across the genome at single base resolution; afterwards,
bisulfite-converted DNA undergoes whole-genome amplification,
before being fragmented and hybridized to microarray probes.
Indexes of DNA methylation fraction of each CpG site are
estimated as f=M /(M + U+a); M and U stand for methylated
and unmethylated fluorescence intensities, and « is an arbitrary
offset applied to stabilize ff values with low intensities.

d. CpG region selection

The microarray data contained methylation levels of 248 CpG
sites mapped to locations at the four genes of interest (/GF2
(11p15.5), IGF2BP1 (17q21.32), IGF2BP2 (3q27.2), and IGF2BP3
(7p15.3)) in the human genome (hg19).

High intrapair correlation coefficients in methylation fractions
were observed among MZ twin pairs when comparing their 248
CpG sites of interest (Spearman’s rho for each of the 17 pairs
ranging from 0.973 to 0.993).

Afterwards, variation across each of the 248 regions was
evaluated, both at the whole-sample level and considering
intrapair differences, in order to define regions with substantial
inter-individual variation (i.e., informative variably methylated
regions). Briefly, on the basis of a previously described procedure
[9], the median absolute deviation (MAD) was estimated for each
CpG site considering all 34 individuals. MAD provides a measure
of variability in a distribution which is less biased by outliers than
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Table 1. Descriptive data for variables included in the analyses.

Birth Weight, Working Memory and Epigenetic Signatures in IGF2

Total sample

n=34 (17 MZ twin pairs, 47% female)

Mean (SD) Range
Individual-level description
Age (years) 37.8 (11.2) 22-56
Weeks of gestation 36.9 (2.4) 30-39
BW (kilograms) 2.4 (0.5) 1.4-34
WM score 110.4 (13.4) 89-142
Methylation fraction* 434 (11.99% 20.7-60.8%
MZ twin intrapair differences
BW differences (kilograms) 0.3 (0.3) 0-1
WM score differences 8.8 (6.1) 0-17
Methylation fraction* differences 4.4 (6.7)% 0.3-28.8%

doi:10.1371/journal.pone.0103639.t001

standard deviation. In the same way, after calculating the absolute
value of the intrapair difference across the 248 CpG sites for the 17
twin pairs, median values (of the differences) were computed.
Large median values would indicate the presence of relatively
large MZ twin differences at a given CpG, and allow evaluating
whether or not inter-individual variation (i.e., in the whole sample)
is accompanied by intrapair differences.

Further information about these CpG sites in relation to the
UCSC Genome Browser (GRCh37/hgl9) [38] coordinates and
CpG islands can be found in Fig. 1 and Tables 1 and 2.

e. Obstetric data

Information about obstetric complications was collected by
direct interviews with the participants’ mothers by means of the
Lewis-Murray Obstetric Complications Scale [39]. Long-term
maternal recall of obstetric complications has been shown to be
accurate enough for the current purposes [40]. From this
questionnaire, a continuous measure of BW was obtained, and it
was subsequently used along with adjustments for weeks of
gestational age, as it may confound statistical associations between
DNA methylation and other measures of fetal growth [12]. Also,
previous systematic evidence review has pointed gestational age

chr17 (g21.32)

cg07075026

[ 13 1 WP 17p11.2) ICEEIZE 17012 [N 17022 |

MZ = monozygotic; SD = standard deviation; BW = birth weight; WM = working memory; IQ = intellectual quotient; *: average methylation fraction of cg07075026
and cg20966754 (IGF2BP1) (see Materials and methods: b. CpG region selection).

adjustment as an indicator of study quality when assessing
relationships between BW and adult outcomes [6]. Use of weeks
of gestation in linear regression analysis (see below g. Statistical
analyses) is justified in this context since prior research has shown
that, within the common gestational age range, fetal growth may
be almost linearly related to gestational age [41]. Mean (SD) BW
of the 34 individuals was 2.448 kilograms (SD =0.492 kilograms).
Mean intrapair difference of BW was 0.288 kilograms, ranging
from O to 1 kilogram (Table 1). BW distribution by gestational age
of all subjects in the sample was in accordance to a previous report
of European descent twins [42].

f. Neurocognitive assessment

WM performance was estimated from two subtests (digit span
and letter number sequencing) of the Wechsler Adult Intelligence
Scale (WAIS-III) [43,44]. As it has been suggested that intelligence
quotient (IQ) could be associated with WM [45,46], it was
estimated from five WAIS-III subtests (block design, digit span,
matrix reasoning, information and vocabulary), and included as
covariate (Table 1).

| BN PER o510 g2b53 |

£l

& # H

cg20966754

J AR ==

Figure 1. Schematic diagram of the studied CpG sites in the /GF2BP7 gene. Top: depiction of chromosome 17 with a red mark indicating the
locus of IGF2BP1 (chr17:47,074,774-47,133,012). Bottom: location of cg07075026 and cg20966754 CpG sites, represented over an intron in a transcript
of IGF2BP1 at chr17:47,074,774-47,133,507. Red vertical squares crossing the transcript cover exonic regions. Adapted from the UCSC Genome
Browser (GRCh37/hg19; http://genome.ucsc.edu).

doi:10.1371/journal.pone.0103639.g001
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Table 2. Information of the studied CpG probes.
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GRCh37 coor- Gene Name

Gene region feature CpG island Relation to UCSC

IiImnID Chr dinates (UCSQ) category (UCSC) \name (UCSC) CpG Island

cg07075026 17 47091521 IGF2BP1 Body chr17:47091037 Island
-47091567

€g20966754 17 47091339 IGF2BP1 Body chr17:47091037 Island
-47091567

IImnID = Unique CpG locus identifier from the Illumina CG database.
doi:10.1371/journal.pone.0103639.t002

g. Statistical analyses

Two different multivariate linear regression tests were per-
formed, using only one methylation fraction outcome selected
from the initial pool 248 CpG sites in four candidate genes (see b.
CpG region selection and Results). First, considering each
individual separately (i.e., correcting for clustered responses from
twin families), the association between methylation fraction at a
given CpG site (as defined in b. CpG region selection) and both
BW and WM. Secondly, unique environmental influences (as
derived from MZ twin pair differences) on both BW and WM
were studied in relation to methylation fraction, using a regression
procedure described elsewhere [47].

Briefly, the regression Yj =+ Bg[(Xi+Xi)/2]+ By [ Xy —
(Xi1 + X12) /2] allows estimating both a) familial factors (genes plus
shared environment, fig) and b) unique environmental influences
(non-shared events within a pair, fj) underlying statistical
relationships. Subindex ie{l, ... ,n} stands for pair number (here,
n =17 MZ pairs) and je{1,2} refers to co-twin number (randomly
assigned). Yj; represents the DNA methylation fraction at a given
genomic region of co-twin j from the i-th pair. fi; stands for
intercept, (Xi1 + Xi2)/2 represents the mean BW or WM score of
the i-th pair and X;; — (X;1 +X2)/2 denotes the deviation of co-
twin j from the pair’s mean score.

Gender, age, IQ and weeks of gestation were included as
covariates in all analyses. All analyses were performed with R [48].
Linear mixed-effects regressions were executed with package Ime4
[49,50], including family membership as a random effect.
Additionally, to reduce the number of regressors, BW and WM
were internally adjusted by weeks of gestation and 1Q), and all tests
were repeated. Since significance of results did not change when
introducing this modification, only outcomes from the first set of
regressions were considered. Also, as some of the participants
showed liability to anxious-depressive psychopathology, analyses
were repeated accounting for this fact, but significance of
outcomes remained unchanged. Hence, only the former results
are presented.

Results

Variability of methylation fraction across participants at all 248
CpG sites was assessed as both inter-individual (median absolute
deviation, MAD) and within-pair (median value of absolute
intrapair pair differences) dispersion levels. All 248 sites displayed
low intrapair variability (maximum median intrapair difference at
a given CpG <|5.5|%). CpG site cg07075026 (in IGF2BPI)
showed substantially higher inter-individual variability than the
other 247 regions (MAD =0.119); the CpG site with the second
largest inter-individual dispersion score (cg20966754, MAD =
0.085) was located in a CpG island (the same as cg07075026),
within an intronic region in the gene body of IGF2BPI

PLOS ONE | www.plosone.org

(chr17:47,091,037-47,091,567, see Fig. 1). Consequently, as ex-
pected from the physical proximity of these CpG sites, they
showed highly correlated values at the intra-individual level
(Spearman’s rho = 0.956). Thus, a mean methylation value of both
sites was used as outcome of interest in all successive calculations.
Across the 34 participants, mean methylation fraction for these
combined score was 0.43 (SD: 0.12, range: 0.21-0.61).

Although median values of intrapair differences at either
cg07075026 or cg20966754 were not particularly large, they were
in the upper third of the distribution. Each of them showed
moderate intrapair correlation rates (Spearman’s rho =0.809 and
0.762, respectively), indicating a role for unique environmental
influences on their basis.

Associations were detected between IGF2BPI methylation
fraction and both BW ($=83.3x10"%, p=0.033) and WM (=
—4.4x107°, p=0.009) (sec Table 3, Figurc 2 and Figure 3).
Thus, in this model, each BW kilogram increase correlated with
approximately 8.33% rise in methylation fraction, whereas a 10-
point upsurge in WM performance score would be associated to a
4.4% methylation level reduction.

Besides, analyses of familial and unique environmental influ-
ences indicated that the association between methylation and BW
may be due to unique environmental influences on BW.
Nonetheless, this result was statistically significant only at a trend
level (B =89.4x107%, p=0.299; Byy="70.9x10"7, p=0.085) (sce
Table 4 and Figure 2); hence, in this regression, every kilogram of
intrapair advantage over the pair’s mean BW value would be
associated with a 7.09% increase in DNA methylation. The
relationship between WM and IGF2BP1 methylation was mainly
due to shared genetic and environmental factors, although unique
environmental influences also showed a trend towards significance
(Bp=—9.8%x10"" p=0.001; By=—29x10"" p=0.086) (sce
Table 4 and Figure 3): 10-point rises in the pair’s mean WM score
(i.e., WM’s familial component) would account for an approximate
reduction of 9.8% in methylation, whereas a 10-point advantage
over a duo’s average WM value would correlate with a 2.9%
methylation level reduction.

Discussion

The current work suggests a putative link between both fetal
growth and adult WM, and peripheral blood DNA methylation
signatures at a region in the /GF2BP1 gene, in agreement with
previous literature [51,52]. Besides, while the former reports
separately detected associations between DNA methylation and
either early development or WM, current results expand on the
subject to indicate that, in the ongoing independent sample,
relationships between /IGF2BP1 DNA methylation and either BW
or WM phenotypes are not confounded by each other. In view of
the current working hypothesis, results aid to speculate that
IGF2BP1 methylation levels may be determined by -early
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Table 3. Results of the linear regression testing the association between IGF2BPT DNA methylation levels and both BW and WM.

/ SE t Pr(>|4)
Birth weight 83.3x10° 0.037 2.245 0.033
Working memory —44x1073 0.002 —2.775 0.009

doi:10.1371/journal.pone.0103639.t003

environmental factors and that later compensatory brain mech-
anisms in healthy individuals could participate in raising
cognitively normal profiles.

IGF2BP1 is a member of the highly conserved VICKZ (Vgl
RBP/Vera, IMP1-3, CRDBP, KOC, and ZBP1) family of RNA-

binding proteins [53]. Remarkably, several functions within the

Mean methylation percentage of cg07075026 and cg20966754 was used as outcome. Analyses were adjusted for gender, age, weeks of gestation and 1Q, and
accounted for correlated responses from twin pairs using a mixed effects model. BW was introduced in kilograms and WM in standard units. SE: Standard error.

central nervous system have previously been described for the
IGF2BP1 and other members of VICKZ, suggesting their
mvolvement in synaptic plasticity and hippocampal development.
For instance, ZBP1 has been shown to interact with BDNF to
regulate plasticity [54] and influence growth cone guidance
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Figure 2. Representation of the association between birth weight and DNA methylation level of cg07075026 and cg20966754. The
black line (“Whole BW”) was obtained from the first regression test (i.e., using raw BW from each of the 34 individuals), whereas blue and red lines
(“Familial BW” and “Unique environment BW”) represent outcomes from the model evaluating familial and unique environmental factors.

doi:10.1371/journal.pone.0103639.9002
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Figure 3. Representation of the association between working memory and DNA methylation level of cg07075026 and cg20966754.
The black line (“Whole WM") was obtained from the first regression test (i.e., using raw WM from each of the 34 individuals), whereas blue and red
lines (“Familial WM” and “Unique environment WM") represent outcomes from the model evaluating familial and unique environmental factors.

doi:10.1371/journal.pone.0103639.g003

[55,56]. Besides, ZBP1 participates in prenatal hippocampal cell
signaling and development and signaling [57,58].

As regards potential functional consequences of the presently
found epigenetic signature, it is worth mentioning that, while
hypermethylation has typically been associated with gene silenc-
ing, recent evidence indicates this is not always true, and the
inverse relationship has also been detected across several genomic
regions [59]. Increased methylation of intragenic regions generally
correlates with increased transcription [60,61]. Hence, one could
posit a direct correlation between methylation and gene expression
at the locus discussed here in IGF2BPI. Speculation on the
directions of regression slopes obtained here should be accordingly
derived. First, lower BW could correlate with gene silencing and

PLOS ONE | www.plosone.org

reduced protein activity; secondly, since WM consolidation takes
place during childhood and later developmental windows, healthy
individuals (such as those in this sample) with reduced IGF2BPI
transcription may have improved their WM performance to
counteract potentially harmful effects of growth impairments.
Further conjectures are elaborated below.

Concerning human fetal growth, it is worth noticing that a
recent manuscript found an association between human fetal
leukocyte DNA methylation of the /GF2BPI and gestational age
[51], thus indicating that methylation of this gene could be a
marker of developmental impairment. However, the 6 IGF2BPI‘s
CpG sites these authors found associated with gestational age
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Table 4. Results of the linear regression testing the association between IGF2BP1 DNA methylation level and the familial and

Y SE t Pr(>|4)
Birth weight
Familial factors (f) 89.4x1073 0.084 1.061 0.299
Unique environment () 70.9%103 0.039 1.794 0.085
Working memory
Familial factors (fg) 9.8x1073 0.003 —3.669 0.001
Unique environment (Sy) —29x1073 0.002 —1.785 0.086

doi:10.1371/journal.pone.0103639.t004

showed neither inter-individual nor intrapair variability in this
sample (see Fig. 1).

Furthermore, it has been suggested that some DNA methylation
marks in adults may correlate with prenatal trajectories [10]. In
view of it, the fact that current multivariate analyses detected a
negative correlation between WM and methylation may lead to
hypothesize that individuals who suffered early insults —which
could have established long-lasting epigenetic signatures—, might
raise some cognitive skills in order to attenuate/counteract the
impact of such developmental injuries. In fact, a recent
compensatory scheme of the neurodevelopmental underpinnings
of schizophrenia suggests that adaptation reactions may arise in
individuals who suffer early impairments, and thus disease status
would be a consequence of a failure of the compensatory response
[62]. Hence, as this study considered adults from the general
population, one may speculate that the early impact of low BW on
IGF2BPI methylation status may later be lessened by WM
performance improvements.

In a second set of analyses, decomposing BW and WM into
both familial and unique environmental components allowed
detecting that the BW-IGF2BP1 methylation may be due to
unique environmental influences. Other studies have described a
number of maternal, fetal and placental sources of twin BW
discordance (i.e., specific intrauterine conditions which could
account for the aforesaid “‘unique environment”) [63]. Notably,
since both genes and environment shape the human neonatal
epigenome [64], it is worth mentioning that previous reports have
indicated intrapair DNA methylation differences in between
heaviest and lightest newborn twins [65]. Nonetheless, other
studies of DNA methylation in adult twins who were discordant for
BW have failed to detect this association, probably due to the
methodological limitations of using peripheral DNA samples [66],
among other factors such as between-study sample heterogeneity.

Although less studied, there is some evidence indicating that
adult WM performance could correlate with peripheral blood
DNA methylation levels [52]. While in a different locus, the
present twin study suggests the presence of a WM-methylation
link, and also points that it may be driven by both familial and
unique environmental factors. As adult WM is influenced by genes
and environment [67], the same may be proposed for its
relationship with DNA methylation, even though further research
1s needed to disentangle this potential relationship. Furthermore,
since hippocampal synaptic plasticity influences WM [68], it is not
surprising that Mukhopadhyay et al. [69] described how
intrauterine insults may alter /GF2BP1 gene expression in the
developing hippocampus and cause long-term cognitive damage
through functional compromise of hippocampal neurons.

PLOS ONE | www.plosone.org

Mean methylation percentage of cg07075026 and cg20966754 was used as outcome. Analyses were adjusted for gender, age, weeks of gestation and 1Q, and
accounted for correlated responses from twin pairs using a mixed effects model. BW was introduced in kilograms and WM in standard units. SE: Standard error.

Additionally, it is worth noting that both BW and WM were
studied in relation to epigenetic changes in molecular pathways
involving the IGF2 family. Thus, the direction of associations
found here may be limited to the locus studied. Moreover, as
intrapair differences in methylation percentage across all 248 CpG
sites initially considered were small (median difference at each
CpG <5.5%), overall methylation profiles must have been highly
influenced by genetic factors. Besides, while genome-wide DNA
methylation profiles may be influenced by single nucleotide
polymorphisms (SNPs), data from dbSNP 138 [38,70] indicates
there are no validated common SNPs in the genomic loci of these
CpG sites for European descent populations.

A final limitation of this work should be noted apropos the
relationship between DNA methylation in peripheral blood and
brain regions. Although large epigenetic differences between some
tissues have been documented in previous studies [71,72], some
evidence from animal research suggests correlation between DNA
methylation patterns across peripheral lymphocytes and a number
of brain regions, presumably reflecting early environmental
exposures [73-75]. Accordingly, the growing amount of publica-
tions in the literature showing significant DNA methylation
alterations in peripheral cells of individuals with mental health
conditions [76] suggests that this epigenetic mark, as measured in
blood, could be suitable for research of complex brain-related
phenotypes. Also, other authors have summarized published
studies of psychiatric disorders, to suggest a high correlation
between blood and brain methylation signatures [77]. Neverthe-
less, while a blood/brain DNA methylation correlation may exist
for the genomic region studied here, the argument is still
speculative and future research should correspondingly address
the issue. As long as this study is exploratory, results must be taken
with caution. Replication of the findings is needed in larger
independent samples.
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Season of birth (SOB) has been shown to modify the risk of several health outcomes, including a number
of neuropsychiatric disorders. Empirical evidence indicates that subclinical forms of psychosis in the
general population share some risk factors with categorical diagnoses of psychosis. Hence, by system-
atically reviewing and meta-analyzing new and existing data, the current work aimed to determine
whether there is evidence of an association between winter SOB and subclinical psychosis in the general
population. Our meta-analytic results do not indicate an association between winter SOB and schizotypy
in adult populations, although they indicate winter SOB may be a risk factor for psychotic experiences or
symptoms in children around 12-15 years (OR=1.12, 95%CI:1.03-1.21). In the whole new dataset for
adults (n=481, mean age=22.8 years) no association was detected in either an unadjusted model or
adjusting for gender and age. Overall, our results indicate that the association between winter SOB and
increased subclinical psychosis may hold in children, but does not in the broad general adult population.

Seasonality Nevertheless, the epidemiological and clinicopathological significance of winter SOB as a risk factor for
subclinical psychosis would probably be slight due to the small effect sizes indicated by the reports
available to date.
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1. Introduction

Season of birth (SOB) has been shown to modify the risk of
several health outcomes, including a number of neuropsychiatric
disorders (Brewerton et al., 2012; Cheng et al., in press; Davies
et al, 2003; Disanto et al., 2012; Dome et al., 2010). There is
evidence indicating that seasonality influences fetal growth and
development (Currie and Schwandt, 2013; Flouris et al., 2009;
Strand et al., 2011; Watson and McDonald, 2007), which bears
significance for psychiatric research.

Some mechanisms have been proposed to explain how SOB
affects early neurodevelopmental trajectories, including factors
such as pollution, eating patterns, vitamin D deficits, maternal
infections and temperature changes (Currie et al., 2009; Eyles
et al, 2013; Schwartz, 2011; Siega-Riz et al., 2004). Recent
epidemiological research has indicated that seasonality exerts a
strong influence on fetal features such as gestation length and
birth weight, and that these may be markedly be compelled by
maternal influenza and pregnancy weight gain (Currie and
Schwandt, 2013). In addition, research has suggested that SOB
exerts a long-lasting effect on the embryonic brain; this may
persist until adulthood (Giezendanner et al., 2013; Moore et al.,
2001; Pantazatos, 2013), and is probably behind the enduring
effect of the factors mentioned on mental health and disease.

While the psychiatric research mentioned above focuses on
clinically-defined psychotic phenotypes, there is empirical evi-
dence that attenuated (i.e., subclinical) forms of psychosis in the
general population share many but not all risk factors with
categorical diagnoses of psychosis (Breetvelt et al., 2010;
Kelleher and Cannon, 2011; Linscott and van Os, 2010). Remark-
ably, despite the psychometric, phenomenological and temporal
continuity between subclinical psychotic features and psychotic
disorders, population structures ranging from normality to dis-
ease are probably discontinuous, and models that support a
continuum of psychosis need further evaluation (David, 2010;
Lawrie et al., 2010; Linscott and van Os, 2010, 2013). Hence, more
research is needed to determine the precise extent of the overlap
in risk and its putative epidemiological consequences.

Even though there is broad agreement between studies that
winter SOB increases the risk for some psychotic conditions,
studies that evaluate this effect for subclinical psychosis in the
general population provide mixed results. Therefore, by review-
ing and meta-analyzing previously published reports, the cur-
rent work aims to determine whether there is evidence of
an association between winter SOB and subclinical psychosis.
New data from an independent community sample of adults
is included to increase the statistical power and to replicate
previous studies.

2. Materials and methods
2.1. Meta-analysis

2.1.1. Search strategy and inclusion criteria

A literature search was conducted using PubMed, The ISI Web of
Science and PsycINFO to screen for studies that evaluate the associa-
tion between SOB and subclinical psychosis in the general population.
The string [(“season of birth” OR “seasonality” OR “birth season”) AND
(“psychotic experiences” OR “psychotic like” OR “psychosis like” OR
“subclinical psychosis” OR schizotyp=: OR schizois)], with proper syntax
adjustments depending on the search engine, was applied to retrieve
potentially relevant articles published before October 22nd 2013.
There was no language restriction. In addition, the lists of references
from the reports identified and other relevant publications were
scrutinized to find further pertinent publications.

Papers were included if they: i) reported results from primary
research, ii) examined the association between SOB and subclinical
psychosis, iii) presented data using non-ill general population samples
(or both patients and controls, but showed information for healthy
subjects separately), iv) performed psychometric evaluations of indi-
viduals from the northern hemisphere, and v) considered psychotic
experiences, schizotypal traits, or non-clinical psychotic symptoms as
outcomes, and measures were obtained via self-rating scales. This
apparently broad category of outcomes was considered in recognition
of the fact that questionnaires evaluating schizotypal traits show an
overlap with assessments of other psychosis-proneness traits and
psychosis-spectrum symptoms in the general population (Barrantes-
Vidal et al,, 2013; Wang et al,, 2012).

2.1.2. Data extraction

The search results were independently screened by two reviewers
(ACP and RC) to identify relevant studies. A data extraction sheet was
used to record important information such as the main outcome
measure, psychometric scale used and number of items, definition of
the seasons of the year, sample size, gender and ethnicity of
participants, summary result and other comments. Also, the
Strengthening the Reporting of Observational Studies in Epidemiol-
ogy (STROBE) statement checklist (von Elm et al., 2007) was used to
assess the accuracy and completeness of the observational studies
reviewed. Briefly, this checklist consists of 22 items that consider six
different sections of a report: 1) title and abstract, 2) introduction, 3)
methods, 4) results, 5) discussion and 6) other information.

2.1.3. Data analysis
All statistical analyses were performed in R (R Development
Core Team, 2011). Since not all studies provide the same effect size
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measure (for example, when using continuous psychometric scales
authors may report mean differences or t-statistics), odds ratios
were estimated where necessary using R's compute.es package (Del
Re, 2013). The package allows statistics from one study to be
converted to many other common effect size estimates; it is based
on previous literature on meta-analysis methodology (Cooper et al.,
2009). Along with existing findings, results from an ongoing study
were included as another independent study (see below: Section
2.2)).

Meta-analytic procedures were implemented with R's metafor
package (Viechtbauer, 2010), and residual heterogeneity (random
effects model) was accounted for through the DerSimonian-Laird
(DL) approach. For comparison, sensitivity analyses included fixed
effects models for meta-analytic procedures. As there were no
large differences across models, and since random effects models
are especially suitable for sets of studies with non-identical
methods and samples (Viechtbauer, 2010), only results obtained
with random effects are shown.

Between-study differences were similarly assessed. The follow-
ing indicators of heterogeneity and variability are reported: 7°
(estimated amount of total heterogeneity), I (total heterogeneity/
total variability), H? (total variability/sample variability) and results
from Cochran's Q-test for residual heterogeneity (Cochran, 1954),
which evaluates whether the variability in effect sizes or outcomes
is greater than expected based on sampling variability. Statistically
significant results from the last test indicate that effects or out-
comes in a meta-analysis are heterogeneous.

2.2. New data

2.2.1. Sample description and measures

Data from a sample consisting of 561 individuals were gathered
from both a university campus (Jaume I University; Castelld, Spain)
and other university offices and technical schools in Barcelona,
Spain, between 2005 and 2006. Recruiting was mainly conducted
through advertisements in those institutions. The exclusion cri-
teria applied were the presence of neurological conditions, med-
ical illnesses affecting brain function, a history of head injury and a
history of psychiatric treatment. These were screened via an
interview based on selected items from other questionnaires
(First, 1997; Maxwell, 1992). After applying the exclusion criteria
and due to a lack of data about either date of birth or psycho-
pathology for some participants, the final sample (i.e., the subset
included in all analysis; hereafter “new data”) consisted of 481
subjects (46.4% male; mean age: 22.8 years, S.D.: 5.3 years). Of
these individuals, 80.7% were students.

Schizotypal personality traits were assessed using the Schizo-
typal Personality Questionnaire-Brief (SPQ-B) (Raine and Benishay,
1995), a brief, 32-item self-report screening instrument derived
from the Schizotypal Personality Questionnaire (Raine, 1991).
Items in the SPQ-B are scored “yes” or “no”, which is later
translated into either the presence or the absence of a schizotypal
trait. Total schizotypal scores were calculated for each subject by
adding all the SPQ-B items for which he/she answered “yes”. Date
of birth data was structured into winter (December 22nd-March
21st) and the rest of the year. This definition of the winter period
was adopted following the conventional seasonal periodicity of
annual cycles of meteorological and ecological patterns in several
northern hemisphere countries, and in view of the facts that 1) all
the studies included in the meta-analysis presented information
suitable for comparison with the same yearly structure and 2) they
and other psychiatric literature reports usually define similar
periods as risk factors.

All participants were of Caucasian (Spanish) ancestry. They
provided written informed consent after a detailed description of
the study aims and design, approved by the local Ethics Committee.

Table 1
Demographic and psychopathological features of the new sample of 481-indivi-
duals introduced in this manuscript.

Winter birth Non-winter birth Group

(n=119, 43% (n=362, 48% comparison®

male) male)

Mean S.D. Mean S.D. X-squared p
Age 224 3.5 22.9 5.8 1.18 0.278
Schizotypal personality features”
Cognitive-perceptual 13 1.5 1.5 1.5 1.27 0.26
Interpersonal 25 1.9 2.7 21 0.7 0.402
Disorganized 3.9 3.1 3.9 3.3 0.12 0.727
Total schizotypy score 7.7 5.1 8 5.5 0.19 0.662

@ Kruskal-Wallis X-squared, as these variables were continuous.
b Schizotypal personality features were estimated using subscales of the SPQ.

Records from web search
(PubMed, ISI WOK and Psyclinfo)
(n = 40)

Records from citation
and hand search
(n=2)

n =21 after removal

of duplicates
n = 2 records excluded
(conference proceedings)

n =19 full text
articles assessed
for eligibility

n = 11 records excluded:
(patients vs. controls)

n =8 articles in
qualitative synthesis

n =1 result from
new data
n=7 results in
meta-analysis

Fig. 1. Flowchart of study selection and inclusion of results. Seven papers were
incorporated in the qualitative analysis (see Table 2), and results from six of them
and the new data (i.e., a total of seven independent results) were included in the
meta-analysis.

n = 2 records excluded
from meta-analysis
(not comparable)

All procedures were in accordance with the Helsinki Declaration.
Additional descriptive details of the sample can be found in Table 1
and elsewhere (Aguilera et al., 2009; Arias et al., 2012).

2.2.2. Statistical analysis of the new data

To include the new data in the meta-analysis, raw mean
differences in total SPQ scores between individuals from the winter
and the rest of the year births were obtained, and unadjusted odds
ratios were estimated as described above (see Section 2.1.3.).

Afterwards, multivariate linear regression analysis was per-
formed to evaluate the relationship between total schizotypal
scores and SOB. Since some reports indicate that subclinical
psychosis may be influenced by both gender and age (Ito et al.,
2010; Miettunen and Jaaskelainen, 2010; Wigman et al., 2012), and
as these variables may have accounted for the between-study
heterogeneity in the previous meta-analytic section, additional
analysis was performed to include them as covariates (i.e., schi-
zotypy ~gender+age+SOB). This was conducted using ordinary
least squares in the regression tests. For comparison, permutation-
based p-Values were also obtained for these linear tests. These p-
Values are useful for saturated designs, non-normal data or with
apparent outliers (Wheeler, 2010), and thus allowed us to lessen
the probability of false positives due to some statistical artefacts.
Since both ordinary least squares and permutation tests for linear
regression produced similar results, only those from the former
method are reported.
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3. Results
3.1. Meta-analysis

3.1.1. Eligibility of studies

Fig. 1 depicts the search process. After applying the search
strategy defined above and excluding duplicates and hits that were
not scientific papers, 19 full-text papers were retrieved and
assessed for eligibility. Eight studies met all inclusion criteria;
description of these reports and the new data (from the indepen-
dent sample characterized here) can be found in Table 2. From the
nine data sources included in Table 2, an association between
winter birth and subclinical psychosis is supported by three
studies (Bolinskey et al., 2013; Hori et al., 2012; Tochigi et al.,
2013); one study found increased risk in subjects born during
summer (Kirkpatrick et al., 2008), and both the raw new data
obtained here (see Section 2.2) and three other publications
indicated no statistically significant association (Breetvelt et al.,
2010; Cohen and Najolia, 2011; Reid and Zborowski, 2006). From
the set of null studies, Reid and Zborowski (2006) report statisti-
cally significant results for the spring group (compared with all
other births). Nevertheless, when combining data in their paper to
arrange a winter/spring birth group, the significance of the effects
is lost. It is worth noting that Kirkpatrick et al. (2008) conclude
that summer births have increased risk of schizoid-like features,
consistent with their previous findings in favor of a June/July
excess of “deficit schizophrenia” births (Messias et al., 2004).
However, this result could not be incorporated into the meta-
analytic procedure due to the definition of exposure (June/July
birth) and since the authors provide results from a subset of 171
high schizotypy scorers (i.e., there was no comparison with the
low schizotypy scorers), wherein they evaluate the continuous
psychopathological score with respect to birth season and gender.

The only adjusted OR came from the study of Breetvelt et al.
(2010), who account for demographical risk factors and other
psychopathological traits. While adjusted and unadjusted effect
sizes could be combined in meta-analysis provided they address
the same relationship (Voils et al., 2011), it was not included in
most of the analyses since the psychometric assessment of
schizotypy implemented therein is not comparable to others.

3.1.2. Features of the studies included in the review and meta-
analysis

As shown in Table 2, two studies reported empirical data from
children (Polanczyk et al., 2010; Tochigi et al., 2013). Hence, they
were examined separately. The other five studies reported on adult
populations. Whereas the new data and two other studies (Cohen
and Najolia, 2011; Hori et al., 2012) analyze relationships between
schizotypal personality traits and the SPQ, the reports by Bolinskey
et al. (2013) and Reid and Zborowski (2006) were based on the
Chapmann Psychosis Proneness Scales (CPPS) (Chapman et al,
1978; Eckblad and Chapman, 1983; Eckblad et al., 1982). Hence,
these five studies were first divided into two subsets (schizotypal
personality or psychosis proneness) and later combined into a
larger 5-study block for comparison. Data from all seven studies
included in the meta-analysis were introduced as unadjusted
effect size estimates (raw ORs).

Fig. 2 depicts the results of the accuracy and completeness
assessment of the studies using the STROBE checklist. Overall, all
the studies include informative abstracts and accurate explana-
tions of their scientific background, rationale, objectives and
hypotheses. Nonetheless, they exhibit some weaknesses in their
discussion sections, either by not offering a cautions interpretation
of results or by not discussing the external validity (general-
izability) of the outcomes. Meta-analytic tests were performed

afterwards to attempt to overcome such limitations of the avail-
able literature.

Notably, a cluster of 4 high-quality comprehensive studies
(Bolinskey et al., 2013; Breetvelt et al., 2010; Polanczyk et al.,
2010; Tochigi et al., 2013) was observed, whose minor drawbacks
were mainly in the above-mentioned discussion of results. In
contrast, the manuscripts by Kirkpatrick et al. (2008) and Reid
and Zborowski (2006) lacked precision in a number of items that
evaluate their methods (setting, description of participants, vari-
ables, data sources, bias, and study size or statistics), results and
discussion. It is worth noting that neither of these two studies
seemed to bias subsequent results of the meta-analysis. First, using
a very particular methodological design, Kirkpatrick et al. (2008)
conclude that summer SOB is a risk factor for a (non-clinical)
proxy for the schizophrenia deficit syndrome (Table 2). This
conclusion is derived from a new psychometric measure in which
scores from the Beck Depression Inventory are subtracted from
those of the Social Anhedonia Scale (i.e., anhedonia in the absence
of depression). While this new measure may be problematic given
the statistical correlation among psychometric scales
(Lewandowski et al., 2006), the finding served as a confirmation
of the authors' previous results indicating a summer birth excess
in clinically defined schizophrenia deficit syndrome (Kirkpatrick
et al.,, 2002). That report was not included in the meta-analysis not
only in view of the particular psychometric measure employed but
also since its statistical approach compared SOB within a high-
schizotypy group. Further research is needed to confirm this
finding. Secondly, despite some methodological weaknesses, data
from Reid and Zborowski (2006) indicate a very similar effect size
to that found in other studies, including the new independent
sample (see below). This probably suggests that raw CPPS ques-
tionnaire scores behave similarly in relation to winter SOB across
studies. In fact, our meta-analytic results shown in subsequent
sections do not seem to be biased by the presence or removal of
this study.

In summary, there was no evident relationship between the
STROBE quality assessment and the effect size derived from each
report.

3.1.3. Association between winter birth and subclinical psychosis:
meta-analysis results

Fig. 3 shows forest plots of two meta-analyses performed. Data
from children suggest there is an association between winter/
spring SOB and psychotic symptoms or experiences in the general
population, though the effect size is relatively small (OR=1.12, 95%
Cl: 1.03-1.21, pog=0.009; 72: 0, I*: 0%, H*: 1, Q=0.53, po=0.469).
Publication bias did not seem to be an issue in this case since there
was both a positive and a null result. It is worth noting that,
despite providing a null result, inclusion of the study by Polanczyk
et al. (2010) in the child meta-analysis did increase the overall
effect size and narrow the confidence intervals, and Cochran's Q-
test indicated no statistically significant between-study sampling
heterogeneity. Furthermore, since the report is based on a popula-
tion with a mean age of 12 years, and Tochigi et al. (2013) also
report estimates for the youngest half of their sample (whose
mean age should also be around 12 years), additional meta-
analysis was performed to compare these two 12-year-old samples
(Supplementary Fig. 1). Remarkably, an increase in effect size was
observed, and indexes of heterogeneity were smaller (i.e., samples
were more homogeneous) in the former case (OR=1.15, 95% Cl:
1.03-1.29, por=0.014; 7%: 0, I: 0%, H*: 1, Q=0.33, po=0.563).

Data for adults did not support statistically significant associa-
tions (OR=1.22, 95% Cl: 0.87-1.7, por=0.256; 72: 0.09, I?: 66.44%,
H?: 2.98, Q=11.92, po=0.018) (Fig. 3), with no evidence of publica-
tion bias (test for funnel plot asymmetry: z=1.82, p=0.069).



Table 2
Summary of data considered for review and meta-analysis. All odds ratios (OR) shown were included in posterior procedures; statistics and descriptives from Kirkpatrick et al. (2008) are informative here but not suitable for direct
comparison and inclusion in the meta-analysis.

Authors Main n Country Gender Mean Ethnicity Scale; # of items Winter definition Result OR (95% Comments
outcome? of origin (% age Cl, p)” Winter:
male) (S.D.) psychosis
years
New data  Schizotypal 481 Spain 46.4 22.78 Caucasian Schizotypal Personality Dec. 22-Mar. 21 OR=0.89 (95% -
traits (5.31) Questionnaire-Brief (SPQ-B); 32 Cl=0.61-1.29,
items p=0.526)
Winter: no
differential
risk
Tochigi Psychotic-Like 17702 Japan 494 15.2° Japanese Items from the Diagnostic Nov.-Mar. OR=1.11 (95% When stratifying by gender, the effect was only seen in
et al. Experiences (1.7) Interview Schedule for Children (C1=1.02-1.21, females (OR=1.13, 95% CI: 1.01-1.27, p=0.03).
(2013) (PLEs) (DISC-C); 4 items p=0.016)
Winter: When stratifying by age, the effect was only seen in the

increased risk  youngest set (mean age ~ 12 years, OR=1.14, 95% CI:
1.02-1.29, p=0.026)".

Bolinskey ~ Psychometric 84 USA 16.7 18.77 Mixed (Caucasian, Chapman psychosis proneness Dec. through mid-Mar. ORY=3.69 No statistically significant mean score differences were
et al. schizotypy (1.02) African-American, scales (CPPS); 105 items (“winter/early spring”) (95% Cl=1.24- detected on any of the CPPS subscales by winter birth,
(2013) Hispanic) 11.01, either for the complete, combined sample, or within the

p=0.009) “high-schizotypy” or “low-schizotypy” groups,
Winter: separately.

increased

risk

Hori et al.  Schizotypal 451  Japan 24.8 452  Japanese Schizotypal Personality Dec., Jan. and Feb. OR=1.72 (95% Initially, n=451 individuals. Not clear if all of them were
(2012) traits (15.2) Questionnaire (SPQ); 74 items (“Japanese winter”) CI=1.19-2.48, included in the analysis.

p=0.004)
Winter: Authors also reported statistically significant

increased risk  associations when controlling for gender and age.
Afterwards, stratifying by gender and adjusting for age,
the effect was detected only in females (p=0.009).

Cohen and  Schizotypal 3485 USA 36.2 19.28 Mixed (Caucasian, Different versions of the Dec. 22-Mar. 21 OR=1.06 (95% Authors found no statistically significant differences
Najolia traits (2.26) African-American, Schizotypal Personality CI=0.76-1.5,  across either seasons or months.
(2011) Hispanic and “other”) Questionnaire (SPQ); on average, p=0.735)
42 items answered by each Winter: no
individual differential
risk
Polanczyk  Psychotic 2127 UK 49 12 (0) Caucasian Items from dunedin study and Not mentioned in OR=1.28 (95% Twin sample (statistical adjustment of responses to
et al. symptoms avon longitudinal study of parents article CI=0.88-1.87, study each co-twin individually).
(2010) and children interview protocols; p=0.196)
7 items Winter: no
differential
risk
Breetvelt Non-clinical 4894 The 449 39 Mixed (Dutch, Dutch version of the symptom Jan., Feb. and Mar. Adjusted OR adjusted for demographical risk factors.
et al. psychotic Nether- (12.6) Western European,  check list (SCL-90-R); 4 items OR=0.98 (95%
(2010) symptoms lands and a few from CI=0.73-1.31,
Surinam, Morocco p=not
and Turkey) significant)
Winter: no
differential
risk
Kirkpatrick Schizoid-like 426  USA 28 20.1 Mixed (Caucasian, Combined measure: chapman “Summer” was defined [Not [Not included in meta-analysis.]
et al. features: (3.5) African-American, psychosis proneness scales (CPPS) as Jun-July, and tests =~ comparable The outcome was a proxy for the deficit schizophrenia
(2008) “proxy for the Asian/Pacific, and Beck Depression Inventory were about “Summer” OR] (Summer: syndrome. Individuals born in summer were at increased
deficit Hispanic and “other”) (BDI); 105 (CPPS) plus 21 (BDI) versus other months increased risk, risk in a model controlling for gender and age. These

syndrome” items p=0.037)
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Table 2 (continued )

Result OR (95% Comments

Cl, p)° Winter:

psychosis

Winter definition

Scale; # of items

Country Gender Mean Ethnicity
age

of origin (%

Main

Authors

outcome?®

(S.D.)
years

male)

seasonality results were obtained by analyzing a 171-

individual high-schizotypy group.
0.94 (95% Winter/Spring births associated with higher risk

OR=

Dec., Jan. and Feb.

Perceptual Aberration-Magical

Mixed (White, Black,

USA 24.6 21.31
(5.05) Hispanic, Asian,

452

Schizotypy
(PER-MAG)

Reid and

0.01); May births at higher risk than August births;

(p=

Cl=0.62-141,

Ideation (PER-MAG) scale; 65 items

Zbor-

spring births at higher risk than summer births

(p

p=0.766)
Winter: no

American-Indian and

“other”)

owski

0.007).

(2006)

differential

risk

2 Main outcome as described by the authors.

A. Cordova-Palomera et al. / Psychiatry Research 225 (2015) 227-235

b Effect size for “winter: psychosis” was estimated when not directly provided in the paper, or recalculated when the data were available. n: Number of participants. S.D.: Standard seviation. Cl: Confidence interval.

¢ Data for the youngest half of this sample were also used to recalculate meta-analytic measures (see Section 3.1.2).

4 OR shown was calculated from data in the original report.

Complementary analyses were performed to explore these data,
assorted by psychometric scale. Nevertheless, no associations were
detected either when evaluating schizotypal personality traits
(OR=1.17, 95% CI: 0.8-1.71, por=0.408; 72: 0.08, I*: 69.63%, H:
3.29, Q=6.59, pa=0.037) or when assessing psychosis proneness
(OR=1.69, 95% CI: 0.45-6.36, por=0.439; 72: 0.76, I’: 81.04%, H*:
5.28, Q=5.28, po=0.022) (Supplementary Fig. 2).

3.2. Further results using new data

In the previous meta-analysis, mean differences in raw SPQ
scores were used to compute ORs from the new data. This allowed
comparison with other effect size estimates which were mostly
also unadjusted. Hence, additional tests using linear regression
models were performed to evaluate whether adjusting for gender
and age (two important sources of heterogeneity in the former
results, which indeed influence measures of subclinical psychosis)
could provide additional insight.

As expected from the literature, higher schizotypy scores were
found to be associated with both male gender and younger age
(ﬂgenderz 1.91, tgender=—3.95, Pgender < 107 ﬂage= —0.19, tgge=—4.15,
Page < 10~ *). Nevertheless, there was no association with winter SOB
in the same regression test (fsop= —0.36, tsop= —0.64, psop=0.521;
adjusted R? for the whole test=0.055). The significance of these
results did not change when including individuals with a previous
history of psychiatric treatment.

4. Discussion

The present study aims to determine whether there is enough
evidence to support the association between psychometrically-
assessed subclinical psychosis and winter SOB, by evaluating
previous results and new data. A total of nine independent results
were included in a qualitative and systematic review, and seven of
them were statistically assessed by means of meta-analytic pro-
cedures. New data was explored to control for potentially con-
founding demographic variables.

4.1. Interpretation of meta-analysis results and literature review

The meta-analysis results indicate that an association between
winter SOB and childhood (~12-15 years old) psychotic symp-
toms/experiences is sustained by the current empirical evidence,
though the effect size is relatively small (OR=1.12, 95% CI: 1.03-
1.21, p=0.009). In the broad adult population, there was no
association between SOB and subclinical psychosis, either when
using an extensive definition of psychosis or when carefully
separating reports according to their psychometrical approach to
the assessment of psychopathology (i.e., independently examining
schizotypal personality and psychosis proneness). It is noteworthy
that the reports included in the meta-analysis of child psychotic
symptoms/experiences display large sampling homogeneity, sug-
gesting reliability of the winter SOB-psychosis relationship in child
samples. However, currently available reports for adults may lack
homogeneity. It is likewise worth noting that all these outcomes
are based on unadjusted effect size estimates.

An important topic raised by these meta-analysis results is the
contrast in the relationship between SOB and psychopathological
profiles across ages: while winter SOB seems to increase the risk of
psychotic symptoms in children, this may not be the case in adults.
It is worth noting that lower schizotypal scores are typically found
with increasing age in adults, as shown in the literature (Badcock
and Dragovi¢, 2006) and confirmed by the new community sample
used here. One could speculate that, since the effect size of winter
SOB on child subclinical psychosis is small, the continuous and
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Polanczyk et al. (2010)
Breetvelt et al. (2010)
Bolinskey et al. (2013)
Tochigi et al. (2013)

Hori et al. (2012)
Cohen and Najolia (2011) . .
Kirkpatrick et al. (2008) .. .
Reid and Zborowski (2006) . . ...

High quality
Regular quality

T/A Intr.

Methods

Results Disc.

Fig. 2. Assessment of items that should be included in reports of observational studies, according to the STROBE Statement. After evaluating each of the 22 items in the
STROBE checklist, hierarchical clustering analysis revealed similarities and differences in included items across the seven reports considered for review. Rows represent
studies (references shown at the leftmost extreme), and columns indicate each of the 22 items in the checklist. Dark (light) gray rectangles represent low (high)-quality items
according to the checklist. The discontinuous black bar at the bottom indicates the report section evaluated by sets of items. T/A: title and abstract. Intr.: introduction. Disc.:

discussion. O.L: other information.
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Fig. 3. Results of the random-effects meta-analysis of winter birth influence on
subclinical psychosis. Top: adult data. Bottom: studies in children.

perhaps stronger influence of age may render SOB effects practi-
cally undetectable in adults.

As in all meta-analysis, the feasibility of results largely depends
on the quality of the incorporated data. Although publication bias
does not seem to be present in the studies included here (all null
results were derived from reports emphasizing further positive
findings), there was large study heterogeneity, ostensibly derived
from differences in gender and age distributions, number of ethnic
groups included and length of psychometric instruments used. It is
worth noting that all previous reports openly supporting a winter
SOB-subclinical psychosis association (Bolinskey et al., 2013; Hori
et al., 2012; Tochigi et al., 2013) are derived from populations with
large heterogeneity for such study attributes.

Remarkably, from these features, gender and age have widely
been shown to modulate schizotypal traits; nevertheless, reports
found in the literature irregularly discuss the putative effect these
variables could have on the final outcomes. In addition, some

authors have indeed described diverse effects when stratifying a
population by gender or age. Their inclusion as covariates is
recommended for future studies. It is worth noting that, when
stratifying their sample by gender, Tochigi et al. (2013) found a
significant effect in girls but not in boys.

4.2. Analysis of new data

Further analysis was performed with data from an independent
adult sample, to evaluate the effect of the two aforementioned
potentially confounding variables in the relationship between SOB
and subclinical psychosis. Inclusion of this sample helped increase
the statistical power in the meta-analysis and also allowed us to
replicate prior studies. This new data came from individuals with
no previous history of psychiatric drug consumption (another
infrequently controlled variable in prior reports), though the
results did not change when treated individuals were included
in the analysis. Winter SOB was not associated with subclinical
psychosis, either in a univariate model or adjusting for gender and
age. Results from this independent sample were in agreement
with a number of previously published reports for adult popula-
tions, and sensitivity analysis suggested its inclusion improved the
meta-analysis.

4.3. Further issues and future directions

Some limitations of the current study and supplementary
recommendations for subsequent research warrant mention. The
limitations include the definition of seasonal exposure (winter SOB
in the northern hemisphere), which was conventionally adopted
due to its high rate of recurrence in research reports. Nevertheless,
since SOB may be a proxy of prenatal insults occurring during
developmental windows prior to birth, further contrast between
seasons may lead to distinct outcomes. For instance, Reid and
Zborowski (2006) report an association between winter/spring
when compared to summer/fall births. However, such an associa-
tion was driven by spring births, and comparison of winter versus
other seasons led to the inclusion of data from their report as a
non-significant odds ratio.

Recent epidemiological evidence provided by Currie and Schwandt
(2013) is relevant in this context. They conclude that May conception
(i.e., birth around mid-February) increases the risk of a short gestation
and low birth weight, which is probably mediated by influenza
exposure. Therefore, assessment of populations conceived during this
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narrow window may help identify at-risk individuals. Also, those
authors indicate that conception during summer may lead to high
pregnancy weight gain, which is often reflected as high birth weight.
Inclusion of individuals conceived in this season may possibly bias
some results in epidemiological research.

The small number of reports may also affect meta-analysis
results. Two points must be discussed in this regard. First, in the
meta-analysis of children, combining studies gave optimal homo-
geneity parameters, indicating the association may have held in
two independent samples. Secondly, while two adult samples
considered in meta-analysis suggested statistically significant
winter SOB-psychopathology associations (Bolinskey et al., 2013;
Hori et al., 2012), one of them provided relatively large confidence
intervals. Hence, evidence of a compelling association has only
seldom been reported. Thus, meta-analysis results with (broad-
sense) adult samples (indicating no statistical association) may be
somehow realistic.

Overall, further research using appropriate epidemiological
designs is needed to determine if the association is valid for
specific demographical subgroups for which particular psycho-
pathological profiles have previously been described. Certainly, the
associations described here require validation through replication.
From the two sets of analysis performed (meta-analysis and
complementary scrutiny of independent data), it is reasonable to
infer that an association cannot be detected when focusing on
demographically diverse populations. Although more research is
enthusiastically invited to address this topic, only mild effects
could be expected on the basis of the current results. Hence, the
clinicopathological significance of winter SOB on later subclinical
psychotic outcomes may not be severe and the epidemiological
relevance would probably be small.
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ARTICLE INFO ABSTRACT
Article history: Season of birth has been shown to influence risk for several neuropsychiatric diseases. Furthermore, it
Received 4 December 2013 has been suggested that season of birth modifies a number of brain morphological traits. Since cortical
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thickness alterations have been reported across some levels of the psychosis-spectrum, this study was
aimed at i) assessing the scarcely explored relationship between cortical thickness and severity of
subclinical psychotic experiences (PEs) in healthy subjects, and ii) evaluating the potential impact of
season of birth in the preceding thickness—PEs relationship. As both PEs and brain cortical features are
heritable, the current work used monozygotic twins to separately evaluate familial and unique envi-
ronmental factors.

High-resolution structural MRI scans of 48 twins (24 monozygotic pairs) were analyzed to estimate

Keywords:

Cortical thickness
Psychotic experiences
Season of birth

Winter/Spring cortical thickness using FreeSurfer. They were then examined in relation to PEs, accounting for the effects
MRI of birth season; putative differential relationships between PEs and cortical thickness depending on
Monozygotic twins season of birth were also tested.

Current results support previous findings indicative of cortical thickening in healthy individuals with
high psychometrically assessed psychosis scores, probably in line with theories of compensatory aspects
of brain features in non-clinical populations. Additionally, they suggest distinct patterns of cortical
thickness—PEs relationships depending on birth seasonality. Familial factors underlying the presence of
PEs may drive these effects.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction experiences (PEs) share some genetic and early risk factors with SZ,

and may also have similar neuroanatomical correlates with this

Consistent epidemiological evidence demonstrates that genetic psychotic disorder (Kelleher and Cannon, 2011). Consequently,
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have been suggested for the association between birth seasonality
and SZ risk, such as maternal infections, vitamin D deficits and
maternal chronobiology alterations due to temperature changes
(Schwartz, 2011).

Accordingly, these three risk factors have independently been
linked to fetal brain development disturbances (Boksa, 2010; Eyles
et al, 2013; Garbett et al., 2012; Schwartz, 2011). Similarly,
maternal prenatal infections and vitamin D deficits have formerly
been examined in relation to brain cortical thickness, especially in
animal studies. Cortical thickness is a measure of the average dis-
tance between the pial and white matter cortical surfaces. It is
linked to the number of neurons within a cortical column (Rakic,
2008), and it is relevant in this context due to its high sensitivity
to brain development across stages (Sowell et al., 2003). While
some have proposed that the aforesaid exposures correlate with
cortical thinning (Carpentier et al., 2013; Eyles et al., 2003; Fatemi
et al., 1999; Hatfield et al., 2011), others have found that they may
lead to increases in cortical thickness (Smith et al., 2012; Willette
et al., 2011). Though conflicting results may be caused by design
heterogeneity, all these reports agreed in suggesting that cortical
thickness is influenced by immune responses in-utero.

Neuroimaging evidence indicates that several brain features
may be different depending on season of birth, in both healthy
adults (Pantazatos, 2013) and within groups of individuals suffering
neuropsychiatric disorders (d'’Amato et al., 1994; Giezendanner
et al,, 2013; Kaasinen et al., 2012; Moore et al., 2001; Sacchetti
et al., 1992). Nevertheless, research on seasonal effects on cortical
thickness of subjects manifesting SZ and related phenotypes is still
scarce. This is an important issue since several studies using novel
neuroimaging techniques have consistently shown widespread
decreases of cortical thickness in SZ patients (Goldman et al., 2009;
Nesvag et al., 2008; Rimol et al., 2012; Schultz et al., 2010). Besides,
although the relationship between cortical thickness and subclin-
ical psychosis in the general population has been less studied, a
recent report found increased cortical thickness in subjects from a
healthy population exhibiting high scores on a schizotypy assess-
ment (Kuhn et al., 2012), consistent with the theory that some brain
volumetric and functional features of individuals with psychotic
traits may act as protective/compensating factors (Hazlett et al.,
2008; Suzuki et al., 2005) thus avoiding transitions to more se-
vere psychotic conditions.

Considering these elements, the current study was aimed at: i)
testing whether factors involved in the expression of PEs are
associated with brain cortical thickness, and ii) assessing the
impact of birth seasonality on this potential relationship.

As the role of gene-environment interactions in early neuro-
development has been previously underscored due to its potential
to shed light on psychiatric research (Demjaha et al., 2012;
Rapoport et al., 2012), and since both genes and environment in-
fluence cortical thickness (Panizzon et al., 2009) and PEs (Lataster
et al., 2009), a genetically informative design was implemented
here to test for associations. Insofar as members of a monozygotic
(MZ) twin pair have identical DNA sequences, this work studied
their phenotypic similarities and differences in order to obtain in-
sights on familial and environmental influences.

2. Methods
2.1. Sample description

The present sample was gathered from a set of 115 Spanish
Caucasian adult twin pairs (230 individuals) from the general
population, who gave permission to be contacted for research
purposes. All twins were contacted by telephone and invited to
participate in a general study of early risk factors and adult

cognitive and psychopathological traits. A battery of psychological
and neurocognitive tests was administered to the twins by trained
psychologists (S.A. and X.G.). Similarly, they were interviewed for
medical records (S.A. and X.G.). Exclusion criteria applied were age
under 17 and over 65 years, current substance misuse or depen-
dence, a medical history of neurological disturbance and presence
of sensory or motor alterations. Written informed consent was
obtained from all participants after a detailed description of the
study aims and design, approved by the local Ethics Committee. All
procedures were carried out in accordance with the Declaration of
Helsinki.

Zygosity of all pairs was assessed by genotyping 16 highly
polymorphic microsatellite loci from DNA samples (SSRs; Power-
Plex® 16 System Promega Corporation). Identity on all the markers
can be used to assign monozygosity with greater than 99% accuracy
(Guilherme et al., 2009). In the whole sample (115 twin pairs), 86
duos were MZ.

From that group of participants, using the previously collected
data, a subset of 54 individuals (27 MZ twin pairs) was selected, as
they were informative for obstetric and psychopathological traits
and gave consent to participate in the MRI part of the present study.

Twins included in this subset of 54 participants met the following
criteria: a) age at scan between 20 and 56 years, b) both twins right-
handed, and c) none of the twins manifested liability for DSM-IV-R
psychiatric diagnoses other than depression and/or anxiety. Pairs
where one or both twins manifested either neurological or major
medical illnesses were excluded as well (see Measures).

After this point, due to image artifacts or lack of data about six
participants, the final sample (i.e., the subset included in all sta-
tistical analyses) consisted of 48 individuals (20 males).

2.2. Measures

To evaluate liability for psychopathology in this general popu-
lation sample, a clinical psychologist (X.G.) applied the Structural
Clinical Interview for DSM-IV Axis I Disorders (SCID-I) (First, 1997)
in a face-to-face interview to screen for presence of any lifetime
psychiatric disorder.

Then, dimension-specific (positive, negative and depressive) PEs
were assessed by means of the Community Assessment of Psychic
Experiences (CAPE) (Stefanis et al., 2002), a 42-item self-report
questionnaire measuring subclinical manifestations of psychosis
in the general population. This dimensional representation of PEs
somehow parallels the fact that psychotic patients manifest
symptom clusters, and supports the view of psychosis as a quan-
titative trait in which symptoms may co-occur together. The CAPE
evaluates lifetime prevalence of PEs using a frequency scale ranging
from “never” to “nearly always”, and provides a distress score for
each item ranging from “not distressful” to “very distressful”. Ex-
amples of items assessing positive, negative and depressive PEs in
this questionnaire are, respectively, “do you ever feel as if there is a
conspiracy against you?”, “do you ever feel that you are spending
all your days doing nothing?”, and “do you ever feel pessimistic
about everything?”.

Participants were asked to report if they had received phar-
macological or psychological treatment or had consulted a psy-
chiatrist or psychologist since they first participated in the study.
Only three individuals had life-time exposure to drug treatment for
anxiety or depression.

Information about obstetric complications was collected by
direct interviews with the participants' mothers (Walshe et al.,
2011) by means of the Lewis—Murray Obstetric Complications
Scale (Lewis et al., 1989). Using birth data included herein, birth
season of each twin pair was classified as either Winter/Spring (risk
factor) or Summer/Autumn.
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Since epidemiological findings indicate that Winter/Spring
could be considered a psychosis risk factor when compared to
Summer/Autumn births (Davies et al., 2003), current data was
coded into this two-category structure. In the current data, this
structure was also advantageous due to the limited number of
degrees of freedom (see 2.4. Statistical analyses). Following stan-
dard conventions, seasons of the year were defined as Winter/
Spring (December 22nd-June 21st) and Summer/Autumn (June
22nd-December 21st).

2.3. MRI acquisition and post-processing

High resolution 3D structural datasets, with a T1-weighted
magnetization prepared rapid gradient echo, were acquired at the
MRI Unit of the Image Platform (IDIBAPS, Hospital Clinic de Bar-
celona) by means of a TIM TRIO 3T scanner (Siemens, Erlangen,
Germany), with the following parameters: 3D T1-weighted
MPRAGE sequence, TR = 2300 ms, TE = 3.03 ms, TI = 900 ms,
Flip Angle = 9°, 192 slices in the sagittal plane, matrix
size = 256 x 256, 1 mm° isometric voxel, 8-channel coil.

MRI scans were processed and analyzed using the freely avail-
able software FreeSurfer (version 5.1.0; http://surfer.nmr.mgh.
harvard.edu/), ran on Ubuntu with the Linux 2.6.28-11-generic
kernel. The processing stream consists in removal of non-brain
tissue, mapping to Talairach-like space and segmentation of the
gray—white matter and pial boundaries. To define cortical features,
a two-dimensional tessellated mesh of more than 160,000 vertices
per hemisphere was demarcated over the white surface to distin-
guish the gray—white matter boundary, and it was subsequently
expanded to the gray—pial surface edge. At each vertex, cortical
thickness was measured by estimating the shortest distance from
white to pial surfaces. Further technical details on FreeSurfer can be
found in prior publications (Dale et al., 1999; Fischl et al., 2001;
Fischl et al.,, 2002, 2004; Fischl et al., 1999). These procedures
were fully automated; all scans were visually inspected and slight
manual corrections were done when necessary following standard
procedures.

2.4. Statistical analyses

Vertex-wise p-maps of cortical thickness were generated across
all >160,000 vertices in each hemisphere, to test for i) an associa-
tion between cortical features and either familial factors or unique
environmental influences on PEs (as measured by CAPE scores),
controlling for season of birth, and ii) potential differences in the
PEs—thickness relationship depending on season of birth. The
Monte Carlo Null-Z simulation method, based on the AFNI's
AlphaSim algorithm (Ward, 2000), was implemented to adjust for
multiple comparisons. A cluster-forming threshold of p < 0.01
(vertex-z-threshold = 2.0) was applied, since it is the standard
value in FreeSurfer's QDEC tool.

To determine the relationship between cortical features and
familial and unique environmental components of CAPE scores, a
standard General Linear Model (GLM) is implemented in the
FreeSurfer software, using a regression procedure described else-
where (Begg and Parides, 2003). Specifically, the linear regression
model

Yij = Bo + B, + Bw (Xij — i)

provides estimates of both a) familial factors (genetic plus shared
environment, #g) and b) unique environmental influences (from
non-shared events within a pair, fw) on CAPE scores. Subindex
i € {1,...,n} stands for pair number (here, n = 24 MZ pairs) and
j € {1, 2} refers to co-twin number (randomly assigned). Yj

represents the cortical thickness at a given vertex of co-twin j from
the i-th pair. §o stands for intercept; u; = (Xij1 + Xi2)/2 is the mean
CAPE score of the i-th pair, and X;; — ;. denotes the deviation of co-
twin j from the pair's mean score. When testing the impact of fa-
milial factors (i.e., u;), the term for unique environment (i.e.,
Xij — pi) is included as covariate, and vice versa. In all regression
models season of birth is coded as a discrete factor with two groups
(Winter/Spring and Summer/Autumn); gender and age are
controlled for by introducing them as predictors. Le., in the first set
of analyses, the model

Yji=Bo-+61(gender)+ B, (age) + B3 (season) +Bpu; +Bw (Xij —ui.)

allows both controlling for covariates and testing the hypotheses of
interest. Next, when testing for differences in the PEs—thickness
relationship depending on season of birth, interaction effects be-
tween season of birth and either 65 or Sy are evaluated: i.e.,

Yji=Bo-+61(gender)+ B, (age) + B3 (season) +Bpu; +Bw (Xij —ui.)
+B4(season x u; )

for familial factors influencing PEs, and

Yji=Bo-+ 61 (gender)+ B, (age) + B3 (season) +Bpu; +Bw (Xij —ui.)
+ 85 [season x (Xjj —u; )]

for unique environmental effects on PEs.

3. Results

As a preliminary step, differences in cortical thickness depend-
ing on season of birth were assessed in all individuals, covarying for
gender and age. No association was found. Unadjusted vertex-wise
p-maps for this test can be found in Supplementary Figure S1.
While this finding may seem in contrast with findings from
Pantazatos (2013), the current (null) result may be due either to a
small effect size of birth seasonality on cortical phenotypes (i.e., a
lack of statistical power to detect this association) or to the different
imaging analysis methods employed: Pantazatos (2013) performed
a Voxel-Based Morphometry (VBM) analysis, whereas here authors
examined cortical thickness.

A positive association between the familial component (genes
plus shared environment) of negative PEs and cortical thickness
was found in regions of both brain hemispheres (Fig. 1). Addition-
ally, relationships between cortical thickness and the familial
element of both depressive and negative PEs were different across
season of birth groups (Fig. 2). Individuals born during Winter/
Spring showed cortical thickening associated with higher scores in
either depressive or negative PEs, while the association was in the
opposite direction in subjects who were not exposed to this risk
factor (more details on the direction of these effects can be found in
Supplementary Figure S2).

Positive PEs scores were not related to cortical thickness, and
there was no differential effect on this brain feature depending on
season of birth.

No effect of unique environmental influences of any PEs
dimension was detected in cortical thickness. Similarly, no envi-
ronmental component of PEs was differentially related to cortical
thickness depending on seasonality.

Unadjusted vertex-wise p-maps for Figs. 1-2, and for all other
associations evaluated can be found in Supplementary
Figures S3—S5.
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Fig. 1. Statistical maps of the association between the familial component of negative PEs and cortical thickening in both brain hemispheres. Regions in red/yellow indicate
proportional increases of CAPE scores for negative PEs and cortical thickness. Absolute values of numbers in the scale represent -logqo(p). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

This work tested the relationship between dimension-specific
PEs and cortical thickness in a non-clinical population, accounting
for the effect of birth season and using a genetically informative
design.

Localized thickness increases in both brain hemispheres were
found correlated with greater familial components of negative PEs.
This is in agreement with a previous study detecting higher cortical
thickness in healthy individuals with high schizotypal personality
traits, whose results were interpreted under the hypothesis of a
protective role of such brain morphology trait (Kuhn et al., 2012).
Despite the positive correlations between schizotypy and PEs
(Barrantes-Vidal et al., 2013), dissimilarities across studies in the
identified brain regions could be attributable to the use of different
instruments, which indeed assess distinct psychometric constructs.
In addition, a previous report found larger gray matter volumes in
subjects from the general population with high scores in the CAPE
(Modinos et al, 2010), probably also suggesting that brain
compensatory features may correlate with higher psychopathology
scores measured by this questionnaire.

More specifically, the previous report of schizotypy and cortical
morphology indicated that high schizotypal scorers display cortical
thickening in specific regions across the right prefrontal and oc-
cipital cortex (Kuhn et al., 2012). In these brain regions, current
results suggest that a similar right occipital thickness increase may
correlate with high depressive PEs scores in Winter/Spring born
individuals, whereas Summer/Autumn subjects could show the
opposite correlation. Also, it is worth noticing that, using a different
MRI processing approach, high CAPE scores were previously linked
to larger regional volumes in the medial posterior cingulate cortex
and precuneus (Modinos et al., 2010). Notably, results shown here
suggest high negative or depressive PEs (as measured with the
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CAPE) could be associated with cortical thickening of these two
regions in individuals born during Winter/Spring.

Afterward, widespread differential seasonal effects were iden-
tified for the relationships between either depressive or negative
PEs on cortical thickness. While individuals born during Winter/
Spring showed thickening associated with higher PEs, participants
from the Summer/Autumn group displayed an association in the
opposite direction: similar to SZ patients, higher rates of either
depressive or negative PEs were related to decreases in cortical
thickness. Interestingly, epidemiological evidence suggests that
there could be different etiological pathways for SZ. Whereas the
excess of SZ births during Winter/Spring may be due to manifes-
tations of the disease with strong environmental sources (obstetric
insults altering neurodevelopment), a different SZ subpopulation
would have high familial/genetic risk but may not be affected by
season of birth in the same way (Franzek and Beckmann, 1996).
Results found here somehow suggest that these etiological differ-
ences within the SZ phenotype may be paralleled in subclinical
psychopathological traits such as PEs.

By using a genetically informative (twin) design, the present
study allowed determining that the relationship between either
negative or depressive PEs and cortical thickness may be led by
familial influences (genes plus shared environment) that determine
these phenotypes; besides, season of birth seemed to moderate
these associations. These results are feasible in view of previous
reports demonstrating a considerable genetic load for both cortical
measures and subclinical psychotic traits (Panizzon et al., 2009;
Lataster et al., 2009); our results also suggest that some familial
influences shared by cortical thickness and PEs are jointly modified
by birth seasonality. More precisely, the familial component of PEs
in individuals born during Summer/Autumn showed cortical thin-
ning correlates similar to those found in SZ, but in the subset
exposed to the environmental risk factor (Winter/Spring birth),

Right hemisphere

Medial Lateral

Fig. 2. Statistical maps showing differential effects for the relationship between PEs and cortical thickness, depending on season of birth. Uppermost maps refer to depressive PEs
and lowermost ones denote negative PEs. Red/yellow colors specify regions where individuals born during Winter/Spring manifested positive correlations between CAPE scores and
cortical thickness, whereas those born in Summer/Autumn showed a negative correlation. Absolute values of numbers in the scale represent—logio(p). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



148 A. Cordova-Palomera et al. / Journal of Psychiatric Research 56 (2014) 144—149

familial effects enhancing PEs also seem to underpin a cortical
thickening mechanism.

Accordingly, a recent protective/compensatory SZ model has
integrated findings from the widely studied neurodevelopmental,
multifactorial-oligogenic and gene-environment perspectives of SZ
to propose that developmental adaptation reactions may be greater
in individuals having severe early impairments, and that disease
would arise only in the absence or failure of such a compensatory
response (Maziade and Paccalet, 2013). Hence, cortical thickness
increases were detected in individuals of this study who were
under early environmental risk (the Winter/Spring subset) and
later showed high PEs scores. This thickening may perhaps have
sheltered them against transitions to definite psychosis.

The fact that statistically significant results were found for
depressive and negative (but not positive) PEs may be related with
different etiological pathways underlying each psychopathological
dimension. In effect, it has been proposed that positive PEs may be
originated by environmental exposures such as trauma, cannabis
use and urbanicity, whereas negative/disorganized PEs could be
driven by developmental disruptions (Dominguez et al., 2010).
Besides, it has been described that cortical features may be different
across schizophrenia subgroups classified according to symptom
profiles (Nenadic et al., 2013), which could be hypothesized to
parallel (in non-affected individuals) distinct relationships between
dimension-specific PEs and cortical thickness.

Finally, it is important mentioning that a previous work found
cortical thickness increases in offspring of mothers who suffered
mild prenatal infections (Willette et al., 2011). Similarly, regarding
participants of the current study, the fact of being born during
Winter/Spring probably made them prone to just slightly altered
immune reactions. One could also speculate that, in response to this
mild exposure, familial factors influencing both cortical thickness
and PEs may activate a similar thickening mechanism.

Some remarks should be stated concerning methodological
limitations of this study. First, the sample size was modest;
nevertheless, associations found here would support the presence
of strong effects. Besides, further research using similar
psychometrically-assessed subclinical psychotic traits may clarify
potential dimension-specific effects of PEs in the general popula-
tion. Finally, in the whole community twin sample (n = 230) from
which participants of this MRI study (n = 48) where extracted,
lifetime incidence of depressive/anxiety pathology was detected in
some individuals. Presence of depression/anxiety was clearly
associated with higher values of dimension-specific PEs scores
across the 230 participants of this sample (in line with results by
Wigman et al. (2012); data not shown). Thus, higher PEs scores may
well be overrepresented in those 20 (out of 48) individuals (of this
MRI sample) who showed liability for depression/anxiety.
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Background: Though cognitive abilities in adulthood are largely influenced by individual genetic
background, they have also been shown to be importantly influenced by environmental factors. Some of
these influences are mediated by epigenetic mechanisms. Accordingly, polymorphic variants in the
epigenetic gene DNMT3B have been linked to neurocognitive performance. Since monozygotic (MZ)
twins may show larger or smaller intrapair phenotypic differences depending on whether their genetic
background is more or less sensitive to environmental factors, a twin design was implemented to
determine if particular polymorphisms in the DNMT3B gene may be linked to a better (worse) response
to enriched (deprived) environmental factors.

Methods: Applying the variability gene methodology in a sample of 54 healthy MZ twin pairs
(108 individuals) with no lifetime history of psychopathology, two DNMT3B polymorphisms were
analyzed in relation to their intrapair differences for either intellectual quotient (IQ) or working memory
performance.

Results: MZ twin pairs with the CC genotype for rs406193 SNP showed statistically significant larger
intrapair differences in IQ than CT pairs.

Conclusions: Results suggest that DNMT3B polymorphisms may explain variability in the IQ response to
either enriched or impoverished environmental conditions. Accordingly, the applied methodology is
shown as a potentially valuable tool for determining genetic markers of cognitive plasticity. Further
research is needed to confirm this specific result and to expand on other putative genetic markers of
environmental sensitivity.

Keywords:
Gene-environment
Cognitive plasticity
DNMT3B
Monozygotic twins

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction mental influences and gene-environment interactions have also
been suggested to play an important role in shaping cognition
[30,38,47,62]. Of note, the popular concept of cognitive plasticity
refers to changes in cognitive performance in response to
experience, rising from either structured education/training or
other environmental factors [31,44].

In this context, determining whether individuals with a given

Interindividual differences in adult cognitive abilities are highly
influenced by genetic background [19,21]. However, environ-
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genetic background are more sensitive to external influences
which modify cognitive traits can be achieved by the variability
gene methodology. The concept of “variability gene” [8,9] was first
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introduced in the field of human genetics to label genes
contributing to phenotypic variation (individual differences)
rather than affecting the mean level of a trait in a population.

Variability genes as a proxy for cognitive plasticity may constitute
an important issue in epidemiological research. Their study may
allow not only identifying people with high capability of response to
training or other interventions, but at the same time determining
which individuals are particularly prone to cognitive deficits after
potential environmental deprivation/insults. Also, research findings
have been reported on the relationship between polymorphic
genetic variants and response to cognitive training [5,61,76]. In this
regard, the variability gene approach has (in principle) the additional
advantage of testing gene-environment interactions through
recognizing polymorphic variants which may be associated to
either better or worse cognition depending on the environment. To
the knowledge of authors, the use of this methodology in cognitive
research is still lacking, even though similar genetically informative
designs have shown a role for genetic variants in supporting
cognitive plasticity and/or flexibility [29,46,77].

The main conceptual and methodological approach in varia-
bility gene studies is the assessment of intrapair differences in
monozygotic (MZ) twins in relation to their genotype for a
particular polymorphic variant. Since MZ twins of a pair have
almost identical DNA sequences, this approach postulates that
duos having a specific genetic background would display larger
intrapair differences than other pairs with distinct genes: the
environment would have a larger or smaller effect depending on
the genes with which it interacts. In general, intrapair differences
for a phenotype in a MZ twin are assumed to be caused by uniquely
environmental influences and stochastic events [80].

The parallel concept of “phenotypic plasticity” has largely been
used in disciplines like Biology or Ecology to explain the ability of a
single genome/genotype to produce more than one phenotypical
trait in response to environmental conditions and hence, give rise
to interindividual differences [23,71,84]. The analogous “plasticity
gene” term has similarly been underscored [6] in behavioral
science since it posits a novel conceptual framework to study gene-
environment interactions: rather than engendering susceptibility
to deficit, a “plasticity gene” would be part of a genetic structure
with high likelihood of either enrichment (from supportive
experiences) or impoverishment (from adverse external inputs).

In particular, feasible candidate genetic loci for investigating
variability genes in relation to cognitive plasticity may be at genes
from the epigenetic machinery. Epigenetics can be defined as the
study of heritable changes in gene expression occurring through
modulation of the chromatin structure rather than by changes in
the DNA sequence [2]. Despite their almost identical DNA
sequence, epigenetic differences resulting from exposure to
distinct environments can be found within members of a MZ twin
pair [41,69]. One of the most widely studied epigenetic mechan-
isms is DNA methylation. In response to environmental clues, DNA
(cytosine-5-)-methyltransferases (DNMT) enzymes catalyze the
addition of methyl groups, typically in CpG dinucleotides of DNA
regions, thus altering gene expression and cell function [45]. Impor-
tantly, there is consistent evidence linking epigenetic processes
such as DNA methylation with brain and cognitive plasticity
[4,10,39,48]. In this regard, DNA methyltransferase 3B (DNMT3B) is
of particular significance, due to its active role in modulating global
methylation dynamics and central nervous system development in
mammals [24,40,60]. Accordingly, previous neuroscience research
has suggested an important role for the DNMT3B protein activity in
cognitive plasticity, mainly via covalent modifications to DNA
leading to synaptic changes [53,56,78].

Since several reports have been published relating polymorphic
variation in genes coding for proteins that regulate epigenetic
processes and both neuropsychiatric and neurocognitive

disruptions [57], the present study takes as starting point the
likewise plausible hypothesis that DNA polymorphisms in the
DNMT3B gene may contribute to cognitive differences between
subjects in response to similar external experiences.

Of note, the DNMT3B gene has largely been studied in relation to
psychopathology, neurocognition and associated epidemiological
variables[16,17,15,34,35,58,64,73,86]. These studies provide some
evidence linking DNMT3B polymorphisms and risk for cognitive
performance deficits and mental health problems. Complementa-
rily, the current work is aimed at determining whether some of
these polymorphic variants are likely to cause more permeable
cognitive performance (either intellectual quotient (IQ) or working
memory (WM)) in healthy individuals. IQ and WM are particularly
important in this setting, since both of them have been shown to be
permeable to environmental influences such as training [43,50,55];
this is likely influenced by the genetic background [11,75]. It is
worth noting that, despite the genetic link between IQ and WM
[28], previous research indicates that stimulating better perfor-
mance in one of them does not necessarily imply improvements in
the other [68,74], probably indicating distinct plasticity pathways.

To evaluate the potential role of DNMT3B polymorphisms as
modulators of the cognitive response to environmental factors,
informative single nucleotide polymorphisms (SNPs) were geno-
typed for a group of 108 MZ twins (54 pairs) from the general
population who did not show a lifetime history of (DSM-IV) mental
disorders. Intrapair differences in neuropsychological test scores
for either IQ or WM were estimated and studied in relation to
DNMT3B genotypes of each pair.

2. Materials and methods
2.1. Sample description

Twins included in this study were drawn from a larger ongoing
twin sample consisting of 242 Caucasian Spanish adult twins (UB
Twin Registry) from the general population who gave permission
to be contacted for research purposes. Exclusion criteria applied for
that sample included age under 17 and over 65, a medical history of
neurological disturbance, presence of sensory or motor alterations
and current substance misuse or dependence. Written informed
consent was obtained from all participants after a detailed
description of the study aims and design, approved by the local
Ethics Committee.

Peripheral blood or saliva samples were obtained, and zygosity
of the pairs was determined by genotyping 16 highly polymorphic
microsatellite loci from DNA samples (SSRs; PowerPlex™ 16 System
Promega Corporation). Identity on all the markers can be used to
assign monozygosity with greater than 99% accuracy [33]. From
this sample, 186 individuals were members of MZ twin pairs (i.e.,
there were 93 MZ pairs).

A battery of psychological and neurocognitive tests and medical
records and were completed for all participants in face-to-face
interviews by trained psychologists. The Structural Clinical Inter-
view for DSM-IV Axis I Disorders (SCID-I) [25] was administered in
a face-to-face interview to screen for presence of any lifetime
mental disorder. Twin pairs where one or both co-twins met
diagnostic criteria for any current or past psychiatric disorder were
excluded from the larger 186-MZ-subject sample. Accordingly,
108 healthy twins (54 MZ pairs) were included in all statistical
analyses described below. Further recruiting and demographic
details of this sample can be found elsewhere [1].

2.2. Neurocognitive assessment

Intelligence quotient (IQ) was estimated from five subtests
(block design, digit span, matrix reasoning, information and
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vocabulary) of the Wechsler Adult Intelligence Scale (WAIS-III)
[70,82] by trained psychologists. Also using the WAIS-III, WM
performance was estimated from two subtests (digit span and
letter number sequencing).

2.3. Selection of SNPs

A literature search for SNPs spanning the DNMT3B and
potentially related to neuropsychiatric and neurocognitive phe-
notypes was performed in PubMed, by crossing the search terms
DNMT3B, DNA methyltransferase, psychiatry, psychopathology,
intelligence, cognition and neurocognition. Afterwards, a com-
plementary manual search was performed across references cited
in the previously retrieved manuscripts. Six studies of this gene
and neuropsychiatric/neurocognitive conditions and traits were
retrieved [16,17,34,58,73,86]. The SNP with more positive
statistical associations (i.e., presented as linked to cognition/
psychopathology outcomes by independent researchers) was
1s2424913 (46359C > T), in an intronic DNMT3B region.

Other SNPs previously reported as associated with phenotypes
were 152424908 and rs6119954 (early onset schizophrenia [86]),
1s2424932 (suicide attempt [58]), rs1569686 (late onset Alzhei-
mer’s disease [16]), rs406193 (cognitive performance in psychotic
patients [73]). From the previous list, rs2424908 and rs2424932
were located near to rs2424913. Likewise, there was high genotype
similarity between rs1569686 and rs2424913 in the 1000 Gen-
omes’ CEU population [26]. Accordingly, rs2424908, rs1569686
and rs2424932 were discarded as candidate SNPs since their
information was somehow redundant with that of rs2424913 (in
effect, genotypes of these SNPs were correlated [26], suggesting
some linkage disequilibrium). Additionally, in recognition that
rs406193 (DNMT3B’s 3’ UTR) has directly been associated with a
cognitive phenotype, it was selected as informative and genotyped
in the current sample. rs6119954 was discarded to reduce the
number of tests, since it was reported just once within the spanned
literature field, in relation to early onset psychosis risk. Thus, only
1s2424913 and rs406193 were analyzed afterwards.

2.4. Genotyping

Genotypes for rs2424913 and rs406193 were obtained for all
participants with Illumina Infinium iSelect HD Custom Genotyping
BeadChips®. Allele and genotype frequencies were estimated for
the current 54 MZ pair sample. Hardy-Weinberg equilibrium was
calculated using one genotype from each twin pair, by means of
standard Pearson’s Chi-squared tests with simulated P-values
based on 10,000 replicates, from R’s genetics package [81].

2.5. Statistical analyses

All analyses were performed with R [65]. In recognition that
some adjustment is needed to account for the fact that
epigenetically-driven differences in MZ twins are largely affected
by age and gender of pairs [79], these two variables were included
as covariates in the analyses.

Preliminary tests evaluated the relationship between geno-
types in the DNMT3B gene and either WM or 1Q, by analyzing each
co-twin as an independent participant (i.e., 108 individuals).
Ordinary least squares linear regression tests were performed and
the Huber-White method was used to adjust the variance-
covariance matrix to account for correlated responses from twin
pairs [37]. Since previous reports indicate odds ratio for SNPs in
DNMTs ranging from small (~1.5) [34] to large (>4) [16], a
statistical power assessment was conducted, using R’s pwr
package [13,12]. With the current sample size, linear models
adjusting for gender and age, and using two predictor SNPs would

have a statistical power of 82% of detecting odds ratio around 1.5; if
only one SNP is included in the model, the statistical power goes up
to 86%.

Finally, a linear regression model was implemented to test for
putative variability genes. Specifically, associations between
genotypes and intrapair differences in cognition were evaluated
by means of:

[Yin = Yia| = By + Brgender; + Brage; + B3152424913;
+ B,rs406193;

In the regression equation, subindexie {1, ..., n} stands for pair
number (here, n=54 MZ pairs) and Y;; designates the psycho-
metric score (IQ or WM) of co-twin 1 or 2 (i.e., a randomly assigned
j€{1,2}) from the i-th pair. As inferred, only two different linear
regression tests were initially performed (one for IQ and another
for WM). Gender, age and SNPs only take one value from each pair
(they are shared by both co-twins). An intercept () is included to
account for average intrapair differences present across all pairs,
regardless of gender, age or genetic background. While the reduced
number of observations may be an issue at this point (54 entries,
one per each healthy MZ pair), statistical power estimations
revealed that linear models adjusted for gender and age, and with
one SNP had a power of 52%, whereas removing the covariates the
power raised up to > 70%. Hence, models with and without
covariates - and their respective 1 discrimination indexes — are
compared when appropriate.

P-values for these regression models were obtained from
permutation tests, with the ImPerm package for R [85]. Rather than
using the conventional evaluation of standard errors to compute P-
values, this software estimates statistical significance by calculat-
ing a permutation distribution. Permutation-based P-values are
particularly advantageous for saturated experimental designs,
datasets from non-normal populations or with apparent outliers.

There is previous evidence of slight changes in the significance
and effect sizes obtained of DNMT's SNPs in cognition depending on
the choice of additive or dominant models [34]. Accordingly,
preliminary exploratory analyses were conducted to determine
whether this could considerably alter the current results for the
1s2424913. The results obtained did not show large differences.
Since additive models have been shown to produce more
conservative results in similar analyses (i.e., lower effect sizes
and larger P-values, with a correspondingly lower chance of false
positives) [34], they were selected to be shown in the next sections.

When statistically significant nominal P-values were retrieved
from a given statistical test, multiple comparisons corrections
were implemented with the False Discovery Rate (FDR) adjust-
ment; the type-I error rate correction adopted here was based on
previous literature of statistical analysis for biological and
behavioural data [7,14,27,49,59,63]. When applicable, FDR-
adjusted P-values from a test are shown and results are discussed
accordingly.

3. Results

The sample included in all analyses was composed of
108 healthy MZ twins, as shown in Table 1. As mentioned above,
none of these co-twins had a history of lifetime DSM-IV
psychopathology.

In the whole sample (n = 108), the psychometric scores were in
good agreement with previous population-based studies [52]
(Table 1). Within MZ twin pairs, intrapair correlation in WM scores
was 0.722 (P=7 x 10719, and correlation in IQ was 0.721
(P=8 x 1071%). These correlations are similar to other values
reported in MZ twin samples [3,20,51]. Of note, their similarity
(0.722 and 0.721) does not imply here a within-subject correlation
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Table 1

Demographic and cognitive variables of the twin sample of this study, including data sorted by DNMT3B genotypes of rs2424913 and rs406193.

Whole sample
54 MZ pairs: 108 subjects

DNA (cytosine-5-)-methyltransferase 3 beta (DNMT3B) gene

rs2424913 SNP genotype

rs406193 SNP genotype

CcC CT TT CcC CT

7 MZ pairs: 30 MZ pairs: 17 MZ pairs: 38 MZ pairs: 16 MZ pairs:

14 subjects 60 subjects 34 subjects 76 subjects 32 subjects
Age (mean +SD) 33.1+12.2 40.8+114 33.3+12.1 29.6+11.6 329+13.2 33.8+9.6
Gender (male/female) 46/62 6/8 24/36 16/18 38/38 8/24
IQ (mean + SD) 105.4+10.5 108.3+12.2 105.6 +8.1 103.7+13.2 105.6+11.8 104.9+6.6
WM (mean + SD) 105.1+13.6 112.6+10.9 103.7+12.4 104.4+15.8 105.6 +14.1 103.8+12.2
Intrapair difference in 1Q (mean =+ SD) 6.7+5 6.6+4 59+49 8.2+5.6 7.8+5.2 4+34
Intrapair difference in WM (mean =+ SD) 8.2+6.5 54+32 81+74 9.4+5.6 7.7+5.7 9.4+8.2

MZ: monozygotic; SD: standard deviation; IQ: intellectual quotient; WM: working memory; SNP: single nucleotide polymorphisms.
As mentioned in the text, due to the low TT genotype frequency for the rs406193 SNP across the general population, TT carriers were not identified in the present sample.

for the two phenotypes. Namely, for a given individual, having a
high/low IQ score does not necessarily mean having a high/low
WM score. This argument is derived from the fact that, within an
individual, there was only a moderate correlation between IQ and
WM (r=0.683, P=0.029), as expected from previous reports [28].

Genotype distribution of none of the analysed SNPs in this
sample departed significantly from Hardy-Weinberg equilibrium
(rs2424913: X-squared =1.22, P=0.392; r1s406193: X-
squared = 1.63, P=0.338). Also, genotype frequencies were very
similar to those reported for the 1000 Genomes’ CEU population
[26] (rs2424913: X-squared=0.76, P=0.727; rs406193: X-
squared = 0.64, P =1). Of note, rs406193 T allele and TT genotype
frequencies are very low across general population samples. For
instance, the 1000 Genomes’ CEU population was constituted by
59 CC, 25 CT and 1 TT genotype carrier individuals; in the rest of
1000 Genomes populations, TT genotype frequencies ranged from
0% to 3.4%. This is consistent with the fact that, across the present
54-genotype sample (one genotype per MZ twin pair), there were
no TT carriers.

Preliminary tests assessing the potential link between DNMT3B
genotypes and either WM or IQ across the 108 participants did not
reveal statistically significant associations (WM: 1s2424913’s
B=-196, SE=28, t=-0.7, P=0485, r1s406193's B=201,
SE=3.27, t=0.61, P=0.541; 1Q: rs2424913's §=-0.83, SE=2.31,
t=-0.36, P=0.719, rs406193's =139, SE=247, t=0.56,
P=0.575).

Finally, further linear regression analyses were performed in
order to determine whether intrapair differences in cognitive
performance (IQ and WM) were related to DNMT3B genotypes.

Differences in WM performance were not related to these two
polymorphisms (rs2424913’s fB=1.55, P=0.245, rs406193's
B=-123, P=0.342; adjusted R-squared: 0.009, model’s
P =0.36). However, as depicted in Fig. 1, C homozygotes for the
rs406193 SNP showed statistically significant larger intrapair
differences in IQ than CT genotype pairs (rs2424913’s 8 =1.09,
P=0.748, rs406193’s B=3.52, P=0.019; adjusted r-squared:
0.106, model’s P = 0.049). Significance of this statistical association
survived FDR multiple testing adjustment (rs406193’s FDR-
adjusted P =0.038).

Post-hoc tests evaluated the association between rs406193
genotype and intrapair differences in IQ, removing the other
covariates. The association remained statistically significant when
removing either the rs2424913 genotype (rs406193’s S =3.34,
P =0.018, adjusted r-squared: 0.106), or in a univariate model (i.e.,
removing gender, age and rs2424913) (rs406193’s fS=3.84,
P =0.006, adjusted r-squared: 0.107).

Briefly, Fig. 1 depicts a summary of results for the DNMT3B'’s
rs406193 genotype. Each symbol represents one twin pair. Mean
IQ of a pair (vertical axis) is an average measure of intelligence of

that pair. As illustrated, symbols in the plot do not sort according to
genotype through the vertical axis, indicating this paired-average
IQ measure is not affected by the rs406193 SNP. However,
rs406193’s CC genotype pairs often display large intrapair
differences in IQ (circles in the rightmost part of the plot are
mostly twin pairs with CC genotype).

4. Discussion

This work evaluated whether genetic background related to
epigenetic processes is more responsive to environmental
influences on cognitive performance. It was found that MZ twins
with the CC genotype for rs406193 SNP (in the DNMT3B gene)
display (statistically significant) larger intrapair differences in 1Q
than twin pairs with other genotypes. Accordingly, the 1Q of CC
carriers would be more variable in response to either potentially
enriched or deprived environmental factors altering cognition.
This finding may be in line with previous reports suggesting that
the modulation of DNA methylation dynamics by the DNMT3B
protein is related to brain and cognitive plasticity [53,56,78].

The finding of an association between a specific genotype and
variability in IQ - but not in WM - may also have relevance
considering previous reports on cognitive plasticity and training.
Recent evidence indicates that IQ is not generally improved by
means of WM training, partly because distinct cognitive features
respond to particular training protocols [54,68,72]. The current
results indirectly expand on this issue, and support the idea that

CC genotype
/\\ CT genotype

Mean 1Q of the pair
-

90

80
|

0 5 10 15 20
Absolute intrapair difference in 1Q

Fig. 1. Schematic of the 54 MZ pairs (each figure symbol), depicting their DNMT3B’s
rs406193 genotype, absolute intrapair difference in IQ and mean IQ score of the
same pair. Each symbol in the plot (circles: CC genotype; triangles: CT genotype)
represents each of the 54 MZ twin pairs. Gray dotted lines through axes centers
divide quadrants.
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genetically-driven plasticity —and response to environmental
factors - may be different across cognitive domains, in agreement
with research on the genetics of cognitive training response [5,76].

Remarkably, DNMT3B rs406193’s C allele has been previously
associated with worse cognitive performance (as measured by a
comprehensive neuropsychological battery) in patients with
psychotic disorders [73]. Though using a different conceptual and
methodological approach which does not directly evaluate the same
association, current results are somehow in line with that report.
Simons et al. [73] suggest that within a group of patients who, by
definition, were likely exposed to environmental risk factors, the C
allele for rs406193 confers risk for worse cognition. The variability
gene approach implemented herein suggests that, within a MZ twin
pair with the CC genotype, the co-twin suffering environmental
insults or lack of stimulation may have a low IQ score, whereas his
co-twin, who was likely exposed to enriched environmental
experiences, would perform better in intelligence tests.

It is likewise worth noticing that rs406193’s T allele- which was
associated here with reduced cognitive plasticity —has a relatively
low frequency across the population, suggesting that cognitive
flexibility may possibly be boosted by selective mechanisms. Of
note, there is some previous evidence suggesting that adaptive
cognitive plasticity may be rooted on evolution and have a genetic
basis [22]. As previously noticed, DNA sequence changes of the
DNMT3B may have enormous consequences on the regulation of
epigenetic signaling throughout an organism, probably by redu-
cing its phenotypic plasticity- defined as the ability to modify a
behaviour in response to environmental cues -[23,36]. The present
results are in line with this idea, by indicating that individuals with
the DNMT3B’s r1s406193 T allele may have less cognitive plasticity
in front of variable environments.

In the same way, it is important mentioning a recently reported
association between rs406193 genotype and DNA methylation
levels of the insulin-like growth factor binding protein 3 (IGFBP3)
gene in neonatal cord blood [64]. Such finding anywise indicates the
significance of rs406193 genotype in shaping the human response
to early environment, through epigenetic modulation of biological
mechanisms. Other evidence points out that environmental insults
occurring early in life may have long-lasting effects on cognitive
performance [66,67]. Furthermore, the insulin-like growth factor
family of proteins has been recognized to have a role in brain
functioning and related processes [18,83], which may probably
underlie biological mechanisms linking environmental factors, DNA
methyltransferases activity and later cognitive outcomes.

Additionally, it is worth mentioning the fact that IQ but not WM
was influenced by the rs406193 SNP. Importantly, heritability of
these two phenotypes varies around 87% and 40%, respectively
[21,32]. Hence, noticing that i) IQ has a much larger heritability
estimate and ii) recent evidence points that gene-environment
interactions may account for an important fraction of heritability
estimates [42], it is feasible speculating that IQ is more likely
affected by phenomena as described here. More precisely, the
increased sensibility in response to the environment observed in
rs406193 CC genotype individuals would constitute a gene-
environment interaction.

Regarding the other DNMT3B polymorphic variant analyzed
here (rs2424913), it should be noted that current preliminary
results of no association between this SNP and either WM or IQ in
adults are consistent with the (null) result by Haggarty et al. [34],
who found rs2424913 related to general cognitive abilities neither
in childhood nor adulthood. Nevertheless, rs2424913 may likely be
a “level genotype” with relevant cognitive effects within neurop-
sychiatric patient populations, as found by Simons et al.
[73]. Namely, rs2424913 could affect the mean level of cognitive
traits in psychotic individuals, but currently available data suggest
it is not related neither to cognitive performance in healthy adults.

Though confirmatory research and explanations of underlying
epigenetic mechanisms are pendant, overall findings of this report
seem biologically plausible on the basis of previous literature.

Finally, authors acknowledge some limitations of the present
study, such as the modest sample size and the small number of
SNPs assessed. Nevertheless, having found an association in this
sample, even after adjusting for multiple potential confounders,
suggests relevant effect sizes. Also, further research is invited to
evaluate other relevant SNPs in both DNMT3B and distinct genes
with relevance for epigenetically-mediated response to non-
genetic factors and cognitive processing.
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Late and early stressful factors have widely been recognized to play a role in the aetiology of depression.
Recent research indicates that such adverse environmental stimuli may alter gene expression in humans
via epigenetic modifications. While epigenetic changes such as DNA methylation are likely involved in
these processes, it is still unknown what specific genomic loci may be hyper- or hypo-methylated in
depression. The association between depressive symptoms during the last 30 days (Brief Symptom
Inventory [BSI]) and peripheral-blood DNA methylation levels at genomic loci previously reported as

gﬁx‘ggi;}ylaﬁon epigenetically altered in saliva and brain of depressive patients was evaluated in a community sample of
Depression 34 adult Caucasian MZ twins (17 pairs). Intrapair DNA methylation differences in an intron of DEPDC7
MZ twins (chr11:33040743) were associated with intrapair differences in current depressive symptoms.
Brief Symptom Inventory Accordingly, a site-specific 10% DNA hypomethylation in a co-twin would correlate with a current
DEPDC7 depressive symptom score around 3.1 BSI points above the score of his/her less-depressed co-twin. These

findings indicate that DEPDC7 hypomethylation in peripheral blood DNA may be associated with recent
depressive symptomatology, in line with previous results.
© 2015 Published by Elsevier Masson SAS.

1. Background

Several studies have evidenced that some epigenetic alterations
following adverse environmental stimuli may considerably alter
gene expression patterns to induce depression and related
psychopathology [10,15,21].

One of the best candidate epigenetic alterations in psychiatric
epidemiology research is DNA methylation, due to its accessibility
and its relevance for the biology of gene expression [23]. Meth-
ylation of DNA happens at position 5 of the cytosine pyrimidine
ring of CpG dinucleotides, and it is closely related to the gene
expression modifications. Accordingly, previous research has
indicated that late and early stressful factors may get embedded

* Corresponding author. Tel.: +34 9340 21461; fax: +34 9340 35740.
E-mail address: 1fananas@ub.edu (L. Fafianas).

http://dx.doi.org/10.1016/j.eurpsy.2015.04.001
0924-9338/© 2015 Published by Elsevier Masson SAS.

into the genome via DNA methylation changes, which may
ultimately lead to gene expression disruptions that increase the
risk for depressive psychopathology [21,24]. However, the precise
genomic loci at which DNA methylation alterations occur in
depression remain still not identified with certainty.

A recent study showed intrapair DNA methylation differences
at two CpG sites across the genome in the saliva of 18 monozygotic
(MZ) twin pairs discordant for adolescent depression, and later
replicated these findings in post-mortem cerebellum of subjects
with major depressive disorder (MDD) [12]. While these are
certainly robust results, replication using blood, and in samples
with different demographics and depression-related phenotypes is
needed to determine the extent to which the previous relation-
ships remain valid. This may also serve to identify potential
biological mechanisms mediating these associations.

Therefore, this work aims to expand on previous findings to
determine whether the above-mentioned epigenetic signatures,

Please cite this article in press as: Cordova-Palomera A, et al. Further evidence of DEPDC7 DNA hypomethylation in depression: A study
in adult twins. European Psychiatry (2015), http://dx.doi.org/10.1016/j.eurpsy.2015.04.001
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which have been found associated with clinically-relevant
depression in saliva of adolescents and in MDD cerebellum, can
likewise be detected in peripheral blood DNA of adult MZ twins
with less-severe depressive phenotypes (psychopathological
symptoms) manifested during the last month.

2. Methods
2.1. Subjects

Participants of this study were part of a larger ongoing twin
sample consisting of 242 Caucasian Spanish adult twins from the
general population who gave permission to be contacted for
research purposes. For that sample, exclusion criteria applied
included age under 18 and over 65, a medical history of neurological
disturbance, presence of sensory or motor alterations and current
substance misuse or dependence. Written informed consent was
obtained from all participants after a detailed description of the
study aims and design, approved by the local Ethics Committee.

Medical records and a battery of psychological and neurocog-
nitive tests were obtained in face-to-face interviews by trained
psychologists. Additionally, peripheral blood or saliva samples
were obtained from all participants, and zygosity of the pairs was
determined by genotyping 16 highly polymorphic microsatellite
loci from DNA samples (SSRs; PowerPlex® 16 System Promega
Corporation). Identity on all the markers can be used to assign
monozygosity with greater than 99% accuracy [17].

Additional research protocols were administered to a smaller
MZ twin group from this 242-twin set. Briefly, neuroimaging and
epigenome-wide data was collected for a group of 34 middle-aged
participants (17 MZ twin pairs; age range 22-56, median age 38; 47%
female) who were informative for psychopathology, neurocognition
and early stress factors. The choice of these 34 participants from the
larger UB Twin Registry was mainly based on three criteria:

e both members of each pair were willing to collaborate in
upcoming appointments;

e there was good-quality information on neurocognitive perfor-
mance and both prenatal and childhood neurodevelopment for
both twins from retrospective questionnaires;

e some of the pairs had lifetime liability for anxious-depressive
psychopathology, as indexed by the SCID interview (see Section
2.2 Psychopathology assessment) [16].

Although the SCID interview indicated that some of these twins
had had lifetime liability for anxiety and depression, only five out
of the thirty-four participants showed psychopathology symptoms
above the SCID thresholds by the time of blood extraction. These
five individuals scored moderately higher than the other twins for
the current depression symptoms assessment; however, since this
is a community sample that was not collected from a clinical
setting, the symptom severity was not extreme. It is also important

Table 1
Descriptive data for variables included in the analysis.

noticing that, due to the transversal character of the present
design, the focus is on current symptoms — by the time of blood
extraction and epigenetic marker assessment - rather than on
lifetime psychopathological liability.

Peripheral blood was available for all members of this 34-twin
group. All analyses described below refer to this 34-individual
subset. Further information on the sample can be found in Table 1
and elsewhere [9].

2.2. Psychopathology assessment

Current psychiatric symptoms were evaluated with the Brief
Symptom Inventory (BSI) [13,29]. The BSI is a self-administered
46-item screening instrument aimed at identifying the experience
of psychopathological symptoms during the last 30 days. It is
composed by six subscales (depression, phobic anxiety, paranoid
ideation, obsession-compulsion, somatization and hostility) con-
ceived for use in both clinical and non-clinical samples. Items are
rated on a 5-point scale of distress, according to self-perception of
symptoms. Descriptive information of the BSI scores in this sample
can be found in Table 1.

Of note, previous research has consistently demonstrated a
relationship between the BSI depression scores and the clinical
phenotype of depression [ 13,14]. Although the specificity of the BSI
to detect clinical depression varies depending on score cut-offs
[31], the “healthy” baseline for the BSI depression items used here
would be around 1.8 points (raw score) [25], and psychiatric
diagnoses are typically found when scoring about six times [13]
the “healthy” rating (i.e., about 10.8 points in this case).

2.3. Methylation data

The Illumina Infinium HumanMethylation450 (450K) BeadChip
[4,30] was employed. Specifically, by genotyping sodium bisulfite
treated DNA, DNA methylation is assayed by this platform at
>450,000 CpG sites across the genome at single base resolution;
next, bisulfite-converted DNA undergoes whole-genome amplifi-
cation, before being fragmented and hybridized to microarray
probes. DNA methylation fraction of each CpG site is estimated as
B=M|(M+U+a); M and U stand for methylated and unmethy-
lated fluorescence intensities, and « is an arbitrary offset applied to
stabilize S values with low intensities.

Infinium methylation data was processed with Methylation
Module of GenomeStudio software using HumanMethylation450
manifest v1.1 following the instructions published by Bibikova
et al. [4]. CpG sites with poor detection quality (P > 10~%) were
removed from further analysis.

2.4. CpG probes selection

Genomic loci previously reported by Dempster, Wong [12] as
hyper- or hypo-methylated in depressed individuals - in both

Sample description
n=34 (17 MZ twin pairs, 47% female)

Individual-level description

Intrapair differences (absolute values)

Mean (SD) Range Mean (SD) Range
Age (years) 35.5 (11) 19-54 - -
Total BSI score 18.3 (14.2) 1-57 13.2 (10.7) 0-35
BSI depression score 3.6 (4.1) 0-20 3.5(3.8) 0-13
cg07080019 methylation fraction (%) 35.1(9) 15.5-74.7 6 (5.9) 0-234
cg09090376 methylation fraction (%) 64.8 (5.2) 47.2-75.1 4.7 (4.4) 0.2-17.4

MZ: monozygotic; SD: standard deviation; BSI: Brief Symptom Inventory.
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peripheral and brain tissue samples — were selected for assess-
ment. Specifically, the CpG sites cg07080019 (chr10:134036804,
hg19) and cg09090376 (chr11:33040743, hg19) were evaluated.

This previous report validated the biological relevance of both
cg07080019 and cg09090376 using three different assessment
steps: genome-wide methylation measurements in saliva of MZ
twins, confirmation through bisulfate pyrosequencing and repli-
cation in MDD post-mortem cerebellum samples. However, the
effect sizes shown in that study for these two probes were
relatively small (<8% methylation difference between depressed
and healthy samples).

In view of this, the present study focused on these two CpG sites
rather than on the larger (epi)genome-wide context, since:

including more CpG probes here would increase the likelihood of
other larger-effect and/or false-positive probes showing up as
more relevant than cg07080019 and cg09090376;

o the number of statistical tests required to independently assess
all CpG probes in the [llumina array makes very unlikely finding
an association between 8% methylation changes and depression
after multiple testing adjustments. Namely, even in the presence
of a true biological effect, it may not seem relevant when
examining all the genome-wide data available, thus hampering
the current replication attempts.

2.5. Statistical analyses

To evaluate whether intrapair differences in DNA methylation
were associated with intrapair differences in current depressive
symptoms, a regression procedure [6,8] was implemented. Briefly,
the method adopted here consisted in the estimation of the
expected value E[D;'] = BwD;X, where DX = X;; - X5, and D;Y = Y;; -
Yi>. Here, X corresponds to the predictor variable (DNA methylation
fraction) and Y represents the outcome (BSI depressive score). The
index i€{1,...,n} stands for the randomly-assigned pair number
(here, n =17: the total number of pairs), and sub-indices “1” and
“2” in the expressions for D;¥ and D, stand for a randomly-assigned
co-twin number. The regression results provided below assess the
statistical significance and the magnitude of B\ to determine the
potential biological implications of the findings.

These analyses were conducted using the R software,
estimating the P-values with a permutation-based procedure
[27,37]. These permutation-based P-values are advantageous for
non-normal populations and for saturated study designs. Briefly,
linear regression model fitting and testing using this methodology
instead of normal theory tests consisted in running all necessary
iterations (up to 5000) until the estimated standard error of the
estimated proportion P was smaller than P times 0.1. These criteria
follow standard guidelines from previous literature [37,1]. Since
two pairs exhibited outlier intrapair differences on depressive
symptom scores (>2 standard deviations from the mean), analyses
were conducted with and without them for comparison.

3. Results

In the present sample, intrapair DNA methylation differences
in cg09090376 - but not in cg07080019 - were associated
with intrapair differences in current depressive symptoms
(cg07080019's B=-9.15, P=0.516, adjusted R-squared = —0.04;
cg09090376's B=-31.23, P=0.008, adjusted R-squared =0.38).
Hence, a 10% hypomethylation in a co-twin would correlate with an
increase in his/her current depressive symptom score of about
3.1 points with respect to his/her co-twin. This result remained
statistically significant at P < 0.05 even when including outlier pairs.

Including both outlier pairs made the regression coefficient for
cg09090376 increase (B = —35.81), though it reduced the overall

model fitting statistics to less than half the model without outliers
(adjusted R-squared = 0.15) and increased f's P-value (P = 0.048).
Importantly, removal of only one of the two outliers — a twin pair
with an 11-point difference in BSI score, with the most depressed
co-twin showing a hypermethylation of 3.7% with respect to the
less depressed co-twin - led to statistical model fitting parameters
very similar to those in the first case (cg09090376’s 8= —42.4,
P=0.01, adjusted R-squared =0.35). The former two analysis
results suggest that the inclusion of a particular outlier observation
from this sample - a twin pair with a 13-point difference in BSI
score, where the most depressed co-twin displayed a 7.1%
hypomethylation with respect to the less depressed co-twin -
considerably alters the regression parameters, producing the
above mentioned marginally-significant P-value and low model
fitting parameters (P =0.048; adjusted R-squared = 0.15).

4. Conclusions

The current analysis shows an association between hypo-
methylation of chr11:33040743 (hg19; DEPDC7) and depressive
symptomatology, in line with the results obtained by Dempster
et al. [12], who showed hypomethylation in co-twins affected by
adolescent depression as well as in postmortem brain tissue of
subjects with MDD.

This CpG site is located in an intronic region of DEPDC7, whose
function has previously been linked to brain-related phenotypes
[3,22]. For instance, research has indicated that DEPDC7 could
participate in epigenetic processes of striatal neurons [22]. Like-
wise, it may regulate neural cell development and physiology
[3]. This finding may be in line with models of epigenetically-
mediated neurodevelopmental influences on depression
[2]. Hence, studies should now lend particular attention to the
epigenetic functioning of this genomic locus as it may play a
significant role in the biological mechanisms of depressive
psychopathology.

The hypothesis of a system-wide epigenetic disruption in
psychopathology proposes that some gene expression changes,
and their consequent protein activity alterations, are not limited to
the central nervous system, but show cross-tissue validity
[34]. This subject has several implications, since cross-tissue
epigenetic changes may constitute the very biological basis of
some peripheral blood biomarkers of depression [5,28,35].

The present findings may support theories of system-wide
epigenetic disruptions in psychopathology [34], by expanding on
the cross-tissue validity of the locus-specific DEPDC7 hypomethy-
lation in depression. In this sense, while the work of several
independent laboratories has shown large cross-tissue differences
in DNA methylation [11,19,20,36], results mainly from Szyf et al.
show a correlation between DNA methylation levels across
peripheral lymphocytes and a number of brain regions; they also
suggest that it should reflect environmental factors leading to
psychopathology [26,32,33]. The above-mentioned result some-
how points in this direction. Further biological interpretation of
how some similar epigenetic changes occur in different tissues in
depressed individuals, as well as their potential biomarker validity,
remain still in progress.

The lack of association obtained here for the cg07080019 site
may probably be explained by the distinct depressive conditions
and the time-scale of the phenotype considered here. While
Dempster et al. [12] used a psychometric instrument based on
DSM-III criteria for depression, and found large depression
discordance in at least two independent time stages during
adolescence, the depressive symptomatology of these participants
refers to the last month before the DNA sample extraction. Thus, it
might be hypothesized that methylation of cg07080019 is related
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both to causal factors leading to psychopathology and to trait
depression, rather than to actual symptom manifestation (state).
However, the positive association found here indicates that hypo-
methylation of cg09090376 is probably associated mainly with the
expression of depressive symptoms (state). Also, caution should be
taken when interpreting the association of cg07080019 DNA
methylation in postmortem brain as described by Dempster et al.
[12], since cg07080019 contains the rs145220785 SNP [7,18], which
may influence results in comparisons of genetically diverse samples
(i.e.,thebrains of genetically independent MDD patients and controls).
In summary, this is the third independent sample evidencing a
potential relationship between cg09090376 (chr11:33040743)
DNA hypomethylation and depression-related phenotypes. Of
note, all three results are very consistent despite the use of
moderate sample sizes and different biological tissues. This
consistency may be indicative of considerable effect sizes.

5. Limitations

Some limitations of the present study deserve mention. First,
the modest sample size may have dampened the possibility of
detecting an association between cg07080019 DNA methylation
and depression. Nevertheless, both the previous report [12] and
the present study were conducted using similar sample sizes
(18 and 17 MZ pairs), and the association shown here for the other
CpG site (cg09090376) indicates that a lack of statistical power
may not be the main explanation for cg07080019’s null result.

Besides, larger phenotypic discordances (i.e., higher intrapair
differences in depression) in the MZ co-twins may allow detecting
greater effect sizes. Due to the community-based character of this
sample, severe depressive disorders are not included. This,
however, may increase the ecological validity of the results: they
may suggest that DNA methylation changes are present even in
not-severe phenotypes.
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ORIGINAL ARTICLE
Genome-wide methylation study on depression: differential
methylation and variable methylation in monozygotic twins

A Cordova-Palomera'?, M Fatjo-Vilas'?, C Gast6***, V Navarro>>*, M-O Krebs>®” and L Fananas'

Depressive disorders have been shown to be highly influenced by environmental pathogenic factors, some of which are believed to
exert stress on human brain functioning via epigenetic modifications. Previous genome-wide methylomic studies on depression
have suggested that, along with differential DNA methylation, affected co-twins of monozygotic (MZ) pairs have increased DNA
methylation variability, probably in line with theories of epigenetic stochasticity. Nevertheless, the potential biological roots of this
variability remain largely unexplored. The current study aimed to evaluate whether DNA methylation differences within MZ twin
pairs were related to differences in their psychopathological status. Data from the Illumina Infinium HumanMethylation450

Beadchip was used to evaluate peripheral blood DNA methylation of 34 twins (17 MZ pairs). Two analytical strategies were used to
identify (a) differentially methylated probes (DMPs) and (b) variably methylated probes (VMPs). Most DMPs were located in genes
previously related to neuropsychiatric phenotypes. Remarkably, one of these DMPs (cg01122889) was located in the WDR26 gene,
the DNA sequence of which has been implicated in major depressive disorder from genome-wide association studies. Expression of
WDR26 has also been proposed as a biomarker of depression in human blood. Complementarily, VMPs were located in genes such
as CACNAI1GC, IGF2 and the p38 MAP kinase MAPK11, showing enrichment for biological processes such as glucocorticoid signaling.
These results expand on previous research to indicate that both differential methylation and differential variability have a role in the
etiology and clinical manifestation of depression, and provide clues on specific genomic loci of potential interest in the epigenetics

of depression.

Translational Psychiatry (2015) 5, e557; doi:10.1038/tp.2015.49; published online 28 April 2015

INTRODUCTION

Depressive psychopathology has been shown to be highly
influenced by environmental factors, some of which are believed
to exert stress on human brain functioning via epigenetic
modifications.' Accordingly, the search for precise molecular
epigenetic signatures underlying this environmental impact is a
current trend in the field.

Among several different epigenetic marks, DNA methylation is
particularly interesting in this context, as previous evidence
indicates that depressed individuals exhibit particular profiles of
both methylation levels (that is, hyper- and hypomethylation at
some loci) and methylation variance (that is, increased variance in
affected subjects).*® The number of publications relating DNA
methylation to these conditions has been increasing in recent
years; overall, they suggest an association, even when typically
studying DNA samples from peripheral tissues of unrelated
individuals.®

Notably, a substantial degree of the DNA methylation profile is
determined by the underlying DNA sequence of the organism,”®
suggesting that some adjustment for inter-individual sequence
differences is required when associating this epigenetic mark with
other phenotypes. As pairs of monozygotic (MZ) twins have
almost identical DNA sequences.”'® studies of their phenotypic
discordance provide a valuable tool in epigenetic research.'

Methylation profiles of members of a MZ twin pair may be very
similar not only due to their DNA sequence resemblance, but also
as a consequence of shared zygotic epigenetic features and a
common (pre- and post-natal) environment, among other
issues.®'! Hence, differences in their DNA methylation levels arise
in response to unique environmental factors and stochastic
influences.'>"?

In this sense, a consistent finding in the literature is the
increased variance of genome-wide DNA methylation profiles of
affected co-twins in depression-discordant pairs.*>'* As intrapair
differences in MZ co-twins are related not only to environmental
but also to stochastic epigenetic factors,'®'* a feasible hypothesis
is that mean DNA methylation level differences—measured as
differentially methylated probes (DMPs)—could be linked to
environmental factors related to the etiology and clinical
manifestation of a disease; complementarily, the changes in
methylation variance—measured as variably methylated probes
(VMPs)—may be associated with stochasticity.

Although this idea of epigenetic stochasticity has been little
explored in relation to psychiatric disorders, research mainly on
cancer shows that stochastic epigenetic processes have a dear
role in the difference between health and disease
phenotypes.”>™'® Notably, some methodological tools based on
second-moment statistics (that is, variance) of genome-wide DNA
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methylation profiles have recently been introduced to discrimi-
nate between affected and unaffected samples;>*?' their biologi-
cal significance largely relies on the effects of stochastic
epigenetic factors. Broadly speaking, these tools have been
developed in recognition that most genomic regions do not
exhibit DNA methylation variability and, thus, small numbers of
VMPs across the genome are typically identified in complex
diseases.?®?! Interestingly, it has recently been proposed that
similar analytical approaches may be useful to study depressive
psychopathology.?

To our knowledge, no previous study has indicated specific
genomic loci at which methylation variability may have relevance
for psychopathology. This is particularly important in light of the
three previous reports showing increased genome-wide methyla-
tion variance in depressed MZ co-twins from discordant pairs.*>"*

Accordingly, the present study aimed to identify epigenetic
differences in depressive psychopathology using two distinct
analytical strategies. First, a widely known genome-wide methyla-
tion approach that detects DMPs on the basis of both the
statistical significance and the magnitude of DNA methylation
differences was implemented. This approach has proven to be
useful in DNA methylation studies in psychiatry.>?*** Second, the
genomic loci of the CpG probes exhibiting DNA methylation
variance that could be associated with disease were obtained
using an analytic methodology proposed herein; this approach is
especially suited to identify VMPs in samples consisting of disease-
concordant, discordant and healthy MZ twins. This method
assumes that stochastic epigenetic variance among diagnostic-
concordant pairs is related to etiological and symptomatic
differences within pairs,>>2® whereas epigenetic variability found
only in diagnostic-discordant pairs would relate to a more
homogeneous core of the disease.

MATERIALS AND METHODS
Sample description

Participants in this study were part of a larger ongoing twin sample (UB-
Twin Registry) consisting of 242 Caucasian Spanish adult twins from the
general population who gave permission to be contacted for research
purposes. For that sample, the exclusion criteria included age under 18 and
over 65 years, a medical history of neurological disturbance, presence of
sensory or motor alterations and current substance misuse or dependence.
Written informed consent was obtained from all participants after a
detailed description of the study aims and design, as approved by the local
Ethics Committee.

Medical records and a battery of psychological and neurocognitive tests
were obtained in face-to-face interviews by trained psychologists. In
addition, peripheral blood or saliva samples were obtained from all 242
participants. The zygosity of the pairs was determined by genotyping 16
highly polymorphic microsatellite loci from DNA samples (SSRs; PowerPlex
16 System; Promega, Madison, WI, USA). Identity on all the markers can be
used to assign monozygosity with greater than 99% accuracy.?”

A final group of 34 middle-aged participants (17 MZ twin pairs; age
range 22-56 years, median age 38 years; 47% female) who were
representative and informative for psychopathology, neurocognition and

early stress factors was extracted from the above-described sample, to be
investigated for brain function and genome-wide epigenetic signatures.
Similar MZ twin sample sizes have previously been used in comparable
literature reports.>'* Peripheral blood was available from all members of
this group. All analyses described below refer to this 34-individual subset.

Clinical evaluation

A trained clinical psychologist applied the Structural Clinical Interview for
DSM-IV Axis | Disorders (SCID-)?® in a face-to-face interview to screen for
the presence of any lifetime depression (F32.x) or related anxiety spectrum
disorder (F40.x and F41.Xx). This apparently broad category of outcomes
was used in conjunction with evidence on the comorbidity, shared
etiopathology and diagnostic criteria overlap between depressive and
anxious disorders,>>°732 as well as taking into account evidences of some
shared DNA methylation mechanisms in these diagnoses.®

Individuals meeting the diagnostic criteria for at least one lifetime
diagnosis of (DSM-IV) anxious or depressive disorder were classified as
affected by a stress-related disorder, and ‘concordant’, ‘discordant’ and
‘healthy’ statuses of twin pairs were defined accordingly. Specifically, there
were seven healthy pairs, six discordant and four concordant pairs for
lifetime DSM-IV diagnoses. In addition, on the day of blood sampling,
current psychiatric symptoms were evaluated using the Brief Symptom
Inventory (BSI).>*** The BSI is a self-administered 46-item screening
instrument aimed at identifying the experience of psychopathological
symptoms during the last 30 days. It is composed by six subscales
(depression, phobic anxiety, paranoid ideation, obsession-compulsion,
somatization and hostility) conceived for use in both clinical and non-
clinical samples. Items are rated on a five-point scale of distress, according
to self-perception of symptoms. Descriptive data from the current sample
are summarized in Table 1.

Overall, there were four concordant, six discordant and seven healthy
MZ twin pairs (Table 1). Briefly, in the eight diagnostic-concordant-
participant subset (four pairs), there were four individuals with depression
(F32x) and four diagnoses of anxiety disorders (F40.x and F41.x); half of
these diagnoses were experienced by the individuals at the moment of
blood extraction, and the rest of the individuals had met diagnostic criteria
for psychopathology some years before that date (estimated mean (s.d.)
elapsed time since last remission: 13.8 (9.2) years; a right-tailed skewed
distribution ranging from 2 to 28 years). Regarding the six affected co-
twins from the diagnostic-discordant pairs, there were four depression
(F32.x) and two anxiety (F41.0) diagnoses; one of them fulfilled diagnostic
criteria at the moment of peripheral blood sampling, and the rest of them
had met such criteria before. Importantly, despite the apparent clinical
heterogeneity, there were statistically significant intergroup differences in
the current psychopathological assessment (that is, last-month symptoms
measured by the BSI), at the level of both general symptomatology (total
BSI score: P=0.013) and ongoing depression (depressive BSI subscale:
P=0.04). Namely, twins with no lifetime history of DSM-IV diagnosis had
lower BSI scores—fewer self-reported symptoms—in both the depressive
subscale and the whole questionnaire than diagnostic-discordant pairs,
whereas the diagnostic-concordant twins had greater BSI scores than
discordant and healthy twin groups. Likewise, a logistic regression model
was performed to evaluate the relationship between (current) BSI
depressive scores and categorical (DSM-IV) diagnoses in the 34-twin
sample. After adjusting for the correlated nature of twin data (hetero-
skedasticity), higher (current depression) BSI scores predicted a greater risk
of a clinical diagnosis (3=0.362, P=0.013, R?=0.295). Similarly, in the six
diagnostic-discordant pairs, the DSM-IV-affected co-twins had higher BSI

Table 1. Demographic, psychopathological and neurocognitive data for DSM-IV diagnostic concordant, discordant and healthy MZ twin pairs
Concordant (8 subjects, Discordant (12 subjects, Healthy (14 subjects, 4 Group comparison
8 females) 4 females) females)
Mean (s.d.) Range Mean (s.d.) Range Mean (s.d.) Range X2 p
Age 42.5 (13) 22-54 37 (10.9) 20-50 30.3 (7.3) 19-39 5.9; 0.052
1Q 105.1 (12.5) 87-127 108.1 (11.8) 87-131 110.5 (5.5) 103-118 1.9; 0.393
Current psychopathology (total BSI) 27.9 (16.5) 6-57 20.9 (13.3) 4-45 10.6 (9.3) 1-33 8.7; 0.013°
Current depressive symptoms (BSI subscale) 6.9 (6.5) 1-20 3.5 (2.7) 0-9 1.7 (1.8) 0-6 6.4; 0.04°
Abbreviations: BSI, Brief Symptom Inventory; IQ, intellectual quotient; MZ, monozygotic. *Kruskal-Wallis X2, as these variables were continuous. Statistically
significant P-value.
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scores than their healthy co-twins (mean/median score in affected: 4.2/4.5;
mean/median score in healthy: 2.8/2.5); however, due to some properties
of this small data set, the nonparametric Wilcoxon-Mann-Whitney test
could not estimate exact P-values due to ties and zeroes.

All participants were asked to report if they had received pharmaco-
logical or psychological treatment or had consulted a psychiatrist or
psychologist since they first participated in the study. Only one of the 34
participants had lifetime exposure to drug treatment for anxiety or
depression by the time of this study.

Methylation data

The Illumina Infinium HumanMethylation450 (450K) BeadChip>>>® was
employed with peripheral blood DNA samples for all 34 participants.
Specifically, by genotyping sodium bisulfite-treated DNA, DNA methylation
is assayed by this platform at >450,000 CpG sites across the genome at
single-base resolution; next, bisulfite-converted DNA undergoes whole-
genome amplification, before being fragmented and hybridized to
microarray probes. The DNA methylation fraction of each CpG site is
estimated as B=M/M+U+a); M and U stand for methylated and
unmethylated fluorescence intensities, and a is an arbitrary offset applied
to stabilize B-values with low intensities.

Statistical analyses

DMPs. In order to find DMPs, a previously described analytical
approach®?*?* was conducted using, initially, data from the six
depression-discordant twin pairs. This method aims to rank all CpG probes
in the array. The highest-ranked probes are those with a combination of
low P-value and high mean difference (Af). Briefly, the first step consists in
conducting a paired t-test for every CpG probe in the array; a score is
assigned to every probe depending on its P-value: the lower the P-value,
the higher the score. Afterward, the absolute mean intrapair difference is
estimated for each CpG probe, and a second score is assigned to every
probe: the larger the methylation difference (absolute AB), the higher the
score. The two scores are combined (that is, added) for every probe, and all
probes are ranked from high to low scoring. Namely, probes with both a
low P-value and a relatively large methylation difference are in the top of
the rank. From this general rank for the >450,000 probes, a list of the top
10 probes (that is, those with the best arrangements of low P-value and
high AB) was extracted.

To further validate these CpG sites, an additional step was undertaken
using the information from diagnostic-concordant and healthy pairs. The
mean absolute differences (JAB|) in DNA methylation were retrieved for the
three groups to test the null hypotheses that these top 10 CpG probes
found in the discordant co-twins that have also large methylation
differences in either concordant and healthy pairs. This additional test
allowed assessing whether the top 10 DMP probes often display
methylation differences within MZ pairs, regardless of their phenotypic
statuses. Large intrapair methylation differences across all pairs would
indicate that a given CpG site may be environmentally sensitive, but not
linked to the etiopathology of depression. Thus, by performing Wilcoxon-
Mann-Whitney tests, it was evaluated whether DNA methylation
differences within discordant pairs are larger than those found in either
concordant or healthy pairs (|Aﬂdiscordant|>|ABc0ncordant| and |ABdiscordant|
> |ABhealthy|)- Additional information about this procedure can be found in
Supplementary Table 1.

VMPs. A data-driven analytical approach using information from all
concordant, discordant and healthy MZ twins was used. Initially, absolute
intrapair differences in DNA methylation levels were computed for all
> 450,000 CpG sites across the genome for all 17 MZ twin pairs. From this
information, the median value of absolute DNA methylation (intrapair)
differences is computed for each diagnostic group (concordant, discordant
and healthy) at each of the >450,000 probes. These median values are
used as centrality measures since they are more robust to outliers than
conventional arithmetic means.

After this step, an mx3 matrix is retrieved, where m stands for the
number of CpG sites considered (>450,000) and 3 is the number of
diagnostic groups (here, concordant, discordant and healthy). Each cell
contains the median value of the intrapair absolute methylation difference
observed for a given diagnostic group at a specific CpG site.

Note that information introduced to the previous matrix does not
contain any clue about direction of the differences. Some assumptions are
used to further interpret this information: (i) probes with large intrapair
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methylation differences across only discordant co-twins—that is, with no
intrapair differences in concordant and healthy twins—could have arisen
from stochastic factors altering the methylation level of the affected co-
twins' (in discordant pairs); due to this stochasticity, the affected co-twin
may have transitioned from the normal methylation level of his/her
healthy co-twin to either hyper- or hypomethylation. (ii) CpG sites with
large methylation differences only in diagnostic-concordant MZ pairs
should be linked to symptom heterogeneity of a pair’*3’ and (iii) probes
with large intrapair differences only in healthy pairs should be relatively
less frequent—methylation stochasticity is typically associated with
disease—'>"'® and may index processes that are either not related to
the specific physiopathological conditions studied here, or normally
activated in health (but dynamically constrained in disease).

The next step consists in determining a methylation difference threshold
above which the observed variability for each diagnostic group and at
each CpG site (the median value of the absolute intrapair differences) can
be considered large. As previous reports indicate that methylation
differences above 10% in lllumina assays have biological significance
and have a low probability of being technical artifacts,>***° a CpG site was
considered ‘variable’ if above this AB >|0.1| threshold. Of note, as shown in
the Results section, CpG probes with an intrapair AB>[0.1] are highly
infrequent in this data set, suggesting this may be a proper threshold.

Then, after the previous step, all >450,000 CpG sites are examined to
determine which of them show variability only within concordant,
discordant or healthy pairs; they are later examined via pathway analysis
to evaluate the potential biological relevance of their stochastic
disruptions.

Pathway analysis. Relevant sets of genes from whole-genome analyses
indicated in the Results section were uploaded to Cytoscape (version
3.0.2)*", using Reactome FI Cytoscape Plugin 4,*? network version 2013, to
obtain data on underlying reactions, pathways and biological processes.

All the outcome assessment steps (that is, statistical analyses) described
in this section were conducted by an investigator (AC-P) who did not
participate in sample collection, clinical evaluation, zygosity determination
or DNA methylation measurement and data pre-processing.

RESULTS
DMPs

With data from the six diagnostic-discordant MZ pairs, an analytic
approach previously reported in Psychiatric Epigenetics
studies®**?* was used to identify the top 10 CpG sites with the
largest methylation differences and smallest P-values. Table 2
contains information on these 10 CpG sites across the genome.
AB- and P-values were in the range of those reported previously in
similar study designs.”> Remarkably, as shown in Table 2, most
probes were located in genes previously reported in neuropsy-
chiatric studies.

Of particular interest in this 10-site list are cg11433980,
cg17798944, cg00567749 and cg01122889. They are respectively
located in CBR3 (carbonyl reductase 3), RPL3 (ribosomal protein
L3), VCAN (versican) and WDR26 (WD repeat domain 26). These
genes have previously been associated with depressive
phenotypes.**~% Further information on this finding can be found
in the Discussion.

As indicated by the superindices of the probe names (first
column of Table 2), neither concordant nor healthy twin pairs
displayed intrapair differences in four out of the initial 10-site list:
cg06493080 (HOXB7), cg18974921, ¢g14747903 (LSR) and
cg01122889 (WDR26). This indicates greater robustness of the
findings for these four CpG sites than for the other six probes.
Namely, in this twin sample, these four CpG sites appeared to be
modulated by the environment only in depression-discordant MZ
pairs; co-twins from neither concordant nor healthy pairs differed
in their methylation levels.

VMPs

As a whole, DNA methylation profiles were highly correlated
across twin pairs, regardless of the diagnostic status of co-twins. A
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Table 2. Top-ranked differentially methylated probes (DMPs) in six adult MZ twin pairs discordant for depression, and potential neuropsychiatric
relevance of their associated genes
Probe name (target  P-value AB  Coordinates Gene name Gene region feature Potential relevance of the gene in neuropsychiatric
ID)? (hg19) (ucsa) category (UCSC) disorders
ch6493080b’c 0.000574 -0.085 Chr17: HOXB7; 5UTR; Target of FOXP2, a gene linked to
46688310 HOXB7 1st exon neurodevelopment.®?
HOXB7 may diminish cancer tumor risk in
schizophrenia.®®
€g00567749° 0.000818 —0.105 Chr5: VCAN; 5'UTR; Prospective blood transcriptomic marker for
82767908 VCAN; 5UTR; depression.*
VCAN; 5UTR; Axonal growth.g‘l’86
VCAN 5UTR Potential genetic overlap between herpes
simplex and depression.?”
Altered expression in the olfactory epithelium
in schizophrenia.®®
cg18974921b’C 0.000565 —0.076 Chr11: — —_ —
78131895
€g14747903°¢ 0.000571 —-0.072 Chr19: LSR; Body; Probable role in prosopagnosia and visual
35740509 LSR; body; agnosia.
LSR body
cg15696634 0.000682 —-0.072 Chri8: — — —
19746953
cg11433980° 0.001425 -0.075 Chr21: CBR3 Body Altered hippocampal gene expression by
37510727 antidepressant treatment in adult rats.**
cg01122889°¢ 0.000806 —0.071 Chril: WDR26; Body; GWAS hit in major depressive disorder (meta-
224620779 WDR26 body analysis of three independent samples).*®
Prospective blood transcriptomic marker for
depression.”
€g10550693° 0.001554 -0.073 Chri1: SYVNT; TSS200; Potential role in autism.®%°
64902189 SYVN1 TSS200
€g23004466° 0.000854 -0.071 Chr7: HBP1 5'UTR Epigenetics of neurodegeneration and
106815478 Alzheimer's disease.”’~%*
cg17798944° 0.001679 —-0.072 Chr22: SNORDA43; TSS200; Hypothalamic-pituitary-adrenal regulation of
39715225 RPL3; body; stress response.
RPL3 body Potential role in the glycobiology of
schizophrenia.®®
Abbreviations: 1st exon, first exon; MZ, monozygotic; TSS, transcription start site; TSS200, within 200 bp of a TSS; 5'UTR, 5’ untranslated region. Target ID,
lllumina identifier; body, within gene body; AB, mean methylation fraction difference in discordant pairs (co-twin with depression minus co-twin without
depression). *Superindices next to each probe name indicate whether or not there were (absolute) methylation differences in concordant and healthy pairs.
PAbsolute intrapair differences in the four diagnostic-concordant MZ pairs were significantly smaller than in the discordant pairs. “Absolute intrapair
differences in the seven healthy MZ pairs were significantly smaller than in the discordant pairs. “Information for the LSR gene was extracted from http://www.
genecards.org/cgi-bin/carddisp.pl?gene = LSR.

detailed description of these correlations can be found in
Supplementary Table 2.

Briefly, based on previous reports, a median absolute
intrapair difference >10% within each twin group (concordant,
discordant or healthy) was chosen in this study as a threshold to
determine which CpG probes could be considered variable. Only
1.7% of the whole data set of absolute intrapair differences (17
intrapair differences at 485,512 CpG sites: a matrix with 8,055,688
cells) showed values equal to or larger than 10% of the total
methylation fraction. In recognition that large intrapair differences
are likely to have major biological relevance, the next step
consisted of the identification of probes with variability only
between each twin set (concordant, discordant or healthy)
(Figure 1).

Each of the three diagnostic groups (concordant, discordant
and healthy controls) had a specific set of CpG probes with large
intrapair differences in methylation fraction; specifically, healthy
pairs showed variability at 85 CpG sites that were not variable in
the other groups; similarly, discordant and concordant pairs had,
respectively, 175 and 221 variable probes that did not show
variability in the other diagnostic groups of twins (Figure 1). Of
note, healthy co-twins had the least variable genome-wide DNA
methylation profile, seemingly in agreement with findings of
increased variability in disease.*>'* The distribution of gene
region feature categories (UCSC) of each of the three sets of CpG
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sites was very similar for all three groups (concordant, discordant
and healthy). Identifiers and additional data for these individual
CpG sites are available in Supplementary Table 3. Owing to the
design of the DNA methylation array employed here, even genes
with the largest numbers of CpG probes would not be likely to
appear by randomly sampling 85, 175 or 221 probes. Further
information and discussion about these sampling probabilities can
be found in Supplementary Table 4.

Interestingly, pathway analysis using the lists of genes with
highly variable probes (from variable CpG sites exclusive of
concordant, discordant or healthy twin pairs) generated relatively
large functional interaction networks (> 10 interacting proteins)
only in discordant and concordant pairs (Figure 2). Accordingly,
gene lists from the concordant and discordant groups showed
enrichment for several processes, some of which are of relevance
in neuropsychiatry (Figure 2 and Table 3). For instance, processes
such as ‘rapid glucocorticoid signaling’, ‘dopaminergic synapse’
and ‘interleukin-2-mediated signaling events’ were enriched in the
VMPs of discordant pairs, whereas ‘nervous system development’
was enriched in both concordant and discordant groups. In
contrast, the epigenetic variability of the healthy pairs was
enriched only for ‘HIF-1-alpha transcription factor network’
(Table 3). A detailed list of the VMPs and the full gene lists from
which these networks were generated can be found in
Supplementary Table 3.
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Table 3. Results of pathway analysis
Gene set P-value FDR Nodes
Concordant
Wnt signaling pathway 0 < 5.000e - 04 PCDH family, PRKCG, CDH15
Cadherin signaling pathway 0 < 5.000e - 04 PCDH family, CDH15
Integral to membrane 0 < 1.000e -03 HLA-DQB2, SLC6A3, HLA-DMB, PCDH family, CDH15
Integral to plasma membrane 0 0.0005 PCDH family, SLC6A3
Plasma membrane 0.0007 0.03967 PCDH family, IRS1, CDH15
Homophilic cell adhesion 0 < 1.000e-03 PCDH family, CDH15
Nervous system development 0 < 5.000e - 04 PCDH family, ZNF423
Cell adhesion 0 <3.333e-04 PCDH family, CDH15
Calcium ion binding 0 < 1.000e - 03 PCDH family, CDH15
Discordant
Wnt signaling pathway 0 < 1.000e - 03 APC2, PCDH family, PPP2R5A, GNB1
Cadherin signaling pathway 0 < 5.000e - 04 PCDH family
Rapid glucocorticoid signaling 0.0001 0.01167 MAPK11, GNB1
Dopaminergic synapse 0.0002 0.0115 PPP2R5A, MAPK11, GNB1, CACNA1C
IL-2-mediated signaling events 0.0002 0.009833 IRS2, MAPK11, LCK
Thromboxane A2 receptor signaling 0.0002 0.009833 MAPK11, GNB1, LCK
Betal adrenergic receptor signaling pathway 0.0017 0.04944 GNB1, CACNA1C
Homophilic cell adhesion 0 < 1.000e —-03 PCDH family
Nervous system development 0.0001 0.0475 PCDH family
Healthy
HIF-1-alpha transcription factor network (N) 0.0067 0.019 TFRC, ETS1
Abbreviations: FDR, false discovery rate; IL-2, interleukin-2; PCDH, protocadherin. Gene lists from loci of CpG sites with large intrapair differences in each set of
twins (concordant, discordant and healthy) were enriched for the processes shown. For the underlying gene networks, see Figure 1. The full gene lists
uploaded for pathway analysis can be found in Supplementary Table 3.

DISCUSSION

This work evaluated the potential relationship between DNA
methylation levels and depressive psychopathology using
genome-wide data. Two distinct approaches, each of which has
a particular biological meaning, were used: (i) differential
methylation (DMPs) and (ii) variable methylation (VMPs). The
current design, including healthy, concordant and discordant MZ
twin pairs, allowed us to search for potential environmentally
induced and pathology-specific DNA methylation differences.
Previous reports had shown increased variability in the DNA
methylation profiles of affected MZ co-twins from depression-
discordant pairs.‘”"’23 However, to the best of our knowledge, this
is the first study aimed at unraveling specific genomic loci at
which methylation variability may be a marker of depression.

DMPs

One of the most relevant outcomes of the current study is the
association between hypomethylation of cg01122889 in WDR26
and a lifetime diagnosis of depression. Notably, neither healthy
nor diagnostic-concordant MZ pairs exhibited intrapair differences
in DNA methylation of this CpG site, indicating that it could be a
marker of environmental influences leading to depression.
Remarkably, one of the largest meta-analytic studies conducted
to date of major depressive disorder (MDD) genome-wide
association study data suggests a role for WDR26's rs11579964
single-nucleotide polymorphism—about 80 kbp from cg01122889
—in the causality of depression.”> Of note, a mega-analysis of
MDD genome-wide association study data also reported this and
other single-nucleotide polymorphisms close to WDR26
(rs2088619: Chr1:222825183) as probably predisposing for MDD,
although confirmation is needed.*” In addition, there is evidence
suggesting an association between decreased blood transcript
levels of WDR26 and depression-related phenotypes.*® Although
using DNA methylation data to derive conclusions about gene
expression could be somehow speculative, hypomethylation of
gene bodies may be related to lower gene expression.*®*
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Accordingly, as cg01122889 is located in WDR26's gene body, its
hypomethylation in depressed individuals may be associated with
lower gene expression levels, consistent with the findings of Pajer
et al.** Nevertheless, confirmation is needed, as there is evidence
of distinct relationships between WDR26's body DNA methylation
and expression (that is, hypomethylation can be associated with
either lower or greater gene expression) across a number of
distinct healthy and pathological tissues.>®

Other DMPs found herein were located in genes previously
related to depressive phenotypes, such as CBR3, RPL3 and
VCAN*344%6 Eor instance, hippocampal upregulation of CBR3
enzymes has been found after antidepressant treatment in adult
rats.** As with WDR26, the current association between hypo-
methylation of the CBR3's gene body in adult depressed
individuals may be related to lower expression of CBR3, which
may be compensated by antidepressant treatment. A similar
argument could be proposed for VCAN: the hypomethylation in
depressed individuals of the present sample somehow resembles
the decreased gene expression in an animal model of depression
proposed by Pajer et al.** Note that current results for both VCAN
and WDR26 are consistent with those proposed by Pajer et al.*
Likewise, Lee et al.*® reported downregulation of RPL3 hippo-
campal gene expression in an animal model of stress, in
agreement with the current DNA methylation finding.

The above results were obtained by following a sound
methodological procedure.**** However, it is worth noting that,
along with WDR26's cg01122889, methylation changes in
cg06493080 (HOXB?7), cg18974921 and cg14747903 (LSR) seem
to be cross-validated by comparison of the diagnostic-discordant
group of twins with concordant and healthy pairs. This follows
from the observation that diagnostic-concordant and healthy co-
twins have very similar methylation levels at these four sites.
Namely, probably only through a differential environmental
influence (which would have taken place in affected co-twins
from discordant pairs) may a co-twin differ from his/her healthy
counterpart. ¢cg06493080 is located in HOXB7, a target of the
neurodevelopmental gene FOXP2. A different functional role has



been described for LSR, which may predispose to neurocognitive
disorders.

VMPs

As MZ twins are very similar at the epigenome-wide level,? they
offer an opportunity to search for markers of stochasticity.
Accordingly, an analytic approach was undertaken to determine
whether epigenetic instability—as indexed by large and non-
systematic DNA methylation differences—within MZ pairs could
be related to depressive psychopathology.

In this sample, healthy co-twins had less variable probes than
concordant and discordant pairs. It was found that highly variable
probes in depression-discordant MZ pairs were located in genes
within enriched biological pathways and previously associated
with depression, such as CACNA1C, IGF2 and MAPK11 (Figure 2 and
Table 3; additional information in Supplementary Table 3).

In this respect, DNA sequence variation of CACNATC has been
widely recognized as a susceptibility factor for depressive
psychopathology,*® and methylation changes of CACNATC have
likewise been associated with early-life stress,>'? a risk factor for
depressive disorders.>® Similarly, depressive behavior is likely
modulated by IGF2>*%> Also, MAPK11 is one of the four p38
mitogen-activated protein kinases, the activity of which has been
linked to depression and related phenotypes.®®>’

It is also worth mentioning some findings from the VMP analysis
in diagnostic-concordant twin pairs, as one could speculate that
stochastic variability within these MZ twins may correlate with
etiological and symptomatic heterogeneity. Namely, even though
depression-concordant MZ pairs show considerable symptom
similarity,”® previous research has shown an important role for
unique environmental differences in fostering psychopathological
heterogeneity within these MZ twin pairs.>®>° Thus, it is also worth
noting that genes with large DNA methylation intrapair differ-
ences across diagnostic-concordant pairs were enriched for
‘nervous system development’, by the interaction of protocad-
herin members and ZNF423 (Table 3 and Figure 2). Protocadherin
encodes a family of proteins that are expressed in neurons and are
relevant in synaptic functions, and whose DNA methylation may
be altered in response to early-life stress;°°"®* the ZNF423 gene
has been associated with the cerebellum-related Joubert
syndrome.®* Also, the dopamine transporter gene SLC6A3, whose
DNA sequence and methylation levels have been found to
correlate with depressive psychopathology,®>™®” was within the
enriched pathways (Table 3).

The current findings, which are indicative of stochastic
variation in depression, are particularly important in view of
recent publications from Feinberg et al.’®®® They postulated the
existence of variably methylated regions as a mechanism to
explain developmentally regulated epigenetic plasticity; they have
likewise provided evidence of stochastic DNA methylation
variation across a population, even when analyzing samples from
the same tissue and the same DNA sequence (that is, isogenic
mice). These findings in genetically identical individuals (MZ twins)
are in line with their reports, as they also described the abundance
of variably methylated regions at loci important for neural and
immune system development.

Importantly, a novel data-driven strategy was employed here to
detect VMPs. Although other statistically sound tools to compare
methylation variance between healthy and affected population
samples have recently been introduced;?*”° the present strategy
is particularly suited for samples consisting of concordant,
discordant and healthy MZ twin pairs. It is worth mentioning that
the potential biological significance of the VMPs detected here—
as suggested by the pathway analysis—confirms the feasibility of
this analytical approach to provide new insights about biological
mechanisms underlying some pathologies.
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Overlap in findings from DMPs and VMPs

The fact that no top DMP was found within a gene exhibiting
variable methylation is consistent with the notion that different
epigenetic mechanisms influence DMPs and VMPs.58%° However,
some interplay may exist between these forms of epigenetic
regulation. For instance, it is worth noting that WDR26 (encoded
by a gene containing a DMP) suppresses the MAPK signaling
pathway,”’ and that a VMP was found in MAPK11. As a member of
the p38 family, MAPK11 may participate in the stress response,”?
and was found here to be enriched within pathways such as
‘glucocorticoid signaling’ and ‘interleukin-2-mediated signaling’,
both of which are likely related to depressive psychopathology.
Importantly, this suggestion is derived from data from diagnostic-
discordant pairs.

Hence, the current findings may be indicative of the interplay
between different epigenetic regulation mechanisms, and suggest
that the combination of distinct differentially and variably
methylated loci may have an important role in the biological
signatures of depression.

Limitations of the study

Three main limitations of this exploratory study deserve con-
sideration. Namely, the generalizability of the present findings
may be limited by (i) the sample size employed, (ii) the clinical
heterogeneity of the individuals and (iii) the lack of confirmatory
DNA methylation analysis using bisulfite pyrosequencing.

These limitations should be understood in the wider context of
the current study design. First, the sample size is small. Although
replication using larger independent samples is definitely
required, it is worth noting that the current findings are consistent
with previous literature on the biological mechanisms underlying
depression, probably suggesting the presence of strong effect
sizes for the above mentioned relationships between methylation
and depression (Table 2 and Table 3). Likewise, the use of three
different groups of twin pairs (concordant, discordant and healthy)
allowed contrasting some putative epigenetic signatures of
environmental stress in diagnostic-discordant co-twins with
corresponding measurements in concordant and healthy pairs,
which has rarely been done in former studies. As shown in Table 2
and Table 3, the comparison of epigenetic signatures in discordant
twins with the methylation profiles of healthy and concordant
pairs added robustness to some findings on both DMPs and VMPs.

Another potential limitation of this work is the phenotypical
(that is, clinical) diversity of the participants. Although comparing
the present results with independent data sets from individuals
with a narrower phenotypic distribution (that is, a more clinically
homogeneous population) would definitely be useful, two
features of the present sample should be noted. First, although
there were some individuals with predominantly anxious psycho-
pathology, Table 1 shows that, as a group, concordant co-twins
have greater scores in depressive symptomatology during the last
month than discordant pairs, and that discordant pairs had more
(current) depressive psychopathology than healthy controls. Thus,
in contrast to the apparent diagnostic heterogeneity of the
participants, the sample has an acceptable distribution with
regard to current depression. It is important mentioning that this
fact implies that the associations found here can probably be
interpreted only in relation to depressive symptoms but not as
linked to early etiological mechanisms.

Similarly, as noticed in the Clinical evaluation subsection, it is
worth observing that previous research on the epidemiological
features and the epigenetic signatures of internalizing disorders
(that is, depression and anxiety) indicate important overlaps in
etiopathology, diagnostic criteria and DNA methylation profiles
across these diagnoses.>?*=2 Of note, these overlaps may have
allowed detecting epigenetically altered genes and pathways with
biological relevance for depression.
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An additional limitation of this work is the lack of confirmatory
DNA methylation analysis by techniques such as bisulfite
pyrosequencing. However, it should be noted that previous
technical research has pointed out that the sensitivity of lllumina
DNA methylation microarrays increases with S-value differences.”
Accordingly, it has been suggested that, on average, values of
AB>0.136 can be detected with 95% confidence. Although the
methylation assessment conducted here would definitely be more
robust if confirmed by bisulfite pyrosequencing, having used
methodologies focused on relatively large methylation differences
—for both DMPs and VMPs—adds some soundness to the
findings.

Additional implications and future directions

Some points raised by this study deserve further discussion. First,
it is important recalling that a common assumption of several
psychiatric epigenetic studies is that DNA methylation of blood
and brain may correlate and explain variability in
psychopathology.” Although the work from several independent
laboratories has demonstrated broad cross-tissue differences in
methylation profiles,”>”® there is also evidence of a correlation
between DNA methylation levels across peripheral lymphocytes
and a number of brain regions in response to environmental
events.”? 8" Likewise, similar cross-tissue DNA methylation profiles
—at specific genomic loci—have been found in independent
samples of individuals with psychopathology.®

To the best of our knowledge, this is the fourth study using an
epigenome-wide approach in MZ twins to evaluate the relation-
ship between environmentally induced DNA methylation changes
and depressive psychopathology. Regarding VMPs, the former
three reports*>'* consistently found increased DNA methylation
variance in the affected co-twins of discordant pairs. Although
they evaluated the overall statistical variance of the methylomic
profiles, the present study expands on this topic by assessing
which specific genomic loci could underlie this statistical feature.
Of note, the data-driven analytical approach developed here to
detect VMPs is specifically suited for samples including diagnostic-
concordant and healthy pairs, as it is based on contrasting their
epigenetic variability with that of discordant co-twins. It is
important noting that, due to the novelty of the topic, some
statistical protocols to perform genome-wide VMP assessment
have just recently been introduced in cancer research®®*"”° and
thus may need additional adjustments for psychiatric phenotypes.
This is particularly important in light of recent findings high-
lighting specific statistical properties of the genome-wide DNA
methylation profiles in depression,”> which may certainly differ
from cancer data sets. Overall, the current biologically plausible
findings suggest that the adopted strategy may have statistical
and conceptual feasibility.

As regards to DMPs, the above mentioned previous reports
have suggested that methylation of different genomic loci may be
associated with depression. Namely, there is no unanimous
agreement between these studies, probably due to the different
clinical and demographic composition of the samples, as well as to
the DNA methylation assessment techniques used. For instance,
Byrne et al.'* analyzed P-values obtained from the Infinium
HumanMethylation450 Beadchip; in contrast, the assessment of
potentially DMPs was based on another statistical approach in this
and two other studies.*® Likewise, inter-study differences between
the present work and the report by Dempster et al.> may have
arisen from clinical and demographic sample differences, as well
as from the use of distinct biological tissues (they analyzed saliva
DNA samples from severely depressed adolescents). Also, the
ZBTB20 gene-coding region reported by Davies et al’
(Chr3:114618751-114619251) is not evaluated by the Illlumina
assay employed here, and there may also be a lack of statistical
power in the present sample.
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From the above mentioned observations, some suggestions for
further research of DNA methylation in depression can be derived:
(i) cross-sample validations in larger MZ twin samples is needed;
(i) selecting the best informative peripheral tissue (probably either
blood or saliva) may allow clearer findings; and (iii) finding proper
statistical protocols for epigenetic analyses in depression,
especially for the examination of VMPs, could likewise allow
research advances (despite relatively small samples, the available
literature suggests a role for methylation variability in depression).
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Abstract

The hippocampus is a key modulator of stress responses underlying depressive behavior. Though both depression and
hippocampal structure are influenced by genes and environment, the genetic or environmental causes of the hippocampal
alterations in psychopathology remain only scarcely investigated. While the common functional variant rs1360780 in FKBP5
has been found associated with a large number of stress-related outcomes and hippocampal features, its potential role in

modifying the hippocampal communication transfer mechanisms with other brain regions remains largely unexplored.

The putative genetic or environmental roots of the association between depression and structural connectivity alterations of
the hippocampus were evaluated combining diffusion weighted imaging with both a quantitative genetics approach and
molecular information on the rs1360780 single nucleotide polymorphism, in a sample of 54 informative monozygotic twins

(27 pairs).

Three main results were derived from the present analyses. First, graph-theoretical measures of hippocampal connectivity
were altered in the depressed brain. Specifically, decreased connectivity strength and increased network centrality of the
right hippocampus were found in depressed individuals. Second, these hippocampal alterations are potentially driven by
familial factors (genes plus shared environment). Third, there is an additive interaction effect between FKBP5’s rs1360780

variant and the graph-theoretical metrics of hippocampal connectivity to influence depression risk.

Our data reveals alterations of the communication patterns between the hippocampus and the rest of the brain in
depression, effects potentially driven by overall familial factors (genes plus shared twin environment) and modified by the

FKBP5 gene.



Introduction

Brain disorders such as depression are rapidly becoming
one of the leading causes of disability worldwide, imposing
severe burdens on public health systems (Murray et al,
2012). There is ample evidence showing that depression
has a complex multifactorial etiology which can be traced
back to genes, environment, and gene-environment
interactions (Mandelli and Serretti, 2013). However, novel
research methods are needed to determine the precise

factors underlying this disorder (Saveanu and Nemeroff,

2012).

In this sense, studies combining neuroimaging
and molecular genetic data provide a special opportunity to
elicit the complex etiology of depression since brain
phenotypes obtained with in vivo magnetic resonance
imaging (MRI) techniques have consistently been linked to
depressive phenotypes (Graham et al, 2013; Northoff,
2013), and some well-identified genetic variants may be
linked to the activity of the brain, in both healthy and
depressed individuals (Dick et al, 2015; Parasuraman and
Jiang, 2012). Overall, neuroimaging genetic studies
constitute a method to investigate how some genetic factors

may alter brain activity and lead to behavioral and

psychopathological outcomes (Parasuraman et al, 2012).

While one of the most recent approaches to study
brain structure and function in psychopathology is the
analysis of wiring patterns between different brain regions
using graph theory and diffusion weighted imaging (DWI)
(Bullmore and Sporns, 2009), to date there are only a few
graph theoretical studies analyzing the potential role of
brain network alterations in adult depression (Korgaonkar et
al, 2014; Leow et al, 2013; Long et al, 2015; Qin et al,

2014). Having focused mainly on large-scale network

analysis, some of them have found alterations in
hippocampal connectivity (Leow et al, 2013; Long et al,
2015), in line with former biologically feasible evidence on

the neurobiology of depression (Campbell et al, 2004; Eisch

and Petrik, 2012; MacQueen et al, 2003).

The hippocampus is a highly sensitive brain
region that has been identified as a key modulator of stress
responses underlying depressive behavior (Chen et al,
2012; Snyder et al, 2011). Of note, the activity of the FK506
binding protein 5 (FKBP5) gene has been found associated
with a large number of stress-related outcomes and
hippocampal features (Binder et al, 2008; Fani et al, 2013;
Guidotti et al, 2013; Klengel et al, 2013). The rs1360780
variant —one of the most studied single nucleotide
polymorphisms (SNPs) in the FKBP5 gene— has been
linked to hippocampal volume and function in depression
and stress (Fani et al, 2013; Fani et al, 2014; Pagliaccio et
al, 2014). Though this may be related to genetic factors
underlying a communicational deficit of the hippocampus in
depression, to the best of our knowledge, no previous
report has evaluated the (putative) association between this
SNP and the organization of white matter tracts connecting

the hippocampus to the rest of the brain.

With this background, the current study aimed to
determine the role of genetic and environmental factors
leading to depression via hippocampal alterations, and its
potential modulation by the common functional FKBP5’s
rs1360780 variant. To do so, whole brain structural data
was obtained using DWI from a group of 54 monozygotic
(MZ) twins (27 pairs) informative for depressive
psychopathology. Since members of a MZ twin pair have
almost identical DNA sequences, this work studied their

phenotypic similarities and differences in order to obtain

insights on familial and environmental influences. Various



centrality measures of hippocampal nodal connectivity were
estimated by constructing whole-brain networks; also,
putative interaction effects between hippocampal centrality
and the rs1360780 single nucleotide polymorphism (SNP)

in the FKBP5 gene were explored.

Methods and Materials

Sample description. The present sample constitutes a
subset extracted from a group of 115 Spanish Caucasian
adult twin pairs (230 individuals) from the general
population, who gave permission to be contacted for
research purposes (UB Twin Registry). Written informed
consent was obtained from all individuals after a detailed
description of the study aims and design, approved by the

local Ethics Committee. All procedures were conducted in

accordance with the Declaration of Helsinki.

Zygosity of all twin pairs was assessed by
genotyping 16 highly polymorphic microsatellite loci from
DNA samples (SSRs; PowerPlex® 16 System Promega
Corporation). Identity on all the markers can be used to
assign monozygosity with over 99% precision (Guilherme et
al, 2009). In the whole sample (115 twin pairs), 86 duos

were MZ.

Using the previously collected data, a group of 54
individuals (27 MZ twin pairs) was selected from the set of
Mz twins, as they were informative for obstetric and
psychopathological traits and gave consent to participate in

the MRI part of the present study.

Twins included in this 54-participant subset met
the following criteria: i) age at scan between 21 and 53
years, ii) both twins right-handed, iii) none of the twins

manifested liability for DSM-IV-R psychiatric diagnoses

other than depression and/or anxiety, and iv) no twin had a
medical history of neurological disturbance, sensory or
motor alterations, or substance misuse or dependence.
Pairs where one or both twins manifested either
neurological or major medical illnesses were excluded as
well (see Measures). Hence, the sample included in all
statistical analyses discussed next consisted of 54
individuals (20 males, mean age: 34.8 years). Further
information on this sample can be found elsewhere

(Alemany et al, 2013).

Psychometric  measures.  Liabilty for (lifetime)
psychopathology in this general population sample was
screened in a face-to-face interview by a clinical
psychologist, using the Structural Clinical Interview for
DSM-IV Axis | Disorders (SCID-I) (First, 1997). Participants
were then asked to received

report if they had

pharmacological or psychological treatment or had
consulted a psychiatrist or psychologist since they first
participated in the study. While three individuals were likely
exposed to life-time psychopharmacological treatment for
depression, excluding them from the analyses did not

change the significance of the results.

In the present sample, six individuals with a
history of mainly anxious psychopathology were included in
the psychopathology-affected group. This apparently broad
category of outcomes was used in conjunction with
evidence on the comorbidity, shared etiopathology and
diagnostic criteria overlap between depressive and anxious
disorders (Mosing et al, 2009; Ressler and Mayberg, 2007;
Wittchen et al, 2002; Zbozinek et al, 2012), as well as
taking into account evidences of shared hippocampal

alterations across both diagnoses (Miller and Hen, 2015).



Repeating the statistical analyses removing predominantly

anxious individuals produced very similar results.

Briefly, there were eleven healthy pairs, six
concordant and ten discordant pairs for lifetime DSM-IV
diagnoses. To further characterize this sample at the clinical
level, current depression status and other psychiatric
symptoms were evaluated using the Brief Symptom
Inventory (BSI) (Derogatis and Melisaratos, 1983; Ruiperez
et al, 2001). Descriptive data from the current sample is

summarized in Table 1.

As shown, all diagnostic concordant pairs were
females, and twins with no lifetime history of DSM-IV
diagnosis had lower BS| scores —fewer self-reported
symptoms— in both the depressive subscale and the whole

guestionnaire.

Genotyping. Genomic DNA was extracted from either
saliva or blood samples from the total sample (n = 115
pairs) by using the Collection Kit BuccalAmp DNA
extraction kit (Epicentre, ECOGEN, Spain) for saliva or a
standard phenol-chloroform method for blood. The latter
method was used for the 54 participants of this study, since
peripheral blood samples were available. The common
functional variant rs1360780, within the FKBP5 gene, was
genotyped using Applied Biosystems TagMan technology
(Applied Biosystems, California, USA). Applied Biosystems
assay-on-demand service was used to order the probes. A
random 10% of the total sample was selected to repeat the
genotyping protocol for cross-validation. The reproducibility
rate was 100%. Genotype determinations were performed
blind to psychopathological status of the twin pairs.
Departure from Hardy-Weinberg equilibrium was tested in

both the whole sample (115 pairs) and the depression

concordant, discordant and control subsets of twins (6, 11
and 10 pairs) by using one genotype from every pair, and
following a recently introduced methodology that is
particularly suited for small sample sizes with low minor
allele counts (Graffelman and Moreno, 2013). The genotype
distribution of the rs1360780 SNP was in Hardy-Weinberg
equilibrium in all four cases; the p-values for equilibrium
departure were 0.921 (whole UB sample), 0.136
(concordant), 0.068 (discordant) and 0.14 (healthy). There
were no inter-group differences in genotype frequency

distribution across concordant, discordant and healthy pairs

(Table 1).

Table 1

MRI acquisition and pre-processing. The images were
acquired at the MRI Unit of the Image Platform (IDIBAPS,
Hospital Clinic de Barcelona), using a TIM TRIO 3T
scanner with an 8-channel head coil (Siemens, Erlangen,
Germany). First, high resolution 3D structural datasets were
obtained for anatomical reference, using a T1-weighted
magnetization prepared rapid gradient echo, with the
following parameters: 3D T1-weighted MPRAGE sequence,
TR = 2300 ms, TE = 3.03 ms, Tl = 900 ms, flip angle = 9°,
192 slices in the sagittal plane, matrix size = 256x256, 1
mm?® isometric voxel. Diffusion weighted images were
acquired by means of spin echo-planar imaging (TR =7600
ms, TE =98 ms, flip angle = 90°, slice thickness = 2.5 mm,
matrix size = 192x192, voxel size = 1.25 x 1.25 x 2.5 mm3)
with 82 noncollinear diffusion directions at b = 1000 s/mm2

and six b =0 images.

T1 MRI scans were processed and analysed

using the freely available software FreeSurfer

(http://surfer.nmr.mgh.harvard.edu/), using automatic



http://surfer.nmr.mgh.harvard.edu/

segmentation and parcellation protocols to obtain 68
cortical and 14 subcortical gray matter brain regions
(Desikan et al, 2006; Fischl et al, 2002). A robust tensor
fitting method was used to retrieve the preferred diffusion
direction from the DWI data in each voxel of a brain mask
(Chang et al, 2012). Using streamline tractography, eight
streamlines were started in each white matter voxel and
propagated by following the main diffusion direction from
voxel to voxel (Mori et al, 1999). Propagation of a
streamline was ended when the streamline reached a voxel
with fractional anisotropy (FA) < 0.1, when the path angle

was > 45°, or when a path exited the brain mask.

Whole-brain  connectivity = matrices  were
generated for each of the 54 MZ twins in this study, by
combining the mentioned 82 brain regions with the total
collection of reconstructed fiber streamlines. Following
conventional protocols (van den Heuvel and Sporns, 2011),
edge weights were assigned as the count of the number of
streamlines (NOS) touching a given pair of regions. A
schematic representation of these steps is shown in Figure
1. Complementarily, in recognition that the NOS across
each pair of brain of regions may be volume-dependent
(van den Heuvel et al, 2011), the previous edge weights
were mapped to a second connectivity matrix by dividing
them by the sum of the volumes of the two connected brain
regions. As statistical significance of the results shown
below was very similar using either the original or volume-
adjusted edge weights, and since this volume adjustment
may be overly conservative (van den Heuvel et al, 2011;
Zalesky and Fornito, 2009), only NOS-based findings are
reported in the main text (results using volume-corrected

data revealed overlapping findings and are reported as

Supplementary Material).

Figure 1

Measures of hippocampal centrality within the brain
network. Three different nodal centrality measures were
separately computed for both left and right hippocampus:
nodal strength, betweenness centrality and eigenvector
centrality. These three quantities were included in view that
they have widely been studied in the literature (Borgatti and
Everett, 2006). Centrality measures were computed using
the Brain Toolbox

Connectivity (http://www.brain-

connectivity-toolbox.net) (Rubinov and Sporns, 2010), run

in MATLAB (Mathworks Inc., USA). Detailed mathematical
descriptions of these metrics can be found elsewhere

(Borgatti et al, 2006; Bounova and de Weck, 2012).

In the present context, these quantities represent:
the connectivity between the hippocampus and the rest of
the brain (i, strength), how often the hippocampus bridges
through the shortest path between any two other nodes (ii,
betweenness centrality), and how strong the connections
are between the hippocampus and the brain regions with

the highest connectivity (iii, eigenvector centrality).

Statistical analysis. All inter-subject analyses were
conducted using logistic regression models using R’s
software packages rms and mztwinreg (Cérdova-Palomera,
2015; Harrel, 2013; R Development Core Team, 2011).
Separate logistic regression models assessed left and right

hippocampal centrality measures.

First, to assess the extent to which the FKBP5
genotype and the hippocampal centrality measures relate to
the outcome of depression —considering each individual as

a separate observation—, the model
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logit(m) = B, + B, (gender) + B,(age) + B3(rs1360780)
+ B,(strength) + Bs(bet.)

+ Bs(eigenv.)

was fitted. Here, m stands for the probability of an individual
being depressed, and the left or right hippocampal metrics
are introduces in the terms strength (nodal strength), bet.
(betweenness centrality) and eigenv. (eigenvector
centrality); rs1360780 is a three-level numeric variable
representing the number of minor alleles (“T” allele) in a
given individual. The latter convention was adopted in
recognition of the well-established quantitative gene
expression changes caused by the rs1360780 SNP (Binder
et al, 2004; Fujii et al, 2014a); its use as a categorical
variable did not alter the main results and conclusions
derived from the analyses. As noticed from the equation,
gender and age were included as covariates to control for
potential confounding. Additionally, the Huber-White
method was used to adjust the variance-covariance matrix
of these regression fits, in order to account for the non-
independence of twin

data (i.e., heteroskedasticity)

(DeMaris, 1995; Harrel, 2013).

Secondly, since previous research has shown
that both depression and the brain network metrics are
influenced by genes and environment (Bohlken et al, 2014;
Domschke and Reif, 2012; Leonardo and Hen, 2006), an
additional regression procedure (Begg and Parides, 2003;
Cérdova-Palomera, 2015) was implemented to determine
whether the above mentioned results were driven by the
familial or non-genetic factors. Specifically, the previous

regression model was adjusted by using

logit(m;;) = Bo + Bt + Buw (Xij — i)

in order to obtain estimates of both a) familial factors

(genetic plus shared environment, B5) and b) unique

environmental influences (from non-shared events within a
pair, By) on every graph-theoretical nodal centrality
measure (i.e., strength, betweenness centrality and
eigenvector centrality). Subindex i € {1, ..., n} stands for pair
number (here, n = 27 MZ pairs) and j € {1, 2} refers to co-
twin number (randomly assigned). m;; stands for the
probability that co-twin j from the i-th pair has of being
affected by depression. B, represents the intercept;
u; = (X;; + X;,)/2 is the mean nodal centrality measure of
the i-th pair, and X;; — y; denotes the deviation of co-twin j
from the pair's mean nodal centrality measure. In this set of
analyses, each of these three nodal centrality measures is
considered in the same regression model; left and right
hippocampal measures (parsed out as familial and unique
environmental estimates) are analyzed separately. As in the

first model, these analyses were adjusted for gender and

age, and the Huber-White estimator was incorporated.

Additionally, interaction effects between FKBP5’s
rs1360780 and the hippocampal metrics were tested.
Additive models were chosen in view of four research
evidences: i) interaction effects in the psychiatric literature
are more robust when measured on additive scales than on
multiplicative ones (Clarke et al, 2011; Kendler and
Gardner, 2010), ii) additive interactions are closer to true
biological effects (Han et al, 2012), iii) small sample sizes
allow a better detection of additive than multiplicative effects
(VanderWeele, 2012) and iv) testing multiplicative
interactions with the above equations would require largely
saturated regression models, with high probability of
collinearity. In short, the interaction between rs1360780 and
the hippocampal centrality metrics was tested using a
variant of the likelihood ratio test (Han et al, 2012; Harrel,

2013) to compare the full-regression results (SNP +

hippocampal metrics) against each of the separate models



(i.e., the SNP and the hippocampal metrics analyzed in

independent models).

Logistic regression plots were generated with
ggplot2 (Wickham, 2009) using the univariate version of the
above models (residual regression fitting). Following
previous indications on interaction effect analysis in the
behavioral sciences (Aguinis and Stone-Romero, 1997),

90% confidence intervals are depicted.

When appropriate, multiple testing adjustments of
the regression coefficients from the different (independent)
regression models were implemented using the false
discovery rate (FDR) approach. The adoption of this Type-I
error rate correction is based on previous literature of
statistical analysis for biological and behavioral data
(Benjamini and Hochberg, 1995; Glickman et al, 2014; Liu

et al, 2004; Nakagawa, 2004).

Results

A first set of analyses evaluated the association between
the common FKBPS5 functional variant rs1360780 and
depression, adjusting for gender and age and correcting for
potential heteroskedasticity (due to the correlated nature of
data from twins). No statistically significant association was
found (B = -0.61, S.E. = 0.4, p = 0.128). Likewise, the
association between depression and each of the three
hippocampal centrality measures was evaluated, using two
regression models (one per hemisphere). None of the left-
hippocampal metrics was associated with depression;
nevertheless, the right hippocampus did show a statistically
significant association with depression (nodal strength: 8 = -
0.99, S.E. = 0.39, p = 0.011; eigenvector centrality: B =

0.92, S.E. = 0.37, p = 0.013) (Table 2). These results are

indicative of a right hippocampal nodal strength decrease in
depression (i.e., depressed individuals would have less total
NOS count from their right hippocampus) (Figure 2: B).
Likewise, they would suggest an eigenvector centrality
increase of the right hippocampus in affected individuals:
depressed individuals of this sample had relatively strong
connections from the hippocampus to the regions with the

highest connectivity in the brain (Figure 2: D).

Table 2

Figure 2

Then, the additive interaction between rs1360780
and hippocampal centrality was tested to determine
whether their combined effect was related to depressive
psychopathology. The inclusion of both the FKBP5
genotype and the right hippocampal metrics in the same
regression model suggested an additive interaction effect
(likelihood ratio tests: X* = 10.84, d.f. = 3, p = 0.013 full
model vs. only genotype; X* = 5.97, d.f. = 1, p = 0.015 full
model vs. only the hippocampal metrics) (Table 2). Namely,
the inclusion of both rs1360780 and the hippocampal
centrality metrics in a same logistic regression provided
better model fitting parameters than their separate use.
Accordingly, CC genotype carriers of the rs1360780 who
have low nodal strength in the right hippocampus show
higher depression risk than their T-carrier counterparts
(Figure 2: C). Likewise, the results in Table 2 suggest that C
homozygotes with high (right) hippocampal eigenvector

centrality show an increased probability of depression as

compared to CT and TT genotype individuals (Figure 2: E).

Additionally, Table 2 shows no evidence of
interaction effects between the left hippocampal metrics and

the FKBP5 genotype (likelihood ratio tests: X?=6.05, d.f. =



3, p = 0.109 full model vs. only genotype; X? = 3.84, d.f. = 1,

p = 0.05 full model vs. only hippocampal metrics).

Additional analyses were performed to determine
whether the previously mentioned associations were
caused by either unique environmental or familial factors
(genes and shared environment) (Table 3). The results
indicate that the associations between both nodal strength
and eigenvector centrality of the right hippocampus are
mostly driven by familial factors. Namely, some familial
influences (genes plus shared twin environment) would alter
the hippocampal connectivity to modify the risk for
depression. The analyses also suggested that the unique
environmental factors  altering right hippocampal
eigenvector centrality may play a role in the etiology of

depression. Nevertheless, none of these three associations

remained statistically after FDR adjustments (Table 3).

Finally, the potential environmental or familial
roots of the associations between hippocampal centrality
and the FKBP5 genotype were assessed. The results
indicate that the additive interaction effects between FKBP5
and both (right hippocampal) nodal strength and
eigenvector centrality were mostly driven by familial factors
(Table 3 and Figure 3); the statistical significance of these

two associations survived FDR correction at p < 0.05.

Table 3

Figure 3

Discussion

In this work, a genetically-informative design was
implemented to evaluate putative relationships between

graph theoretical measures of hippocampal centrality, the

common functional FKBP5 variant rs1360780 and
depression risk. To separately analyze the influence of
familial and unique environmental factors altering the
relationship between hippocampal structural connectivity
and depression, a MZ twin-based model was performed.
The overall results indicate that the additive effect of right
hippocampal connectivity alterations and the FKBP5
genotype influence depression risk. They also indicate that
these associations may be mainly driven by familial factors
altering the connections between the hippocampus and the

rest of the brain.

Right hippocampal centrality alterations in the
depressed brain. The first result of this work is the
association between the graph theoretical measures of right
hippocampal centrality and depression risk. When
considering all 54 twins as independent individuals —
adjusting for the correlated nature of twin data—, there were
associations between depression risk and both nodal
strength and eigenvector centrality of the hippocampus
(Table 2). These data indicate lower hippocampal nodal
strength in depression, which could be understood as a
reduction in the number of connections (NOS) linking the
hippocampus and all other brain regions in depressed
individuals (Figure 2: B). In line with previous clinical
findings (Liao et al, 2013; Long et al, 2015), this result may

be indicative of a communicational deficit in the depressed

hippocampus.

Similarly, there was evidence of disrupted right
hippocampal (eigenvector) centrality in depression. This
result is particularly relevant in view of recent findings of the
hippocampus as a key hub for communicational dynamics
in the brain (Misic et al, 2014). The current data show that

the right hippocampus has a more central position in the



depressed brain network than in its healthy counterpart,
which may lead to a disruption of information transfer
mechanisms. Analogous eigenvector centrality alterations
of some limbic brain regions have been found in other DWI
studies of depression and related conditions (Qin et al,

2014; Teicher et al, 2014).

Despite the overall NOS reductions (decreased
strength), the hippocampus of depressed individuals had a
prominent position in the brain network: it is well connected
to the hub regions. This combination of network parameters
(decreased strength and increased centrality) may be
related to an excessive -and perhaps abnormal—-
information flow traversing the hippocampus in depression
(Table 2 and Figure 2). It is also important mentioning that
the associations between right hippocampal centrality and
depression were driven by familial factors in the case of
nodal strength, and by both genetic and environmental

influences on eigenvector centrality (Table 3).

The rs1360780 SNP (FKBP5) interacts with
hippocampal centrality to increase depression risk. The
present findings also indicate that depression risk is partly
explained by an additive interaction effect between right
hippocampal connectivity and the common functional
FKBP5 variant rs1360780 (Table 2, Table 3). Specifically,
they suggest that individuals having altered hippocampal
connectivity who also carry the CC genotype of rs1360780

have an additional percentage of risk for depression (Figure

2: C and F, and Figure 3: B and D).

As mentioned earlier, recent reports are
consistently showing that FKBP5’s rs1360780 is linked to a
system-wide (i.e., not only cerebral) biological disruption in

both health and depression (Fujii et al, 2014a; Fujii et al,

2014b; Menke et al, 2013), and that there are interaction
effects between rs1360780 and early/childhood adverse
events that partly predict the risk for depression-related
psychopathology (Appel et al, 2011; Klengel et al, 2013;
Roy et al, 2010). Likewise, there is some —still not definite—
evidence of an association between the rs1360780 and the
clinical response to antidepressant drug treatment (Binder
et al, 2004; Kirchheiner et al, 2008; Zou et al, 2010).
However, it is worth recalling that previous reports have
likewise failed to find direct associations between this SNP
and depression status (Binder et al, 2004), or have also
found only moderate ethnicity- or gender-specific effects

(Lavebratt et al, 2010; Lekman et al, 2008).

The present results for the FKBP5 can be better
understood in light of previous literature reports. First, there
was no statistically significant association between the
rs1360780 SNP and depressive psychopathology (Table 2
and Table 3), consistent with previous evidence (Binder et
al, 2004; Zou et al, 2010). However, the current findings
indicate that the familial liability for hippocampal changes
that cause depression is dampened by rs1360780’s T allele
(Table 3 and Figure 3). Since the T allele of this SNP has
been found to moderately predict antidepressant treatment
response (Binder et al, 2004; Kirchheiner et al, 2008), one
could hypothesize that this allele regulates the
connectivity/communication deficits of the hippocampus
observed in depression (Figure 2: B and E), making this

brain region more responsive to therapeutic factors (Figure

2: C and F, and Figure 3).

Additional considerations and limitations of the study.
Notably, all the statistically significant associations found
here were driven by right —but not left— hippocampal

alterations. The right hippocampus has widely been



recognized as a central brain structure involved in spatial
memory information processing (Maguire et al, 1997,
Piekema et al, 2006), a cognitive process showing some
alterations in depression and related stress phenotypes
(Marazziti et al, 2010; Wong et al, 2007). Related findings
on a role for FKBP5’s rs1360780 in cognition (Fuijii et al,
2014b) may suggest that the current results are linked to

cognitive impairments in depressive psychopathology.

Some methodological limitations of this study
should be noted. First, the sample size was modest;
however, the associations found here (Table 2 and Table 3)
may support the presence of relatively strong effects.
Secondly, the brain atlas used to obtain all connectivity
matrices was contains only 82 ROIs across the whole brain.
Though it implies that the present results are not directly
comparable with other studies using different parcellation
schemes, this is not a problem only within the current study.
Choice of parcellation schemes is an important matter with
large implications for brain connectomics research (de Reus
and van den Heuvel, 2013). In order to tackle this issue,
future studies may combine higher-resolution brain scans

with finer-grained anatomical atlases.
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Tables

CONCORDANT DISCORDANT HEALTHY .
. . . Group comparison
(12 subjects, 10 female) | (20 subjects, 14 female) | (22 subjects, 10 female)
rs1360780
Frequency % Frequency % Frequency % Fisher’s p®
genotype
CcC 8 66.7 12 60 10 45.5
CT 2 16.7 4 20 6 27.3 0.843
TT 2 16.7 4 20 6 27.3
Mean (SD) Range Mean (SD) Range Mean (SD) Range X-squared®; p
Age 37 (12.1) 23-51 33.8(10.9) 21-53 34.5(8.1) 22-48 0.8; 0.684
Total BSI 37.3(26.7) 6-108 21.7 (13.5) 4-45 9.4 (8.1) 1-33 19.4; 6x10™*
Depressive
symptoms 8.7 (7.5) 1-24 4.4 (3.3) 0-12 1.5 (1.6) 0-6 14.6; 7x10™*
(BSI subscale)

Table 1. Demographic, psychopathological and genotypic data for DSM-IV diagnostic concordant, discordant and
healthy MZ twin pairs. Notes: SD, standard deviation; BSI, Brief Symptom Inventory; ?; Fisher's exact test for count data; b

Kruskal-Wallis X-squared, as these variables were continuous; *, statistically significant p-value.




Independent model Additive model Likelihood ratio test
B SE. | p(>|Z]) | C-index B SE. | p(>|Z]) | C-index X2 d.f. p
Strength -0.57 | 0.48 0.238 -0.75 0.7 0.286 Additive model vs. Hippocampal metrics
.| Betweennessc. [ 057 | 038 [ o014 0756 | 0.64 | 052 | 0222 3.84 ‘ 1 ‘ 0.05
é Eigenvenctor c. 0.43 0.48 0.372 0.62 0.48 0.201 0197 Additive model vs. FKBP5
FKBP5 -0.61 0.4 0.128 0.727 -0.83 | 0.56 0.141 6.05 ‘ 3 ‘ 0.109
Strength -0.99 | 0.39 | 0.011* -1.29 0.5 0.009** Additive model vs. Hippocampal metrics
E Betweenness c. 0.18 0.39 0.655 0.756 0.26 0.44 0.556 5.97 1 ‘ 0.015
g Eigenvenctorc. | 0.92 | 0.37 | 0.013* 1.42 | 0.47 | 0.002** 008 Additive model vs. FKBP5
FKBPS 061 | 04 | 0128 | 0727 | -116 | 0.48 | 0.016* 10.84 ‘ 3 ‘ 0.013

Table 2. Logistic regression test results for the association between depression and both hippocampal centrality

and FKBP5 genotype. The statistical analyses were performed independently for the left and right hippocampal centrality

metrics. S.E., standard error; d.f., degrees of freedom; c., centrality; **, statistically significant p-value after FDR multiple

testing adjustment.

Independent model Additive model Likelihood ratio test
C- C-
S.E. P ) B S.E. P ) X2 d.f. p
12l) index 12l) index
0.4 - 0.021*
Strength (fam.) 0.039* 0.5 » )
0.84 1 1.14 * Additive model vs. Hippocampal
0.4 - 0.5 metrics
Strength (env.) 0.121 0.121
0.73 7 0.83 4
Betweenness c. 0.4 0.4
0.35 0.448 0.44 0.364 6.18 1 0.013
(fam.) 6 8
0.776
= Betweenness c. 0.3 0.4
5 0.987 0.09 0.853 0.82
9 (env.) 0.01 8 7 »
e i Additive model vs. FKBP5
Eigenvenctor c. 0.4 0.4 0.005*
0.75 0.069 1.26
(fam.) 1 5 *
Eigenvenctor c. 0.3
0.73 0.049* 0.97 0.5 0.054
(env.) 7
12.21 6 0.057
- 0.4 0.012*
FKBP5 0.4 0.128 0.727
0.61 1.22 9 *

Table 3. Logistic regression test results for the association between depression, the FKBP5 genotype and both

familial and environmental factors altering right hippocampal centrality. S.E., standard error; d.f., degrees of freedom;

c., centrality; *, p-value < 0.05; **, statistically significant p-value after FDR multiple testing adjustment.




Figure legends

Figure 1. Schematic representation of the pre-processing
steps and hippocampal network metrics considered. A: The
diffusion weighted image is co-registered to the anatomical
T1 3D volume, and the brain is subdivided into 82 ROIs (41
per hemisphere), to retrieve the NOS between brain regions
as shown in B; C: the NOS between each pair of regions is
mapped to an edge weight in a connectivity matrix; D: nodal
centrality metrics are computed for both the left and right
hippocampus (larger nodes in the brain networks). The
brain network shown here represents the average

connectivity values of 5 twins randomly chosen from

different healthy pairs.

Figure 2. Right hippocampal centrality alterations associate
with increased risk of depression, and the FKBP5 gene
moderates this association. For simplicity, FKBP5 genotype
effects are represented with two levels: C homozygotes and
T (minor frequency allele) carriers. A: the right hippocampus
(larger orange node) typically exhibits moderate nodal
strength in healthy individuals (the network represents the
mean nodal strength values of 5 twins randomly chosen
from 5 different healthy pairs); B: a decrease in nodal
strength of the right hippocampus associates with increased
risk for depression; C: homozygotes for the C allele of
FKBP5’s rs1360780 with low nodal strength of the right

hippocampus show higher depression risk than T allele

carriers; D: the right hippocampus (larger blue node)
typically exhibits moderately high eigenvector centrality in
healthy individuals (the network represents the mean nodal
strength values of 5 twins randomly chosen from 5 different
healthy pairs); E: increased eigenvector centrality of the
right hippocampus associates with higher risk of
depression; F: rs1360780 T allele carriers with high right

hippocampal eigenvector centrality exhibit larger risk for

depression than C homozygotes.

Figure 3. Familial factors altering right hippocampal
centrality associate with increased risk of depression, and
the FKBP5 gene moderates this association. For simplicity,
FKBPS5 genotype effects are represented with two levels: C
homozygotes and T (minor frequency allele) carriers. A: the
right hippocampus (larger orange node) typically exhibits
moderate nodal strength in healthy individuals (the network
represents the mean nodal strength values of 5 twins
randomly chosen from 5 different healthy pairs); B: the
FKBP5 rs1360780 genotype interacts with the familial
factors altering right hippocampal nodal strength to increase
depression risk; C: the right hippocampus (larger blue node)
typically exhibits moderately high eigenvector centrality in
healthy individuals (the network represents the mean nodal
strength values of 5 twins randomly chosen from 5 different
healthy pairs); D: the FKBP5 rs1360780 genotype interacts
with the familial

factors altering right hippocampal

eigenvector centrality to increase depression risk.
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Abstract: Recent findings indicate that alterations of the amygdalar resting-state fMRI connectivity
play an important role in the etiology of depression. While both depression and resting-state brain
activity are shaped by genes and environment, the relative contribution of genetic and environmental
factors mediating the relationship between amygdalar resting-state connectivity and depression remain
largely unexplored. Likewise, novel neuroimaging research indicates that different mathematical repre-
sentations of resting-state fMRI activity patterns are able to embed distinct information relevant to
brain health and disease. The present study analyzed the influence of genes and environment on
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amygdalar resting-state fMRI connectivity, in relation to depression risk. High-resolution resting-state
fMRI scans were analyzed to estimate functional connectivity patterns in a sample of 48 twins (24
monozygotic pairs) informative for depressive psychopathology (6 concordant, 8 discordant and 10
healthy control pairs). A graph-theoretical framework was employed to construct brain networks using
two methods: (i) the conventional approach of filtered BOLD fMRI time-series and (ii) analytic compo-
nents of this fMRI activity. Results using both methods indicate that depression risk is increased by
environmental factors altering amygdalar connectivity. When analyzing the analytic components of the
BOLD fMRI time-series, genetic factors altering the amygdala neural activity at rest show an important
contribution to depression risk. Overall, these findings show that both genes and environment modify
different patterns the amygdala resting-state connectivity to increase depression risk. The genetic rela-
tionship between amygdalar connectivity and depression may be better elicited by examining analytic

components of the brain resting-state BOLD fMRI signals. Hum Brain Mapp 00:000-000, 2015.

Wiley Periodicals, Inc.

© 2015

Key words: amygdala; resting-state fMRI; environment; depression; signal processing; Hilbert trans-

form; MZ twins
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INTRODUCTION

Depressive disorders are becoming one of the leading
causes of economic burden globally [Murray et al., 2012],
with lifetime prevalence estimates reaching up to 20% in
some cases [Kessler et al., 2007]. It is generally accepted
that depression can partly be traced back to environmental
factors such as adverse childhood familial environment,
personality traits and stressful adult life events, among
others [Kendler et al., 2003; Moffitt et al., 2007]. Likewise,
research has demonstrated that an important extent of the
risk for this psychopathological disorder can be explained
by genetic influences and by the synergic effect of genes
and environment [Domschke and Reif, 2012; Leonardo and
Hen, 2006; Sullivan et al., 2000].

In this sense, parsing out genes and environment has
enormous importance in the search for the etiological ori-
gins of mental disorders, as (i) it has been suggested that
some alternative phenotypes (i.e., endophenotypes) may
have a stronger link to the genetic basis of psychopathol-
ogy than phenomenologically-derived clinical diagnoses
[Glahn et al., 2014; Gottesman and Gould, 2003] and (ii)
the identification of non-genetic influences on psychiatric
conditions has several epidemiological and public health
implications [Duncan and Keller, 2011; Freeman and Stans-
feld, 2008; Lundberg, 1998].

Importantly, neuroimaging studies may provide an
important reference framework to understand such com-
plex multifactorial basis of disease [Blokland et al., 2012;
Hyde et al., 2011; Paus, 2013], and research has shown
that resting-state functional magnetic resonance imaging
(fMRI) brain network alterations may serve as endopheno-
typic markers of neuropsychiatric disorders [Glahn et al.,
2010].

Novel findings on the genetics of the connectome have
pointed out that resting-state functional brain connectivity,
as measured by blood-oxygen-level dependent (BOLD)
fMRI signals, is influenced by both genes and environment.

Specifically, three quantitative genetic studies have reported
on the heritability of important resting-state fMRI network
features. Glahn et al. [2010] analyzed data of 333 individuals
from 29 families to conclude that several features of the
default mode network are partly heritable and may be used
as endophenotypic measures for psychiatric disorders. In
addition, Fornito et al. [2011] examined a sample of 16
monozygotic (MZ) and 13 dizygotic adult twin pairs, and
found strong genetic influences on global network effi-
ciency. Likewise, a more recent report by van den Heuvel
et al. [2013] using a sample of 21 MZ and 22 dizygotic twin
pairs; their main findings indicate an important role for
genetic factors on global network metrics of the resting
brain. While these three reports constitute sound evidence
of large genetic influences—as well as unique environmental
factors—underlying BOLD fMRI connectivity patterns dur-
ing rest, they have mainly focused on global network meas-
ures at either the whole-brain or the default mode network
in healthy individuals. Complementarily, studies of candi-
date genes in samples of genetically unrelated individuals
have suggested a role for genes such as ZNF804A, APOE,
COMT, and MET as modulators of different resting-state
fMRI network parameters in neuropsychiatric phenotypes
such as Alzheimer’s disease, schizophrenia and autism
[Esslinger et al., 2011; Filippini et al., 2009; Liu et al., 2009;
Martin et al., 2014; Rudie et al., 2012; Trachtenberg et al.,
2012; Tunbridge et al., 2006].

Overall, these ample evidences indicate that resting-state
networks extracted from BOLD fMRI measurements have
separate genetic and environmental influences. Likewise,
they suggest that the association between some specific
genetic or environmental factors and several psychopatho-
logical outcomes may be mediated by the disruption of
the resting-state networks. Despite this, to the best of our
knowledge, no previous study has evaluated the potential
genetic or environmental etiology of the resting-state fMRI
network alterations underlying depressive disorders. This
is an important issue, as recent studies of have consistently
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shown alterations of the resting-state fMRI activity pat-
terns in depressed individuals [Dutta et al., 2014].

Specifically, one of the most consistently replicated find-
ing in resting-state fMRI studies of depression is a disrup-
tion of the amygdalar activity [Cullen et al., 2014; Dutta
et al., 2014; Wang et al., 2014; Zeng et al., 2014]. Briefly,
these recent reports have shown alterations of amygdalar
connectivity in adolescent depression [Cullen et al., 2014];
disrupted connectivity strength in major depressive disor-
der patients who previously suffered childhood neglect
[Wang et al., 2014]; and important amygdalar modifica-
tions that may serve to discriminate a depressed from a
healthy brain [Zeng et al., 2014].

Other alterations of the amygdalar activity in resting-state
fMRI networks of depressed individuals have widely been
described across the literature [Dutta et al.,, 2014]. For
instance, a number of disruptions in the affective network
comprising the amygdala, the hippocampus and related
regions have been found in depression [Zeng et al., 2012;
Zhang et al., 2014a]. These results are somehow consistent
with the findings by Sheline and colleagues, who described
alterations in sets of brain regions comprising the amygdala,
such as the affective and the default mode networks [Sheline
etal., 2009, 2010]. Similarly, network alterations of pathways
connecting the amygdala and the prefrontal cortex have
been found after selective serotonin reuptake inhibitor anti-
depressant treatment [McCabe and Mishor, 2011]. Overall,
these and other related studies support the idea of a disrup-
tion of amygdalar resting-state connectivity as one of the
main mechanisms underlying large-scale network disrup-
tions in depression [Kaiser et al., 2015].

These resting state connectivity alterations index modifi-
cations in the communication between the amygdala and a
wide set of regions across the whole brain. In the context
of large-scale networks, these disruptions may be thought
of as changes in the information processing mechanisms
between the amygdala and other cerebral structures [van
den Heuvel and Hulshoff Pol, 2010]. It is worth mention-
ing that resting-state communication between regions can
be understood from several alternative viewpoints, some
of which have-at least in principle-their own potential
relevance in clinical settings [Lee et al., 2013]. Among
numerous methods to study brain activity at rest, one of
the most promising approaches is the assessment of the
spatio-temporal patterns of coactivation between regions
through network modeling [Richiardi et al., 2011; Smith,
2012; van den Heuvel and Hulshoff Pol, 2010]. Conven-
tionally, low-frequency periodic time courses of resting-
state activation patterns are extracted from a set of ana-
tomical regions, and strong first-order correlations in the
temporal configuration of activity between two anatomi-
cally separated regions is abstracted as a functional con-
nection [De Vico Fallani et al., 2014; van den Heuvel and
Hulshoff Pol, 2010].

While this method of extracting networks from correlated
temporal activity between brain regions has undoubtedly

led to outstanding neurobiological and clinical findings [Lee
et al., 2013], it is essential recognizing that periodic waves
can carry information via several different coding systems,
some of which constitute the basis of standard devices in
communications theory and related technical disciplines
[O’Reilly, 1984]. In effect, there is compelling evidence that
higher-order brain function may be tightly related to neural
communication emerging from the coherent oscillatory
activity of the brain regions at specific frequencies [Fries,
2005, 2009]. Namely, information can efficiently be coded
and transmitted within different components of neuronal
activity waves, which are not straightforwardly deduced by
examining its raw time course.

For instance, a common method to analyze brain signals
in magnetoencephalography and electroencephalography
is the estimation of their analytical representation, which
allows transforming one time function—a magnetic or an
electric wave recorded over time—into two time functions
with meaningful mathematical properties. Of note, novel
neuroimaging research has shown that distinct properties
of wave-like temporal patterns of fMRI brain activity are
able to embed information of particular biological rele-
vance [Glerean et al., 2012], which may have implications
for depression [Liu et al., 2014]. It is important noting that
recent findings indicate that analytic properties such as the
phase or the amplitude envelope of resting-state fMRI
oscillations may explain an important extent of the rela-
tionship between brain structure and function [Glerean
et al., 2012; Guggisberg et al., 2014; Ponce-Alvarez et al.,
2015], suggesting such properties could be feasible endo-
phenotype candidates in depression.

Considering these elements, the current study was aimed
at determining the relevance of genetic and environmental
factors leading to depression by altering amygdalar resting-
state fMRI activity. To do so, whole brain resting-state fMRI
time series were extracted from a group of 48 MZ twins (24
pairs) informative for depressive psychopathology. Insofar
as members of a monozygotic (MZ) twin pair have almost
identical DNA sequences, this work studied their pheno-
typic similarities and differences to obtain insights on
familial and environmental influences. Different centrality
measures of amygdalar connectivity were estimated by con-
structing whole-brain networks from resting-state time
series, using two distinct methodologies: (i) the conven-
tional examination of correlations between band-pass fil-
tered time series [Smith et al., 2013] and (ii) a technique for
extracting analytical components of fMRI signals, which is
able to explain a considerable extent of the relationship
between brain morphology and resting-state fMRI activity
[Glerean et al., 2012; Ponce-Alvarez et al., 2015].

METHODS
Sample Description

The present sample was gathered from a set of 115
Spanish Caucasian adult twin pairs (230 individuals) from
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the general population, who gave permission to be contacted
for research purposes. All twins were contacted by telephone
and invited to participate in a general study of adult cognitive
and psychopathological traits. A battery of psychological and
neurocognitive tests was administered to the twins by trained
psychologists. Similarly, they were interviewed for medical
records. Exclusion criteria applied were age under 18 and
over 65 years, current substance misuse or dependence, a
medical history of neurological disturbance and presence of
sensory or motor alterations. Written informed consent was
obtained from all participants after a detailed description of
the study aims and design, approved by the local Ethics
Committee. All procedures were carried out in accordance
with the Declaration of Helsinki.

Zygosity of all pairs was assessed by genotyping 16
highly polymorphic microsatellite loci from DNA samples
(SSRs; PowerPlex® 16 System Promega Corporation). Iden-
tity on all the markers can be used to assign monozygosity
with greater than 99% accuracy [Guilherme et al., 2009]. In
the whole sample (115 twin pairs), 86 duos were MZ.

From that group of participants, using the previously
collected data, a subset of 54 individuals (27 MZ twin
pairs) was selected, as they were informative for obstetric
and psychopathological traits and gave consent to partici-
pate in the MRI part of the present study.

Twins included in this subset of 54 participants met the
following criteria: (a) age at scan between 20 and 56 years,
(b) both twins right-handed, and (c) none of the twins
manifested liability for DSM-IV-R psychiatric diagnoses
other than depression and/or anxiety. Pairs where one or
both twins manifested either neurological or major medical
illnesses were excluded as well (see Measures).

After this point, due to image artifacts or lack of data
about six participants, the final sample (i.e., the subset
included in all statistical analyses) consisted of 48 individ-
uals (20 males, mean age: 33.6 years).

Psychometric Measures

To evaluate liability for psychopathology in this general
population sample, a clinical psychologist applied the
Structural Clinical Interview for DSM-IV Axis I Disorders
(SCID-I) [First, 1997] in a face-to-face interview to screen
for presence of any lifetime psychiatric disorder.

Participants were asked to report if they had received
pharmacological or psychological treatment or had con-
sulted a psychiatrist or psychologist as they first partici-
pated in the study. Only one individual had life-time
exposure to psychopharmacological treatment for depres-
sion. However, excluding this individual from the group
analyses did not change the significance of the results.

A clinical psychologist applied the Structural Clinical
Interview for DSM-IV Axis I Disorders (SCID-I) in a face-
to-face interview to screen for the presence of any lifetime
depression or related anxiety spectrum disorder. In this
sample, six individuals with a history of (mainly) anxious

psychopathology were included in the psychopathology-
affected group. This apparently broad category of out-
comes was used in conjunction with evidence on the
comorbidity, shared etiopathology and diagnostic criteria
overlap between depressive and anxious disorders [Mos-
ing et al., 2009; Ressler and Mayberg, 2007; Wittchen et al.,
2002; Zbozinek et al., 2012], as well as taking into account
evidences of amygdalar resting-state alterations across
both diagnoses [Oathes et al., 2014]. Remarkably, repeating
the statistical analyses removing predominantly anxious
individuals did not alter the significance of the results.

Overall, there were ten healthy pairs, six concordant and
eight discordant pairs for lifetime DSM-IV diagnoses. Addi-
tionally, current depression status and other psychiatric
symptoms were evaluated using the Brief Symptom Inven-
tory (BSI) [Derogatis and Melisaratos, 1983; Ruiperez et al.,
2001]. The BSI is a self-administered 46-item screening
instrument aimed at identifying the experience of psychopa-
thological symptoms during the last 30 days. It is composed
by six subscales (depression, phobic anxiety, paranoid idea-
tion, obsession-compulsion, somatization, and hostility)
conceived for use in both clinical and nonclinical samples.
Items are rated on a five-point scale of distress, according to
self-perception of symptoms. Descriptive data from the cur-
rent sample is summarized in Table I. As shown, all diag-
nostic concordant pairs were females, and twins with no
lifetime history of DSM-IV diagnosis had lower BSI scores—
fewer self-reported symptoms—in both the depressive sub-
scale and the whole questionnaire. In addition, neurocogni-
tive data for this sample was collected using the Wechsler
Adult Intelligence Scale [Sattler, 2001; Wechsler et al., 1997].
The intelligence quotient (IQ) was estimated from five subt-
ests (block design, digit span, matrix reasoning, information
and vocabulary) of this battery. As shown in Table I, IQ
scores were similar to those from demographically similar
samples [Lynn and Meisenberg, 2010]; of note, there were
no intra-group differences in IQ, indicating that neurocogni-
tive influences on resting-state brain signals [Douw et al.,
2011; Wang et al., 2011] are not likely to influence subse-
quent statistical analyses.

MRI Acquisition and Preprocessing

The images were acquired at the MRI Unit of the Image
Platform (IDIBAPS, Hospital Clinic de Barcelona), using a
TIM TRIO 3 T scanner with an 8-channel head coil (Siemens,
Erlangen, Germany). Resting-state fMRI data comprised 210
echo-planar (EPI) BOLD sensitive volumes (TR = 2790 ms,
TE = 30 ms, 45 axial slices parallel to anterior-posterior com-
missure plane acquired in interleaved order, 3.0 mm slice
thickness and no gap, FOV =2075 X 1344 mm?, voxel
size = 2.67 X 2.67 X 3 mm°).

Additionally, high resolution 3D structural datasets were
obtained for anatomical reference, using a T1-weighted mag-
netization prepared rapid gradient echo, with the following
parameters: 3D Tl-weighted MPRAGE sequence, TR = 2300
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TABLE I. Demographic, psychopathological and neurocognitive data for DSM-IV diagnostic concordant, discordant,
and healthy MZ twin pairs

Concordant Discordant Healthy (20 subjects,
(12 subjects, 10 female) (16 subjects, 10 female) 8 female) G .
roup comparison

Mean (SD) Range Mean (SD) Range Mean (SD) Range X-squared?; P
Age 42.5 (13) 22-54 37 (10.9) 20-50 30.3 (7.3) 19-39 5.9; 0.052
1Q 105.1 (12.5) 87-127 108.1 (11.8) 87-131 110.5 (5.5) 103-118 1.9; 0.393
Current psycho- 27.9 (16.5) 6-57 20.9 (13.3) 4-45 10.6 (9.3) 1-33 8.7; 0.013"

pathology (total BSI)

Current depressive 6.9 (6.5) 1-20 3.5 (2.7) 0-9 1.7 (1.8) 0-6 6.4; 0.04°

symptoms (BSI subscale)

Notes: SD, standard deviation; IQ, intellectual quotient; BSI, Brief Symptom Inventory

“Kruskal-Wallis X-squared, as these variables were continuous
PStatistically significant P-value

ms, TE =3.03 ms, TI=900 ms, Flip angle =9°, 192 slices in
the sagittal plane, matrix size=256 X 256, 1 mm? isometric
voxel.

Resting-sate time series were obtained by means of stand-
ard image processing protocols implemented in the Statisti-
cal Parametric Mapping software, version 8 (SPM8) [Friston
et al., 1995], running under MATLAB (The Mathworks,
Natick, MA). Briefly, after correction of slice-timing differ-
ences and head-motion, the fMRI images were coregistered
to the 3D (T1) anatomical image and the mean functional
image; then, the images were spatially normalized to the
standard stereotaxic space MNI [Evans et al.,, 1993]. Addi-
tionally, artifacts related to blood pulsation, head move-
ment and instrumental spikes were removed from the
BOLD time series in MNI space, using independent compo-
nent analysis as implemented in GIFT [Calhoun et al., 2009;
Sui et al., 2009]. No global signal regression or spatial
smoothing was applied. Mean BOLD time series were
extracted from the 90 regions of interest (ROIs) in the stand-
ard Automatic Anatomical Labeling (AAL) atlas [Tzourio-
Mazoyer et al., 2002]. The atlas was previously masked
with the binarized subjective tissue probability maps to iso-
late the mean value of the regions from the gray matter via
a conventional protocol [Power et al., 2014; Villain et al,,
2010]. The following mask was used: [Atlas * (GM > WM) *
(GM >CSF) * (GM >0.1)], where GM stands for gray mat-
ter, WM is the white matter and CSF stands for cerebrospi-
nal fluid. Afterward, the BOLD time series for each region
were band-pass filtered within the resting-state fMRI nar-
rowband going from 0.04 to 0.07 Hz [Achard et al., 2006;
Glerean et al., 2012]. A schematic representation of these
steps is shown in sections A and B of Figure 1.

Statistical Analyses

Extraction of functional connectivity networks
for each individual

Two different approaches were used in this study to
estimate functional connectivity from the band-passed

time series described above. First, a conventional approach
to examine correlations between fMRI BOLD time series
[ninety x(t) series per individual: one for each AAL ROI]
was used [Smith et al., 2013]. Briefly, the partial correlation
matrix was obtained from the 90 ROIs at the 210 slices
scanned over time. Partial correlation coefficients give a
measure of the extent of association between two variables
(i.e., every pair of ROIs) controlling for the effect of the
other variables (i.e., the remaining ROIs). This step pro-
duced a 90 X 90 matrix representing the functional con-
nectivity (FC) between each pair of brain ROIs, which was
then normalized using Fischer’s z transform [Fox et al.,
2005; Jenkins and Watts, 1968]. Then, following a previous
technical report [Schwarz and McGonigle, 2011], a soft
threshold procedure was implemented to remove negative
edges, as their particular network topology can drastically
alter the properties of brain fMRI connectivity networks.
The leftmost part of sections D and E in Figure 1 schema-
tizes this procedure, applied to a random individual’s
data.

Complementarily, in view of recent reports showing a
major role for the analytic components of resting-state
BOLD time series in shaping the relationship between
structure and function of the brain [Ponce-Alvarez et al.,
2015], the time series from the 90 ROIs were further
processed. Specifically, the analytic representation of the
real valued signals built from the band-passed (0.04-0.07
Hz) BOLD time series was computed with the Hilbert
transform. Namely, given a BOLD time series x(t) for a
particular RO, its analytic representation is the complex
signal

X, (t) = x(t)+iH[x(t)],

where HJ[| is the Hilbert transform, and i stands for v/-1.
This new signal x,(t) has the same Fourier transform as
x(t), but is defined only for positive frequencies. Likewise,
if x(t) is expressed as an amplitude-modulated signal a(t)
with carrier frequency ¢(t), so that x(t) = a(t)cos [p(t)]. Its
Hilbert transform gives
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Figure 1.

Schematic representation of the construction of two functional
networks for one brain. (A) The 210 resting-state fMRI volumes
(slices) are co-registered to the anatomical T| 3D reference vol-
ume, and each voxel is mapped to one of the 90 ROlIs in the
AAL atlas. (B) After artefact removal, a time-series of the mean
(BOLD) activation probability for each of the 90 ROls is obtained.
This is built upon the 210 fMRI slices acquired through 9:56
minutes of scan time. (C) (Top): A band-pass filter is applied to
obtain the resting-state fMRI narrowband signal (0.04-0.07 Hz).
(Bottom): An additional processing step to the above band-passed
(0.04-0.07 Hz) time-series: the envelope extraction using the

Xa(t) = a(t)e®,

where a(t) represents the instantaneous envelope and ¢
(t) stands for the instantaneous phase. In the present
study, the value of the signal envelope a(t) is used to
later estimate a 90 X 90 partial correlation matrix as
described above, which is later z-transformed and soft-
thresholded. The lowermost part of sections D and E in
Figure 1 represent this procedure applied to data from
one participant.

Hilbert transform. (D) Two partial correlation matrices are
obtained from the previous time-series (band-passed and Hilbert
transformed); they are z-transformed to normalize correlation
values across individuals. Warm (cold) colors in these matrices
represent large (small) correlation values between ROls. The left
tail of these correlation matrices (i.e, edges with negative
z-scores) are set to 0 following a soft-thresholding procedure.
(E) Graph-theoretical measures of nodal centrality are obtained
for each brain region. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Measures of amygdalar centrality within the brain network

The AAL 90 atlas contains two amygdalar ROIs, from
the left and right brain hemispheres. Graph-theoretical
measures of amygdalar centrality within the brain were
computed to later evaluate potential impairments amygda-
lar resting-stat fMRI activity within the context of the
whole brain, and parsing out genetic and environmental
factors. It is worth noting that there is previous evidence
of differential genetic and environmental influences on
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BOLD fMRI-derived graph-theoretical metrics in the brain
[van den Heuvel et al., 2013], which justifies the adoption
of this perspective.

Four different nodal centrality measures were separately
computed for both left and right amygdala ROIs (i.e., eight
independent scalars for each individual): (i) degree, (ii)
betweenness centrality, (iii) local clustering coefficient, and
(iv) eigenvector centrality. These four specific quantities
were included in view that they have widely been studied
in the literature [Borgatti and Everett, 2006], and as most
nodal centrality metrics can be obtained by parameter-
tuning from degree to eigenvector centrality, which repre-
sent limiting cases [Benzi and Klymko, 2015]. Due to the
soft-thresholding procedure [Schwarz and McGonigle,
2011] adopted here, the weighted version of these metrics
was estimated, and the centrality measures were com-
puted using the Massachusetts Institute of Technology’s
Matlab Tools for Network Analysis toolbox [Bounova and de
Weck, 2012]. Detailed mathematical descriptions of these
metrics can be found elsewhere [Borgatti and Everett,
2006; Bounova and de Weck, 2012].

In the present context, these quantities represent: the
number of links directly incident upon the amygdala (i,
degree), how often the amygdala bridges through the
shortest path between any two other nodes (ii, between-
ness centrality), the extent to which the amygdala’s neigh-
bors are neighbors of each other (iii, local clustering
coefficient), and the frequency of connections between the
amygdala and highly connected brain regions (iv, eigen-
vector centrality).

Intersubject analyses: estimation of genetic and
environmental influences on amygdalar
resting-state activity

To determine the relationship between depression risk
and both genetic and environmental factors altering amyg-
dalar functional connectivity at rest, general linear models
were executed, using a regression procedure described
elsewhere [Begg and Parides, 2003], as implemented using
the R’s software packages rms and mztwinreg [Cérdova-
Palomera, 2015; Harrel, 2014; R Development Core Team,
2011]. Specifically, the logistic model

logit(m;) = Bo+Bahy;. +Bw (X1 )

is built by first obtaining estimates of both (a) familial factors
(genetic plus shared environment, Bp) and (b) unique envi-
ronmental influences (from nonshared events within a pair,
Bw) on a graph-theoretical nodal centrality measure (i.e.,
degree, betweenness centrality, local clustering coefficient
or eigenvector centrality). Subindex i € {1,...,n} stands for
pair number (here, n =24 MZ pairs) and j € {1, 2} refers to
co-twin number (randomly assigned). m; stands for the
probability that co-twin j from the i-th pair has of being
affected by depression. B, represents the intercept; p;
= (Xi1 +Xjp)/2 is the mean nodal centrality measure of the i-

th pair, and Xj;-; denotes the deviation of cotwin j from the
pair’s mean nodal centrality measure. In the next set of anal-
yses, each of the four nodal centrality measures is consid-
ered in a regression model; left and right amygdalar
measures (parsed out as familial and unique environmental
estimates) are included in it. To control for potential con-
founding demographics (Table I), all analyses were adjusted
for gender and age. Besides, the Huber—-White method was
used to adjust the variance-covariance matrix of these
regression fits, to account for the non-independence of twin
data (i.e., heteroskedasticity) [DeMaris, 1995; Harrel, 2014;
White, 1982]. Previous reports have shown the usefulness of
this between-within model to parse out familial and unique
environmental factors underlying phenotypic relationships
[Carlin et al., 2005; Frisell et al., 2012].

Power analysis estimations for these multiple regression
models were conducted following standard protocols
[Cohen, 1988; Champely, 2012]. After including all covari-
ates, each of the above mentioned models has 4 and 71
numerator and denominator degrees of freedom. Using the
conventional significance level of 0.05, the present sample
has a power of 80.6% to detect moderately large effects
(Cohen’s f* ~ 0.35), which are expected for neuroimaging
endophenotypes of brain disorders [Glahn et al., 2007; Rose
and Donohoe, 2013]. However, to examine all 90 ROIs, low-
ering the significance level to 0.05/90—to adjust for multiple
testing—would have decreased the power to 20.9%. Instead
of analyzing all 90 ROIs, and given the scope and the aims
of the present study, five different types of amygdalar com-
munication mechanisms were studied in detail. This choice
of biologically feasible mechanisms in hypothesis-driven
research to avoid overly conservative multiple testing
adjustments has previously been proposed as an adequate
paradigm in epidemiological and medical statistics [Cook
and Farewell, 1996; Perneger, 1998]. Exploratory post-hoc
tests compared the number of statistical associations found
for the amygdala with the results that would have been
found for the other 89 ROIs (see Results and Supporting
Information Figure); they suggested that the amygdala
could be the most relevant ROI in this fMRI design.

Although part of the phenotypical variance of depres-
sion may be explained by gene-environment interaction
effects, the current data may have limited statistical power
to detect such associations [Jaccard and Wan, 1995; Jaccard
et al., 1990; Mathieu et al., 2012]. Accordingly, the results
presented here focus mainly on the separate influence of
familial and environmental factors.

Finally, when appropriate, multiple testing adjustments
of the regression coefficients from the different (independ-
ent) regression models were implemented using the false
discovery rate (FDR) approach. The adoption of this Type-
I error rate correction is based on previous literature of
statistical analysis for biological and behavioral data [Ben-
jamini and Hochberg, 1995, Cook and Farewell, 1996;
Glickman et al.,, 2014; Liu et al., 2004; Nakagawa, 2004;
Perneger, 1998].
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TABLE Il. Descriptive data of the four centrality measures analyzed for both left and right amygdalar ROls

Individual level (n = 48 subjects)

Intrapair differences (1 =24 MZ pairs)

Amplitude envelope
correlation
(Hilbert-transformed)®

Amplitude correlation®

Nodal centrality Brain

Amplitude envelope
correlation

Amplitude correlation® (Hilbert- transformed)®

measure hemisphere Mean (S.D.) Range Mean (S.D.) Range  Spear-man’s Rho® P-value Spear-man’s Rho® P-value
Degree Left 12.9 (2.3) 91t019.1 36.7 (21.9) 6.3 to 110 —0.05 0.827 0 0.991
Right 12.5 (2) 8.7t0159 322(19.5) 4.4 to88.9 -02 0.357 0.11 0.617
Betweenness Left 0.2 (0.2) 0to1.1 0.3 (0.3) 0to1.2 0.3 0.159 —0.22 0.308
centrality Right 0.3 (0.4) 0to 13 0.4 (0.5) 0to23 —0.51 0.014° —0.22 0.307
Local clustering  Left 0.3 (0.1) 02t004  04(0) 0.3 to 0.5 —0.43 0.043° 0 0.977
coefficient Right 0.3 (0.1) 02to04  0.4(0) 0.3 to 0.5 -0.21 0.331 0.12 0.589
Eigenvector Left 0(0.1) —0.2to 0.1 0(0.1) —0.1t0 0.2 —0.07 0.739 0.1 0.663
centrality Right 0(.1) -01to0.1 0(0.1) —01to0.1 —-0.09 0.682 0.05 0.834

As mentioned above (Section Extraction of functional connectivity networks for each individual), two different functional connectivity

network construction procedures were employed. Namely,

“The conventional soft-thresholding method of band-passed low-frequency oscillations [Smith et al., 2013].
"The amplitude envelope extraction from the previous band-passed time-series [Glerean et al., 2012].
“Statistically-significant P-value. S.D., standard deviation; MZ, monozygotic.

RESULTS

As mentioned before, though scarce, there is some evi-
dence of dissimilarities within MZ pairs for graph-
theoretical measures of brain functional connectivity at
rest [van den Heuvel et al., 2013]. Hence, to verify that
these parameters are driven not only by genetic but also
by environmental factors, a preliminary step consisted in
the estimation of intrapair correlations in graph-
theoretical-based connectivity measures. Table II shows
these descriptive parameters.

As presented in Table II, there was an important extent
of MZ intrapair differences across all these metrics, as
indicated by their low and mostly nonsignificant correla-
tion coefficients. Of note, even when there were statisti-
cally significant intrapair correlations in nodal centralities
(left local clustering coefficient and right betweenness cen-
trality in the conventional processing protocol), the corre-
lation coefficients were moderate (Spearman’s rho
equaling —0.41 and —0.51, respectively). Remarkably, no
statistically significant intrapair correlations are observed
when the resting-state time series are Hilbert-transformed.
These observations justify the ensuing procedure to parse
out genetic and environmental factors underlying amygda-
lar resting-state activity centrality.

It is also worth noting that the nodal centrality measures
computed from the amplitude envelope of the low-
frequency envelope (i.e., using the Hilbert-transform of the
0.04-0.07 Hz signal) consistently showed less intrapair cor-
relations than their non-transformed counterparts (typi-
cally smaller absolute rho and larger P-values, as
displayed in Table II). This fact probably indicates that
some environmental factors are cannot be straightfor-
wardly deduced from the raw fMRI time-series but may

probably be disclosed by performing different signal proc-
essing techniques such as amplitude envelope extraction.

The last set of analyses conducted here allowed the esti-
mation of both genetic and environmental influences on
amygdalar resting-state fMRI activity that may influence
risk on depressive psychopathology. As indicated in Table
III, the conventional brain network construction by exam-
ining the (band-pass filtered) low-frequency oscillations
during rest indicated that nongenetic factors that alter
amygdalar communication with the whole brain can
increase depression risk. More explicitly, nongenetic fac-
tors alter left amygdalar connectivity to increase depres-
sion risk in two ways: by increasing its degree centrality
and by decreasing its local clustering coefficient (i.e., left-
amygdalar hypersynchronization with the rest of the brain,
and less synchronization between its functional neighbors).
Likewise, environmental factors may induce reductions in
right-amygdalar betweenness centrality (i.e., its intermedi-
ate role in the synchrony between any two brain regions)
to rise depression risk. It is important noting that these
three associations between environmental factors altering
amygdalar activity and depression risk should be taken
with caution, as two of them were significant only at a
trend level when adjusting for multiple comparisons
(FDR-adjusted P-values: left degree =0.08, left clustering
coefficient = 0.02, right betweenness centrality = 0.075).

The above mentioned environmental influences on
resting-state amygdalar connectivity—for both band-
passed amplitude correlations and Hilbert-transformed
amplitude envelope correlations—, as well as how they
may influence depression risk, are depicted in Figure 2.
Moreover, it is interesting noticing that the influence of
familial factors on amygdalar connectivity was detected
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Figure 2.

Environmental factors altering resting-state amygdalar connectiv-
ity relate to depression. Only results that survived FDR multiple
testing adjustments are shown. (A) The conventional approach
to resting-state connectivity analysis, based on the estimation of
a whole-brain partial correlation matrix allowed detecting
environmentally-induced amygdalar connectivity alterations
potentially linked to depression (as shown in sections B and C).
(B, C) The environmental influences on the left amygdala (high-
lighted node) may decrease its local clustering coefficient to
induce depression. (D) The amplitude envelope obtained from

only when computing the Hilbert-transformed amplitude
envelope correlations (Fig. 3).

Notably, the additional processing step of amplitude
envelope estimation using the Hilbert transform showed
complementary results, with logistic regression models
outperforming their conventional processing counterparts.
As indicated by the better discrimination indexes obtained
using amplitude envelopes (overall R¥s in Table III), fMRI

the Hilbert-transformed resting-state signal allowed identifying
more environmentally-induced modifications of the amygdalar
connectivity that could be related to depression (as shown in sec-
tions E and F). (E, F) Some environmental factors may alter the
left amygdala (highlighted node) to induce depression, mainly by
increasing its nodal degree (leftmost panels in E, F) and decreasing
its betweenness centrality (rightmost panels in E, F). For simplic-
ity, the logistic regression curves shown in C and F were esti-
mated from univariate models. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

resting-state amygdalar centrality measures typically pro-
vide better indications of depression risk when they are
derived from the Hilbert-transformed signal. This was the
case when analyzing left and right amygdalar degree,
betweenness centrality and local clustering coefficient. It is
important mentioning that amygdalar eigenvector central-
ity did not seem related to depression risk in none of the
models considered here.
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Figure 3.

Familial factors altering resting-state amygdalar connectivity
relate to depression. Only results that survived FDR multiple
testing adjustments are shown. (A) The amplitude envelope,
derived from the analytical representation of resting-state fMRI
signals, allowed identifying amygdalar connectivity alterations
induced by familial factors (genes and shared environment)
potentially linked to depression (as shown in sections B-E). (B,
C) The familial influences on the left amygdala (highlighted

Remarkably, the amplitude envelope of the whole-brain
resting state fMRI signal confirmed the previous finding of
an environmentally induced amygdalar hypersynchroniza-
tion in depression (FDR-adjusted P-value for degree central-
ity =0.007), and also suggested a role for left amygdalar
betweenness centrality (FDR-adjusted P-value = 0.007).
While the above mentioned findings mainly support the
role of amygdalar connectivity alterations in mediating
associations between exclusively environmental factors and
depression, the results of the novel Hilbert-transform
approach showed a different and very interesting property:

node) may increase its betweenness centrality (leftmost panels in
B, C) and decrease its local clustering coefficient (rightmost pan-
els in B, C) to induce depression. (D, E) Some familial factors
may alter the right amygdala (highlighted node) to induce depres-
sion, mainly by decreasing its local clustering coefficient. For sim-
plicity, the logistic regression curves shown in C and E were
estimated from univariate models. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

they permitted recognizing that some familial factors (i.e.,
genes plus shared environment) that determine amygdalar
resting-state fMRI activity are significantly contributing to
the depression risk. Specifically, some familial factors
seemed to alter both left and right amygdalar clustering
coefficients (a measure of the synchrony among brain
regions partly synchronized with the amygdala) to induce
depression (FDR-adjusted P-values: left=0.011, right-
=0.021). Likewise, familial factors increased both left and
right amygdala’s betweenness centrality in depression
(FDR-adjusted P-values: left = 0.007, right = 0.064).
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TABLE Ill. Estimation of the genetic and environmental influences on amygdalar resting-state activity
that lead to depressive psychopathology

Amplitude correlation®

Amplitude envelope correlation
(Hilbert-transformed)®

Unique Unique
. . Familial factors environment Familial factors environment
Nodal centrality Brain
measure hemisphere Br P-value Pw P-value Overall R? Br P-value Pw P-value Overall R
Degree Left 0.12 0.609 0.39 0.04¢ 0.224 0.01 0.817 0.07  0.002¢ 0.316
Right 0.06 0.771 -0.17 041 0 0.985 0 0.853
Betweenness Left 1.69  0.489 02 0862 0.257 701 0.002¢  —4.65 0.003¢ 0.508
centrality Right —1.47 0.415 2.4 0.019° 244  0.032° —0.41 0.739
Local clustering Left -0.62 0.956 -18.4 0.005% 0.263 82.18 0.006% —13.87 0316 0.317
coefficient Right —2.34 0.833 486 0474 -70.55  0.005% 1298  0.366
Eigenvector Left 5.6 0.771 10.95 0.454 0.219 —7.38 0.471 29 0.73 0.18
Centrality Right —7.56 0.723 -18.73  0.222 0.13 0992 0.5 0.937

“The conventional soft-thresholding method for band-passed low-frequency oscillations [Smith et al., 2013].
PThe amplitude envelope extraction from the previous band-passed time-series [Glerean et al., 2012].
“Statistically significant at unadjusted P <0.05, but showing only a trend towards association (P <0.1) after FDR adjustment

9Statistically significant before and after FDR adjustment at P < 0.05.

DISCUSSION

This study implemented a genetically-informative
design to test the potential relationship between amygda-
lar resting-state fMRI activity and depression risk. The
separate influence of familial and unique environmental
factors altering the relationship between amygdalar activ-
ity and depression was analyzed using two different
approaches to functional connectomics from resting-state
fMRI. First, the conventional procedure to estimate tempo-
ral correlations between BOLD activity of paired brain
ROIs was used to construct brain networks. Results using
this method suggested that unique environmental factors
modify the amygdalar resting-state activity to increase
depression risk. Afterward, the amplitude envelope of the
whole-brain resting-state activity patterns was computed
to search for other informative patterns potentially embed-
ded within the BOLD signal. This approach confirmed
that the environment may modify the amygdalar function-
ality to lead to depression; it also set forth that familial
factors (genes plus shared twin environment) affecting
amygdalar resting-state patterns could play a role in
depression risk.

The Environment and Amygdalar Centrality in
the Depressed Brain

A first noteworthy result is the indication that the amyg-
dalar degree—which here represents the extent of
amygdala-whole-brain synchronization—is increased in
depressed individuals. This communicational impairment
somehow  parallels previous findings of hyper-
synchronized oscillations in other pathological states. For
instance, there is evidence of a decreased resting-state
communicational complexity (i.e., a synchronization

increase) in schizophrenia and autism [Andreou et al.,
2014; Billeci et al., 2013; Sokunbi et al., 2013]; these hyper-
synchronized patterns have their limit expression in the
neural activity of epileptic individuals [Stamoulis et al.,
2010; Zhang et al., 2014b]. Of note, reduced communica-
tional complexity, as indexed by redundant information
across distinct sources, has largely been studied in other
mathematical disciplines [Shannon, 1997]. The present
findings are in this direction by suggesting a disease-
associated overlap in the information carried by oscilla-
tions in the amygdala and in the rest of the brain. They
also point out that environmental factors prompt such
increased connectivity; this result was detected when ana-
lyzing the conventional resting-state time-series, and was
clearer when examining their amplitude envelope synchro-
nization (Fig. 2 and Table III).

Likewise, unique environmental factors altering left
amygdalar betweenness centrality and local clustering
coefficient seemed to predispose to depressive psychopa-
thology (Fig. 2 and Table III). The potential biological
meaning of these functional alterations can be interpreted
as follows: first, the nodal clustering changes observed
here would indicate a functional decoupling between brain
regions with BOLD oscillatory patterns similar to (i.e.,
synchronized with) those of the amygdala. Similar local
clustering coefficient alterations have been shown in the
structural connectivity networks of MDD patients, across a
number of limbic-emotional regions such as the left hippo-
campus [Qin et al., 2014]. Second, resting-state network
alterations such as betweenness centrality of a number of
brain regions have been found to predict depression status
[Lord et al., 2012]. In the present context, these centrality
disruptions may implicate a failure of the amygdala to
bridge the shortest paths between pairs of synchronized
nodes.
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Familial Factors Altering Amygdalar Centrality
in the Depressed Brain

When observing the model-fitting statistics across the
distinct models considered here, the analysis of amygdalar
betweenness centrality gave the best discrimination
indexes (R2=0.508; Table III). Of note, both genetic and
environmental influences on left amygdalar betweenness
centrality were significantly associated with depressive
psychopathology, even after multiple testing adjustments.

Similarly, depression risk was associated with the fami-
lial factors altering both left and right amygdalar between-
ness centrality of the Hilbert-transformed data (Fig. 3 and
Table III).

The results of this study advocate for the use of analytic
components of BOLD fMRI signals—such as the amplitude
envelope—, particularly when studying the genetic influen-
ces leading to functional alterations of the amygdala in
depression. This may have important implications consider-
ing the relevance of genetic factors such as the serotonin
transporter genotype (5-HTTLPR) in modulating the amyg-
dala during both resting-state and task-related fMRI para-
digms [El-Hage et al., 2013; Li et al., 2012; Munafo et al.,
2008]. The present findings suggest that the genetic bases of
amygdalar activity may probably be better elicited by exam-
ining specific analytical properties of fMRI signals.

Additional Considerations

It is important mentioning that the left amygdala
showed more robust statistical associations with depres-
sion than its right counterpart; most of its associations
remained multiple testing adjustments. This is consistent
with previous reports of partially lateralized amygdalar
activity patterns at rest [Roy et al., 2009].

None of the analyses conducted here suggested a role
for eigenvector centrality alterations of the amygdala in
depression. As mentioned above, Benzi and Klymko [2015]
have previously shown that degree and eigenvector cen-
trality constitute limiting cases across a wide range of dif-
ferent nodal centrality measures, including the clustering
coefficient. Though graph metrics derived from spectral
graph theory (such as eigenvector-related measures) may
be a landmark of brain anatomy across different species
[de Lange et al., 2014], the current results suggest that
such measures are not disrupted in the resting-state func-
tional activity of the amygdala in depression. As likewise
noticed, eigenvector centrality represents, in this context,
the extent of synchrony between the amygdala to other
highly synchronized brain regions.

Finally, some methodological limitations of this study
should be noted. First, the sample size was modest; never-
theless, the associations found here (and their correspond-
ing model fitting statistics shown in Table III) would
support the presence of relatively strong effects. Likewise,
the parcellation scheme adopted to construct the brain
connectivity matrix was built upon the AAL atlas, which

contains 90 ROIs across the whole brain. Hence, the pres-
ent results are not directly comparable with other studies
using different parcellation schemes. While this is certainly
important, it is worth noting that it is not a problem only
within the current report; choice of parcellation schemes is
an important subject with large implications for brain con-
nectomics research [de Reus and van den Heuvel, 2013].
To address this issue, future studies may combine higher-
resolution neuroimaging scans with finer-grained anatomi-
cal atlases.
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5. GLOBAL SUMMARY OF RESULTS
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The Main hypothesis was thus tested throughout the ten independent projects mentioned above.

These ten results refer to the two Specific hypotheses as follows.

Specific hypothesis 1: [Depression and developmental plasticity.] Depression-related

psychopathological phenotypes are induced by factors altering the early neurodevelopment, and

these long-lasting changes can be assessed in adulthood. This was tested in five studies; some of

their most relevant results are:

A first manuscript discussed how, if there were a statistical association between low
birth weight and adult depression, it should be caused by genetic but not
environmental factors affecting fetal growth (Cordova-Palomera et al., 2014c).

The results of another manuscript support findings indicating that i) BW has a long-
lasting effect on cortical SA, where some familial and environmental influences alter
both fetal growth and brain morphology; ii) uniquely environmental factors affecting BW
also alter SA,; iii) higher 1Q correlates with larger SA; and iv) these effects are not
modified by anxious-depressive psychopathology (Cordova-Palomera et al., 2015c).
Another publication discussed the relationship between birth weight, working memory,
and DNA methylation signatures in IGF2 and related genes (Cordova-Palomera et al.,
2014b). The findings are in agreement with previous evidence indicating that DNA
methylation status may be related to prenatal stress and later neurocognitive
phenotypes. While former reports independently detected associations between DNA
methylation and either BW or WM, current results suggest that these relationships are
not confounded by each other.

By systematically reviewing and meta-analyzing new and existing data, an additional
study aimed to determine whether there is evidence to support an association between
winter season of birth (SOB) and subclinical psychosis in the general population
(Cordova-Palomera et al.,, 2015a). Overall, results indicate the association between

winter SOB and increased subclinical psychosis may hold in children, but not in the

207



broad adult general population. Nevertheless, epidemiological and clinicopathological
significance of winter SOB as a risk factor for subclinical psychosis will probably be
slight due to the small effect sizes indicated by reports available to date.

Furthermore, another report supports previous findings indicative of cortical thickening
in healthy individuals with high psychometrically assessed psychosis scores, probably
in line with theories of compensatory aspects of brain features in non-clinical
populations (Cordova-Palomera et al., 2014a). Additionally, its findings suggest distinct
patterns of cortical thickness—PEs relationships depending on birth seasonality.

Familial factors underlying the presence of PEs may drive these effects.

Specific hypothesis 2: [Depression and activational plasticity.] The clinical manifestation of

depression-related psychopathological phenotypes can be understood as activational plasticity

deficits; these deficits can be assessed as neurobiological disease traits using novel epigenetic and

neuroimaging techniques. This was tested in five studies; some of their most relevant results are:

Since monozygotic (MZ) twins may show larger or smaller intrapair phenotypic
differences depending on whether their genetic background is more or less sensitive to
environmental factors, a twin design was implemented to determine if particular
polymorphisms in the DNMT3B gene may be linked to a better (worse) response to
enriched (deprived) environmental factors. Results suggests that DNMT3B
polymorphisms may allow determining which individuals are more prone to either
improve their 1Q after exposure to potentially enriched environments, or to have
cognitive declines if not exposed to an appropriate environment (Cordova-Palomera et
al., 2015e).

In an additional project, intrapair DNA methylation differences in an intron of DEPDC7
(chr11:33040743) were evaluated in relation with intrapair differences in current

depressive symptoms. The findings indicate that DEPDC7 hypomethylation in
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peripheral blood DNA may be associated with recent depressive symptomatology, in
line with previous results (Cordova-Palomera et al., 2015f).

Moreover, a genome-wide DNA methylation study in twins suggested that both
differential methylation and differential variability have a role in the etiology and clinical
manifestation of depression, and provided clues on specific genomic loci of potential
interest in the epigenetics of depression (Cordova-Palomera et al., 2015d).

Besides, an additional work showed alterations of the communication patterns
between the hippocampus and the rest of the brain in depression, effects potentially
driven by overall familial factors (genes plus shared twin environment) and modified by
the FKBP5 gene (Cordova-Palomera et al., 2015b).

Finally, additional findings showed that both genes and environment modify different
patterns the amygdala resting-state connectivity to increase depression risk. The
genetic relationship between amygdalar connectivity and depression may be better
elicited by examining analytic components of the brain resting-state fMRI signals

(Cordova-Palomera et al., 2015g).
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6. DISCUSSION AND CONCLUSIONS
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The present thesis was aimed at studying how several etiopathogenic mechanisms of depression-
related phenotypes can be explained as disruptions of biobehavioral plasticity processes in
response to the experience. To this end, a number of early neurodevelopmental pathways and
putative neurophysiological markers of disease were investigated. Next, a brief discussion of the
research findings of this work is presented, explained in the frame of both developmental and

activational plasticity phenomena.

Depression and developmental plasticity. The neurodevelopmental hypothesis of depression
typically explains an elevated disease risk for individuals who suffered stressful insults during their
first years of —postnatal- life (Ansorge et al., 2007). Nevertheless, associations between prenatal
risk factors and risk for depression-related phenotypes are still inconclusive (Wojcik et al., 2013).
Further investigation on this topic is needed to determine the extent to which there could be a

developmental plasticity hypothesis of depression.

[Manuscript 1] In view of this, a genetically informative design was implemented to evaluate
the putative association between low birth weight and adult depression. Specifically, since both birth
weight and adult depression have genetic and environmental components, this work evaluated
whether genetic or environmental factors altering birth weight may also alter the risk for adult
depression (Cordova-Palomera et al., 2014c). Based on the findings of this and other studies, it was
proposed that if there was a link between low birth weight and adult depression, it should be caused

by genetic factors regulating neurobiological pathways underlying both phenotypes.

[Manuscript 2] Furthermore, the results of another report indicated an association between
birth weight and adult brain cortical surface, which seemed driven by environmental factors
(Cordova-Palomera et al., 2015c). As noticed in previous results by Raznahan et al. (2012),
environmental differences in intrauterine conditions (as assessed by MZ intrapair quantitative
discordance) can lead to cortical surface area disruptions. This finding by Raznahan et al. (2012) is
thus partly replicated in a subset of the UB Twin Registry. Of note, the participants from the UB
Twin subset constitute a sample older than those previously studied (Raznahan et al.,, 2012;
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Walhovd et al., 2012; Haukvik et al., 2014), suggesting that the association between some
environmentally-induced fetal growth alterations and brain cortical surface area remains valid even
more than three decades after birth. But perhaps the most remarkable finding of this work is the fact
that environmentally-induced birth weight decreases are associated with reduced adult cortical
surface area, regardless of depression-related psychopathology. This would somehow complement
the first work of this thesis (Cordova-Palomera et al., 2014c), in which the results indicate that the
environmental factors leading to low birth weight may be independent of those increasing
depression risk. Namely, these new imaging genetics findings would suggest that there are some
specific environmental factors altering fetal growth and leading to long-lasting cortical morphology
alterations; nevertheless, these brain morphology changes are not directly linked to depressive

psychopathology.

[Manuscript 3] A third work incorporated molecular biology data on DNA methylation
signatures to be analyzed in relation to birth weight and neurocognitive changes (Cordova-
Palomera et al., 2014b). The insulin-like growth factor 2 (IGF2) and its binding protein genes
(IGF2BP1-3) were studied, since there is evidence indicating that prenatal neurodevelopmental
insults may fix long-lasting DNA methylation signatures in these genes. DNA methylation of a CpG
site in IGF2BP1 was associated with both birth weight and adult depression. The association
between birth weight and IGF2BP1 methylation seemed due to unique environmental factors
influencing fetal growth. This very role for the environment may perhaps explain the lack of sound
evidence (to the best of our knowledge) associating IGF2 DNA methylation —which is seemingly
changed by the prenatal environment— and depressive disorder. But there was an additional finding
of this work: familial factors modifying DNA methylation of the IGF2BP1 may be related to adult
neurocognition. Thus, one could perhaps speculate that there is some genetic regulation of DNA
methylation of this set of genes which influences adult neurocognition, but that other environmental
factors modify fetal health through methylation of the same loci. This may in some way be related to
the notion of genetic pleiotropy in psychiatry (Cross-Disorder Group of the Psychiatric Genomics,

2013), though at the level of epigenetics and, perhaps, gene-environment interactions.
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Two additional research works investigated winter SOB —one of the most replicated prenatal
neurodevelopmental risk factors for psychosis— with regard to depression-related phenotypes. In
these works, the phenotype of interest was subclinical psychosis, which is highly prevalent in
depression (Wigman et al.,, 2012) and, as discussed in section 1.3.3, may help elicit the

relationship(s) between the risk factors for psychosis and those leading to depression.

[Manuscript 4] Initially, a systematic review and meta-analysis of new and existing data was
aimed to determine whether there is evidence to support an association between winter SOB and
subclinical psychosis in the general population (Cordova-Palomera et al.,, 2015a). The results
indicate that there may be an association between winter SOB and subclinical psychosis in children
but not in adults. However, since the effect sizes are small, this association may perhaps have only
minor clinical relevance. In a way, this (null) finding would support the existence of
psychopathology-specific risk factors for clinical and subclinical psychosis, which may ultimately
lead to infer differential risk specificity for depression and subclinical psychosis (Kounali et al.,
2014), as well as for depression and clinical psychosis. The fact that this meta-analytic work
assessed an environmental risk exposure should certainly be kept in mind: though the findings are
suggestive of risk specificity, the reports on genetic pleiotropy across psychiatric disorders
(Gorwood, 2004; Cross-Disorder Group of the Psychiatric Genomics, 2013) may provide additional
clues. Namely, perhaps this apparent environmental risk factor specificity may share an etiological
scenario with genetic non-specificity (i.e., pleiotropy). Back to the first manuscript of this thesis,
genetic factors altering neurodevelopmental trajectories may increase the (non-specific) risk for
psychopathology, though environmentally-induced prenatal alterations may not be related to

depression risk.

[Manuscript 5] Complementarily, a fifth research project analyzed the putative relationship
between cortical thickness and (subclinical) psychotic experiences (Cordova-Palomera et al.,
2015a). In line with previous evidence (Kuhn et al., 2012), overall results showed that high
(psychometric) psychotic experiences correlate with cortical thickening of brain regions typically

affected by cortical thickness reductions in schizophrenia. Additionally, other cortical regions had
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different thickness-psychopathology relationships (i.e., thickening or thinning) depending on birth
seasonality. Individuals born during the risk SOB displayed a correlation between cortical thinning
(at some regions) and psychosis, as occurs in the schizophrenia phenotype (Rimol et al., 2012).
Familial factors (i.e., genetics plus shared environment) determining cortical morphology seemed to
mediate this association. From these results, one may speculate that individuals born during
summer (i.e., those without exposure to prenatal insults) can trigger a genetic compensatory
mechanism. By this means, they may have a compensatory mechanism (i.e., a thick cortex) to
avoid transitioning to a schizophrenic phenotype. With these results, it is thus likely hypothesizing
that the interaction between the genetic program of development for the cortex and the early
environmental insults caused by the SOB may be linked to different psychopathological profiles.
Namely, perhaps the genes (somehow pleiotropic) are likely to produce a psychotic phenotype

when interacting with this neurodevelopmental risk factor.

Taken together, the evidences from these five manuscripts would be in favor of a genetic
pleiotropy plus an environmental risk-specificity to link early neurodevelopment and adult
depression. More precisely, these results allow hypothesizing that some of the genetic factors
conferring a pleiotropic load for psychiatric disorders may similarly modulate early
neurodevelopmental trajectories. While they could, by themselves, largely influence disease risk,
other particular environmental factors may play an important role in determining the final phenotype

outcome (i.e., the particular disease risk).

Rather than concluding, the present findings may hence help supporting previous evidence
and proposing new alternatives for the developmental plasticity hypothesis of depression. They
could indicate that some experiences (particularly those genetically-driven), which regulate early
neurodevelopmental trajectories are able to generate a wide range of phenotypes to adapt to a
lifelong changing environment, but the presence of adverse environmental experiences may, in
turn, rise pathology-prone organisms. In addition, these findings may indicate that some early
neurodevelopmental experiences driven by genetic factors may influence depression risk, though

this genetic disruption of the prenatal environment seems relatively infrequent.
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Depression and activational plasticity. Several depression-related psychopathological
phenotypes have been explained across the literature as neural plasticity deficits. Nevertheless,
novel brain imaging and epigenetic techniques assessing the neurobiological structure and function
underlying the clinical manifestation of depression could provide new ways to understand potential

neuroplastic disruptions. Considering this point, five additional research projects were developed.

[Manuscript 6] First, a genetically informative design using only MZ twins was implemented to
test whether genetic variation in the epigenetic gene DNMT3B is be linked to a better or worse
neurocognitive response to enriched or deprived environmental factors (Cordova-Palomera et al.,
2015e). DNMT3B has long been recognized to play an chief role in methylation of centromeric
minor satellite repeats, and some mutations of its DNA sequence have been found in
developmental disorders (Okano et al.,, 1999). This and other neuropsychiatric findings led to
hypothesizing that it may serve as a plasticity marker of cognitive response. The results of this work
indicate that a DNMT3B polymorphism may allow determining which individuals are more prone to
either improving or worsening their intelligence in response to either enriched or deprived
environments. This may have indirect implications in psychiatric research considering the cognitive

impairments typically found in depression (Marazziti et al., 2010).

[Manuscript 7] Then, a novel molecular biology technique was used to analyze DNA
methylation signatures potentially related to recent depressive symptomatology (Cordova-Palomera
et al, 2015f). A previous report had shown hypomethylation of an intron of DEPDCY
(chrl1:33040743) in both saliva of adolescent twins and post-mortem brain tissue of major
depressive disorder patients (Dempster et al., 2014). In line with the former findings, it was found
that the intrapair difference in DNA methylation levels of the same CpG in peripheral blood of MZ
twins correlated with their intrapair differences in depression symptoms during the last 30 days. This
result expands on the previous study by proposing that DEPDC7 (chr11:33040743) DNA

methylation may dynamically vary depending on the depressive traits observed in an individual.
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[Manuscript 8] To complement the previous report, a genome-wide DNA methylation analysis
was conducted. Its results showed that both differential methylation and differential variability have
a role in the etiology and clinical manifestation of depression, and provided clues on specific

genomic loci of potential interest in the epigenetics of depression (Cordova-Palomera et al., 2015d).

The previous three manuscripts are particularly relevant as indicators of an epigenetic
regulation of (activational) plasticity in depression-related traits and symptoms. These results are
relevant in view of the evidence supporting a link between DNA methylation and cognitive plasticity
(Miller et al., 2008), and particularly since phenotypic plasticity is largely determined by epigenetic
factors (Schlichting and Wund, 2014). Additionally, they complement previous evidence of
stochastic epigenetic variation as a chief factor in plasticity and disease (Feinberg, 2007; Feinberg
and lIrizarry, 2010), by signaling some genomic loci of potential interest to understand depressive

psychopathology.

[Manuscript 9] Further research integrated molecular genetic information on the FKBP5 gene,
which participates in the epigenetic response to stress (Provencal and Binder, 2015), with structural
connectivity data to try to determine some neurobiological mechanisms underlying depression risk.
In this work, specific alterations of the communication patterns between the hippocampus and the
rest of the brain were found in depression; these effects were modulated by the FKBP5 gene
(Cordova-Palomera et al., 2015b). This finding would somehow support the idea that the epigenetic
processes modulated by DNA sequence changes could alter the information transfer patterns

between brain regions.

[Manuscript 10] Finally, to further expand on brain communicational deficits in depression, an
additional research project investigated the role of genetic and environmental factors in shaping the
amygdalar synchrony with the rest of the (depressed) brain (Cordova-Palomera et al., 2015g). This
work showed an important role for unique environmental factors in determining neural synchrony
deficits in the amygdala of depressed individuals; furthermore, by implementing a novel analytical
approach to fMRI time-series analysis, it was showed that the individual genetic background may

alter the synchrony of the amygdala’s oscillatory amplitude envelope (at the low-frequency BOLD
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fluctuations). The former finding suggests that the genetically-driven alterations of the amygdalar
resting-state activity in depression may be better elicited by examining the analytical representation

(amplitude envelope) of the brain’s BOLD fMRI activity.

In summary, these five projects somehow indicate the presence of activational plasticity
deficits in depression. They show putative neurobiological mechanisms underneath the daily-life
manifestation of depression (i.e., transversal traits). They also set forth novel epigenetic and brain
imaging mediators of system-wide disruptions linked to depression. Namely, these findings suggest
that some physiological disruptions in depression are detectable not only in through brain
information, but also by analyzing epigenetic signatures in DNA extracted from peripheral tissue.
This is suggested by indicating putative genetic markers of neurocognitive plasticity and by
proposing some DNA methylation signatures potentially correlated with the clinical manifestation of
depressive psychopathology. Similarly, the last two of them propose novel brain information transfer
mechanisms —mainly through the hippocampus and the amygdala— that could be altered in

depression. These two mechanisms are seemingly driven by genetic and epigenetic factors.

In general, these reports propose novel genetic, epigenetic and brain physiology
mechanisms as candidate markers of activational plasticity deficits in depression-related
phenotypes. Once more, rather than concluding, this research is proposing feasible biological

pathways to understand the clinical manifestation of depressive psychopathology.

In conclusion, these ten reports provide support to the neuroplasticity hypothesis of depression,
from both developmental and activational perspectives. Developmentally, they suggest putative
etiopathogenic pathways leading from an altered early neurodevelopment to an increased risk for
depression-related phenotypes. By exploring and combining genetic, environmental and
psychopathologic concepts, the feasibility of these results has been explained by combining the
popular genetic pleiotropy hypothesis in psychiatry (Gorwood, 2004; Cross-Disorder Group of the
Psychiatric Genomics, 2013) with a notion of disease-specificity liability driven by the environment.
With regards to activational plasticity, this work has proposed novel genetic and epigenetic

219



signatures potentially underlying the clinical manifestation of neuropsychiatric and neurocognitive
features of depression (i.e., the genetics of DNMT3B and the epigenetics of DEPDC7); additionally,
it has proposed new putative neurobiological mechanisms to explain depressive traits (i.e., a
combination of differential and variable methylation, a genetically-mediated hippocampal

communication deficit, and a new amygdalar synchrony failure driven by the genes).

As stated in all the manuscripts, the limitations of these reports should certainly be
considered. Nine out of these ten research projects —all but the meta-analysis— have been carried
out using a relatively small twin sample which may have constrained the statistical power. Thus, the
findings require replication. However, being able to detect biologically-feasible effects may argue in
favor of moderate or large effect sizes for the mentioned associations. Additionally, latent clinical
heterogeneity of the participants may have also been an issue across these reports. This must
definitely be addressed by future studies, though it should be noted that perhaps some
neurobiological homogeneity may have allowed detecting statistical associations despite the clinical

divergences. Other specific limitations have been further discussed within each article.
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