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Abstract

Genetic variation in the oxytocin receptor gene (OXTR) is associated with several psychiatric conditions characterized by deficits in executive functioning
(EF). A specific OXTR variant, rs2254298, has previously been associated with brain functioning in regions implicated in EF. Moreover, birth weight
variation across the entire range is associated with individual differences in cortical structure and function that underlie EF. This is the first study to examine the
main and interactive effect between rs2254298 and birth weight on EF in children. The sample consisted of 310 children from an ongoing longitudinal study.
EF was measured at age 4.5 using observational tasks indexing working memory, cognitive flexibility, and inhibitory control. A family-based design
that controlled for population admixture, stratification, and nongenomic confounds was employed. A significant genetic association between rs2254298 and
EF was observed, with more copies of the major allele (G) associated with higher EF. There was also a significant interaction between rs2254298 and
birth weight, such that more copies of the major allele in combination with higher birth weight predicted better EF. Findings suggest that OXTR may be
associated with discrete neurocognitive abilities in childhood, and these effects may be modulated by intrauterine conditions related to fetal growth and
development.

Recent initiatives from the National Institute of Mental
Health such as the Research Domain Criteria highlight the
importance of identifying dimensions of cognitive and
psychosocial functioning that cut across multiple psychiatric
categories. These “endophenotypes” are believed to carry
pathways of risk for many psychopathological outcomes
(Gottesman & Gould, 2003). Endophenotypes are measure-
able psychological or biological phenomena that are inter-
mediate in the causal chain linking genetic liabilities to tradi-
tionally defined clinical disorders. These help to explain
heterogeneity within disorders, comorbidity across disorders,
and the systematization of disease classification (Miller &
Rockstroh, 2013). As a result, understanding the genetic con-
tributions to endophenotypes has considerable significance in
elucidating the etiology and ultimate classification of psychi-
atric disorders (Cuthbert, 2014).

Executive functioning (EF) is a prototypical endopheno-
type that has been implicated in several psychiatric and
neurodevelopmental conditions, including schizophrenia,
bipolar disorder, autism, and attention-deficit/hyperactivity
disorder (Luna, Doll, Hegedus, Minshew, & Sweeney,
2007; Minzenberg, Laird, Thelen, Cater, & Glahn, 2009;
Mur, Portella, Martinez-Arán, Pifarré, & Vieta, 2007; Will-
cutt, Doyle, Nigg, Faraone, & Pennington, 2005). EF refers
to a clustering of higher order cognitive abilities that support
goal-directed action, problem solving, and social functioning.
Childhood EF sets the foundation for neuropsychological
growth into adulthood (Garon, Bryson, & Smith, 2008) and
may help to explain continuities in psychiatric difficulties
across the life course (Rutter, Kim-Cohen, & Maughan,
2006). Thus, identifying genetic liabilities for EF problems
in childhood constitutes an important avenue in predicting
risk of psychopathology in many domains.

Behavioral genetic studies suggest that EF is heritable
(Friedman, Miyake, Robinson, & Hewitt, 2011; Friedman
et al., 2008), yet the discrete molecular genetic constituents
of EF remain largely unspecified. The preponderance of re-
search points to the monoaminergic genes for dopamine, nor-
adrenaline, and serotonin in the pathogenesis of EF impair-
ment. These genes are believed to exert their effects on EF
through prefrontal cortical functioning (Arnsten, 2011).
Nevertheless, the proportion of variance accounted for by in-
dividual single nucleotide polymorphisms (SNPs) is small,
usually on the order of ,1%. This underscores the consider-
able gap between behavioral and molecular genetic studies
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known as “missing heritability.” These findings suggest a
need to broaden the search for molecular genetic influences
on EF.

A separate but related field of inquiry centers on genes of
the neurohypophysial hormones, such as oxytocin (OXT).
OXT is a known neuromodulator of social behavior and stress
regulation, and has been proposed as a key contributor to
many of the same psychiatric disorders that are characterized
by EF deficits, including autism spectrum disorders, affective
disorders, and schizophrenia (Feldman, Monakhov, Pratt, &
Ebstein, 2016). These effects are frequently attributable to
disruptions in social functioning, consistent with the role of
OXT in face recognition, altruism, empathy, and the ability
to infer others’ mental states (Bartz, Zaki, Bolger, & Ochsner,
2011; Meyer-Lindenberg, Domes, Kirsch, & Heinichs,
2011). However, these phenomenologically complex behav-
iors may partly depend on executive functions such as atten-
tional control, set shifting, working memory, and response in-
hibition. For instance, it has been suggested that empathy and
mentalization draw on the ability to inhibit and shift perspec-
tives (Benson, Sabbagh, Carlson, & Zelazo, 2013; Vetter,
Altgassen, Phillips, Mahy, & Kliegel, 2013), while altruistic
sharing has been shown to engage inhibitory control strate-
gies (Aguilar-Pardo, Martinez-Arias, & Colmenares, 2013).
OXT has recently been linked to “nonsocial” aspects of cog-
nition, including spatial and episodic memory, short-term
verbal memory, cognitive flexibility, and the executive com-
ponent of working memory in schizophrenia (Chini, Leon-
zino, Braida, & Sala, 2014; Michalopoulou et al., 2015).
These effects are further supported by recent evidence sug-
gesting that, within the postpartum period, blockage of the
OXT receptor (OXTR) inhibits cognitive flexibility among
mothers (Albin-Brooks, Nealer, Sabihi, Haim, & Leuner,
2017). Thus, there is growing evidence that traditionally “so-
cial” nonapeptides such as OXT may be related to discrete ex-
ecutive abilities that are impaired in psychiatric conditions
and required for adaptive social behavior.

Most genetic research on the behavioral correlates of OXT
has focused on variability in the OXTR gene. This gene (lo-
cated on chromosome 3p25.3) has many SNPs in both the in-
tronic and exonic regions. The most extensively studied SNPs,
and those with the most support in both healthy and clinical
samples, are rs53576 and rs2254298 (see Feldman et al.,
2016; Kumsta & Heinrichs, 2013). The current study focused
on the latter SNP (rs2254298) for two reasons. First, there is
strong meta-analytic evidence that this SNP is associated with
neurodevelopmental conditions typified by EF impairment,
especially after accounting for study bias (LoParo & Wald-
man, 2015); and second, neuroimaging studies specifically
point to rs2254298 as relating to structural and functional
brain differences in regions implicated in EF. In particular,
rs2254298 has been associated with regional volumetric dif-
ferences in the amygdala and dorsal anterior cingulate cortex
(dACC) in both adults and children (Furman, Chen, & Gotlib,
2011; Inoue et al., 2010). The functionality of rs2254298, in-
cluding the coupling of dACC to limbic structures, has been

replicated in both Caucasian and Japanese samples (Tost
et al., 2011; Yamasue et al., 2011). Wang et al. (2017) re-
cently demonstrated that, among 10 genotyped OXTR
SNPs, only rs2254298 was associated with resting-state func-
tional connectivity between the posterior cingulate cortex and
the dACC. Moreover, A-allele carriers demonstrated reduced
cortical thickness in the bilateral dACC compared to indi-
viduals with a GG genotype. These findings are interesting
given that nearly all models of neurocognitive functioning
posit a central role of the dACC in the modulation of EF
(Bush, Luu, & Posner, 2000; Niendam et al., 2012). Finally,
a recent study found that rs2254298 was associated with par-
enting behavior through maternal decision making, support-
ing the notion that the effect of OXTR on social behavior
may operate through discrete executive functions in adults
(Cost et al., 2016). Despite these clear connections, and that
many studies have examined rs2254298 in clinical conditions
with documented EF impairment, no study has examined
whether genetic variability in OXTR is associated with EF
in children. Thus, the first goal of the present study was to ex-
amine whether genetic variability in rs2254298 is associated
with individual differences in childhood EF. A sample of pre-
school-aged children was selected in light of the importance
of early-emerging cognitive skills in the developmental onset
of neuropsychiatric disorders and social behavior.

The second goal of this study was to determine whether
OXTR interacted with birth weight variability on EF. Birth
weight is a proxy for intrauterine growth related to the quality
of the prenatal environment. Variance in neurocognitive func-
tioning and psychopathology in adulthood involves the pro-
gramming of biobehavioral systems that can often be traced
to fetal development (Schlotz & Phillips, 2009). Studies sug-
gest that normative birth weight variation is associated with
individual differences in EF in the preschool period (Wade,
Browne, Madigan, Plamondon, & Jenkins, 2014). Perhaps
more interesting, it has been shown that birth weight is lin-
early associated with increased regional surface area and vol-
ume in the anterior cingulate cortex of children and adoles-
cents, which in turn is associated with improved cognitive
control (Walhovd et al., 2013). Thus, variation in prenatal
neurodevelopment appears to be linked to higher order execu-
tive functions across childhood (Raznahan, Greenstein, Lee,
Clasen, & Giedd, 2012). It has also been suggested that cor-
tical differences associated with birth weight may interact
with genetic risks for psychiatric disorders (Haukvik et al.,
2013).

A gene–environment interaction between OXTR and birth
weight is indicated by several strands of evidence. First, evo-
lutionary models suggest that the rs2254298 A (minor) allele
may be a susceptibility allele that, if combined with adversity
during childhood or the prenatal period, increases the risk of
developing psychopathologies (Brüne, 2012). Second, stud-
ies on the epigenetic modulation of OXTR have demonstrated
that the degree of DNA methylation is associated with neural
activity in the dACC during a social attention task (Jack, Con-
nelly, & Morris, 2012). This provides molecular evidence that
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OXTR modification may be associated with brain functioning
in regions that support EF. In addition, recent studies have
documented global DNA methylation patterns associated
with perinatal outcomes such as birth weight (Michels, Har-
ris, & Barault, 2011). Consistent with both the evolutionary
and molecular accounts, it has recently been shown that pre-
natal adversity is specifically linked to DNA methylation of
OXTR in cord blood at birth (Unternaehrer et al., 2016).
Given that birth weight is a marker of fetal development
that is influenced by myriad maternal adversities, these re-
sults raise the possibility that intrauterine conditions related
to fetal growth may contribute to an epigenetic mechanism
of fetal programming that impacts later cognitive and mental
health outcomes of children. Thus, in the current study we
tested the hypothesis that birth weight variability interacts
with OXTR in the prediction of children’s EF. We hypothe-
sized that children would show more problems with EF as a
function of lower birth weight in combination with more cop-
ies of the previously demonstrated risk allele (A) of OXTR
marker rs2254298.

Methods

Study sample

Multiparous women giving birth to infants in the cities of
Toronto and Hamilton, Ontario, Canada, between 2006 and
2008, who had been contacted by the Healthy Babies Healthy
Children public health program (run by Toronto and Hamil-
ton Public Health Units), were considered for participation.
Inclusion criteria for the intensive sample of the Kids, Fami-
lies, Places study were as follows: (a) an English-speaking
mother, (b) a newborn weighing .1500 g, (c) one or more

children ,4 years old in the home, and (d) agreement to
the collection of observational and biological data. Thirty-
four percent of mothers whose information was passed by
the Healthy Babies Healthy Children program consented to
participate in the study. Reasons for nonenlistment included
inability to contact families, ineligibility once contacted,
and refusals. The current sample was nested within a larger
longitudinal project, the goals of which were to examine
contextual and biological influences on children’s social–
emotional and cognitive development using within-family
methodology, thus requiring a minimum of two children
per family. However, as we were interested in EF in the pre-
school period, only target newborns were included. The Uni-
versity of Toronto Research Ethics Board approved all proce-
dures, including informed consent.

Data for the current study were primarily drawn from
Wave 4 of the Kids, Families, Places longitudinal study, at
which point children were about 4.5 years old (N ¼ 323;
Mage ¼ 4.79 years, SD¼ 0.28). Attrition up to Wave 4 related
to younger maternal age at first pregnancy, t (494) ¼ –5.10,
p , .001, lower socioeconomic status, t (498) ¼ –5.07,
p , .001, and lower maternal education, t (498) ¼ –2.99,
p , .005. Of the 323 children participating at Wave 4, out-
come data on EF were unavailable for 12 of them due to child
noncompliance or tester administration error. One additional
child was excluded because he was 5.87 SD above the birth
weight mean. The final sample therefore consisted of 310
children (51% female). Demographics of the study sample
are provided in Table 1. The sample consisted of typically de-
veloping children covering a wide range of birth weight
(1900–5000 g), consistent with recent findings that variabil-
ity in this range is associated with individual differences in
neurocognitive development.

Table 1. Descriptive statistics for study variables

Characteristics
Frequency

(%) N

Female gender 159 (51.3) 310
Canadian born mother 173 (55.8) 310
Ethnicity 310

European/Caucasian 181 (58.4)
Black 19 (6.1)
East Asian 39 (12.6)
South Asian 43 (13.9)
Other 28 (9.0)

M (SD) Range N

Birth weight (kg) 3.42 (0.48) 1.90–4.99 309
Gestational age (weeks) 38.97 (1.25) 32.0–40.0 310
Child age (years) 4.79 (0.28) 3.75–5.83 309
Executive functioninga 0.00 (0.82) 22.81 to 1.16 310
Maternal education (years) 15.53 (2.51) 8.0–22.0 310
Household income, mean rangeb 12.58 (3.90) 2–16 292

aThis is a standardized score with a mean of zero.
bReported on a scale from 1 (no income) to 16 ($105,000 or more).
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Procedure

A home visit of approximately 2 hr was conducted in which
parents (usually the mother) filled out questionnaires pertain-
ing to family life, sociodemographic information, and child
health and behavior. Children also underwent a battery of ob-
servational and standardized tasks assessing multiple do-
mains of functioning, including EF (described below).

Measures

EF. This was assessed using two previously developed and
widely used tasks that were appropriate to the age of the child:
Bear/Dragon (Reed, Pien, & Rothbart, 1984) and the Dimen-
sional Change Card Sort (DCCS; Zelazo, 2006). For the
Bear/Dragon task, children were instructed to do what they
were told by the nice bear (e.g., “touch your nose”), but not
to do what they were told by the mean dragon. Children
were scored on their total number of correct responses (0–
10) on five dragon and five bear trials. For the DCCS, chil-
dren were required to sort a series of bivalent test cards, first
according to one dimension (e.g., color), and then according
to the other (e.g., shape). Children who passed the postswitch
phase of the standard version of the DCCS proceeded imme-
diately to the border version, which used the same target
cards as the standard version. The border version consisted
of 12 trials. Children were required to sort cards based on
“border” criteria (“If there’s a border, play the color game.
If there’s no border, play the shape game”). Previous studies
have shown that the Bear/Dragon and DCCS load onto the
same latent factor measuring set shifting/cognitive flexibility,
working memory, and inhibitory control (Bernier, Carlson,
Deschênes, & Matte-Gagné, 2012). In the present study,
Bear/Dragon and DCCS were significantly correlated,
r (299) ¼ .34 p , .001. Thus, the two tasks were z scored
and averaged to create a composite, with higher scores reflect-
ing better EF ability.

Birth weight. At Wave 1 (child was a newborn), mothers re-
ported on their child’s birth weight in kilograms or grams.
Following the removal of one baby who was an outlier, de-
scribed above, this variable was normally distributed: skew-
ness ¼ 0.022 (SE ¼ 0.14), kurtosis ¼ 0.60 (SE ¼ 0.28).
The range on the variable was 1.90–4.99 kg (M ¼ 3.42, SD
¼ 0.48). We residualized birth weight for gestational age to
give a purer metric of fetal growth (Phua, Rifkin-Graboi,
Saw, Meaney, & Qiu, 2012).1

Covariates. Several covariates were controlled in the adjusted
analysis including family income/assets, which was mea-

sured as a composite that included annual family income, as-
sessed on a scale from 1 (no income) to 16 ($105,000 or
more); number of rooms in the family’s residence; and
whether the family owns/co-owns their house/apartment
and/or a vehicle (yes/no variables). These four variables
were standardized, and averaged to create a composite for in-
come/assets. Higher values represented higher SES; maternal
education, assessed as the total number of years of formal
schooling, not including kindergarten; child age (in years
and months); and gender (0 ¼ male, 1 ¼ female).

Genotyping

DNA was extracted from cheek swab samples from both chil-
dren and their biological parents. The rs2254298 SNP was
genotyped with the ABI 7900-HT Sequence Detection
Systemw (Applied Biosystems) using the TaqMan 50 nuclease
assay for allelic discrimination. The polymerase chain reac-
tions (10 ml volume) contained 30 ng of genomic DNA, 10
mmol of TaqManw Universal PCR Master Mix (Applied Bio-
systems), and 0.25 ml of allelic discrimination mix (Applied
Biosystems) containing 36 mM of each primer and 8 mM of
each probe. The thermal cycling conditions were 50 8C for
2 min, 95 8C for 10 min, followed by 40 cycles of 94 8C
for 15 s and the annealing temperature of 60 8C for 1 min.
Each 96 well plate contained two negative controls. Plates
were then read on the ABI 7900HT Sequence Detection Sys-
tem using the allelic discrimination end-point analysis mode
of Sequence Detection System software package version 2.0
(Applied Biosystems).

Regarding SNP characteristics of rs2254298, the major al-
lele (G) had a frequency of .88. This marker is located in in-
tron 3 of the OXTR gene, with a chromosome position of
8,802,227. This SNP conformed to Hardy–Weinberg equilib-
rium ( p ¼ .12) in this sample.

Statistical analysis

The analysis was carried out using the Pedigree-Based Asso-
ciation Test (PBAT) with Golden Helix SVS. PBAT is robust
to population admixture and stratification, meaning popula-
tion subgroups and ethnic differences in allelic distributions
are controlled. Specifically, the alleles transmitted to pro-
bands are compared to the distribution of alleles expected
among offspring, conditional on parental genotypes and
based on Mendelian transmission. In other words, parents
are used as pseudocontrols. The result is an unbiased test sta-
tistic that allows inferences for both association and linkage.
We tested an additive model in which genotypes were coded
to reflect the number of copies of each allele. The quantitative
trait, EF, was offset by the phenotypic mean to generate a
phenotypic residual for each person (i.e., mean centered).
This increases the statistical powerof the PBAT statistic (Lange,
DeMeo, & Laird, 2002). To further improve power, we
controlled for nongenomic factors (covariates) related to

1. Effects were reexamined when birth weight was not residualized for gesta-
tional age, and the results were robust. We also performed a separate anal-
ysis in which we residualized birth weight for ethnicity, and the substan-
tive results again did not change. Restricting the sample to children born
weighing �2500 g did not affect the results; thus, all children were re-
tained in the final analysis.
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attrition and known to be associated with EF (Laird & Lange,
2008).

Computation of the main genetic and interaction effect fol-
lowed the procedure outlined by Vansteelandt et al. (2008).
The approach uses a semiparametric model: there is a nonpara-
metric component for the main environmental effect that is ro-
bust to misspecification (Moerkerke, Vansteelandt, & Lange,
2010), and a parametric component for the main genetic and
the gene–environment interaction effect. We fit the model:

E YijjXij, Zij, Si

� �
¼ mðZij, SiÞ þ bSNPXij þ binterXijZij,

where i indexes the family, j the offspring, Y is the trait (i.e.,
EF), X is the additive coding of the genotype (0, 1, or
2 copies), Z is the environmental exposure (i.e., birth weight),
S encodes the dependency on the parental genotypes, and m(.)
is a nonparametric function that encodes the dependence of
the trait on the environmental exposure and parental geno-
type. A positive value for the interaction indicates that there
is an increase in EF with more copies of that allele combined
with higher levels of the exposure variable (birth weight).

Below, we report results using the family-based associa-
tion test (FBAT) and FBAT-I p value, heritability coefficient
(h2), and standard effect size estimates where appropriate.
The FBAT p value is the primary test statistic for examining
the main genetic effect in family-based designs. It is a gener-
alization of the transmission disequilibrium test, appropriate
for quantitative traits (Lange et al., 2002). The FBAT-I
p value tests the null hypothesis of no gene–environment in-
teraction. The heritability coefficient (h2) reflects the propor-
tion of phenotypic variance explained by the analyzed SNP or
interaction, and is thus a measure of effect size.

Results

Table 2 reports bivariate correlations among study variables.
For the outcome phenotype, EF, significant associations with
age, maternal education, and family income/assets were ob-
served, while there were no gender differences on EF. There
were no gender differences in the distribution of the G allele,
x2 (df ¼ 1) ¼ 0.022, p ¼ .88, or the A allele, x2 (df ¼ 1) ¼

0.072, p ¼ .79. There were also no gender differences in
overall genotype, x2 (df¼ 2)¼ 0.080, p¼ .96. All covariates
were retained in the adjusted models outlined below.

Computation of the interaction effect using PBAT as-
sumes genotype–environment independence, which is gener-
ally a reasonable assumption in family-based tests (Umbach
& Weinberg, 2000). To confirm this assumption, we per-
formed a preliminary association analysis between the se-
lected OXTR SNP, rs2254298, and the environmental expo-
sure, birth weight. There was no significant relation
between rs2254298 and birth weight in either the unadjusted
model (FBAT p¼ .54, h2 ¼ 0.003) or the adjusted model that
controlled for covariates ( p ¼ .53, h2 , 0.001), supporting
model assumptions.

Regarding the main genetic effect, there was a significant
association between the rs2254298 marker and EF in the un-
adjusted analysis (FBAT p ¼ .049) and in the adjusted anal-
ysis controlling for covariates (FBAT p ¼ .023). With regard
to direction of effects, more copies of the major allele (G)
were associated with higher EF, while more copies of the
minor allele (A) were associated with lower EF. We then
tested the FBAT association test of the interaction effect
(FBAT-I), which revealed a significant interaction between
rs2254298 and birth weight in both the unadjusted (FBAT-I
p ¼ .011) and adjusted analyses (FBAT-I p ¼ .003).

Next, we examined the main genetic and interaction ef-
fects separately, each controlling for the other. In the unadjus-
ted model, the main genetic effect (known as QBAT) was not
significant for the G allele, b (SE) ¼ 0.20 (0.13), p ¼ .10,
h2 ¼ 0.014, or the A allele, b (SE) ¼ –0.16 (0.14), p ¼
.27, h2 ¼ 0.010. Note that the p-values are not identical for
the two alleles because of the semiparametric model used.
Effects were likewise nonsignificant in the adjusted model for
the G allele, b (SE) ¼ 0.18 (0.13), p ¼ .16, h2 ¼ 0.014, and
the A allele,b (SE)¼ –0.13 (0.14), p¼ .36, h2¼ 0.010. In con-
trast, strong gene–environment interaction effects were ob-
served between rs2254298 and birth weight. In the unadjusted
model, the interaction (known as QBAT-E) was significant
for the G allele, b (SE) ¼ 0.26 (0.09), p ¼ .0025, h2 ¼ 0.27,
and for the A allele, b (SE) ¼ –0.46 (0.17), p ¼ .007, h2 ¼

0.052. Results were robust in the adjusted model, with a signif-
icant interaction for the G allele, b (SE) ¼ 0.31 (0.11), p ¼

Table 2. Bivariate correlations between study variables

1 2 3 4 5 6

1. Female gender —
2. Birth weight 2.09 —
3. Gestational age .11† .40*** —
4. Child age 2.05 .01 2.04 —
5. Executive functioning .01 .12* 2.08 .24*** —
6. Maternal education 2.08 .08 .09† .00 .12* —
7. Socioeconomic status .00 .19** .06 .09 .22*** .45***

†p , .10. *p , .05. **p , .01. ***p , .001.
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.0045, h2¼0.52, and for the A allele,b (SE)¼–0.62 (0.22),p¼

.0051, h2 ¼ 0.12. The direction of effects was consistent with
study hypotheses, namely, that EF increased as a function of
more copies of the G (major) allele in combination with higher
birth weight, and decreased with more copies of the A (minor)
allele and lower birth weight. There were no significant Gene
�Gender�Birth Weight interactions.

Discussion

This study aimed to determine whether a functional genetic
variant in the OXTR gene, rs2254298, was associated with
children’s EF in the preschool period. Moreover, we aimed
to examine whether OXTR interacted with children’s birth
weight on EF, consistent with the known consequences of birth
weight variability on neural functioning in brain regions that
support EF (Raznahan et al., 2012; Walhovd et al., 2013).
We demonstrated that more copies of the major allele G were
associated with higher EF, while more copies of the minor al-
lele A were associated with lower EF. More interesting was the
strong interaction between OXTR marker rs2254298 and birth
weight in the prediction of EF, consistent with the idea that ge-
netic effects may be amplified in the context of predisposing
environments (Manuck & McCaffery, 2014). The current find-
ings suggest that birth weight may be a strong modulator of
OXTR’s effects on EF. These results align with previous find-
ings on the significant impact of birth weight on postnatal cog-
nitive and neurobehavioral functioning (Aarnoudse-Moens,
Weiglas-Kuperus, van Goudoever, & Oosterlaan, 2009).

This is the first study to demonstrate that OXTR is related
to childhood EF, and also the first to show that such effects
operate in tandem with biomedical risks for neurocognitive
development in young children. Previous studies have shown
that another neurohypophysial hormone receptor gene, argi-
nine vasopressin receptor 1a (AVPR1A), is also associated
with EF in children (Wade, Hoffmann, & Jenkins, 2014).
Moreover, in adults, AVPR1A and OXTR have been differen-
tially associated with cognitive and emotional empathy, re-
spectively (Uzefovsky et al., 2015). Both types of empathy
may draw on executive skills, including the capacity to inhibit
self-perspectives and shift reference frames in order to under-
stand the experiences of others. Thus, it is plausible that these
two interrelated neurohypophysial systems operate together to
support EF and the social behaviors that rely on these abilities.
Furthermore, studies of OXTR are beginning to document the
interactive effect of common polymorphisms with environ-
mental factors such as prenatal testosterone exposure (Weis-
man et al., 2015) and postnatal parenting behavior (Wade,
Hoffmann, & Jenkins, 2015) on social cognition. The current
study adds to this growing literature and further implicates
birth weight variability as a moderator of OXTR on the execu-
tive control processes that may facilitate social cognition.

Intranasal administration of OXT has been shown to im-
prove emotion recognition in youth with autism (Guastella
et al., 2010), and has a modest effect on symptomatology
of other disorders (e.g., depression, posttraumatic stress dis-

order, anxiety, schizophrenia, obsessive–compulsive disor-
der, and bipolar disorder; Bakermans-Kranenburg & van IJz-
endoorn, 2013). The effects of OXT on cognition and
behavior may depend on early biological or environmental
conditions that regulate the expression of OXTR, which me-
diates the action of OXT (Feldman et al., 2016). It has been
shown that the third intron of OXTR contains a motif of
10–15 nucleotides that bind nuclear suppression proteins as-
sociated with downregulation of the gene (Mizumoto, Ki-
mura, & Ivell, 1997). The rs2254298 marker is localized
near or within this genomic fragment, suggesting that it
may be involved in the expression of OXTR via molecular
or environmental modulation. The current results provide pre-
liminary evidence that rs2254298 A-allele carriers who also
experience early biomedical adversity are at heightened risk
for EF problems in the preschool period. However, these find-
ings cannot definitively speak to whether downregulation of
OXTR as a function of lower birth weight accounts for the
EF difficulties of A-allele carriers. Thus, future research is
needed to elucidate the mechanism(s) through which genetic
variability and exposure to biomedical conditions differen-
tially alters responsiveness to OXT on cognition and behavior.

Within the field of psychiatry there is an ongoing paradigm
shift away from nosological approaches to disease classification
and toward more nuanced characterizations that are idiographic
and person centered. This entails the identification of cross-cut-
ting endophenotypes that underlie many domains of psychopa-
thology. Such an approach parallels the Research Domain Cri-
teria and the NIMH’s endorsement of studies that utilize
dimensional and multilevel analysis of endophenotypes that
are the product of dynamically interacting genetic and environ-
mental exposures. Gene–environment interaction studies are
well positioned to expand the bioecological scope of inquiry
around the extent to which readily–identifiable risk factors
and genetic variants together confer vulnerability for cognitive
deficits that underlie psychopathology (Hunter, 2005). Recog-
nizing the joint contribution of genetic and environmental risks
for neuropsychiatric problems may in turn foster more precise
methods for identifying at-risk individuals, pinpoint targets
for prevention and intervention, and further characterize the
conditions under which therapies yield efficacious results.

Finally, it is noteworthy that, among biomedically at-risk
children, early psychosocial interventions have powerful ef-
fects on cognitive development. In particular, programs that
build parenting competence have been shown to engender
positive resultant effects on children’s behavioral, social,
and cognitive outcomes (Landry et al., 2012). Interventions
designed to enhance mother–child reciprocity and synchrony
have been shown not only to enhance executive functions up
to age 10 but also to improve sleep, reduce stress response, and
increase vagal tone, suggesting that improvements in physio-
logical organization among biologically at-risk children can
be maintained via dynamic cascades involving early parental
enrichment (Feldman, Rosenthal, & Eidelman, 2014). Deter-
mining whether such intervention effects vary as a function
of children’s unique genetic makeup and biomedical history
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will further facilitate the personalization of treatment that con-
siders multiple levels of biobehavioral adjustment.

Limitations and future directions

The primary limitation of this study is the lack of a replication
sample, which lends to the possibility of spurious associa-
tions. Likewise, gene–environment interactions are suscepti-
ble to unreliability (Almli et al., 2014). Future replication is
encouraged to enhance our understanding of the genetic
and gene–environment relationship between OXTR and EF
in childhood and later periods of development. Another po-
tential limitation was reliance on mothers to report their
child’s birth weight; however, such reports have been shown
to be reliable when compared to medical records in epidemi-
ological studies (Tomeo et al., 1999). In addition, birth
weight is a broad marker of fetal growth, and may be addition-
ally influenced by maternal body mass index, pregnancy
complications related to prematurity, and maternal hip size
(which shows ethnic disparities). While gestational age and
family ethnicity were accounted for in the current analysis,
the precise mechanism through which the fetal environment
impacts EF alongside genetic risk requires more nuanced pre-
natal and molecular assessment in future studies.

Moreover, birth weight itself is partially heritable (Claus-
son, Leonizino, Braida, & Sala, 2000), leading to the possi-
bility that the current results reflect a complex set of interac-
tions between genes at different loci and/or intrauterine
conditions. Similarly, the effect of birth weight may include
or be explained by postnatal factors that systematically covary
with lower birth weight, such as time spent in neonatal inten-
sive care and associated decreases in maternal touch and
stimulation. While we cannot rule out these possibilities,
our relatively low-risk community sample and replication in
children weighing �2500 g likely assuages some of these
concerns. It is also worth mentioning that medications needed
for either encouraging or delaying labor often include OXT-
relevant compounds or antagonists. Uterine contractility and
OXT sensitivity during pregnancy increase as gestational age
increases, and may partially predict timing of delivery (Taka-
hashi, Diamond, Bieniarz, Yen, & Burd, 1980). However, it
is currently unclear how either maternal OXTR expression
or circulating OXT levels during pregnancy or labor, which
show marked interindividual variability, impact fetal out-
comes (Levine, Zagoory-Sharon, Feldman, & Weller,
2007), nor how child OXTR modulates such effects. In the
current study, child OXTR genotype was unrelated to birth

weight. Nevertheless, future research examining how child
OXTR interacts with circulating OXT during pregnancy may
shed further light on the mechanisms at play. For instance, it
has been shown that a rising pattern of plasma OXT from early
to late pregnancy improves mother–fetal bonding (Levine
et al., 2007), and OXT levels during pregnancy positively cor-
relate with more optimal maternal behaviors that facilitate
bonding in the postpartum period (Feldman, Weller, Zago-
ory-Sharon, & Levine, 2007). Examining whether the degree
of OXT exposure during pregnancy/labor differentially relates
to child outcomes as a function of child OXTR genotype, and
the meditational role of maternal behavior in this mechanism,
is a rich avenue for future research. Likewise, it will be worth
exploring how these effects operate in higher risk samples, in-
cluding those with more pre/perinatal complications and asso-
ciated developmental difficulties, to determine the robustness
of effects (and comparability of mechanisms) across various
groups of children. By broadening the range of pre/perinatal
experiences of children, continued gene–environment interac-
tion research in this area may shed light on whether the A allele
is a “risk” allele or a “plasticity” allele, consistent with evolu-
tionary models (Brüne, 2012) that consider how such low-fre-
quency mutations may have survived over evolutionary time
via their dynamic interplay with the environment.

Conclusion

In summary, the current study shows that a marker of the OXTR
gene, rs2254298, which has been previously implicated in sev-
eral psychiatric and neurodevelopmental conditions, and is
functionally related to the neurocircuitry that supports cognitive
control, is related to children’s EF at age 4.5. Moreover, a robust
interaction of this marker with birth weight was observed, such
that children with more copies of the G allele in combination
with higher birth weight showed better EF compared to their
A-allele counterparts. This is the first study to show either
main or interactive effects of OXTR on EF in childhood. These
findings highlight one neurobiological pathway by which oxy-
tocin gene variants may increase risk for psychopathology,
namely, by compromising underlying executive capacities.
Moreover, EF is not only an important endophenotype for psy-
chiatric morbidity but also an indispensible source of human
capital that serves as a keystone predictor of educational, occu-
pational, socioeconomic, and developmental health across the
life span. Uncovering the ways in which genetic variants com-
bine with environmental factors to shape candidate endopheno-
types remains a ripe area for future research.
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cial factors in the development of early executive functioning: A closer
look at the caregiving environment. Developmental Science, 15, 12–24.
doi:10.1111/j.1467-7687.2011.01093.x
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