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Background: Recent evidence suggests that early exposure to low maternal sensitivity is a risk factor for obesity in
children and adolescents. A separate line of study shows that the seven-repeat (7R) allele of the dopamine-4 receptor
gene (DRD4) increases susceptibility to environmental factors including maternal sensitivity. The current study
integrates these lines of work by examining whether preschoolers carrying the 7R allele are more vulnerable to low
maternal sensitivity as it relates to overweight/obesity risk. Method: The Maternal Adversity Vulnerability and
Neurodevelopment (MAVAN) project in Canada was used as the discovery cohort (N = 203), while the Generation R
study in the Netherlands was used as a replication sample (V= 270). Regression models to predict both continuous
BMI z-scores and membership in any higher BMI category based on established World Health Organization (WHO)
cutoffs for 48 months of age were completed. Results: In both cohorts, there was a significant maternal sensitivity by
DRD4 by sex interaction predicting higher body mass indices and/or obesity risk. As hypothesized, post hoc testing
revealed an inverse relationship between maternal sensitivity and body mass indices in 7R allele carriers relative to
noncarriers. This finding was strongest in girls in the Canadian cohort and in boys in the Dutch cohort.
Conclusions: Many children who carry the 7R allele of DRD4 appear to be more influenced by maternal sensitivity as
it relates to overweight/obesity risk, consistent with a plasticity effect. Given the relatively small sample sizes
available for these analyses, further replications will be needed to confirm and extend these results. Keywords:
Maternal sensitivity; DRD4; obesity; sex differences.

war and famine (e.g. Ravelli, Stein, & Susser, 1976),
more universal aspects of the early environment,
including the quality of infant rearing, are also
relevant to energy storage. Macaque monkeys raised
in an insecure environment during early rearing
have an increased likelihood of exhibiting a higher
body mass index (BMI), abdominal circumference,
and glucagon-like peptide-1 level in adulthood
(Kaufman et al., 2007). In humans, low maternal
sensitivity, defined as poorly timed or inappropriate
responding to a child’s emotional signals (Ainsworth,
Blehar, Waters, & Wall, 1978), predicts increased
risk of overweight and obesity in childhood and
adolescence (Anderson, Gooze, Lemeshow, & Whi-
taker, 2012; Wendland et al., 2014), as does child-
hood adversity in general (Lissau & Serensen, 1994;
Williamson, Thompson, Anda, Dietz, & Felitti, 2002).

However, not every child exposed to low maternal
sensitivity will exhibit an adverse outcome. Children
differ in their vulnerability to adverse rearing

Introduction
Early life adversity, whether biological or psycho-
social in origin, can be a potent trigger for patholog-
ical weight gain over the life span (Bae, Wickrama, &
O’Neal, 2014; Kaufman et al., 2007; Ong & Dunger,
2000; Suglia, Duarte, Chambers, & Boynton-Jarrett,
2012). As discussed in the Thrifty Phenotype Hypoth-
esis of Hales and Barker (2001), this may reflect a
basic tendency of living organisms to store energy
when future food supplies may be at risk. Identifying
the early environmental signals that can trigger an
energy-conserving phenotype and developing inter-
ventions to limit their impact early in life might thus
limit obesity rates.

While initial work on environmental adversity and
weight regulation was based on human populations
exposed to major environmental stressors such as
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environments (including low maternal sensitivity)
and genetic factors are likely to play a role in this
regard (Belsky et al., 2009; Ellis, Boyce, Belsky,
Bakermans-Kranenburg, & van Iljzendoorn, 2011).
The hypofunctional seven-repeat (7R) allele of the
DRD4 gene moderates the effects of early rearing
environment on several developmental outcomes
including externalizing behavior (Windhorst et al.,
2015) and inattention (Berry, Deater-Deckard,
McCartney, Wang, & Petrill, 2013). Of note, 7R
carriers may also be more sensitive to supportive
environments (Bakermans-Kranenburg & van Ijzen-
doorn, 2011), consistent with differential suscepti-
bility /differential sensitivity to context theory
(Belsky et al., 2009; Ellis et al., 2011). According to
this theory, carriers of ‘plasticity gene’ variants are
expected to gain the greatest benefit from environ-
mental support and enrichment, in addition to being
the most vulnerable to adverse environmental con-
ditions. This makes early intervention particularly
important for such individuals.

While no studies to date have examined a possible
moderating effect of DRD4 related to early parenting
and obesity risk, DRD4 does influence BMI and body
composition in the context of other environmental
factors. For example, 7R allele /season-of-birth inter-
actions increase the risk for obesity in women with
either seasonal affective disorder (Levitan et al.,
2006) or bulimia nervosa (Levitan, Kaplan, Davis,
Lam, & Kennedy, 2010). A study of Ariaal men in
Kenya suggests that 7R carriers are better able to
optimize fat-free mass in preparation for long migra-
tions across hostile desert environments (Eisenberg,
Campbell, Gray, & Sorenson, 2008).

The current study integrates these various lines of
work by examining whether an interaction between
the 7R allele of DRD4 and maternal sensitivity
influences the risk for overweight and obesity in the
preschool years. The working hypothesis based on
the data reviewed above was that children who
carried the 7R allele, and were exposed to low
maternal sensitivity as infants, would have the
greatest overweight/obesity risk as preschoolers.
We tested this hypothesis in two distinct develop-
mental cohorts from Canada and the Netherlands,
using the MAVAN cohort for discovery and the
Generation R cohort for replication.

Methods
Participants and methods

For this project, we included only the subsample of study
participants who had full data available for each of the key
study variables including DRD4 genotyping, maternal sensi-
tivity measures, and growth measures at 48 months of age.
Informed consent was obtained from all participants.

Using this approach, the final Canadian sample included
203 children recruited in either Montréal, Québec (N = 116) or
Hamilton, Ontario (N = 87), Canada as part of an established
prospective birth cohort, the Maternal Adversity, Vulnerability,
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and Neurodevelopment (MAVAN) project (O’Donnell et al.,
2014). MAVAN is a multidisciplinary, collaborative study
recruiting pregnant women from obstetric clinics in hospitals
located in Montreéal, Québec and Hamilton, Ontario, Canada.
All participants were born at 37-41 weeks gestation, and had a
birthweight >1,500 g.

The corresponding Dutch sample consisted of 270 children
taking part in the Generation R study (Jaddoe et al., 2012).
Generation R is a prospective, population-based study span-
ning fetal life to late childhood. It is designed to identify early
environmental and genetic causes and causal pathways lead-
ing to normal and abnormal growth, development, and health
during fetal life and childhood. Pregnant women living in the
study area in Rotterdam were invited to participate if their
expected delivery date was between April 2002 and January
2006. In the preschool years, detailed measurements were
obtained in the Generation R Focus Study, a total cohort of
1,106 Generation R participants of Dutch national origin
(children whose parents and grandparents were all born in
the Netherlands). These measurements included mother-in-
fant attachment and maternal sensitivity assessments where
possible.

Measures

Mother—child interaction using video-taping. In the
Canadian MAVAN cohort, maternal sensitivity (warm, timely,
and appropriate response to infant signals) was assessed when
the children were 6 months of age. Thirty minutes of nonfeed-
ing, free-play, and mother-infant interactions were videotaped
in the home when infants were 6 months of age. The recordings
were later reviewed by coders who were independent of the
MAVAN study and had no awareness of the primary study
hypotheses. Coders used the short version (Tarabulsy et al.,
2009) of the Maternal Behavior Q-set (MBQS; Pederson et al.,
1990). The MBQS items were derived from and anchored in the
sensitivity observations of Ainsworth and colleagues (including
the Ainsworth sensitivity scales) as well as a broader sampling
of the sensitivity domain (Pederson et al., 1990). The short
version of the MBQS (Tarabulsy et al., 2009) involves sorting
25 items into five piles of five items each, according to whether
the descriptor is like (5) or unlike (1) the mother under
observation. The derived sort is then correlated with the sort
of a ‘prototypically predictable, coherent, and warm mother’
(Tarabulsy et al., 2009, p. 133), as defined by a sample of
developmental experts who were instructed to sort so as to
describe the prototypically sensitive mother (Pederson et al.,
1990). This correlation of the observed sort with the prototyp-
ically sensitive sort yields a score varying between —1.0 and +
1.0 (current mean = 0.42, SD = 0.42). The MBQS correlates
highly with Ainsworth sensitivity ratings and child attachment
security (Pederson et al.,, 1990). The MBQS-25 correlates
positively with constructs central to infant development and
attachment, including the MBQS, infant attachment security,
and infant cognitive development (Pederson et al., 1990;
Tarabulsy et al., 2009). In the current study, three MBQS-25
observers independently coded twenty-eight 6-month tapes to
obtain intraclass correlations between 0.82 and 0.94. Again,
meta-analyses using both the Ainsworth scales and the MBQS
show that both are reliably related to infant attachment
security (Atkinson et al., 2000; De Wolff & Van [Jzendoorn,
1997).

For the Dutch Generation R cohort, maternal sensitivity was
assessed when the children were 14 months of age (Tharner
et al., 2012). DVD recordings were made of a 5-min unstruc-
tured play session, which were coded using the Ainsworth’s 9-
point maternal behavior rating scales. Coders rated two
subscales — sensitivity-insensitivity and cooperation-interfer-
ence. The scores on each subscale are anchored in extensive
description of maternal behavior. Scores were aggregated
across these two subscales into a single mean denoting
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sensitivity-insensitivity. The range of unstandardized sensitiv-
ity scores was 2-9 (mean = 6.0, SD = 1.3), while the range of
standardized sensitivity scores used for the analyses was —3.1
to 2.4 (mean = 0.06, SD= 1.01). The intercoder reliability
[intraclass correlation coefficient (ICC)| for the current data
ranged from .65 to .71 (Luijk et al., 2011).

Growth measures at 48 months of age. For the
Canadian sample, standing height without shoes was mea-
sured (to the nearest 0.1 cm) with the use of a stadiometer
(Perspective Enterprises, PE-AIM-101, Portage, MI, USA). Body
weight in light clothing was measured (to the nearest 0.1 kg)
with the use of a digital floor scale (TANITA BF625; Arlington
Heights, IL, USA). In the Dutch cohort, height was measured in
standing position using a Harpenden stadiometer and weight
was measured in underwear using a mechanical personal
scale. Height and weight were used to calculate body mass
index (BMI, kg/m?. BMI z-scores were calculated based on
well-established World Health Organization (WHO) growth
curves for girls and boys (WHO Multicentre Growth Reference
Study Group, 2006).

DRD4 genotyping. For the Canadian sample, saliva
samples were collected and sent to the Centre for Addiction
and Mental Health Neurogenetics Laboratory. Genomic
deoxyribonucleic acid (DNA) was extracted using the high-salt
method. All genotyping of the DNA was performed blind to the
children’s BMI. The 48-base-pair variable number of tandem
repeats (VNTR) region in the third exon of DRD4 was amplified
with polymerase chain reaction (PCR) techniques with primers
and conditions previously described (Lichter et al., 1993).

For the Dutch sample, DNA sampling was based on cord
blood. Genetic data have been generated by Tagman analyses.
For genotyping, the infrastructure of the Genetic Laboratory of
the Department of Internal Medicine (www.glimdna.org) was
used (Luijk et al., 2011).

Statistical approach

To maximize the replication value of this study, the same
general statistical approach was used for the two samples with
minor differences based on the unique aspects of each cohort
as described below. Analyses were conducted with IBM SPSS
statistical software, version 21 (IBM SPSS Statistics for Win-
dows, Amonk, NY, USA). The overall strategy was to use linear
regression to predict continuous measures of BMI at
48 months of age, and logistic regression to predict member-
ship in a higher BMI category at 48 months of age based on
established World Health Organization (WHO) cutoffs. Each
study controlled for potential confounding by birthweight,
maternal BMI, exposure to breastfeeding at 3 months of age,
and socioeconomic status. The main predictor variables in
each case were maternal sensitivity scores, DRD4 genotype (7R
present or absent), sex, and all corresponding interaction
terms.

For the Canadian sample, to account for the relatedness of
observations taken from the same study site (Montréal or
Hamilton), linear mixed-effect models controlling for site,
implementing the method of maximum likelihood were used
to predict 48-month BMI z-scores based on maternal sensitiv-
ity as reflected by the MBQS-25 score at 6 months of age,
DRD4 genotype, sex, all corresponding interaction terms, and
the other covariates listed above (birthweight, maternal BMI,
exposure to breastfeeding at 3 months of age, and socioeco-
nomic status) that proved significant at p < .05 in the final
model.

For the Dutch sample, given the relative homogeneity of the
recruitment sites, a similar statistical approach as described
above was used but using basic multiple regression as opposed
to linear mixed-effect models as the main statistical tool.

J Child Psychol Psychiatr 2017; 58(2): 180-8

Prediction of higher BMI categories

For both MAVAN and Generation R, to more specifically
determine whether the key study variables were predictive of
the higher BMI categories outlined by the WHO (i.e. at risk of
overweight, overweight, or obese), a logistic regression predict-
ing membership in any of the higher weight categories consid-
ered together (yes/no) was performed using the same predictor
variables and other covariates as described above for contin-
uous BMI measures. The goal was to determine if maternal
sensitivity was relevant to childhood overweight/obesity risk
based on established cutoffs.

Results
Tables 1 and 2 summarize the basic demographic
characteristics of the two study samples.
Chi-square analysis revealed no significant differ-
ence in the distribution of genders, breastfeeding,
small for gestational age status, or DRD4 genotype in
the two samples. The mean maternal BMI in the
Canadian sample was significantly higher than in
the Dutch sample (t = 5.94, df = 438, p <.001).
Other study variables were not comparable statis-
tically across samples as they were defined differ-
ently in Canada versus the Netherlands.

Final models predicting BMI z- scores at 48 months
of age

In the Canadian sample, maternal BMI and birth-
weight percentile were identified as significant
covariates, while exposure to breastfeeding at
3 months of age and socioeconomic status were
not. As summarized in Table 3, there was a

Table 1 Sample characteristics for the MAVAN cohort

(V= 203)
Variable
Gender Boys Girls
107 (52.7%) 96 (47.3%)
Socio-economic status/ High/High® Other
maternal education 132 (77.6%) 38 (22.4%)
blended
Any breastfeeding Yes No
at 3 months 149 (74.5%) 51 (25.5%)
Small for gestational YesP No
age 21 (10.8%) 173 (89.2%)
DRD4 seven-repeat Yes No
carrier 76 (37.4%) 127 (62.6%)

Continuous variables
Mean =+ standard deviation
27.6 £ 7.5
0.42 + 0.42

Maternal BMI
Maternal sensitivity
score®

Discrepancies in sample size are due to missing/incomplete
data.

#High/High = high socio-economic status (SES) and high
maternal education; Other = low SES and/or low maternal
education.

PSmall for gestational age defined as below the 10th percentile
for gestational age.

“Based on the Maternal Behavior Q-Sort 25-item: range is —1
to+ 1.

© 2016 Association for Child and Adolescent Mental Health.
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Table 2 Sample characteristics for the Generation R cohort
(N=270)

Variable
Gender Boys Girls
137 (50.7%) 133 (49.3%)
Socio-economic status High* Other
154 (61.1%) 98 (38.9%)
Any breastfeeding Yes No
at 3 months 188 (70.9%) 77 (29.1%)
Small for gestational Yes® No
age 24 (8.9%) 246 (91.1%)
DRD4 seven-repeat Yes No
carrier 96 (35.6%) 174 (64.4%)

Continuous Variables
Mean + Standard Deviation
24.3 + 4.2
0.06 + 1.01

Maternal BMI
Maternal sensitivity score®

Discrepancies in sample size are due to missing/incomplete
data.

“Based on income: high is >2,000 euro net monthly income
(greater than modal income).

PSmall for gestational age defined as below the 10th percentile
for gestational age.

“Based on Ainsworth scales (z standardized).

significant three-way interaction between maternal
sensitivity, DRD4 genotype, and sex in predicting
continuous BMI z-scores in both the uncorrected
and corrected models. The maternal sensitivity by
sex interaction was significant in both models. As
reported previously (Wendland et al., 2014), there
was a significant negative correlation between
maternal sensitivity scores and BMI z-scores in girls,
but not in boys. To explore the three-way interaction
in more detail, four separate mixed-effect models to
predict 48-month BMI z-scores with maternal sen-
sitivity scores were completed, stratified by sex and
DRD4 genotype. Table 4 indicates that in girls who
carried the 7R allele of DRD4, there was a very strong
negative correlation between maternal sensitivity
scores and BMI z-scores (at p=.001) which
remained robust in the corrected model (at
p =.002). In boys who carried the 7R allele, there
was a positive association between maternal sensi-
tivity and BMI z-scores which was not significant
(B=0.43, p=.19 in the corrected model). In the
Canadian sample, it thus appeared that the signif-
icant three-way interaction was largely driven by
girls who carried the 7R allele.
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In the Dutch sample, maternal BMI and being
small for gestational age at birth were identified as
significant covariates, while exposure to breastfeed-
ing at 3 months of age and socioeconomic status
were not. As summarized in Table 5, the three-way
interaction between maternal sensitivity, DRD4
genotype, and sex achieved significance in the cor-
rected model at p = .049, thus replicating the Cana-
dian results. The two-way maternal sensitivity by sex
interaction was significant in both models, again
consistent with the Canadian sample. To determine
if the direction of the maternal sensitivity by sex
interaction was similar to the Canadian findings, we
examined two separate models for boys and girls,
correcting for significant covariates. The association
between maternal sensitivity scores and BMI z-
scores was negative but not significant in girls
(B= —0.08, p=.28) and positive but not significant
in boys (B = 0.08, p = .23). The general direction of
this interaction was thus the same as in the Cana-
dian sample (i.e. significantly more negative for girls
than for boys), although did not achieve significance
in either sex considered alone in the Generation R
sample, unlike the Canadian sample as described
above.

As was done for the Canadian sample, to help
interpret the significant three-way interaction, sep-
arate linear regressions predicting BMI z-scores with
maternal sensitivity scores were done in the four
subgroups defined by DRD4 genotype and sex. As
shown in Table 6, in contrast to the Canadian
sample, there was no single subgroup that stood
out as having a particularly robust association
between maternal sensitivity scores and BMI z-
scores relative to the other groups. Boys who were
noncarriers of the 7R allele stood out as being the
only subgroup having a positive relationship
between maternal sensitivity and BMI, while the
other three subgroups showed a negative relation-
ship between these variables.

In summary, given the difficulty in replicating gene
by environment interactions in general, the current
results are notable in showing the same overall
maternal sensitivity by sex interaction in the Gen-
eration R cohort as in the MAVAN cohort, and for the
finding of a significant three-way maternal sensitiv-
ity by DRD4 by sex interaction in both cohorts, with

Table 3 Final mixed model predicting 48-month BMI z-scores in the MAVAN cohort (N = 203)

Unadjusted Adjusted

Variable B (95% C.I.) p value B! (95% C.I.) p value
Maternal sensitivity —1.49 —-2.42, —0.56 .002 —1.28 —-2.24, —-0.31 .01
DRD4 (absent vs. present) -0.36 —1.04, 0.32 .30 —-0.03 -0.76, 0.70 .93
Sex (male vs. female) -0.31 —-1.01, 0.40 .39 -0.33 -1.02, 0.35 .34
Maternal sensitivity by DRD4 1.38 0.25, 2.51 .017 0.99 —0.26, 2.24 .12
Maternal Sensitivity by sex 1.74 0.59, 2.89 .003 1.76 0.58, 2.93 .004
DRD4 by sex 0.30 —0.54, 1.15 .48 0.19 -0.71, 1.08 .68
Maternal sensitivity by DRD4 by sex —1.68 -3.08, -0.27 .02 —-1.84 -3.36, —0.32 .018

Bolded figures significant at p < .05.

© 2016 Association for Child and Adolescent Mental Health.
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some differences in the specific details as outlined
above.

Prediction of higher BMI categories

In the Canadian sample, of the 203 children
included in the current sample, a total of 56
(27.6%) would be considered as either ‘at risk of
overweight’, ‘overweight’, or ‘obese’ based on WHO
criteria. As shown in Table 7, consistent with the
mixed model analysis of continuous BMI measures
described earlier, the three-way maternal sensitivity
by DRD4 by sex interaction was significant in both
the uncorrected and corrected models. To explore
the three-way interaction in more detail, four sepa-
rate logistic regressions to predict membership in an
at-risk BMI group were completed, stratified by sex
and DRD4 genotype (see Table 8). This indicated
that in girls who carried the 7R allele, higher
maternal sensitivity was associated with a signifi-
cantly lower chance of being in a higher BMI category

J Child Psychol Psychiatr 2017; 58(2): 180-8

in both the corrected and uncorrected models. No
significant results were found in girls who did not
carry the 7R allele or in boys independent of geno-
type.

In the Dutch sample, of the 270 children included
in the current sample, a total of 49 (18.1%) would be
considered as ‘at risk of overweight’, ‘overweight’, or
‘obese’ based on WHO criteria. This rate was signif-
icantly lower than in the Canadian sample (chi-
square = 5.98, p = .01). As shown in Tables 9, there
was a strong trend (at p=.078) for a three-way
interaction between maternal sensitivity, DRD4
genotype, and sex in the corrected model, while the
two-way maternal sensitivity by DRD4 interaction
was significant in both the uncorrected and cor-
rected models. Given that this was a replication
sample, and to best compare these results to the
Canadian data, separate logistic regressions were
done in the four subgroups defined by DRD4 geno-
type and sex (see Table 10). This revealed that in
boys who carried the 7R allele, higher maternal

Table 4 Mixed models predicting BMI z-scores at 48 months of age with maternal sensitivity scores, stratified by sex and DRD4

genotype [seven-repeat (7R) carrier or not] in the MAVAN cohort

Unadjusted Adjusted
B (95% C.1) p value B* (95% C.1.) p value

Boys

7R carriers (n = 42) 0.25 -0.41, 0.92 45

Noncarriers (n = 65) —0.05 —0.51, 0.42 .85
Girls

7R carriers (n = 34) —-1.49 —2.30, -0.68 .001 -1.17 —-1.90, —.45 .002

Noncarriers (n = 62) -0.11 -0.87, 0.64 77
Bolded figures significant at p < .05.
?Adjusted for maternal BMI and birthweight percentile.
Table 5 Final regression model predicting 48-month BMI z-scores in the Generation R cohort (V= 270)

Unadjusted Adjusted

Variable B (95% C.1.) p value B! (95% C.1.) p value
Maternal sensitivity 0.14 —-0.03, 0.30 .095 0.15 0.00, 0.31 .05
DRD4 (seven-repeat present vs. absent) —-0.02 -0.32, 0.29 .93 -0.11 -0.39, 0.18 47
Sex (female vs. male) 0.08 -0.19, 0.34 .56 0.05 -0.20, 0.29 .71
Maternal sensitivity by DRD4 -0.27 —0.56, 0.03 .075 -0.22 —0.50, 0.05 11
Maternal Sensitivity by sex -0.32 —0.58, —0.06 .017 -0.30 —0.55, —0.06 .014
DRD4 by sex —0.09 —0.53, 0.34 .67 -0.09 —0.50, 0.32 .67
Maternal sensitivity by DRD4 by sex 0.35 —0.09, 0.80 12 0.42 0.001, 0.83 .049

Bolded figures significant at p < .05.

Table 6 Multiple regressions predicting BMI z-scores at 48 months of age with maternal sensitivity scores, stratified by sex and
DRD4 genotype [seven-repeat (7R) carrier or not] in the Generation R cohort

Unadjusted Adjusted
B (95% C.I.) p value B (95% C.1.) p value

Boys

7R carriers (n = 48) -0.13 —0.35, 0.10 .28 —-0.07 -0.29, 0.15 .51

Noncarriers (n = 89) 0.14 —0.04, 0.32 .13 0.15 —0.02, 0.32 .075
Girls

7R carriers (n = 48) —0.09 -0.35,0.17 .49 0.01 -0.27, .28 .96

Noncarriers (n = 85) -0.18 —0.38, 0.02 .07 -0.15 —-0.34, .03 .099

8Adjusted for maternal BMI, child small for gestational age.
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sensitivity was associated with a significantly lower
chance of being in a higher BMI category in the
uncorrected model (odds ratio=0.40, 95%
C.I.=0.17-0.91, p=.029), while the corrected
model was just at the cutoff for significance (ad-
justed odds ratio=0.32, 95% C.I.=0.10-1.01,
p = .051). No significant results were found in boys
who did not carry the 7R allele or in girls indepen-
dent of genotype. This pattern of results suggests
that exposure to high maternal sensitivity was asso-
ciated with a lower risk of overweight/obesity status
(and vice-versa) only in boys who carried the 7R
allele.

Summary comparison of results across the two
cohorts

In sum, in both the Canadian and European sam-
ples, the 7R allele appeared to accentuate the
protective effect of high maternal sensitivity with
respect to overweight and obesity risk as defined by
established WHO categories. In the Canadian sam-
ple, this effect was clearly demonstrated in girls but
not in boys, while in the Dutch sample, there was a
strong trend for this effect in boys but not in girls.

Discussion

Prior research has demonstrated that young children
exposed to low maternal sensitivity are at greater
risk of overweight and obesity over time (Anderson
et al., 2012; Wendland et al., 2014). A separate line
of research has shown that the 7R allele of DRD4 can
moderate the influence of maternal sensitivity expo-
sure on developmental outcomes such as external-
izing behavior and inattention (Berry et al., 2013;
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Windhorst et al., 2015). The current study examined
whether preschoolers who carry the 7R allele are
particularly vulnerable to low maternal sensitivity as
it relates to overweight/obesity risk. In our discovery
cohort from Canada, girls who carried the 7R allele
and were exposed to low maternal sensitivity as
infants had the highest risk of being in a higher
WHO-defined BMI category at 48 months of age,
thus supporting our overall hypothesis. In the repli-
cation cohort from Generation R, a similar though
less robust effect was found in boys. The maternal
sensitivity by sex interaction was significant in both
cohorts, in both cases demonstrating a negative
association between maternal sensitivity and con-
tinuous BMI measures in girls and the opposite
pattern in boys. Though consistent with only a
partial replication of results, these overall findings
are of note given the inherent difficulty in replicating
interaction effects overall, and gene by environment
interactions in particular.

The finding of a link between low maternal sensi-
tivity and higher risk for overweight/obesity in a
subgroup of Dutch preschoolers replicates recent
findings in other developmental cohorts (Anderson
et al., 2012; Wendland et al., 2014). On the other
hand, the finding of a significant 7R allele by
maternal sensitivity interaction in establishing over-
weight/obesity risk in both the Canadian and Dutch
cohorts is highly consistent with similar work on
externalizing behavior and inattention (Berry et al.,
2013; Windhorst et al., 2015). Taken as a whole,
these various findings suggest that DRD4 by mater-
nal sensitivity interactions can influence a variety of
developmental processes over time. Whether this
interaction also contributes to the coexpression of
these same outcomes in individual probands, thus

Table 7 Final logistic regression model predicting overweight risk at 48 months of age in the MAVAN cohort (N = 203)

Variable Odds ratio (95% C.I.) pvalue Adjusted odds ratio’ (95% C.L.) p value
Maternal sensitivity 0.01 0.00, 0.38 .013 0.002 0.00, 0.50 .028
DRD4 (seven-repeat) 0.47 0.09, 2.33 .35 0.52 0.07, 3.60 .51
Sex 0.44 0.08, 2.39 .35 0.38 0.06, 2.64 .33
Maternal sensitivity by DRD4 70.17 1.40, 3520.10 .033 378.35 0.90, 1.6E05 .054
Maternal Sensitivity by sex 148.31 2.84, 7748.99 .013 1504.79 3.81, 5.9E05 .015
DRD4 by sex 1.55 0.21, 11.51 .67 2.06 0.19, 21.94 .55
Maternal sensitivity by DRD4 by sex 0.12 0.00, 0.95 .047 0.001 0.00, 0.64 .036

Bolded figures significant at p < .05.

Table 8 Logistic regressions predicting overweight risk at 48 months of age with maternal sensitivity scores, stratified by sex and
DRD4 genotype [seven-repeat (7R) carrier or not] in the MAVAN cohort

Odds ratio (95% C.1.) p value Adjusted odds ratio® (95% C.1.) p value
Boys
7R carriers (n = 42) 1.48 0.31, 7.05 .62
Noncarriers (n = 65) 1.24 0.38, 4.06 72
Girls
7R carriers (n = 34) 0.01 0.00, 0.38 .013 0.00 0.00-0.64 .038
Noncarriers (n = 62) 0.70 0.16, 3.00 .63

Bolded figures significant at p < .05.
“Adjusted for maternal BMI.
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Table 9 Final logistic regression model predicting overweight risk at 48 months of age in the Generation R cohort (V= 270)

Variable Odds ratio (95% C.1.) pvalue Adjusted odds ratio® (95% C.1.) p value
Maternal sensitivity 1.12 0.71, 1.77 .64 1.17 0.73, 1.90 .51
DRD4 (seven-repeat present vs. absent) 1.82 0.65, 5.05 .25 2.25 0.76, 6.64 .14
Sex (female vs. male) 1.70 0.77, 3.78 .19 1.85 0.81, 4.22 .15
Maternal sensitivity by DRD4 0.36 0.14, 0.92 .033 0.34 0.12, 0.94 .038
Maternal Sensitivity by sex 0.56 0.26, 1.21 .14 0.57 0.26, 1.23 .15
DRD4 by sex 2.11 0.51, 8.78 .30 2.16 0.50, 9.45 .31
Maternal sensitivity by DRD4 by sex 3.14 0.77, 12.74 11 3.93 0.86, 18.00 .078

Bolded figures significant at p < .05.

Table 10 Logistic regressions predicting overweight risk at 48 months of age with maternal sensitivity scores, stratified by sex and
DRD4 genotype [seven-repeat (7R) carrier or not] in the Generation R cohort

Odds ratio (95% C.I.) p value Adjusted odds ratio® (95% C.1.) p value
Boys
7R carriers (n = 48) 0.40 0.17,0.91 .029 0.32 0.10, 1.01 .051
Noncarriers (n = 89) 1.12 0.71, 1.77 .64 1.19 0.72, 1.95 .50
Girls
7R carriers (n = 48) 0.70 0.31, 1.60 .39 0.83 0.32, 2.14 .70
Noncarriers (n = 85) 0.62 0.34, 1.16 .14 0.64 0.35, 1.18 .15

Bolded figures significant at p < .05.
8Adjusted for maternal BMI and small for gestational age.

establishing their comorbidity, is an important ques-
tion for future research.

Prior research in adults has shown that the 7R
allele interacts with other early environmental sig-
nals to influence BMI. For example, in women with
either seasonal affective disorder or bulimia nervosa,
the 7R allele interacts with season-of-birth in estab-
lishing later obesity risk (Levitan et al., 2006, 2010).
Taken together with the current findings, this sug-
gests that very early in development, the 7R allele
may increase sensitivity to multiple environmental
signals relevant to lifetime weight regulation. There
is evidence that the 7R allele has been positively
selected in recent human evolution (Ding et al.,
2002), although the basis for this selection is
unknown. We speculate that the ability of 7R to
promote developmental plasticity in response to a
variety of environmental cues, particularly as it
relates to energy conserving processes in the face of
early adversity, may be one basis of this positive
selection effect.

Limitations and future directions

While the current findings are highly consistent with
prior studies looking at 7R allele by maternal sensi-
tivity interactions for externalizing behavior (Wind-
horst et al., 2015) and inattention (Berry et al.,
2013), further replications of this interaction as it
relates to overweight/obesity risk are needed. Pend-
ing replication in other samples, it will be of great
interest to study the translational potential of this
work in terms of population health. There is now
significant evidence that simple video-based inter-
ventions to optimize specific maternal sensitivity

behaviors during infancy can have protective effects
for various developmental outcomes (Kalinauskiene
et al., 2009; Moss et al., 2011). Whether this is true
of obesity prevention, and whether the 7R allele
moderates this putative effect, are natural exten-
sions of this work. It can be argued that obesity is a
natural focus for such interventional approaches
given that energy regulation is highly susceptible to
early environmental influences, and given the chal-
lenges in implementing obesity interventions at later
stages of development.

A number of limitations of the current findings
merit consideration. While the Dutch sample repli-
cated the general finding of an association between
low maternal sensitivity and higher risk for over-
weight/obesity in the Canadian sample, moderated
by the 7R allele and sex, the specific pattern of
results was somewhat different in the two cohorts. In
the Dutch sample only, the 7R allele appeared to
influence the relationship between maternal sensi-
tivity and BMI in boys more so than in girls — in this
case, boys who carried the 7R allele showed the
negative association between low maternal sensitiv-
ity and higher BMIs seen in girls in the Canadian
cohort, while noncarriers did not. In other words, the
Dutch boys behaved like the Canadian girls with
respect to the 7R allele-maternal sensitivity interac-
tion. In trying to explain this difference in the
findings, it should be noted that the two-way inter-
actions between maternal sensitivity and sex were
very similar in the two cohorts, that is in both cases,
there was a significantly greater negative association
between maternal sensitivity and BMI z-scores in
girls than in boys. This suggests that the different
way that maternal sensitivity was measured across

© 2016 Association for Child and Adolescent Mental Health.

85UB017 SUOWIWOD BAIea1D 8 |deat|dde 8y Aq pausenob a1 S3jo e YO ‘SN 4O S3|NJ 104 AReiq 1 BUIIUO AB|IM UO (SUORIPUOD-PUe-SWIBHW0D" A3 | 1M ALR1q 1 BUTIUO//SANY) SUORIPUOD PUe SWIS L 843 835 *[¢202/TT/0E] uo Areiqiauljuo Ao|im ebressissi 0juoIo L JO AiseAIuN AQ 9y9zT ddol/TTTT 0T/I0p/W00 A8 | AReiq Ul |Uo yLuede//SAnY woly papeo|umod ‘2 ‘2TOZ ‘0T9L69VT



doi:10.1111/jcpp.12646

the two cohorts is unlikely to explain the three-way
interaction differences in Canada versus Europe,
that is if this were the case, the corresponding two-
way interactions should also have differed. It is only
when the DRD4 gene was added to the statistical
modeling that the sex differences in the two cohorts
emerged. There is a dearth of previous literature
linking sex differences, adversity, and DRD#4 in the
extant literature, although Reiner and Spangler
(2011) did show an interaction between sex, the
DRD4-7R allele, and adversity in predicting person-
ality traits in a German sample. Pending more
research of this type, it is difficult to speculate on
the mechanisms that might explain the specific
pattern of sex differences related to the DRD4 gene
across the two sites in the current study. More
research examining the interaction of sex, DRD4,
and specific parental feeding practices on child
eating behavior would be of particular help in this
regard.

While the extensive phenotyping and assessment
of possible covariates, mediators, and moderators
are key strengths of the MAVAN and Generation R
cohorts, observational studies such as these cannot
establish true causality. Despite this important
limitation, descriptive longitudinal cohort studies
such as these help to inform translational work by
identifying the highest risk cases or those most likely
to benefit from early intervention.
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Key points

relates to overweight/obesity risk.

maternal behaviors.

e Early exposure to low maternal sensitivity is a risk factor for obesity in children and adolescents. However, not
all children are equally affected by low maternal sensitivity. For example, the seven-repeat (7R) allele of the
dopamine-4 receptor gene (DRD4) increases susceptibility to maternal sensitivity as it relates to inattention.

¢ \We examined whether preschoolers carrying the 7R allele are more vulnerable to low maternal sensitivity as it

e Consistent with our hypothesis, 7R carriers showed a greater association between low maternal sensitivity and
higher body mass indices in two developmental cohorts (the MAVAN study and Generation-Rotterdam).
Different moderating effects of gender were found in these two cohorts, with girls being more affected in the
Canadian cohort and boys being more affected in the Dutch cohort.

e 7R carriers may be an ideal target for novel early obesity prevention programs based on improving sensitive
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