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Summary

Melatoninis a circadian regulatory hormone with neuroprotective properties. We have
previously demonstrated the association of the genetic variant rs12506228 near the
melatonin receptor 1A gene (MTNR1A) with intolerance to shift-work. Furthermore,
this variant has been connected to Alzheimer's disease. Because of the previously
suggested role of melatonin signalling in foetal neurocognitive and sleep develop-
ment, we studied here the association of rs12506228 with early development. The
study sample comprised 8-month-old infants from the Finnish CHILD-SLEEP birth
cohort (n = 1,301). Parental questionnaires assessed socioemotional, communica-
tion and motor development, as well as sleep length and night awakenings. The A
allele of rs12506228 showed an association with slower socioemotional (p = .025)
and communication (p = .0098) development, but no direct association with sleep.
However, the association of the Finnish seasons with infant sleep length interacted
with rs12506228. Taken together, rs12506228 near MTNR1A, which has been previ-
ously linked to adult and elderly traits, is shown here to associate with slower early
cognitive development. In addition, these results suggest that the darker seasons as-
sociate with longer infant sleep time, but only in the absence of the rs12506228 AA
genotype. Because the risk allele has been connected to fewer brain MT1 melatonin
receptors, these associations may reflect the influence of decreased melatonin signal-

ling in early development.
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1 | INTRODUCTION

A newborn sleeps about 15 hr a day, and acquires a diurnal sleep-
wake rhythm usually within the first 6 months of age (Mindell et al.,
2016). The rhythmic secretion of melatonin from the pineal gland
also develops during this period. (Kennaway, Goble, & Stamp, 1996;
Kennaway, Stamp, & Goble, 1992). Prenatally, melatonin is acquired
through the placenta from the mother, who produces it in high levels
at the end of the pregnancy (Nakamura et al., 2001).

Adequate sleep is essential for normal brain development and
synaptic plasticity (Tononi & Cirelli, 2014). Previous studies have
demonstrated that sleep is associated with enhanced development
of memory, learning and language (Tham, Schneider, & Broekman,
2017). Sleep traits have also been used to predict the cognitive, psy-
chomotor and temperament development of children (Ednick et al.,
2009). According to a twin-study of 18-month-old infants, genetic
factors have a moderate effect on sleep early in life (Brescianini
etal,, 2011). However, only a few studies have addressed the effects
of genes on sleep in infancy.

The foundations of developmental domains are built during
the first year of life: children begin to engage in social interactions,
cooing changes to babbling, they become able to adapt posturally
to different situations, and emotions start to take shape (Zeanah,
Boris, & Larrieu, 1997). Synaptogenesis is at its highest in the first
year of life, peaking in the Angular gyrus and Broca's area at the age
of 8 months, coinciding with the substantial development of higher
cognition (Thompson & Nelson, 2001). Similarly to socioemotional
development, a child's vocalisation as part of their communication
abilities develops dramatically during the first year (Levine, Strother-
Garcia, Golinkoff, & Hirsh-Pasek, 2016). Both the environment and
genetics affect a child's socioemotional (DilLalla, Mullineaux, & Biebl,
2012) and communication development (Hayiou-Thomas, 2008).

In the present study, we focussed on the associations of
rs12506228 with child development and sleep in the first 8 months
of life. rs12506228 is located in the g arm of chromosome 4, 72 kb
downstream of MTNR1A, which is the closest confirmed protein cod-
ing gene. This variant was previously identified as a top finding in a
genome-wide study of job-related exhaustion in shift-workers (as an
estimate of sensitivity to circadian disruption; Sulkava et al., 2017). A
strong association with old age Alzheimer's disease has also been re-
ported for the A allele of the variant (Sulkava et al., 2018). In previous
studies, risk genes associated with Alzheimer's disease and multiple
mental illnesses have been suggested to affect the brain as early as
infancy (Knickmeyer et al., 2014). It has also been suggested that
the A allele of rs12506228 decreases the expression of MTNR1A by
methylation of the gene (Sulkava et al., 2017). Lower melatonin sig-

nalling has been linked to problems in foetal rhythmicity and normal

neurocognitive development during the foetal period (Reiter, Tan,
Korkmaz, & Rosales-Corral, 2014).

We hypothesised that the MTNR1A variant would have a neg-
ative effect on sleep quality because of the association with lower
brain expression of MT1 melatonin receptors. If expression of these
receptors is reduced, the circadian cycle would consequently be
weaker (Sulkava et al., 2017), which could lead to disrupted sleep.
Because of the suggested importance of melatonin signalling in brain
development during the foetal period, we further hypothesised that
the MTNRI1A risk variant would also be associated with early devel-
opment in infants. In this study, we investigated the association of
rs12506228 with sleep traits (total sleep time, diurnal/total sleep
time ratio and night awakenings), and with socioemotional, com-
munication and motor development in 8-month-old infants using
questionnaire-based data as well as actigraphy-based data for sleep
length. As seasonal light conditions regulate the amount of mela-
tonin secreted (Luboshitzky et al., 1998), we also studied the effects
of seasons on infant sleep and interactions with the MTNR1A genetic

variant.

2 | MATERIALS AND METHODS

2.1 | Participants

This study is part of the CHILD-SLEEP cohort study of infants born
between April 2011 and February 2013 in the Pirkanmaa area in
Finland. The Ethical Committee of Pirkanmaa Hospital District ap-
proved the study protocol (R11032/9.3.2011), and the principles
of the Declaration of Helsinki were followed. The parents gave
their written informed consent. In our study, we examined the de-
velopment and sleep of these infants at the age of 8 months. The
initial number of participating families was 1,673, and at the age of
8 months the response rate was 77.8% (N = 1,301). Prenatal charac-
teristics for the study sample and those who dropped out are shown
in Table S1. No differences in the allele frequency of rs12506228
were detected between the groups. Families that dropped out were
less likely to have parental university education, and were more likely
to have maternal depression and at least one older sibling. However,
these characteristics did not associate with our explanatory vari-
ables (rs12506228 and season of examination), thus they are not
confounding factors in this study. Of the families participating in the
8-month data point, 87.5% (N = 1,139) had provided umbilical cord
blood samples for DNA extraction and genotyping. Six participants,
whose ages were over 10 months, were removed from the study.
Sample sizes varied slightly depending on the variable, ranging from
1,034 (night awakenings) to 1,124 (socioemotional development).
We also used actigraphy to objectively analyse the nocturnal sleep

time of 354 infants, 314 of which were aged between 7 months and
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FIGURE 1 Six examples of actograms for different infants in summer, winter and autumn/spring seasons, among carriers of the CC
genotype and AA genotype of rs12506228. The period highlighted in grey indicates the nocturnal sleep period that was used for the
analysis. The carrier of CC genotype of rs12506228 studied in summer (a) shows a shorter night-time sleep duration (mean nocturnal
sleep length = 5 hr 52 min) than the infant studied in winter (b; mean nocturnal sleep length = 10 hr 32 min), or in autumn/spring (c; mean
nocturnal sleep length = 8 hr 23 min). Carriers of the AA genotype at 8 months of age have a more similar night-time sleep duration,
independent of the season of actigraphy assessment (d; mean nocturnal sleep length = 8 hr 48 min; e; mean nocturnal sleep length = 8 hr

32 min; f; mean nocturnal sleep length 8 hr 56 min)

10 months and had genetic data available for rs12506228 (Martin &
Hakim, 2011). Most of the infants (n = 1,290, 99.5%) were at home
with their parent, and only six infants (0.2%) were in daycare full-

time or part-time.

2.2 | Collection of data

2.2.1 | Measures

The domains of development and sleep were measured by deliver-
ing specific questionnaires to the parents. The questions regarding
sleep were multifaceted and designed to map out disturbances in
different aspects of infant sleep behaviour (Sadeh, 2004). We were
primarily interested in sleeping time including total sleep time as
well as differences in nocturnal and diurnal sleep. Nocturnal sleep
time was measured between 19:00 hours and 07:00 hours, and di-
urnal sleep between 07:00 hours and 19:00 hours. Total sleep time
was calculated as the sum of diurnal and nocturnal sleep time.
Children with total sleep time > 17 hr were removed as outliers

(n = 3). In addition to time spent sleeping, we assessed the number

of night awakenings according to the Infant Sleep Questionnaire
(Morrell, 1999) by asking, “How many times does your baby wake
each night and need resettling on average” between 00:00 hours
and 06:00hours. Response choices ranged from O to 5 or more
times. In addition to these subjective questionnaires, we were able
to objectively measure sleep with actigraphy; 353 participants
aged from 7 months to 10 months wore an actigraphy bracelet
on their thigh for 3 days and nights. This was used for second-
ary analysis to confirm the questionnaire's results. Finnish 8-
month-old infants sleep their daytime naps not only in bed but
often also in a moving pram, which makes the actigraphy meas-
urement of day sleep less reliable compared with nocturnal sleep.
Therefore, only the actigraphy measurement of the nocturnal ac-
tual sleep time was considered in this study. Figures for individual
actograms were made with MotionWare Software (version 1.1.26,
CamNTech: https://www.camntech.com/products/motionwatch/
motionware-software).

Socioemotional, communication and gross motor develop-
ment were assessed according to a specific Finnish parent-rated
questionnaire modified for the study (Lyytinen, Ahonen, Eklund,
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included as a non-cognitive domain of development to study the
specificity of the associations with cognitive development. The
Alzheimer's tionnaire included 13, 10 and 12 statements of soci
o 80 years questionnaire include , an statements of socioemo-
tional, communication and gross motor development, respec-
tively. The statements were designed to be easy to observe by the
: parents, for example “Shows fear of strangers by getting serious or
rs12506228A |>MTNR1A|, —— Exhaustion 50 years ) . . ”
in shift work crying when a new adult approaches” in the socioemotional scale,
or “Can get to sitting position without help” in the gross motor
scale. The parents were asked to rate the statements about their
. 1 . . .
Slower cognitive yedt infant's development according to three choices: never detected
development (0 points); detected once (1 point); and detected multiple times (2
Less seasonal 0 year

variation in sleep

FIGURE 2 Associations of rs12506228 across the lifespan. The
variant near melatonin receptor 1A gene (MTNR1A), rs12506228,
was first discovered as a top finding of GWAS and replication
studies for job-related exhaustion in shift-workers (Sulkava

et al., 2017). Subsequently, a strong association with clinical and
neuropathological Alzheimer's disease was detected in old cohorts
(Sulkava et al., 2018). Here, we demonstrated an association of
the same risk variant with slower early cognitive development, as
well as with decreased seasonal variation in infants’ sleep. As the
variant has an association with lower brain expression of MTNR1A
(Sulkava et al., 2017), we suggest that the diverse associations of
rs12506228 across the lifespan are mediated by weaker melatonin
signalling due to a relative lack of receptors, which may cause
different phenotypes at different ages. Molecular mechanisms
mediating these phenotypes in the carriers of the risk allele may
include the following: an increase in the rhythm-changing effect
of light at night (Sulkava et al., 2017), increased processing of APP
to amyloid (Sulkava et al., 2018), reduced neuroprotection during
foetal brain development, and decreased transmission of the
seasonal changes in the amount of melatonin

& Lyytinen, 2000; Nieminen & Korpela, 2004). Our main interest

was cognitive development, but gross motor development was

points). The answers were rated from O to 2, and were summed

together within each scale.

2.2.2 | Measures for seasonal analyses

The study subjects were living in the Pirkanmaa region of Finland, sit-
uated in latitude 61°N. We divided the participants into three groups
according to the season when they answered the questionnaire: win-
ter (November to January), summer (May to July) and autumn/spring
(August to October and February to April). Summer was coded as
1, spring and fall 2, and winter 3 according to increasing amount of
darkness. We studied the association of seasons with sleep variables
using linear regression analysis and, in addition, studied the interac-
tion of the genetic variant and seasons by adding an interaction term
to the linear regression. Stratified analyses for the association of sea-

sons with sleep were performed in the rs12506228 genotype groups.

2.2.3 | Genotyping

An umbilical cord blood sample was drawn from each newborn at birth.
DNA was extracted according to standard procedures at the National
Institute for Health and Welfare. Genotyping of the rs12506228 variant

TABLE 1 Key values of the main variables at 8 months of age by genotypes of rs12506228

Total sample rs12506228 CC rs12506228 CA rs12506228 AA
N? Skewness Kurtosis N? Mean SD N? Mean SD N? Mean SD
Total sleep time 1,102 -0.26 0.65 554 13.3 1.14 463 13.3 1.15 85 13.3 1.2
(hr)
Diurnal/total sleep 1,102 0.51 0.59 554 0.26 0.07 463 0.26 0.06 85 0.26 0.08
time
Night awakenings 1,033 0.65 -0.23 519 1.9 1.4 432 2.0 1.4 82 1.9 1.4
Socioemotional 1,123 -0.33 -0.06 568 21.0 2.4 456 20.7 2.3 90 20.5 2.4
development
Communication 1,116 -0.11 -0.41 563 13.7 3.6 463 13.3 3.4 90 12.6 3.3
development
Motor 1,116 0.08 -0.92 563 15.2 41 465 15.0 4.0 88 15.1 4.2
development
Actigraphy noc- 315 -0.32 0.77 142 8.6 0.94 147 8.7 0.96 26 8.4 0.92
turnal sleep time
(hr)

AIndividuals with genetic data and age between 7 months and 10 months.
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was based on genome-wide genetic mapping with the Illlumina Infinium
PsychArray BeadChip, which comprises 603,132 single-nucleotide
polymorphisms (SNPs). Genotyping was processed at the Estonian
Genome Centre, University of Tartu. Quality control was performed
using PLINK 1.9 ( http://www.cog-genomics.org/plink/1.9/; Purcell
et al., 2007). Markers were removed for missingness (> 5%) and Hardy-
Weinberg equilibrium (p-value < 1 x 107%). Individuals were checked for
missing genotypes (> 5%), relatedness (identical by descent calculation,

PI_HAT > 0.2) and population stratification (multidimensional scaling).

2.3 | Statistical analysis

All the data were analysed with SPSS (IBM SPSS Statistics for
Windows, version 25, IBM, Armonk, NY, USA). We used linear re-
gression models in all of the analyses, with age and gender as co-
variates. An additive model for genetic association analyses was
used, meaning that the genotypes were coded based on the num-
ber of the minor allele A in rs12506228 (CC =0, AC =1, AA=2).

To enable the use of a linear regression model in our statisti-
cal analysis, we tested the normality of the variables by observing
skewness and kurtosis. Kurtosis and skewness values between
-0.92 and 0.77 were detected (Table 1). Because a linear regression
model is not sensitive for small deviations from normality (Jupiter,
2017), all the variables could be used in the model without trans-
formation. A nominal p-value of .05 was used as the threshold of
significance in all the analyses. In addition, we used FDR correction
for our six main variables (socioemotional, communication, gross
motor development, total sleep time, diurnal sleep time/total sleep
time, and night awakenings) using the FDR online calculator (FDR
online calculator www.sdmproject.com/utilities/?show=FDR, n.d.).
The FDR correction is, however, likely to be a rather conservative
correction because of the correlation of the traits (e.g. Pearson

correlation coefficient for socioemotional and communication

TABLE 2 Association of rs12506228 with development and
sleep traits

N Beta SE p-value

Total sleep time 1,102 0.030 0.055 .58
(hr)

Diurnal/total 1,102 0.001 0.003 .84
sleep time

Night awakenings 1,033 0.019 0.069 .78

Socioemotional 1,123 -0.24 0.11 .025°
development

Communication 1,116 -0.42 0.16 .0098’
development

Motor 1,116 0.009 0.19 .96
development

Actigraphy 312 0.007 0.085 .94
nocturnal sleep
time (hr)

Age and gender used as covariates in the analyses.
Bold values, nominally significant association with p <.05.
*Significant with FDR correction p < .1.

development = .44, and for total sleep time and ratio of diurnal
sleep/total sleep time = -.35). Therefore, a significance level of .1

was selected.

3 | RESULTS

3.1 | Association of rs12506228 with sleep traits

The additive effects of the rs12506228 genetic variant on sleep
were analysed with linear regression models adjusted for age and
gender. No significant associations were detected with sleep length
or night awakenings in the questionnaire data or nocturnal sleep
length measured with actigraphy (Table 2).

3.2 | Association of rs12506228 with child
development

We detected an association of rs12506228 with cognitive develop-
ment: in the additive model, the minor allele A of rs12506228 was
associated with slower socioemotional (p = .025, p-FDR = 0.075,
beta = -0.24) and communication development (p = .0098, p-
FDR = 0.059, beta = -0.42). No significant association with gross
motor development was detected. The results can be examined in
Table 2. Adjusting the model with potential environmental factors
affecting development and sleep (poor family environment, mater-
nal depression, maternal age, breastfeeding, number of siblings, birth
season) did not change the associations of rs12506228 (Table S2).

3.3 | Association of seasons with sleep traits and
interaction with rs12506228

We also examined the seasonal differences in infant sleep by ana-
lysing the association between the season during which the assess-
ment occurred and sleep traits. The results of the linear regression
analyses showed that the questionnaire-based total sleep time as
well as the actigraphy-based nocturnal actual sleep time were sig-
nificantly longer during the darker months of the year (i.e. in win-
ter). Moreover, night awakenings were more abundant in the darker
months and the proportion of diurnal sleep from the total sleep time

was higher. These results are presented in Table 3.

TABLE 3 Association of seasons of examination with sleep traits

N Beta SE p-value
Total sleep time 1,102 0.18 0.051 .00033
(hr)
Diurnal/total 1,102 0.008 0.003 .0070
sleep time
Night awakenings 1,033 0.16 0.064 .014
Actigraphy 349 0.15 0.075 .048
nocturnal sleep
time (hr)

Note: Covariates of age and gender used in the analyses. Winter coded
3, spring and fall coded 2, summer coded 1.
Bold values, nominally significant association with p < .05.
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Wethenexaminedaninteractiontermforseasonandrs12506228
in predicting the sleep traits. The interaction term was significant for
the actigraphy-measured sleep length (p = .041, beta = -0.25), and a
trend was visible for the questionnaire-based sleep length (p = .063,
beta = -0.15). Diurnal/total sleep time ratio and night awakenings
did not show significant interaction terms (p = .77 and .97). In addi-
tion to examining the interaction term, we performed stratified anal-
yses to show the effects of the seasons on sleep separately within
the genotype groups of rs12506228. Regarding sleep length (ques-
tionnaire-based and actigraphy), a significant association of seasons
with sleep was detected among carriers of the CC genotype (p = .01,
beta = 0.24 and p = .016, beta = 0.29) and, for the questionnaire-
based trait, a weaker association among the carriers of the AC gen-
otype was visible (p = .018, beta = 0.19). Among carriers of the AA
genotype, no significant association of seasons with any sleep trait
was detected and the beta coefficient was to the opposite direction.
Thus, we showed that the association of seasons on sleep length was
not visible among carriers of the AA genotype of rs12506228 and,
when compared with the CC group, it was weaker among the carriers
of the AC genotype. The results of the association of seasons with
the sleep traits by genotype groups are presented in Table 4, and
examples of actograms for different seasons and different genotype
groups are shown in Figure 1.

4 | DISCUSSION

Variant rs12506228 near the MTNR1A gene has previously been
connected to sensitivity to circadian disruption as well as Alzheimer's
disease (Sulkava et al., 2017, 2018). In this study, we examined the
association of the variant with infants’ sleep and development at the
age of 8 months. We found that the previous risk allele (minor allele
A) of rs12506228 was associated with slower socioemotional and
communication development. No direct association with sleep traits
was detected; however, rs12506228 was found to regulate the as-
sociation of seasons on infants’ sleep length (Figure 2).

The A allele of rs12506228 is potentially linked to lower expres-
sion of MTNR1A in the brain (Sulkava et al., 2017). Based on this, we
anticipated that carrying the minor allele A of rs12506228 would
have negative effects on the development of sleep due to weaker

melatonin signalling. However, we could not find support for this
hypothesis as no connection between the genetic variant and sleep
traits was detected.

Our results show that seasons affect sleep traits: darker months of
the year were associated with longer total sleep time (both question-
naire-based and actigraphy-measured), a higher number of night awak-
enings, and a higher proportion of diurnal sleep from the total sleep time.
This may reflect weaker consolidation of nocturnal sleep in infants. The
study subjects were living in the Pirkanmaa region of Finland, in latitude
61°N where considerable seasonal changes in day length occur.

Lengthening of the total sleep time during winter has previously
been observed in the adult population (Cepeda et al., 2018); however,
a large questionnaire-based population study from Norway did not
find this effect (Sivertsen, @verland, Krokstad, & Mykletun, 2011).
In school-aged children, a small increase in the sleep length has been
suggested to occur during the winter months (Hjorth et al., 2013).
In line with this finding, a study of 5- to 12-year-old Finnish children
showed less actigraphy-measured activity during the darker months
(Aronen, Fjallberg, Paavonen, & Soininen, 2002). A study of 34 infants
aged 7 months did not show seasonal differences in sleep length or the
number of awakenings (Cohen, Atun-einy, & Scher, 2012). However,
this could be due to lack of power or less variation in day length as the
study was carried out in Israel. In a large study of 1-month-old infants
in the southern part of Japan, longer sleep time was observed in those
bornin spring compared with those born in autumn (lwata et al., 2017).

Interestingly, the seasonal differences in sleep length we ob-
served in our study seem to be dependent on the genotype of
rs12506228. We found that the seasonal differences are not visible
among carriers of the AA genotype of rs12506228. Longer sleep
time during the Finnish winter could be caused by higher melatonin
levels (Adamsson, Laike, & Morita, 2016; Kivela, Kauppila, Yléstalo,
Vakkuri, & Leppaluoto, 1988), by the weaker direct activating effect
of light, or by other seasonally dependent factors, such as tempera-
ture or the amount of outdoor activity. As the A allele of rs12506228
is linked to fewer MT1 melatonin receptors, our interaction results
support the assumption that the seasonal effects on sleep length are
caused by changes in melatonin levels.

Our findings confirm the hypothesis regarding developmental
aspects: the A allele of rs12506228 was associated with slower so-

cioemotional and communication development, but not with motor

TABLE 4 Association of seasons with sleep traits in the genotype groups of rs12506228

rs12506228 CC rs12506228 CA rs12506228 AA
Trait N Beta SE p-value N Beta SE p-value N Beta SE p-value
Total sleep time 554 0.24 0.07 .001 463 0.19 0.08 .018 85 -0.25 0.20 .20
Diurnal/total sleep 554 0.005 0.004 .203 463 0.013 0.004 .0036 85 -0.002 0.013 .89
time
Night awakenings 519 0.122 0.09 17 432 0.27 0.10 .010 82 -0.07 0.21 74
Actigraphy noctur- 142 0.29 0.12 .016 146 0.15 0.12 .20 26 -0.25 0.28 .38

nal sleep time

Note: Age and gender used as covariates in the analyses. Winter coded 3, spring and fall coded 2, summer coded 1.

Bold values, nominally significant association with p <.05.
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development in the first 8 months of life. The association may be
caused by a lower amount of melatonin receptor type 1A in the brain,
which was previously linked to the A allele of rs12506228 (Sulkava
et al., 2017). During the foetal period, melatonin and the melatonin
receptor may play animportant role in the development of the brain:
in this period MT1 melatonin receptors are, unlike in adults, abun-
dant in a number of discrete brain areas (Thomas, Purvis, Drew,
Abramovich, & Williams, 2002). Infants’ own melatonin production
from the pineal gland begins post partum, but maternal melatonin,
which is present in high levels and has a clear circadian rhythm at
the end of pregnancy (Kivela, 1991), crosses the placenta freely
(Reppert, Chez, Anderson, & Klein, 1979) and is capable of syn-
chronising foetal biological rhythms (Mendez et al., 2012) through
these receptors. Animal models have suggested that melatonin has a
pre- and perinatal neuroprotective effect against hypoxic-ischaemic
brain injury (Robertson et al., 2013), which could therefore protect
consecutive cognitive development. In ovine models and in a pilot
study in humans, melatonin has also been found to protect against
intra-uterine growth restriction (Miller et al., 2014), a multifactorial
condition linked to problems in neurocognitive development in in-
fancy and childhood (Levine et al., 2015).

The association with early development is interesting when
considering the previously demonstrated strong association of
rs12506228 with clinical Alzheimer's disease, and the amyloid and
neurofibrillary pathology of Alzheimer's disease (Sulkava et al.,
2018). Previously, studies on the strongest risk gene for sporadic
late-onset Alzheimer's disease, APOE, have suggested expression of
the genetic risk of Alzheimer's disease in childhood. In a large imag-
ing study of 3- to 20-year-old participants, carriers of APOE geno-
types e4¢e4, €2¢4 and €2¢2 showed an association with hippocampal
volume and age-dependent brain maturation in ways that resemble
the changes in Alzheimer's disease. The brain volume changes also
correlated with poorer performance in attention tasks and working
memory (Chang et al., 2016). In another study, magnetic resonance
imaging changes in APOE ¢4 carriers were detected in 2- to 25-
month-old children (Dean et al., 2014). Differences in grey matter
volume in APOE €4 carriers have been reported already in neonates
(Knickmeyer et al., 2014). In contrast, association with faster mental
development has been suggested in 24-month-old carriers of the €4
risk genotype (Wright et al., 2003). Some studies have also exam-
ined another Alzheimer's risk gene, APP, and reported association of
the risk SNPs with verbal and total level of intelligence in 8-year-old
children (Myrum, Nikolaienko, Bramham, Haavik, & Zayats, 2017).
Our findings suggest that not only genes related to APP metabolism,
but also other genes associated with Alzheimer disease risk, here
MTNR1A, could manifest as early as childhood.

4.1 | Limitations

Our study has some limitations to consider when interpreting the
findings. Firstly, estimating an infant's nocturnal sleep is affected by
many parent-related factors, such as their own ability to sleep and bed-
sharing with an infant. Secondly, parental evaluations of their infant's

development are vulnerable to subjective biases, even though the as-
pects of development used in the questionnaires were planned to be
easily detectable by parents. Thirdly, the actigraphy data were consid-
erably smaller (n = 314) than the questionnaire sleep data (n = 1,103),
although the actigraphy data managed to support our findings based
on the questionnaire. Finally, the seasonal assessments were con-
ducted on different infants studied in different seasons in contrast to
following up the same infant. However, it must be stated that this pre-

vents the aging of the infants from affecting the results.

5 | CONCLUSIONS

In summary, we did not detect a direct association between the
MTNRI1A variant and sleep variables, but we showed that the darker
months associate with longer sleep length only in the absence of the AA
genotype of rs12506228, which is possibly linked to fewer MT1 mela-
tonin receptors. We also showed an association between rs12506228
and slower socioemotional and communication development during
the first 8 months of infancy, which may be linked to the importance
of melatonin signalling during foetal development. These results may
lead to a better understanding of different phenotypic expressions of
genetic risks of adult conditions in the developing brain. However, to
elucidate this more, longitudinal research across the lifespan is needed.

ACKNOWLEDGEMENTS

The authors received funding for this project from the Academy
of Finland (grants 134880; www.aka.fi/skidi-kids, 253346 to T.P,,
308588 to E.J.P.), Foundation for Pediatric Research (to E.J.P),
the Gyllenberg Foundation (to T.P.), the Maud Kuistila Memorial
Foundation (to S.S.), and the Emil Aaltonen Foundation (to S.S.). The
authors would like to thank Prof. Debra Skene for helpful discussions
on foetal melatonin, and Auli Toivola for coordinating the sample
collection. The authors wish to acknowledge the CSC-IT Center for
Science, Finland, for computational resources.

CONFLICT OF INTEREST

No conflicts of interest declared.

AUTHOR CONTRIBUTIONS

S.S. analysed the data, contributed to the design of the current study
and wrote the manuscript. A.-M.T. analysed the data and wrote the
manuscript. K.K. analysed the data and drafted the manuscript.
E.J.P. designed the cohort collection and drafted the manuscript.
0.S.-H. designed the cohort collection and drafted the manuscript.
P.P. designed the cohort collection and drafted the manuscript.
1.M.-M. prepared and scored the actigraphy data, produced Figure 1
and drafted the manuscript. L.M. contributed to the genotyping and
drafted the manuscript, T.P.-H. designed the cohort collection and
drafted the manuscript. A.K. designed the cohort collection and


http://www.aka.fi/skidi-kids

8of 9 Journal of

SULKAVA ET AL.

Sleep @NM

Research
drafted the manuscript. T.P. supervised the study, contributed to the
design of the current study and of the cohort collection, and drafted

the manuscript.

ORCID

Sonja Sulkava https://orcid.org/0000-0002-6938-2620
Katri Kantojdrvi https://orcid.org/0000-0002-1294-0310
Lili Milani “= https://orcid.org/0000-0002-5323-3102
Tarja Porkka-Heiskanen https://orcid.
org/0000-0003-1843-7625

Outi Saarenpdd-Heikkild https://orcid.
org/0000-0002-5382-5888

https://orcid.org/0000-0002-8839-3720
https://orcid.org/0000-0002-1421-9877

Anneli Kyllidinen
E. Juulia Paavonen

Tiina Paunio https://orcid.org/0000-0002-5560-0666

REFERENCES

Adamsson, M., Laike, T., & Morita, T. (2016). Annual variation in daily light
exposure and circadian change of melatonin and cortisol concentra-
tions at a northern latitude with large seasonal differences in photo-
period length. Journal of Physiological Anthropology, 36(1), 6. https://
doi.org/10.1186/s40101-016-0103-9

Aronen, E. T., Fjallberg, M., Paavonen, E. J., & Soininen, M. (2002). Day
length associates with activity level in children living at 60 degrees
north. Child Psychiatry and Human Development, 32(3), 217-226.

Brescianini, S., Volzone, A., Fagnani, C., Patriarca, V., Grimaldi, V., Lanni,
R., ... Stazi, M. A. (2011). Genetic and environmental factors shape
infant sleep patterns: A study of 18-month-old twins. Pediatrics,
127(5), €1296-1302. https://doi.org/10.1542/peds.2010-0858

Cepeda, M., Koolhaas, C. M., van Rooij, F. J. A., Tiemeier, H., Guxens,
M., Franco, O. H., & Schoufour, J. D. (2018). Seasonality of physical
activity, sedentary behavior, and sleep in a middle-aged and elderly
population: The Rotterdam Study. Maturitas, 110, 41-50. https://doi.
org/10.1016/j.maturitas.2018.01.016

Chang, L., Douet, V., Bloss, C., Lee, K., Pritchett, A, Jernigan, T. L., ...
Ernst, T. (2016). Gray matter maturation and cognition in children
with different APOE epsilon genotypes. Neurology, 87(6), 585-594.
https://doi.org/10.1212/wnl.0000000000002939

Cohen, D., Atun-einy, O., & Scher, A. (2012). Seasonal effect on in-
fants’ sleep regulation : A preliminary study in a Mediterranean
climate. Chronobiology International, 29(10), 1352-1357. https://doi.
org/10.3109/07420528.2012.728654

Dean, D. C. 3rd, Jerskey, B. A., Chen, K., Protas, H., Thiyyagura, P,
Roontiva, A., ... Reiman, E. M. (2014). Brain differences in infants at
differential genetic risk for late-onset Alzheimer disease: A cross-
sectional imaging study. JAMA Neurology, 71(1), 11-22. https://doi.
org/10.1001/jamaneurol.2013.4544

Dilalla, L. F., Mullineaux, P. Y., & Biebl, S. J. W. (2012). Social-emotional
development through a behavior genetics lens: Infancy through pre-
school. Advances in Child Development and Behavior, 42, 153-196.

Ednick, M., Cohen, A. P, McPhail, G. L., Beebe, D., Simakajornboon, N.,
& Amin, R. S. (2009). A review of the effects of sleep during the first
year of life on cognitive, psychomotor, and temperament develop-
ment. Sleep, 32(11), 1449-1458. https://doi.org/10.1093/sleep/
32.11.1449

FDR online calculator (n.d.). FDR online calculator. www.sdmproject.com/
utilities/?show=FDR.

Hayiou-Thomas, M. E. (2008). Genetic and environmental influences
on early speech, language and literacy development. Journal of
Communication Disorders, 41(5), 397-408. https://doi.org/10.1016/j.
jcomdis.2008.03.002

Hjorth, M. F,, Chaput, J.-P., Michaelsen, K., Astrup, A., Tetens, I., & Sjédin,
A.(2013). Seasonal variation in objectively measured physical activity,
sedentary time, cardio-respiratory fitness and sleep duration among
8- to 11-year-old Danish children: A repeated-measures study. BMC
Public Health, 13, 808. https://doi.org/10.1186/1471-2458-13-808

Ilwata, S., Fujita, F., Kinoshita, M., Unno, M., Horinouchi, T., Morokuma,
S., & Iwata, O. (2017). Dependence of nighttime sleep duration in
one-month-old infants on alterations in natural and artificial photo-
period. Scientific Reports, 7, 44749. https://doi.org/10.1038/srep4
4749

Jupiter, D. C. (2017). Assumptions of statistical tests: What lies beneath.
The Journal of Foot and Ankle Surgery, 56(4), 910-913. https://doi.
org/10.1053/j.jfas.2017.05.022

Kennaway, D. J., Goble, F. C., & Stamp, G. E. (1996). Factors influencing
the development of melatonin rhythmicity in humans. The Journal of
Clinical Endocrinology and Metabolism, 81(4), 1525-1532. https://doi.
org/10.1210/jcem.81.4.8636362

Kennaway, D. J., Stamp, G. E., & Goble, F. C. (1992). Development of
melatonin production in infants and the impact of prematurity. The
Journal of Clinical Endocrinology and Metabolism, 75(2), 367-369. https
://doi.org/10.1210/jcem.75.2.1639937

Kivela, A. (1991). Serum melatonin during human pregnancy. Acta
Endocrinologica, 124(3), 233-237.

Kiveld, A., Kauppila, A., Ylostalo, P., Vakkuri, O., & Leppéluoto, J. (1988).
Seasonal, menstrual and circadian secretions of melatonin, gonad-
otropins and prolactin in women. Acta Physiologica Scandinavica,
132(3), 321-327. https://doi.org/10.1111/j.1748-1716.1988.tb083
35.x

Knickmeyer, R. C., Wang, J., Zhu, H., Geng, X., Woolson, S., Hamer, R. M,
... Gilmore, J. H. (2014). Common variants in psychiatric risk genes
predict brain structure at birth. Cerebral Cortex, 24(5), 1230-1246.
https://doi.org/10.1093/cercor/bhs401

Levine, T. A., Grunau, R. E., McAuliffe, F. M., Pinnamaneni, R., Foran, A.,
& Alderdice, F. A. (2015). Early childhood neurodevelopment after in-
trauterine growth restriction: A systematic review. Pediatrics, 135(1),
126-141. https://doi.org/10.1542/peds.2014-1143

Levine, D., Strother-Garcia, K., Golinkoff, R. M., & Hirsh-Pasek, K. (2016).
Language development in the first year of life: What deaf children
might be missing before cochlearimplantation. Otology & Neurotology,
37(2), e56-62. https://doi.org/10.1097/mao.0000000000000908

Luboshitzky, R., Yanai, D., Shen-Orr, Z., Israeli, E., Herer, P., & Lavie, P.
(1998). Daily and seasonal variations in the concentration of mel-
atonin in the human pineal gland. Brain Research Bulletin, 47(3),
271-276.

Lyytinen, P., Ahonen, P., Eklund, K., & Lyytinen, H. (2000). Adntelyn ja
motoriikan kehityksen seurantamenetelmd. Jyvaskyla, Finland: Niilo
Maki instituutti.

Martin, J. L., & Hakim, A. D. (2011). Wrist actigraphy. Chest, 139(6), 1514~
1527. https://doi.org/10.1378/chest.10-1872

Mendez, N., Abarzua-Catalan, L., Vilches, N., Galdames, H. A., Spichiger,
C., Richter, H. G,, ... Torres-Farfan, C. (2012). Timed maternal mel-
atonin treatment reverses circadian disruption of the fetal adrenal
clock imposed by exposure to constant light. PLoS ONE, 7(8), e42713.
https://doi.org/10.1371/journal.pone.0042713

Miller, S. L., Yawno, T., Alers, N. O., Castillo-Melendez, M.,
Supramaniam, V. G., VanZyl, N., ... Wallace, E. M. (2014). Antenatal
antioxidant treatment with melatonin to decrease newborn neu-
rodevelopmental deficits and brain injury caused by fetal growth


https://orcid.org/0000-0002-6938-2620
https://orcid.org/0000-0002-6938-2620
https://orcid.org/0000-0002-1294-0310
https://orcid.org/0000-0002-1294-0310
https://orcid.org/0000-0002-5323-3102
https://orcid.org/0000-0002-5323-3102
https://orcid.org/0000-0003-1843-7625
https://orcid.org/0000-0003-1843-7625
https://orcid.org/0000-0003-1843-7625
https://orcid.org/0000-0002-5382-5888
https://orcid.org/0000-0002-5382-5888
https://orcid.org/0000-0002-5382-5888
https://orcid.org/0000-0002-8839-3720
https://orcid.org/0000-0002-8839-3720
https://orcid.org/0000-0002-1421-9877
https://orcid.org/0000-0002-1421-9877
https://orcid.org/0000-0002-5560-0666
https://orcid.org/0000-0002-5560-0666
https://doi.org/10.1186/s40101-016-0103-9
https://doi.org/10.1186/s40101-016-0103-9
https://doi.org/10.1542/peds.2010-0858
https://doi.org/10.1016/j.maturitas.2018.01.016
https://doi.org/10.1016/j.maturitas.2018.01.016
https://doi.org/10.1212/wnl.0000000000002939
https://doi.org/10.3109/07420528.2012.728654
https://doi.org/10.3109/07420528.2012.728654
https://doi.org/10.1001/jamaneurol.2013.4544
https://doi.org/10.1001/jamaneurol.2013.4544
https://doi.org/10.1093/sleep/32.11.1449
https://doi.org/10.1093/sleep/32.11.1449
http://www.sdmproject.com/utilities/?show=FDR
http://www.sdmproject.com/utilities/?show=FDR
https://doi.org/10.1016/j.jcomdis.2008.03.002
https://doi.org/10.1016/j.jcomdis.2008.03.002
https://doi.org/10.1186/1471-2458-13-808
https://doi.org/10.1038/srep44749
https://doi.org/10.1038/srep44749
https://doi.org/10.1053/j.jfas.2017.05.022
https://doi.org/10.1053/j.jfas.2017.05.022
https://doi.org/10.1210/jcem.81.4.8636362
https://doi.org/10.1210/jcem.81.4.8636362
https://doi.org/10.1210/jcem.75.2.1639937
https://doi.org/10.1210/jcem.75.2.1639937
https://doi.org/10.1111/j.1748-1716.1988.tb08335.x
https://doi.org/10.1111/j.1748-1716.1988.tb08335.x
https://doi.org/10.1093/cercor/bhs401
https://doi.org/10.1542/peds.2014-1143
https://doi.org/10.1097/mao.0000000000000908
https://doi.org/10.1378/chest.10-1872
https://doi.org/10.1371/journal.pone.0042713

SULKAVA ET AL.

restriction. Journal of Pineal Research, 56(3), 283-294. https://doi.
org/10.1111/jpi.12121

Mindell, J. A, Leichman, E. S., Composto, J., Lee, C., Bhullar, B., & Walters,
R. M. (2016). Development of infant and toddler sleep patterns: Real-
world data from a mobile application. Journal of Sleep Research, 25(5),
508-516. https://doi.org/10.1111/jsr.12414

Morrell, J. M. B. (1999). The infant sleep questionnaire: A new tool to
assess infant sleep problems for clinical and research purposes.
Child Psychology and Psychiatry Review, 4(1), 20-26. https://doi.
org/10.1111/1475-3588.00246

Myrum, C., Nikolaienko, O., Bramham, C. R., Haavik, J., & Zayats, T.
(2017). Implication of the APP gene in intellectual abilities. Journal
of Alzheimer's Disease, 59(2), 723-735. https://doi.org/10.3233/
jad-170049

Nakamura, Y., Tamura, H., Kashida, S., Takayama, H., Yamagata, Y.,
Karube, A, ... Kato, H. (2001). Changes of serum melatonin level and
its relationship to feto-placental unit during pregnancy. Journal of
Pineal Research, 30(1), 29-33.

Nieminen, P., & Korpela, R. (2004). Leikkitarkkailu: Kdsikirja lapsen to-
iminnallisen kehityksen arvioimiseksi. Tampere, Finland: University,
Department of Psychology.

Purcell, S., Neale, B., Todd-brown, K., Thomas, L., Ferreira, M. A. R,,
Bender, D., ... Sham, P. C. (2007). REPORT PLINK : A tool set for
whole-genome association and population-based linkage analyses.
The American Journal of Human Genetics, 81(September), 559-575.
https://doi.org/10.1086/519795

Reiter, R. J., Tan, D. X., Korkmaz, A., & Rosales-Corral, S. A. (2014).
Melatonin and stable circadian rhythms optimize maternal, placental
and fetal physiology. Human Reproduction Update, 20(2), 293-307.
https://doi.org/10.1093/humupd/dmt054

Reppert, S. M., Chez, R. A., Anderson, A., & Klein, D. C. (1979). Maternal-
fetal transfer of melatonin in the non-human primate. Pediatric
Research, 13(6), 788-791.

Robertson, N. J,, Faulkner, S., Fleiss, B., Bainbridge, A., Andorka, C., Price,
D., ... Raivich, G. (2013). Melatonin augments hypothermic neuropro-
tection in a perinatal asphyxia model. Brain: A Journal of Neurology,
136(Pt 1), 90-105. https://doi.org/10.1093/brain/aws285

Sadeh, A. (2004). A brief screening questionnaire for infant sleep prob-
lems: Validation and findings for an Internet sample. Pediatrics,
113(6), e570-e577. https://doi.org/10.1542/peds.113.6.e570

Sivertsen, B., @verland, S., Krokstad, S., & Mykletun, A. (2011). Seasonal
variations in sleep problems at latitude 63°-65° in Norway: The
Nord-Trgndelag Health Study, 1995-1997. American Journal of
Epidemiology, 174(2), 147-153. https://doi.org/10.1093/aje/kwr052

Sulkava, S., Muggalla, P., Sulkava, R., Ollila, H. M., Peuralinna, T.,
Myllykangas, L., ... Paunio, T. (2018). Melatonin receptor type 1A

Journal of 9 of 9

glee'seé)arch QS/R’SVM
gene linked to Alzheimer's disease in old age. Sleep, 41(7), https://doi.
org/10.1093/sleep/zsy103

Sulkava, S., Ollila, H. M., Alasaari, J., Puttonen, S., Harma, M., Viitasalo,
K., ... Paunio, T. (2017). Common genetic variation near melatonin
receptor 1A Gene linked to job-related exhaustion in shift workers.
Sleep, 40(1), https://doi.org/10.1093/sleep/zsw011

Tham, E. K., Schneider, N., & Broekman, B. F. (2017). Infant sleep and
its relation with cognition and growth: A narrative review. Nature
and Science of Sleep, 9, 135-149. https://doi.org/10.2147/nss.
s125992

Thomas, L., Purvis, C. C., Drew, J. E., Abramovich, D. R., & Williams, L. M.
(2002). Melatonin receptors in human fetal brain: 2-[125l]liodomel-
atonin binding and MT1 gene expression. Journal of Pineal Research,
33(4), 218-224. https://doi.org/10.1034/j.1600-079x.2002.02921.x

Thompson, R. A., & Nelson, C. A. (2001). Developmental science and the
media. Early brain development. The American Psychologist, 56(1),
5-15.

Tononi, G., & Cirelli, C. (2014). Sleep and the price of plasticity: From
synaptic and cellular homeostasis to memory consolidation and
integration. Neuron, 81(1), 12-34. https://doi.org/10.1016/j.
neuron.2013.12.025

Wright, R. O., Hu, H., Silverman, E. K., Tsaih, S. W., Schwartz, J., Bellinger,
D., ... Hernandez-Avila, M. (2003). Apolipoprotein E genotype pre-
dicts 24-month bayley scales infant development score. Pediatric
Research, 54(6), 819-825. https://doi.org/10.1203/01.pdr.00000
90927.53818.de

Zeanah, C. H., Boris, N. W., & Larrieu, J. A. (1997). Infant development
and developmental risk: A review of the past 10 years. Journal of the
American Academy of Child & Adolescent Psychiatry, 36(2), 165-178.
https://doi.org/10.1097/00004583-199702000-00007

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Sulkava S, Taka A-M, Kantojarvi K,
et al. Variation near MTNR1A associates with early
development and interacts with seasons. J Sleep Res.
2019;00:e12925. https://doi.org/10.1111/jsr.12925



https://doi.org/10.1111/jpi.12121
https://doi.org/10.1111/jpi.12121
https://doi.org/10.1111/jsr.12414
https://doi.org/10.1111/1475-3588.00246
https://doi.org/10.1111/1475-3588.00246
https://doi.org/10.3233/jad-170049
https://doi.org/10.3233/jad-170049
https://doi.org/10.1086/519795
https://doi.org/10.1093/humupd/dmt054
https://doi.org/10.1093/brain/aws285
https://doi.org/10.1542/peds.113.6.e570
https://doi.org/10.1093/aje/kwr052
https://doi.org/10.1093/sleep/zsy103
https://doi.org/10.1093/sleep/zsy103
https://doi.org/10.1093/sleep/zsw011
https://doi.org/10.2147/nss.s125992
https://doi.org/10.2147/nss.s125992
https://doi.org/10.1034/j.1600-079x.2002.02921.x
https://doi.org/10.1016/j.neuron.2013.12.025
https://doi.org/10.1016/j.neuron.2013.12.025
https://doi.org/10.1203/01.pdr.0000090927.53818.de
https://doi.org/10.1203/01.pdr.0000090927.53818.de
https://doi.org/10.1097/00004583-199702000-00007
https://doi.org/10.1111/jsr.12925

