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Abstract

A fundamental component of brain development is the formation of large-scale networks across
the cortex. One such network, the default network, undergoes a protracted development,
displaying weak connectivity in childhood that strengthens in adolescence and becomes most
robust in adulthood. Little is known about the genetic contributions to default network
connectivity in adulthood or during development. Alterations in connectivity between posterior
and frontal portions of the default network have been associated with several psychological
disorders, including anxiety, autism spectrum disorders, schizophrenia, depression, and attention-
deficit/hyperactivity disorder. These disorders have also been linked to variants of the serotonin
transporter linked polymorphic region (5-HTTLPR). The La allele of 5-HTTLPR results in higher
serotonin transporter expression than the S allele or the rarer Lg allele. 5-HTTLPR may influence
default network connectivity, as the superior medial frontal region has been shown to be sensitive
to changes in serotonin. Also, serotonin as a growth factor early in development may alter large-
scale networks such as the default network. The present study examined the influence of 5-
HTTLPR variants on connectivity between the posterior and frontal structures and its development
in a cross-sectional study of 39 healthy children and adolescents. We found that children and
adolescents homozygous for the S allele (S/S, n = 10) showed weaker connectivity in the superior
medial frontal cortex compared to those homozygous for the L allele (La/La, N = 13) or
heterozygotes (S/La, S/Lg, n = 16). Moreover, there was an age-by-genotype interaction, such that
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those with La/La genotype had the steepest age-related increase in connectivity between the
posterior hub and superior medial frontal cortex, followed by heterozygotes. In contrast,
individuals with the S/S genotype had the least age-related increase in connectivity strength. This
preliminary report expands our understanding of the genetic influences on the development of
large-scale brain connectivity and lays down the foundation for future research and replication of
the results with a larger sample.
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1. Introduction

There is significant interest in examining the functioning and development of large-scale
neural networks, such as the default network, as alterations in these systems have been
linked to psychopathology (Buckner et al., 2008). Functional connectivity of the default
network increases in the absence of a driving task (i.e., during “rest”) and decreases during
engagement in a cognitively demanding task (Buckner and Vincent, 2007; Fox et al., 2005;
Raichle and Snyder, 2007). Structures involved in the default network include the posterior
cingulate, precuneus, retrosplenial, inferior parietal lobule, superior temporal gyrus,
parahippocampal gyrus, medial frontal cortex, and superior frontal cortex (Buckner et al.,
2008; Fox et al., 2005; Greicius et al., 2003; Shulman et al., 1997). In healthy adults, default
network structures are functionally as well as structurally connected (Greicius et al., 2003;
Greicius et al., 2009; van den Heuvel et al., 2008). The default network consists of several
interconnected subsystems (Buckner et al., 2008; Gusnard and Raichle, 2001), including
posterior and frontal subsystems that are generally strongly connected yet distinct from one
another (Greicius et al., 2008; Horovitz et al., 2009). Long-range functional connectivity
between the posterior hub and anterior regions of the default network, such as the superior
medial frontal corte, is of central interest because connectivity between these two regions is
predictive of individual differences in cognitive performance (Hampson et al., 2006),
attentional processes (Wang et al., 2006), and psychopathology symptoms (see Buckner et
al., 2008 for a review).

Although there is debate as to the default network’s primary function, this network may
relate to basic central nervous system functions such as maintaining the balance of
excitatory and inhibitory inputs or maintaining and interpreting information from the
environment (Raichle and Snyder, 2007). Energy consumption for intrinsic activation of the
default network is large compared to typical task related responses (Raichle and Mintun,
2006). Additionally, default network activation persists across differing states of
consciousness, including light sleep (Horovitz et al., 2008), deep sleep (albeit split into
posterior and anterior subsystems, Horovitz et al., 2009), and under anesthesia (Vincent et
al., 2007). The large amount of resources devoted to this system and its ubiquity suggests
that the default network is a fundamental brain network. Consequently, identifying factors
that may influence variation in the development of this network’s connectivity is of interest.

Imaging genetics is an approach that has proven useful in uncovering influences on
important brain networks. In this approach, genetic information is linked to individual
variation in brain imaging in order to identify neural networks influenced by genetics and
important for normal and abnormal development (Meyer-Lindenberg, 2009). One genetic
variant that has been of particular interest in imaging genetics studies is the serotonin
transporter-linked polymorphic region (5-HTTLPR) (e.g., Hariri et al., 2002). 5-HTTLPR is
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a variable number of tandem repeats (VNTR) in the promoter region of the serotonin
transporter gene (SLC6AA4) that presents as short (S) and long (L) alleles (Lesch et al.,
1996). Within the L allele, a single nucleotide polymorphism (A to G substitution, SNP
rs25531) generates the L and Lg alleles (Hu et al., 2006). The L allele results in increased
transcriptional efficiency and serotonin transporter expression relative to the S allele and the
rarer Lg allele (Hu et al., 2006). 5-HTTLPR has been conceptualized as a risk or plasticity
genetic variant that contributes to variability in outcomes of psychopathology (Belsky et al.,
2009).

There are several reasons to investigate the potential influence of 5-HTTLPR variants on
long-range posterior to anterior default network connectivity, particularly in the anterior
default network region of the superior medial frontal cortex. First, 5-HTTLPR variants and
long-range default network connectivity have been linked to multiple forms of
psychopathology. Specifically, 5-HTTLPR variants and altered default network connectivity
between the posterior hub and superior medial frontal cortex are both implicated in anxiety
(e.g., Liao et al., 2010; Schinka et al., 2004; Sen et al., 2004), depression (e.g., Drevets et al.,
2008; Greicius et al., 2007; Zalsman et al., 2006), attention-deficit/hyperactivity disorder
(e.g., Castellanos et al., 2008; Manor et al., 2001), autism symptoms (e.g., Brune et al.,
2006; Nijmeijer et al., 2010; Wiggins et al., 2011), and psychosis symptoms (e.g., Borroni et
al., 2006h; Ezaki et al., 2008; Garrity et al., 2007). Although there is considerable debate,
the higher expressing L allele has generally been implicated as a protective factor
compared to the S allele in these and similar studies (particularly in depression, see
Levinson, 2006).

Second, among the anterior default network regions that show connectivity with the
posterior hub, evidence suggests that the superior medial frontal cortex/Brodmann’s Area
(BA) 10, a region implicated in clinical samples (e.g., Castellanos et al., 2008; Garrity et al.,
2007; Monk et al., 2009; Weng et al., 2010; Wiggins et al., 2011), may be sensitive to
alterations in the serotonin system. For example, following administration of a selective
serotonin reuptake inhibitor, healthy adults with the S allele have sharper decreases in
cerebral metabolic response in the superior medial frontal cortex compared to those
homozygous for the L allele (Smith et al., 2004). Moreover, in the superior medial frontal
cortex, adults with the S allele show greater activation levels during a Stroop task as well as
larger gray matter volume (Canli et al., 2005). In addition, serotonin transporter binding in
the superior medial frontal cortex/BA 10 is altered in individuals with autism (Nakamura et
al., 2010) and depression (Mann et al., 2000). Finally, following acute tryptophan depletion
(a technique that lowers serotonin levels), resting-state activation in BA 10 decreases
(Kunisato et al., 2011). These studies indicate that the superior medial frontal cortex/BA 10
is particularly sensitive to serotonin signaling and potentially to the 5-HTTLPR variant.

Third, serotonin acts as a growth factor during embryogenesis. Serotonin alters the
development of fundamental neural networks, including the default network (Sodhi and
Sanders-Bush, 2004). The prominence of serotonin in shaping neural networks in early
development is consistent with prior work documenting the influence of 5-HTTLPR on the
amygdala-ventromedial prefrontal cortex network during social tasks (Hariri et al., 2006)
and during rest (Rao et al., 2007). Taken together, these studies suggest that 5-HTTLPR
variants may contribute to individual variability in default network connectivity between the
posterior hub and superior medial frontal cortex during rest. However, to our knowledge, no
study has examined how this genetic variant impacts default network connectivity.

A few studies have investigated the development of the default network. For healthy
individuals, long-range functional connectivity in the default network between the posterior
hub and the superior medial frontal cortex is weaker during childhood and adolescence
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compared to adulthood (Fair et al., 2008; Stevens et al., 2009; Wiggins et al., 2011). A study
of structural connections between the posterior hub and the superior medial frontal region
also revealed weaker connectivity in children versus young adults (Supekar et al., 2010).
These studies indicate that connectivity of this network undergoes a protracted
developmental time course. However, genetic influences on the development of the default
network have not yet been studied.

The present study addresses these two gaps in the literature, 5-HTTLPR’s role in default
network connectivity and its development, by directly examining the influence of 5-
HTTLPR variants on long-range default network connectivity as well as its developmental
time course in a healthy child and adolescent sample. Based on previous research, we
hypothesized that youth with the La/L A genotype have the strongest connectivity between
the default network posterior hub and superior medial frontal cortex, whereas youth with the
SIS genotype have the weakest connectivity, and other genotypes (S/La, S/Lg, Lg/Lg, La/
Lg) display connectivity strength intermediate between La/La and S/S. We also
hypothesized that developmental changes in the strength of connectivity between the
posterior hub and superior medial frontal cortex differ by genotype group.

2. Materials and Methods
2.1 Participants

Thirty-nine healthy children and adolescents aged 8 to 19 years old were included in this
study. These participants are from a larger dataset comprised of 67 individuals. Because
genotype frequencies vary by ancestry (e.g., higher S allele frequency in Asian samples
compared to Caucasian samples; Ha et al., 2005; Kato et al., 2005; Kim et al., 2007) and can
contribute to spurious associations (Pritchard & Rosenberg, 1999), data from 17 non-
Caucasian individuals were excluded in this particular study (4 of whom also had excessive
movement in the scanner). Limiting the study to participants of Caucasian descent is an
approach that has been used with 5-HTTLPR to address population stratification (e.g.,
Praschak-Rieder et al., 2007; Rao et al., 2007; Zalsman et al., 2006). An additional 11
individuals were excluded from the analyses due to movement greater than 2.5 mm or
discomfort in the MRI resulting in an incomplete scan. Participants, ages 8 — 19 years old,
were recruited through flyers posted at local community organizations. The University of
Michigan Institutional Review Board approved the procedures, and all participants signed
consents. All participants above age 18 gave written consent; all minor participants gave
assent and their parents gave written consent. To be included, participants must not have had
orthodontic braces, any other condition contraindicated for MRI, history of seizures or any
neurological disorders. Additionally, participants were screened for psychopathology with
parent report (Child Behavior Checklist; Achenbach and Edelbrock, 1981; Social
Responsiveness Scale; Constantino et al., 2003; Social Communication Questionnaire;
Rutter et al., 2003) as well as self-report (Obsessive Compulsive Inventory - Revised; Foa et
al., 2010; Child Depression Inventory; Kovacs, 1992; Multidimensional Anxiety Scale for
Children; March et al., 1997; Spence Children’s Anxiety Scales; Spence, 1997) measures.
Only children who scored below cutoffs on all of these measures were allowed to
participate. Details on these subject characteristics are in Table 1. Twenty-nine participants
from Wiggins et al (2011) were included in the present study.

2.2 Genetic Analyses

Participants donated a saliva sample using the Oragene DNA kit (DNA Genotek; Kanata,
Canada). S versus L genotype of 5-HTTLPR was determined via PCR following Hu et al’s
(2006) procedure with madifications (GC-Rich PCR system, Roche Diagnostics,
Indianapolis, IN; forward primer: 5'-GGCGTTGCCGCTCTGAATGC-3', reverse: 5'-
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GGGACTGAGCTGGACAACCAC-3'; DNA denatured at 95° for 5 min, followed by two
cycles at 95° for 30 sec, 63° for 30 sec, 72° for 1 min; two cycles at 95° for 30 sec, 62° for
30 sec, 72° for 1 min; 36 cycles at 95° for 30 sec, 61° for 30 sec, 72° for 1 min; and final
extension at 72° for 10 min). PCR products were then analyzed by agarose gel
electrophoresis. DNA was purified from excised gel bands using the QlAquick Gel
Extraction kit (VValencia, CA) and then Sanger sequenced to determine the Ato G SNP in
the L allele (rs25531) and to confirm agarose typing. Previous research has shown that the
SNP rs25531 affects the activity level of the 5-HTTLPR variant such that only L, and not
Lg, is the truly high expressing allele (Hu et al., 2006). Thus, for subsequent statistical
analyses, participants were divided into three groups: homozygous for the L allele with A at
rs25531 (denoted La/La), homozygous for the S allele (S/S), and heterozygous genotypes
(S/La or S/Lg). There were no participants in this cohort with the relatively rare genotypes
La/Lg and Lg/Lg (in Caucasians only; see Table 1 for genotype frequencies for all
ancestries). This approach, making the primary comparison homozygotes for the L allele
and the S allele, has been used to illuminate functional brain differences in the past and
maximizes the difference in serotonin transporter expression (Roiser et al., 2009). Genotype
frequencies were in Hardy-Weinberg equilibrium (x2 = 1.19, df = 1, p = .276).

2.3 fMRI Data Acquisition

MRI scanning occurred at University of Michigan’s 3 Tesla GE Signa MRI machine. Using
a reverse spiral sequence, 300 To*-weighted blood oxygen level dependent (BOLD) images
were collected over 10 minutes for each participant (Glover and Law, 2001; TR=2000 ms,
TE=30 ms, flip angle=90°, FOV=22 cm, 64x64 matrix, 40 contiguous axial 3 mm slices).
Slices were acquired parallel to the intercommissural (AC-PC) line. A high-resolution 3D
T1 axial overlay was acquired for anatomical localization (TR=8.9, TE=1.8, flip angle=15°,
FOV=26 cm, slice thickness=1.4 mm, 124 slices; matrix=256 x 160). Additionally, a high-
resolution SPGR image acquired in the sagittal plane (flip angle=15°, FOV=26¢cm, 1.4 mm
slice thickness, 110 slices) was used for coregistration of the functional images.

2.4 fMRI Procedures

2.4.1 Participant Instructions—A fixation cross (“plus” symbol) was presented via the
projection system to the participant in the MRI scanner while functional data were collected.
Participants were instructed to let their minds wander and to not think about anything in
particular while they looked at the cross.

2.4.2 Correction for Physiological Noise—Physiological data were collected for
subsequent noise correction. An abdominal pressure belt recorded each participant’s
respiration, and a pulse oximeter on the participant’s left middle finger recorded
oxygenation. The physiological data were synchronized to the fMRI data.

2.5 fMRI Data Analysis

2.5.1 Data Preprocessing—The acquired fMRI data were preprocessed as part of the
standard processing stream at the University of Michigan. First, spikes in the raw k-space
data lying more than two standard deviations from the mean were replaced with the average
of the neighboring time-points. Second, the k-space data were reconstructed to image space
with a custom reconstruction program for gridding and inverse 2D Fourier transform. A
field map correction was applied to reduce artifacts from susceptibility regions. Third,
RETROICOR was utilized to remove noise associated with cardiac and respiratory rhythms
(Glover et al., 2000). Fourth, images were corrected for differences in slice timing by phase-
shifting and re-sampling the signal (Oppenheim et al., 1999), with the middle slice as the
temporal reference point. Finally, the MCFLIRT program in FMRIB Software Library
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(Jenkinson et al., 2002) corrected for head motion by realigning all images to the tenth
functional image. To further address potential differences in head motion among the
genotype groups, as similar studies have done (Bunge, et al, 2002; Rubia et al., 1999), an
index score was created for each individual by taking the grand mean of head movement
measured in each of six rigid body movement modes (3 translation, 3 rotation). This head
motion score was compared across genotype groups.

Additional pre-processing of the data was accomplished in-house using the SPM5 Matlab
toolbox (Wellcome Department of Cognitive Neurology, London, UK;
http://www.fil.ion.ucl.ac.uk). High-resolution T1 anatomical images were co-registered to
the functional images. Spatial smoothing was accomplished with an isotropic 8 mm full
width at half maximum (FWHM) Gaussian kernel. To exclude higher frequency sources of
noise and to isolate the frequency band in which resting state connectivity has previously
been observed in fMRI data, the time courses from each voxel were low-pass filtered with a
0.08 Hz cutoff (Biswal et al., 1995; Cordes et al., 2000).

2.5.2 Calculating Connectivity Using a Self-Organizing Map Algorithm—A self-
organizing map algorithm was used to identify a data-driven seed for each individual. This
seed was cross-correlated with the low-frequency time courses from every other voxel in the
individual’s brain (Peltier et al., 2003; Wiggins et al., 2011). Briefly, the self-organizing
map algorithm produced a map of exemplar time courses that represented the probability
density function of the underlying data while preserving topological properties. In this
iterative process, the 10 x 10 exemplar matrix was initialized with random noise. Then, for
each iteration, a given voxel’s time course was compared to all the exemplar time courses.
The exemplar identified as closest to the data voxel’s time course using a least squares
metric, as well as neighboring exemplars, were then updated at each iteration until
convergence was achieved. The final exemplar map had a topologically ordered feature map
that represented the underlying probability density function of the data with minimal error
(Kohonen, 1997). The end product of the self-organizing map algorithm was 16
superclusters representing networks in the brain. A full description of the self-organizing
map as implemented for this paper can be found in Wiggins et al. (2011).

An experienced investigator blind to genotype examined each of the superclusters from the
participants. The superclusters were visually compared to a map of the posterior portion of
the default network, the posterior cingulate cortex/precuneus and the bilateral inferior
parietal lobule, generated by Wake Forest University PickAtlas (Maldjian et al., 2002). The
supercluster with structures most similar to the map of the posterior hub of the default
network was identified for each participant (Buckner et al., 2008; Horovitz et al., 2009).
Three examples from our dataset depicting the range of spatial arrangements of the posterior
hubs are shown in Figure 1. All the low-pass filtered BOLD time courses from the voxels in
this supercluster were then extracted and averaged to form a reference time course. This
reference time course was correlated with all of the low-pass filtered voxels in the brain to
form functional connectivity maps for each subject. Lastly, images were normalized to
Montreal Neurological Image (MNI) space by estimating the transformation matrix for the
SPGR anatomical image to an MNI template image in SPM5, then applying this
transformation to the functional images. The Pearson’s r values at each voxel were
converted to z values, using Fisher’s r to z transformation. These connectivity images were
then used in random effects analyses.

2.5.3 Second-Level Analyses—Second-level analyses were performed on the images
generated by the SOM analysis. We first confirmed that the default network connectivity
was present in each of the three genotype groups (La/La, S/S, and heterozygous (S/La and
S/Lg) genotypes). The default network was defined by the following left and right regions:
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superior medial frontal cortex, medial frontal gyrus, superior frontal gyrus, retrosplenial
cortex, posterior cingulate cortex, precuneus, inferior parietal lobules, temporal lobes, and
parahippocampal gyri (Beason-Held et al., 2009; Bluhm et al., 2009; Buckner et al., 2008;
Gusnard and Raichle, 2001; Weng et al., 2010). Region of interest (ROI) masks were
defined using the Wake Forest University PickAtlas (Maldjian et al., 2002). An ROI
analysis was performed for each of the regions and significant clusters in these ROIs for
each of the genotype groups are found in Table 2.

To address our first hypothesis, a voxel-wise group-level ANOVA was estimated in SPM5
to examine connectivity within the default network by genotype group: S/S, La/La, and
heterozygous genotypes. ROI analyses were then performed to examine long-range
functional connectivity between the posterior hubs of the default network and the
intersection of the left and right superior medial frontal mask, from the AAL (Anatomical
Automatic Labeling) digital atlas (Tzourio-Mazoyer, et al., 2002) as implemented in Wake
Forest University PickAtlas (Maldjian et al., 2002), with Brodmann’s Area 10. The superior
medial frontal cortical area overlapping BA 10 represents the default network area
implicated in clinical samples (e.g., Castellanos et al., 2008; Garrity et al., 2007; Monk et
al., 2009; Weng et al., 2010; Wiggins et al., 2011) and has been shown to be sensitive to
changes in serotonin levels (Canli et al., 2005; Kunisato et al., 2011; Mann et al., 2000;
Nakamura et al., 2010; Smith et al., 2004). The purpose of the ROI analyses was to restrict
the search area for significant voxels to the superior medial frontal/BA 10. First, significance
values from the F-test of differences in connectivity among the three genotype groups were
small volume-corrected for multiple comparisons within each ROI (left and right superior
medial frontal/BA 10) using family wise error (FWE) correction (Worsley et al., 1996).
Post-hoc contrasts of the connectivity maps among the three genotype groups used the same
superior medial frontal cortex/BA 10 mask for the ROl analyses. Those family wise error-
corrected p values from the post-hoc contrasts were then subjected to an additional
correction (Bonferroni) based on comparisons among the three genotype groups (family
wise error corrected o, = .05/3 = .0167).

To address our second hypothesis, an age by genotype interaction model was estimated
using multiple regression in SPM5. The three levels of genotype were dummy coded. The
dummy-coded genotype variables and age were entered into the model, as well as the two
dummy-coded genotype by age interaction variables. An F test of the change in model fit
after including the two dummy coded interaction variables indicated the overall interaction
between genotype and age (Allison, 1977; Irwin and McClellan, 2001). To further examine
developmental change, the same interaction model was estimated for puberty as well. ROI
analyses were performed to examine differences between genotype groups in age-related
connectivity changes between the posterior hub and superior medial frontal cortex. The
same superior medial frontal cortex/BA 10 mask used in the first hypothesis was also used
in ROI analyses for this hypothesis.

All participants scored below clinical cutoffs on the measures of depression, anxiety, and
autism symptoms as well as other internalizing and externalizing behaviors; moreover, the
three genotype groups did not differ significantly on any of the measures (Child Behavior
Checklist, Achenbach and Edelbrock, 1981; Social Responsiveness Scale, Constantino et al.,
2003; Social Communication Questionnaire, Rutter et al., 2003; Obsessive Compulsive
Inventory — Revised, Foa et al., 2010; Child Depression Inventory, Kovacs, 1992;
Multidimensional Anxiety Scale for Children, March et al., 1997; Spence Children’s
Anxiety Scales, Spence, 1997; Table 1). Genotype groups also did not significantly differ in
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average head motion (F 3 = 1.02, p = .373). All three genotype groups showed default
network connectivity patterns (Table 2).

Our first hypothesis was confirmed: a one-way ANOVA revealed that the genotype groups
differed in their connectivity strength in the right superior medial frontal cortex (xyz = 6, 62,
24, F5 35 = 8.84, p = .028 corrected for multiple comparisons within the right superior
medial frontal cortex/BA 10; Figure 2). Bonferroni-corrected post-hoc comparisons of the
connectivity maps of the three genotype groups indicated that the S/S group had
significantly weaker connectivity in the right superior medial frontal cortex than both the
La/La group (xyz =8, 62, 26, t3g = 3.70, p = .012; Figure 3) and the heterozygous group (S/
La, S/Lg; Xyz =6, 62, 24, t36 = 3.75, p = .011, both corrected for multiple comparisons
within the right superior medial frontal cortex/BA 10; Figure 3). The La/La versus
heterozygotes comparison was not significant (xyz = 16, 70, 12, t35 = 2.11, p = .233,
corrected for multiple comparisons within the right superior medial frontal cortex/BA 10).

In the left superior medial frontal cortex, whereas the main effect of genotype on
connectivity was a trend (xyz = —6, 60, 30, F» 36 = 7.14, p = .087 corrected for multiple
comparisons within the left superior medial frontal cortex/BA 10 mask), Bonferroni-
corrected post-hoc comparisons of the groups revealed that the S/S group had significantly
weaker connectivity than the La/La group (xyz = —6, 60, 30, t3g = 3.78, p = .012, corrected
for multiple comparisons within the left superior medial frontal cortex/BA 10; Figure 3).
Neither the post-hoc contrast of heterozygotes versus the S/S group (Xyz = —2, 62, 24, t3g =
3.00, p =.071) nor the La/L A group versus heterozygotes reached significance (xyz = —6,
62, 32, t35 = 2.14, p = .320, both corrected for multiple comparisons within the left superior
medial frontal cortex/BA 10).

Our second hypothesis was also confirmed. A significant interaction between genotype and
age was detected in the superior medial frontal cortex of the default network. Specifically,
connectivity between the posterior hub and the left superior medial frontal cortex
strengthened with age across individuals the most in the La/La group, but less so for
heterozygous genotypes (S/La, S/Lg), and the least for the S/S group (xyz = —8, 68, 8, F, 33
=8.71, p = .039, corrected for multiple comparisons within the left superior medial frontal
cortex/BA 10; Figure 4). The interaction effect was not significant in the right superior
medial frontal cortex (xyz = 12, 70, 2, F; 33 = 6.21, p = .128, corrected for multiple
comparisons within the right superior medial frontal cortex/BA 10). To corroborate our
findings of an age-by-genotype interaction, we used an additional measure of development,
pubertal state, to investigate a puberty-by-genotype interaction. Similar to our findings with
age, a puberty-by-genotype interaction pattern was found in the superior medial frontal
cortex, albeit non-significant (xyz = 6, 58, 24, F, 33 = 5.97, p = .146, corrected for multiple
comparisons within the right superior medial frontal cortex/BA 10).

3.1 Additional Analyses

Since including individuals of multiple ancestries introduces heterogeneity into the genetic
analyses, this study was restricted to individuals of Caucasian descent. Nonetheless, we
conducted additional analyses to determine how including individuals of all ancestries
affected our main findings. We repeated all of the previous analyses with an additional 13
non-Caucasian individuals included, for a total of 52 individuals (see Table 1 for subject
characteristics). Because of the increased difficulty of detecting genotype effects with the
added noise, we utilized a significance threshold of p < .05 without family-wise error
correction, but with a Bonferroni correction for post-hoc contrasts of o = .05/3 = .0167.

With participants of all ancestries included, our first hypothesis, weaker connectivity in the
S/S group, was confirmed. With all individuals, we still found that the genotype groups
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differed in their connectivity strength in the right superior medial frontal cortex (xyz = 18,
70, 14, F» 49 = 5.71, p = .006). Bonferroni-corrected post-hoc comparisons among the three
genotype groups still indicated that the S/S group had significantly weaker connectivity in
the right superior medial frontal cortex than both the La/La group (xyz = 18, 70, 14, tgg =
3.37, p =.0007) and the intermediate genotypes group (S/La, S/Lg, Lg/Lg; Xyz = 6, 62, 26,
t49 = 2.49, p = .008). As in the analysis with only Caucasian participants, the La/La versus
intermediate genotypes comparison was not significant after Bonferroni correction (xyz =
18, 70, 12, t49 = 1.97, p = .027).

In Caucasian participants only, we found a trend for a the main effect of genotype on
connectivity in the left superior medial frontal cortex; in participants of all ancestries, the
main effect of genotype on connectivity in the left superior medial frontal cortex was
significant at the uncorrected threshold (xyz = —8, 64, 32, F 49 = 3.56, p = .035).
Bonferroni-corrected post-hoc comparisons of the genotype groups including all ancestries
corroborated the original findings with Caucasians only: the S/S group had weaker
connectivity than the La/La group (Xyz = —8, 64, 32, tyg = 2.62, p = .006). As in the original
finding, neither the post-hoc contrast of intermediate genotypes versus the S/S group (xyz =
=2, 62, 24, t49 = 2.10, p = .020) nor the La/La group versus intermediate genotypes reached
significance after Bonferroni correction (xyz = —8, 64, 32, t4g = 1.79, p = .039).

Our second hypothesis, positing differential developmental changes in connectivity strength
by genotype, was also confirmed with participants of all ancestries. There was still an
interaction between genotype and age in left BA 10 of the default network (xyz = —36, 62,
16, F, 46 = 8.12, p = .0009) with all ancestries included. As with the original finding, the
interaction effect was not significant in the right superior medial frontal cortex (xyz = 8, 62,
22, Fy 46 = 1.85, p = .156). Corroborating the findings with age, a puberty-by-genotype
interaction pattern was found in the superior medial frontal cortex, in the left hemisphere,
with all ancestries included (xyz = —10, 62, 30, F 46 = 5.97, p = .030). To summarize, when
including individuals of all ancestries, the pattern of findings was largely similar to the
original results with just Caucasian participants, albeit at a more lenient significance
threshold.

4. Discussion

To our knowledge, this is the first study to examine the influence of 5-HTTLPR on resting-
state default network connectivity. To summarize, children and adolescents with the S/S
genotype have the weakest connectivity between the posterior hub and superior medial
frontal cortex in the default network compared to other 5-HTTLPR genotypes. Additionally,
examining connectivity in children and adolescents revealed that group differences among
genotypes are driven by the older participants: although all three genotype groups show
similar levels of connectivity at a young age, the genotype groups show markedly different
connectivity levels in older participants. Specifically, across individuals, connectivity
strengthens most with age in the La/La group, followed by heterozygotes. The S/S group
has the least increase in connectivity strength with age.

Most studies on 5-HTTLPR and human brain function have focused on emotion and have
utilized tasks with emotional stimuli (e.g., faces modeling happiness, sadness, etc.; for
reviews, see Dannlowski et al., 2010; Hariri and Holmes, 2006). Although much less well-
researched, cognition, particularly executive function, has also been shown to be influenced
by 5-HTTLPR variants in a few studies. Specifically, healthy S or Lg carriers have
decreased cognitive flexibility and altered conflict- and error-related anterior cingulate
activation (Holmes et al., 2010) as well as alterations in attention allocation (Enge et al.,
2011; Roiser et al., 2006). The present study provides additional evidence that 5-HTTLPR-
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related differences in brain function generalize beyond specific emotional tasks to non-
emotionally charged activities as well, such as during rest. Our findings suggest that
alterations in brain activation patterns related to 5-HTTLPR may be ubiquitous and not
manifest only in specific situations, such as the presentation of emotional stimuli.

To ensure that genotype is not acting as a proxy for psychopathology in the present study,
we confirmed that all participants had levels of symptoms and problem behaviors that did
not meet threshold for a clinical diagnosis. Nevertheless, we examined whether genotype
groups differed in subclinical levels of symptoms or other behaviors. The three genotype
groups did not differ significantly on any of the measures of depression, anxiety, and autism
symptoms as well as other internalizing and externalizing behaviors. Specifically, we did not
find significant differences among genotype groups on the following measures: Child
Behavior Checklist (Achenbach and Edelbrock, 1981); Social Responsiveness Scale
(Constantino et al., 2003); Social Communication Questionnaire (Rutter et al., 2003);
Obsessive Compulsive Inventory — Revised (Foa et al., 2010); Child Depression Inventory
(Kovacs, 1992); Multidimensional Anxiety Scale for Children (March et al., 1997); Spence
Children’s Anxiety Scales (Spence, 1997; Table 1). There are multiple possibilities as to
why we do not see symptom differences among the genotype groups. These possibilities
include reduced variability of symptoms in our sample, which was screened for
psychological disorders. However, the small sample size prevents us from identifying the
specific reasons. The focus of the present study was on building a normative foundation with
a healthy sample; it will be important for future research to examine the impact of 5-
HTTLPR on default network connectivity in more heterogeneous samples, with greater
variability in symptoms and problem behaviors.

The present findings suggest that it may be fruitful for future research to examine the effects
of gene and environmental interactions on brain development. Our finding that the neural
effects of genotype become more pronounced over the course of development is consistent
with the concept that the brain is the ongoing product of gene and environmental
interactions in development (Monk, 2008). Thus, exposure to the environment, with both
beneficial and detrimental effects, compounds over time and may lead to greater differences
in brain function with age. Moreover, brain differences among the genotype groups are most
marked during adolescence, a crucial transition period associated with multiple opportunities
and challenges that could interact with genetic differences. This transition includes physical
changes due to puberty, as well as increased autonomy to carve out one’s own environment
and identity (Grotevant, 1992; McLellan and Pugh, 1999; Petersen, 1988; Steinberg and
Silverberg, 1986). In addition, there is an increase in risk-taking and antisocial behaviors
(Rutter et al., 2006a; Rutter et al., 2006b), as well as heightened incidence of some forms of
psychopathology, such as depression and social anxiety (Cohen et al., 1993; Costello et al.,
2003; Costello et al., 2011). Genes interacting with environmental factors at sensitive
periods in development (Uher and McGuffin, 2008), such as adolescence, may alter the
trajectories of key brain networks and impact behavioral outcomes.

Our study has some limitations. First, we used a cross-sectional design to examine
developmental changes in the default network between genotype groups. It is possible that
cohort differences across the 8- to 19-year-old age span may be driving our effects. A
longitudinal study involving repeated scans on individuals through this age range is
necessary to confirm our findings.

Second, sources of potential artifacts in functional neuroimaging data include excessive
head movement and physiological rhythms. All youth included in this study exhibited less
than 2.5 mm of movement in any direction, and genotype groups did not differ in their
average head motion. Subsequent pre-processing steps included realignment of the
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functional images to reduce remaining head motion artifact. To address noise due to
physiological rhythms, cardiac and respiratory data were collected on each participant. A
correction based on these data was applied to the images. Noise due to artifacts is inherent in
fMRI studies, but our efforts to reduce their impact make it unlikely that head motion and
physiological rhythms are driving our findings.

Third, the primary analyses included data only from children and adolescents of Caucasian
descent in order to reduce the likelihood of spurious relationships due to population
stratification and to reduce the amount of heterogeneity introduced by multiple ancestries.
This approach has been used in other studies of 5-HTTLPR (e.g., Praschak-Rieder et al.,
2007; Rao et al., 2007; Zalsman et al., 2006). Nonetheless, we conducted additional analyses
including the non-Caucasian individuals to examine how they affected our findings (3.1
Additional Analyses”). We found that although including multiple ancestries added noise to
the data, the patterns found with Caucasian participants only are still evident. To draw
conclusions about the effects of 5-HTTLPR on default network connectivity in other
ancestry groups, however, future studies focusing on each ethnic group may be necessary.

Fourth, our findings should be considered preliminary, as we have a small sample size
(N=39 overall, with 10 participants in the S/S group, 13 in the La/L A group, and 16 in the
heterozygous genotypes group). This distribution is to be expected, as our sample is within
Hardy-Weinberg equilibrium (y= = 1.19, df = 1, p = .276). However, future studies are
needed to confirm the results from the present study with a larger sample size.

In conclusion, we demonstrate here, for the first time, the influence of 5-HTTLPR variants
on long-range default network connectivity and on the developmental time course of
connectivity in a healthy child and adolescent sample. We found that youth with the S/S
genotype have the weakest connectivity between the posterior hub and superior medial
frontal cortex in the default network compared to youth with the La/L o genotype and
heterozygous genotypes (S/La, S/Lg). We also found that brain differences among the
genotype groups become more pronounced with increasing age: among the youngest
participants, the groups are similar in connectivity levels, but in older adolescents,
connectivity is markedly different among genotype groups. Specifically, connectivity
between the posterior hub and superior medial frontal region in the La/La group strengthens
the most with age across individuals, followed by heterozygotes. Connectivity in the S/S
group strengthens the least with age. Our findings have implications for understanding how
genetic influences on large-scale brain networks may compound over time and result in
marked differences in a healthy developing cohort of individuals.
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Figure 1. Example posterior hubs from the self-organizing map algorithm

Superclusters identified as the posterior hubs of the default network by an investigator blind
to genotype from three different subjects in this study. This illustrates the range of the
spatial arrangement of the posterior hubs across subjects. The majority of individuals had
posterior hubs that were easy to recognize (as in A); others had moderately difficult-to-
recognize posterior hubs (as in B). A few had difficult-to-recognize posterior hubs (as in C).
Note: slices are from approximately the same transverse slice, but brains are not normalized
to the same space at this point in the data processing stream.
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Figure 2. Posterior-anterior connectivity by genotype

Connectivity between the posterior default network hub and superior medial frontal cortex
varies by genotype (xyz = 6, 62, 24, F, 35 = 8.84, p = .028 corrected for multiple
comparisons within the right superior medial frontal cortex/BA 10 mask, k = 98). Unless
otherwise specified, all brain images in this article are presented with orthogonal views in
the sagittal (top left), coronal (top right), and transverse (bottom left) planes; threshold set
to p <01, k > 100 for illustration purposes. Color bar represents F values. Below, in the bar
graph, functional connectivity values from a 4 mm sphere around the peak voxel in the
cross-hairs (xyz = 6, 62, 24) were extracted and averaged. Significantly different groups in
the post-hoc Bonferroni-corrected contrasts are indicated with an asterisk (*). Error bars
indicate standard error of the mean.
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Figure 3. Post-hoc contrasts show weaker connectivity in S/S group

Connectivity between the posterior default network hub and the superior medial frontal
cortex is significantly weaker in the S/S group compared to: (A) the La/La group (xyz = 8,
62, 26, t3g = 3.44, p = .012, corrected for multiple comparisons in the right superior medial
frontal cortex/BA 10, k = 159), (B) the heterozygous group (xyz = 6, 62, 24, tzg = 3.75,p =.
011, corrected for multiple comparisons in the right superior medial frontal cortex/BA 10, k
=122), and (C) the La/La group in the left superior medial frontal cortex (xyz = —6, 60, 30,
t3g = 3.78, p = .012, corrected for multiple comparisons within the left superior medial
frontal cortex/BA 10, k = 159). Color bar indicates t values.
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Figure 4. Age-by-genotype interaction predicts connectivity

Connectivity between the posterior hub and the left superior medial frontal cortex

5-HTTLPR
Genotype
Os/s
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OS/Lg

Ola/la
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strengthens with age the most in the La/La group, less so for heterozygous genotypes (S/La,
S/Lg), and the least for the S/S group (xyz = —8, 68, 8, F» 33 =8.71, p =.039, corrected for
multiple comparisons within the left superior medial frontal cortex/BA 10). For the scatter

plot, functional connectivity values from a 4 mm sphere around the peak voxel were

extracted and averaged. The best-fit lines for the three genotype groups were overlaid on the

scatter plot to illustrate the interaction.
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