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Abstract

The amygdala is one of the most widely connected structures in the primate brain and plays a
key role in social and emotional behavior. Here, we present the first genome-wide association
study (GWAS) of whole-brain resting-state amygdala networks to discern whether connectivity
in these networks could serve as an endophenotype for social behavior. Leveraging published
resting-state amygdala networks as a priori endophenotypes in a GWAS meta-analysis of two
adolescent cohorts, we identified a common polymorphism on chr.8p23.2 (rs10105357 A/G,
MAF (G)=0.35) associated with stronger connectivity in the medial amygdala network
(beta=0.20, p=2.97x10'8). This network contains regions that support reward processes and
affiliative behavior. People carrying two copies of the minor allele for rs10105357 participate in
more prosocial behaviors (t=2.644, p=0.008) and have higher CSMD1 expression in the
temporal cortex (t=3.281, p=0.002) than people with one or no copy of the allele. In post-mortem
brains across the lifespan, we found that CSMD1 expression is relatively high in the amygdala
(2.79 fold higher than white matter, p=1.80x10°), particularly so for nuclei in the medial
amygdala, reaching a maximum in later stages of development. Amygdala network
endophenotyping has the potential to accelerate genetic discovery in disorders of social
function, such as autism, in which CSMD1 may serve as a diagnostic and therapeutic target.
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The amygdala is one of the most widely-connected structures in the primate brain. It is a hub for
socioemotional information with connections to a diverse array of cortical and subcortical
structures involved in perceiving social cues, affiliating with friends, and avoiding foes (Bickart,
Dickerson, & Barrett, 2014). Previous work using a novel approach to resting-state fMRI
revealed that the amygdala’s broad array of connections can be parsed into three large-scale
brain networks (Bickart, Hollenbeck, Barrett, & Dickerson, 2012) that support three distinct,
fundamental domains of socioemotional behavior (Bickart, Brickhouse, et al., 2014). Elucidating
the genetic architecture of these networks is a necessary step in translating this research to the
clinical care of patient populations marked by amygdala dysfunction and associated
neurobehavioral disruptions.

The amygdala’s structural and functional properties have become a major focus in
imaging genetics, investigated as endophenotypes to elucidate genetic variance in systems
relevant to the amygdala's role in socioemotional behavior (Buckholtz et al., 2007; Canli &
Lesch, 2007; Meyer-Lindenberg et al., 2006a). Despite this progress, genome-wide studies of
amygdala circuitry have not been performed, and candidate gene-based studies have focused
on specific connections between the amygdala and a limited number of connected regions
(Buckholtz et al., 2008; Kruschwitz et al., 2015), none yet exploring a more comprehensive
model of amygdala circuitry. Here, we performed a genome-wide association study (GWAS) on
the three previously published large-scale resting-state networks of the amygdala (Figure 1) to
discern whether connectivity strength in these networks can serve as endophenotypes for
normal variation in socioemotional behavior. The endophenotype, or intermediate phenotype,
concept posits that biomarkers may be more likely than behavioral phenotypes to reveal novel
genetic variants relevant to psychiatric disorders (Meyer-Lindenberg & Weinberger, 2006). Prior
imaging genetic studies have used this approach to make discoveries in a variety of disorders,
such as autism (Fakhoury, 2018) and schizophrenia (Li et al., 2017).

Our a priori amygdala network endophenotypes (Figure 1) emanate from nuclei within
the medial amygdala (red), dorsal amygdala (blue), and ventrolateral amygdala (yellow), as
defined previously using an anatomically-driven approach to resting-state fMRI (Bickart et al.,
2012). The medial amygdala network contains reward-related regions within the ventromedial
prefrontal cortex, nucleus accumbens, ventromedial hypothalamus, ventral tegmental area and
medial temporal lobe implicated in guiding goal-directed behavior in general and affiliation with
others in the social domain (red in Figure 1). The dorsal amygdala network contains nociceptive
areas within the dorsal anterior cingulate cortex, insula, somatosensory operculum, ventral
basal ganglia, hypothalamus, thalamus, and medial temporal lobe implicated in avoiding
aversive stimuli in general and untrustworthy or threatening people in the social realm (blue in
Figure 1). The ventrolateral amygdala network contains multimodal sensory association,
affective, and memory areas of the temporal and orbitofrontal lobes implicated in the perception
of affective sensory information in general and signals of communication in the social realm,
such as faces, facial expressions, and body gestures (yellow in Figure 1).
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Ventrolateral amygdala and resting-state network
Dorsal amygdala and resting-state network
Medial amygdala and resting-state network

' <
Figure 1 Resting-state seeds and networks of the amygdala. Previously published (Bickart
et al., 2012) one sample group mean significance maps for each amygdala seed color-coded by
seed (a) displayed in standard views (N=89) for each seed separately (b) and all three seeds
together (c) demonstrating unique and overlapping connectivity patterns. The maps are
binarized at p<10™° and overlaid on a T1 MNI152 0.5mm template brain in radiologic convention
to demonstrate the distinct and shared connectivity across maps. Abbreviations: IOFC, lateral
orbitofrontal cortex; vmPFC, ventromedial prefrontal cortex; cACC, caudal anterior cingulate
cortex; Ins, insula; SS, somatosensory operculum; STS, superior temporal sulcus; dTP, dorsal
temporal pole; OFC, orbitofrontal cortex; rACC, rostral anterior cingulate cortex; sgACC,

subgenual anterior cingulate cortex; MTL, medial temporal lobe; FG, fusiform gyrus; vTP,
ventral temporal pole; vISt, ventrolateral striatum; vmSt, ventromedial striatum.

Methods

Participants:

We acquired data for our GWAS and endophenotype analyses from the | IMAGEN (G.
Schumann et al., 2010) and Neurodevelopmental Cohort (PNC) (Satterthwaite et al., 2014)
cohorts. For the GWAS meta-analysis, we specifically selected subjects that identified as
Caucasian, had whole genome data, and had resting-state fMRI data (Table 1). For the
endophenotype analysis, we selected independent samples of subjects within the cohorts that
identified as Caucasian, had whole genome data with genotypes for our SNPs of interest, but
had not been included in the GWAS analysis (Table 1). All other details regarding participant
recruitment, exclusion/inclusion criteria, and consent can be found in the original publications for
IMAGEN (G. Schumann et al., 2010) and PNC (Satterthwaite et al., 2014).
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Table 1. Demographics and genotypes of subjects included in this study

IMAGEN

PNC

Subjects included in the GWAS meta-analysis

Mean age (SD) 14 (0) 14.6 (3.4)
Sample size
(Fempale) 315 (142) 390 (189)
rs10105357
A/A | 140 (60) 148 (69)
A/G | 144 (68) 198 (101)
G/IG | 31 (14) 41 (18)
rs35192025
T/T | 130 (55) 139 (64)
CIT | 144 (75) 181 (95)
c/C | 38 (11) 61 (26)
rs17671156
G/G | 195 (86) 245 (114)
G/T | 108 (53) 130 (66)
TIT|9(2) 12 (9)

Subjects included in the endophenotype analysis

Mean age (SD) 14 (0) 14 (4)
Sample size
(Fempale) 1358 (698) 4427 (2195)
rs10105357
A/A | 561 (284) 1908 (934)
A/G | 650 (337) 1894 (928)
G/G | 143 (76) 466 (242)
rs35192025
T/T | 557 (290) 1539 (768)
C/T | 603 (308) 2014 (1002)
C/C | 186 (93) 683 (331)
rs17671156
G/G | 856 (450) 2728 (1359)
G/T | 436 (215) 1394 (686)
T/T | 43 (22) 171 (74)

Imaging acquisition:

MR images for the IMAGEN cohort were acquired on 3T scanners from a variety of
manufacturers, full details published previously (G. Schumann et al., 2010), with consistent
parameters across sites. Resting-state fMRI parameters consisted of resting with eyes closed
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but not sleeping during a 6.5-minute gradient-echo, echoplanar sequence (GE-EPI: TR 2200ms,
TE 30ms, flip angle 75°, matrix 64x64 voxels, 40 slices, 2.4mm slice thickness, 1mm slice gap,
field of view 218x218mm, 3.4mm isotropic voxel size). Structural MRI parameters consisted of a
T1-weighted sequence based on the well validated ADNI consortium protocols
(http://adni.loni.usc.edu/methods/documents/mri-protocols/).

MR images for the PNC cohort were acquired on a 3T Siemens TIM Trio whole-body
scanner, full details published previously (Satterthwaite et al., 2014). Resting-state fMRI
parameters consisted of resting with eyes open and fixed on crosshair during a 6.2-minute GE-
EPI sequence (TR 3000ms, TE 32ms, T1 1100ms, flip angle 90°, matrix 64x64 voxels, 46
slices, 3mm slice thickness, no slice gap, field of view 192x192mm, 3mm isotropic voxel size).
Structural MRI parameters consisted of a T1-weighted MPRAGE sequence (TR 1810ms, TE
3.5ms, matrix 192x256, 160 slices, 1mm slice thickness).

Imaging processing:

For IMAGEN, we acquired preprocessed resting-state fMRI data from the consortium website,
which already underwent slice-timing correction, motion correction, and spatial normalization to
MNI space using SPM8 (http://www fil.ion.ucl.ac.uk/spm/). For PNC, we acquired raw resting-
state fMRI data and applied motion correction and spatial normalization to MNI space using
ANTSs (http://stnava.github.io/ANTs/). For both datasets, we then regressed out six linear head
motion parameters, white matter and cerebrospinal fluid confounds, five principal components of
high variance voxels derived using CompCor (Behzadi, Restom, Liau, & Liu, 2007), and their
one-time sample shifted variants and subsequently performed bandpass filtering at 0.01-0.1Hz.
We computed connectivity in each of the three prior published amygdala networks
(Bickart et al., 2012) for each subject. To do this, we computed a Pearson correlation between
the BOLD signal time course averaged across all voxels belonging to the amygdala seed
regions and the BOLD signal time course averaged across all voxels belonging to the amygdala
networks (seeds and networks used can be seen in Figure 1). This produced three amygdala
network correlation values per subject. We then standardized these values, setting the mean to
0 and variance to 1, and used them as the a priori endophenotypes in our GWAS meta-analysis.

Genome-wide association meta-analysis:

IMAGEN subjects were genotyped from blood samples on 610-Quad SNP and 660-Quad SNP
arrays from lllumina (lllumina Inc., San Diego, CA). Most PNC subjects were genotyped from
blood samples on the 550HH and 610-Quad SNP arrays from lllumina (lllumina Inc., San Diego,
CA). Analyses were performed using PLINK 1.9 (Chang et al., 2015). GWAS datasets were
available in different human genome builds (hg18 and hg19). Therefore, the hg18 datasets were
lifted to hg19 version before QC processing using LiftOver chain available through the UCSC
Genome Browser (Kent, 2002). Samples showing sex inconsistency and autosome missingness
(> 5%) were excluded from the analysis.

Identity-by-descent (IBD) > 0.0625 cutoff, equivalent to 3™ degree relative, was applied
to exclude related subjects. Population structure outliers were determined by EIGENSOFT v.6.1
(Price et al., 2006) using pruned (r* < 0.1) SNPs from each dataset. Before imputation, samples
were processed using PLINK 1.9 (Chang et al., 2015) to remove SNPs with a MAF < 0.01,
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Hardy-Weinberg Equilibrium (HWE) P < 5 x 10°® and missingness > 0.05. Each GWAS dataset
was independently QCed, phased with SHAPEIT (Delaneau, Marchini, 1000 Genomes Project
Consortium, & 1000 Genomes Project Consortium, 2014) and imputed with IMPUTE2 (Howie,
Donnelly, & Marchini, 2009) considering the 1000 Genomes Project Phase 3 panel (1000
Genomes Project Consortium et al., 2015). After imputation, we excluded SNPs with a r? quality
score < 0.7, MAF < 0.05, and HWE (P < 5 x 10®), yielding 4,825,426 SNPs shared across the two
datasets.

Association testing was carried out using a logistic regression model implemented in
PLINK 1.9 (Chang et al., 2015). The model was adjusted for subject’s age (for PNC only), sex,
fMRI scanning site (for IMAGEN only) and the first three principal components from population
structure analysis. Results from each dataset were fixed-effect meta-analyzed using GWAMA
(Magi & Morris, 2010) and the results were displayed using R libraries.

Expression quantitative trait loci (eQTL) analysis:

We performed eQTL analyses to test whether the top SNPs for each amygdala network affect
gene expression in the brain for the gene in closest proximity. We used RNA-seq data from the
temporal cortex of a subset of cognitively healthy subjects belonging to the Mayo RNA-
Sequencing study (Allen et al., 2016) who had gene expression data and all covariates of
interest (N=62). Covariates included age of death, sex, RNA integrity number, and post-mortem
intervals (PMI). We retrieved data from the AMP-AD portal in the Sage Bionetworks Synapse
project (synapse.org). For each of our top SNPs, we performed a linear regression to test the
additive model as well as one-way ANOVA and post-hoc t-tests using the genetic model most
representative of the distribution of the effect (e.g., recessive, dominant) controlling for
covariates, accepting p < 0.05 as significant.

Endophenotype analysis:

We tested the effect of genotype for our top SNPs on behavioral phenotypes referable to each
amygdala network in an independent subset of our cohorts. To do this, we acquired genotype
and behavioral data for all Caucasian adolescents in PNC and IMAGEN that were not included
in the GWAS (demographics by genotype detailed in Table 1). In each case, we performed a
one-way ANOVA on the summary scores across levels of the variant allele followed by post hoc
t-tests using the genetic model most representative of the distribution of the effect (e.g.,
recessive, dominant), accepting an alpha of 0.05 for significance. For significant findings, we
repeated the t-tests on the unstandardized residual of each dependent variable after regressing
out potential confounders (i.e., PNC: sex, age, and three genetic principal components;
IMAGEN: sex, handedness, Tanner stage of puberty, imaging center, and three genetic
principal components). Of note, tanner puberty stage was not available for the PNC cohort.
Given the function of the medial amygdala network, we hypothesized that carriers of the
rs10105357-G polymorphism would demonstrate phenotypic differences in instruments
assessing aspects of social affiliation. The IMAGEN cohort underwent assessment of such a
phenotype, specifically, the “prosocial behavior” score generated from the Strengths and
Difficulties Questionnaire (SDQ) (Goodman, 1997). It is a clinically validated (Silva, Osério, &

10
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Loureiro, 2015) composite of 5 items including "Considerate of other people's feelings ",
"Shares readily with other children (treats, toys, pencils, etc.)", "Helpful if someone is hurt, upset
or feeling ill", "Kind to younger children”, and "Often volunteers to help others (parents,
teachers, other children)", rated as O=not true, 1=somewhat true, 2=certainly true and summed
for a total possible score of 10. We performed similar analyses of relevant phenotypes, bully
behavior and face perception, for the top suggestive SNPs in the other two networks, as
detailed in Supplementary Methods and Results.

CSMD1 expression in the brain and amygdala across the lifespan

We examined the spatial and temporal pattern of CSMD1 expression in the brain using three
datasets that are publicly available from the Allen Brain Sciences Institute. To assess the spatial
pattern of CSMD1’s expression independent of age, we combined the adult and fetal microarray
datasets from the Allen Brain Atlas (http://human.brain-map.org/) and the BrainSpan Atlas of the
Developing Human Brain (http://www.brainspan.org/), respectively, to maximize the number of
samples and degree of granularity in brain regions sampled. This allowed us to assess a range
of brain regions throughout the cortex and subcortex (Figure 5a-b) and within subnuclei of the
amygdala (Figure 5c-d) that make up the seed regions of our resting-state amygdala networks.
These datasets were also normalized with similar methods and underwent quality control
procedures, as described previously (Hawrylycz et al., 2012; Miller et al., 2014) and in technical
white papers available at http://human.brain-map.org/ under the respective atlas’s
“‘Documentation” tab. We downloaded the normalized z-scores for the adult brains at
http://human.brain-map.org/, which originate from 3 probes, 6 brains spanning 24 to 57 years
old, and 1202 tissue samples from left and right hemispheres making up 169 brain regions
(Table 2). We downloaded the normalized z-scores for the fetal brains at
http://www.brainspan.org/lcm/, which originate from the same 3 probes as the adult dataset, 4
brains spanning 15 to 21 weeks post-conception, and 1203 tissue samples from the left
hemisphere making up 516 tissue regions (Table 2). We then pooled expression data across
probes and tissue samples into common top level structure groups by cortical regions
containing the following word in the structure name, “frontal”, “temporal”, “parietal”, “occipital”,
“insular”, “cingulate”, “somatosensory”, and “cerebell” as well as subcortical regions making up
the amygdala, hippocampal formation, basal forebrain, striatum, hypothalamus, brainstem, and
white matter. As an exploration of anatomical specificity, we compared CSMD1 expression
between the amygdala and white matter and between the amygdala subregions using
independent samples t-tests, accepting p < 0.05 as significant.

To assess the temporal pattern of expression for the whole brain and the whole
amygdala, we used the RNA-sequencing dataset of brains across the lifespan from the
BrainSpan Atlas of the Developing Human Brain http://www.brainspan.org/). This dataset
underwent quality control and normalization procedures as described previously (Sunkin et al.,
2013) and in technical white papers available at http://human.brain-map.org/ under the
respective atlas’s “Documentation” tab. We downloaded CSMD1 expression RPKM data at
http://www.brainspan.org/, which originates from a single probe, 42 brains, and 524 tissue
samples from left and right hemispheres making up 26 brain regions (Table 2). We pooled data
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across brain regions and into developmental groups including early fetal (8 to 13 weeks post-
conception), late fetal (16 to 26 weeks post-conception), childhood (4 months to 8 years old),
adolescence (13-21 years old), and adulthood (23-40 years old). We performed an ANOVA with
post-hoc t-tests to test for differences in expression by developmental stage, accepting p < 0.05
as significant.

Table 2. Metadata for samples used in the spatial and temporal analysis of CSMD1 expression
from the Allen Brain Sciences Institute.

Adult: http://human.brain-map.org/

Subject ID Age Sex Race Probes Tissue samples
A_23 P255203 200
H0351.1009 57Y M W CUST_15760_P1416261804 138
CUST 212_PI1416408490 169
A_23 P255203 200
H0351.1012 31Y M w CUST_15760_P1416261804 138
CUST 212_PI1416408490 169
A_23 P255203 200
H0351.1015 49Y F H CUST_15760_P1416261804 138
CUST 212_PI1416408490 169
A_23 P255203 200
H0351.1016 55Y M w CUST_15760_P1416261804 138
CUST 212_Pl1416408490 169
A_23 P255203 201
H0351.2001 24Y M A CUST_15760_P1416261804 137
CUST 212_PI1416408490 169
A_23 P255203 201
H0351.2002 39Y M A CUST_15760_P1416261804 137
CUST 212_PI1416408490 169
Total expression values 3042

Fetal: http://www.brainspan.org/lcm/search/index.html

Subject ID Age Sex Race Probes Tissue samples
A_23_P255203 327
H376.111A.02 15PCW M w CUST_15760_PI1416261804 327
CUST_212_PI1416408490 327
A 23 P255203 340
H376.111B.02 16 PCW F As CUST_15760_PI1416261804 340
CUST_212_PI1416408490 340
A_23_P255203 226
H376.1V.03 21PCW F As CUST_15760_PI1416261804 226
CUST_212_PI1416408490 226
A 23 P255203 310
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H376.1vV.02 21PCW F A CUST_15760_P1416261804 310
CUST_212_PI1416408490 310
Total expression values 3609
Developmental: http://www.brainspan.org/rnaseqg/search/index.htmil
Subject ID Age Sex Race Probes Tissue samples
H376.11A.50 9 PCW M E ENSG00000183117 14
H376.11A.51 8 PCW M E ENSG00000183117 16
H376.11B.50 12PCW _F As ENSG00000183117 15
H376.11B.51 12PCW F A ENSG00000183117 15
H376.11B.52 12PCW F A/E ENSG00000183117 15
H376.111A.50 13PCW_ M E ENSG00000183117 14
H376.111A.51 13PCW F E ENSG00000183117 16
H376.111A.52 13PCW M E ENSG00000183117 14
H376.111B.50 16 PCW_ M H ENSG00000183117 10
H376.111B.51 16 PCW M E ENSG00000183117 16
H376.111B.52 16 PCW_ M A/E ENSG00000183117 13
H376.11I1B.53 17PCW F E ENSG00000183117 14
H376.1V.50 22PCW_ M E ENSG00000183117 16
H376.1V.51 21PCW F E ENSG00000183117 2
H376.1V.53 19PCW F H ENSG00000183117 11
H376.1V.54 21PCW M A ENSG00000183117 14
H376.1X.50 1Y F A ENSG00000183117 14
H376.1X.51 8Y M A ENSG00000183117 16
H376.1X.52 8Y M A ENSG00000183117 11
H376.V.50 35PCW _F w ENSG00000183117 2
H376.V.51 25PCW__F H ENSG00000183117 1
H376.V.52 26 PCW F A ENSG00000183117 3
H376.V.53 37PCW M E ENSG00000183117 16
H376.VI.50 4 MOS M E ENSG00000183117 9
H376.VI.51 4 MOS M E ENSG00000183117 8
H376.VI.52 4 MOS M A ENSG00000183117 16
H376.VII.51 10MOS M A ENSG00000183117 10
H376.VIIL.50 4Y M A ENSG00000183117 7
H376.VIII.51 1Y F E ENSG00000183117 16
H376.VIII.52 3Y F E ENSG00000183117 11
H376.VIII.53 2Y F E ENSG00000183117 12
H376.VIII.54 3Y M H ENSG00000183117 14
H376.X.50 15Y M A ENSG00000183117 5
H376.X.51 13Y F A ENSG00000183117 16
H376.X.52 19Y F E ENSG00000183117 16
H376.X.53 18Y M E ENSG00000183117 13
H376.X1.50 23Y M A ENSG00000183117 14
H376.X1.52 30Y F E ENSG00000183117 16
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H376.X1.53 36Y M E ENSG00000183117 16
H376.X1.54 37Y M A ENSG00000183117 16
H376.X1.56 40Y F A ENSG00000183117 15
H376.X1.60 21Y F E ENSG00000183117 16
Total expression values 524

E = European, As = Asian, A = African American, H = Hispanic, A/E = African
American/European, Y = years, MOS = months, PCW = post-conception weeks

Results

GWAS meta-analysis

As seen in Figure 2, the GWAS meta-analysis of our a priori amygdala network phenotypes
identified over 200 single nucleotide polymorphisms (SNPs) each with associations to one of the
three amygdala networks at the suggestive threshold (p<1x107°) and one genome-wide
significant association for SNP rs10105357 with the medial amygdala network (beta=0.203,
p=2.97x10’8). The quantile-quantile plots showed no genomic inflation (medial: 1.024; dorsal:
1.011; ventrolateral: 1.009; Supplementary Figure 2a-c). Individual regressions for rs10105357
in IMAGEN and PNC made roughly equal contributions to the meta-analysis (Figure 3a). This
SNP localizes to an intergenic region on chromosome 8p23.2, in close proximity to CSMD1
(CUB And Sushi Multiple Domains 1) and sits atop a peak of other strongly associated SNPs in
high linkage disequilibrium (Figure 3b). We next analyzed the functional significance of
rs10105357, and for exploratory purposes, the top SNPs associated with the dorsal and
ventrolateral amygdala networks (the latter detailed in Supplementary Results and Figures).
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Figure 2 Genetic variants associated with amygdala network phenotypes. Manhattan plots
for the (a) medial, (b) dorsal, and (c) ventrolateral amygdala network phenotypes showing SNPs
plotted according to chromosomal location (x-axis), with -log10 p-values (y-axis) derived from
the GWAS meta-analysis. The lower horizontal line indicates the suggestive threshold
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(p<1x107%) and upper horizontal line the threshold for genome-wide statistical significance
(p<5x1078).
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Figure 3 rs10105357 association with medial amygdala network connectivity and locus-
centered association plot. (a). Boxplots showing the association of resting-state connectivity
strength in the medial amygdala network (y-axis) with rs10105357 for the PNC (dark red) and

IMAGEN (light red) cohorts where total number of people (N) with each genotype are listed on
the x-axis (number of females in parentheses). Results of the regression for the additive model
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in each dataset are overlaid after controlling for potential confounds. (b). Regional association
plot displaying -log10 p-values (y-axis, left) of SNPs as dots against their physical position on
the chromosome (x-axis) as well as gene annotations from the UCSC genome browser (below
x-axis) and spikes representing estimated recombination rates from the 1000Genomes EUR
population (y-axis right) (http://hapmap.ncbi.nim.nih.gov/). The SNP's colors indicate LD
according to a scale from r> = 0 to r? = 1 (inset in right corner) based on pairwise r* values from
1000Genomes EUR population.

Functional validation by expression quantitative trait loci (eQTL) analysis

Furthermore, this SNP acts as a significant eQTL for CSMD1 expression in the temporal cortex
(Figure 4a) in the Mayo RNA-Sequencing healthy control dataset (Allen et al., 2016) for the
additive model (N=62: beta=0.20, p=0.047). Given that the expression pattern suggests a strong
recessive effect (Fig 5a), we used an ANOVA and post-hoc t-tests for all subsequent validation
analyses (N=62: ANOVA F=6.218, p=0.004). People with two copies of the minor allele have
significantly higher CSMD1 expression in temporal cortex than people with one or no copy of
the allele (t=3.281, p=0.002), which remains significant after controlling for age of death, sex,
RNA integrity number, and post-mortem intervals (t=2.200, p=0.032). Of the two top suggestive
SNPs for the other networks, rs17671156-G, which is associated with lower connectivity in the
ventrolateral amygdala network, acts as a significant eQTL for temporal cortex, in this case
decreasing SLCO5A1 expression (detailed in Supplementary Results and Supplementary
Figure 3).

Functional validation by endophenotype analysis

We next interrogated the endophenotype concept by testing the effect of genotype for our top
SNPs on behavioral phenotypes corresponding to each amygdala network in an independent
subset of our cohorts that were not included in the GWAS (sample characteristics stratified by
genotype detailed in Table 1 and Figure 4b). We found a main effect of genotype for
rs10105357 on prosocial behavior (one way ANOVA F=3.50, p=0.030), in which adolescents
with two copies of the minor allele, rs10105357-G, participate in more prosocial behaviors than
adolescents with one or no copy of the allele (t=2.644, p=0.008; Figure 4b), which remains
significant after controlling for potential confounds (i.e., sex, handedness, Tanner stage of
puberty, imaging center, and three genetic principal components; t=2.08, p=0.038).
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Figure 4 rs10105357 is associated with increased CSMD1 expression and prosocial
behavior. (a). Boxplot showing the effect of rs10105357 on CSMD1 expression based on eQTL
analysis of the Mayo RNA-sequencing control dataset (N=62) where total number of people (N)
with each genotype are listed on the x-axis (number of female in parentheses) and CSMD1
expression on the y-axis (normalized FPKM=Fragments Per Kilobase of transcript per Million
mapped reads). Unadjusted p-value from the f-test for the recessive model is overlaid. (b). An
error bar plot showing mean prosocial behavior ratings (y-axis) stratified by genotype (x-axis)
with sample characteristics for each genotype. Dots represent means and error bars represent
standard error. Results of the f-test for the recessive model are overlaid.

CSMD1 expression in the brain and amygdala across the lifespan

We next investigated the localization of CSMD1 expression and its cross-sectional
developmental trajectory using three datasets publicly available from the Allen Brain Sciences
Institute (http://human.brain-map.org/). Across the lifespan, ranging from 8 weeks post-
conception to 57 years old, we found highest CSMD1 expression in the cortex overall, and
particularly in the hippocampus and amygdala (2.79 fold higher than white matter, p=1.80x10"%;
Figure 5a-b). Nuclei within the broader medial and ventrolateral subregions of the amygdala
have significantly higher expression than the dorsal subregion (Figure 5¢c-d). CSMD1 expression
is greatest later in development for the brain as a whole as well as for the amygdala (Figure 5e-
f). The amygdala shows significantly greater expression of CSMD1 in late prenatal period,
childhood, adolescence, and adulthood as compared with the early prenatal period (Figure 5f).
Further details regarding data sources, sample demographics, and statistics for this analysis
can be found in the Methods.
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Figure 5 CSMD1 expression in the brain and amygdala across the lifespan. Boxplots a-d
display normalized z-scores for CSMD1 expression pooled across fetal
(http://www.brainspan.org/lcm/) and adult (http://human.brain-map.org/) microarray datasets for
(a). all brain regions, (b). all brain regions stratified by dataset, (c). amygdala nuclei color coded
by subregions belonging to each amygdala network and (d). the expression pooled across these
nuclei for each amygdala subregion. Boxplots e-f display RPKM CSMD1 expression values from
the developmental RNA-sequencing dataset (http://www.brainspan.org/) stratified by age groups
for the (e). whole brain without the amygdala and (f). the whole amygdala (* on the in the boxes
indicate post-hoc t-tests with p<0.05, least significant difference corrected, comparing early
prenatal group to each subsequent age group). For all boxplots, * above or below the boxes
indicate outliers, N=number of expression values pooled into each box. Abbreviations:
HiF=hippocampal formation, AMY=amygdala, Ins=insula, TL=temporal lobe, FL=frontal lobe,
OL=occipital lobe, CgG=cingulate gyrus, PL=parietal lobe, BF=basal forebrain, Str=striatum,
HY=hypothalamus, BS=brainstem, TH=thalamus, SS=somatosensory cortex, CBL=cerebellum,
WM=white matter, ATZ=amygdalohippocampal transition zone, BM=basomedial nucleus of the
amygdala, CO=cortical nuclei of the amygdala, LA=lateral nucleus of the amygdala,
BL=basolateral nucleus of the amygdala, CE=central nucleus of the amygdala, ME=medial
nucleus of the amygdala, mAmy=medial amygdala subregion, viIAmy=ventrolateral amygdala
subregion, dAmy=dorsal amygdala subregion.

Discussion

Here, we show for the first time that large-scale resting-state networks of the amygdala can
serve as endophenotypes for social behavior. Prior work has explored the amygdala’s
connectional architecture with resting-state fMRI, defining three networks that support distinct
aspects of social behavior, including social perception, affiliation, and aversion (Bickart et al.,
2012). The present study builds on this to investigate the genetic drivers of these amygdala
networks using a GWAS meta-analysis of two independent healthy adolescent samples. We
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discovered a common genome-wide SNP, rs10105357, associated with variations in
connectivity in the amygdala’s medial network. This network emanates from voxels in the
vicinity of its cortical and basomedial subnuclei and includes regions important for reward
processing and goal-based decisions in general (red network in Figure 1), and affiliative
behaviors in the social realm (Bickart, Dickerson, et al., 2014). For example, in humans, regions
within this network respond to positive social feedback (e.g. approval) (Izuma, Saito, & Sadato,
2010) that elicit prosocial sentiments (e.g. compassion or empathy) (Tabibnia, Satpute, &
Lieberman, 2008; Zahn, de Oliveira-Souza, Bramati, Garrido, & Moll, 2009) and in turn motivate
decisions to behave altruistically and cooperate (e.g. donation to charities or repaying trust in
kind) (Moll et al., 2006; Rilling, Sanfey, Aronson, Nystrom, & Cohen, 2004). People with
stronger resting-state connectivity within this network have larger, more complex social
networks (Bickart et al., 2012). Alternatively, people with frontotemporal dementia who have
more atrophy in this network show greater impairments in empathy, warmth, and intimacy, and
sometimes even behave coldly or cruelly (Bickart, Brickhouse, et al., 2014).

We found that rs10105357 lies in close proximity to CSMD1 and has a functional role in
regulating the expression of this gene in the temporal cortex in an independent sample of adults
from the Mayo RNA-Sequencing control dataset (Allen et al., 2016). This is particularly
compelling because CSMD1 is a biologically plausible gene for the regulation of amygdala
circuit development and function. CSMD1 is a large gene that spans more than 2 Mb on the
short arm of chromosome 8. CSMD1 expression occurs predominantly in the brain in rodents
and humans (Escudero-Esparza, Kalchishkova, Kurbasic, Jiang, & Blom, 2013). In rodents,
expression is particularly extensive in the medial temporal lobe and increases through
development reaching a maximum in adulthood (Kraus et al., 2006). Here, we also confirmed
this rough spatial and temporal pattern of expression for the first time in the human brain, and in
the amygdala in particular, using three datasets publicly available from the Allen Brain Sciences
Institute. Leveraging 2929 tissue samples in 52 brains ranging in age from 8 weeks post-
conception to 57 years old, we found that CSMD1 expression is greatest in medial temporal
lobe structures including the amygdala (Figure 5a-b), particularly in nuclei of the medial and
ventrolateral subregions (Figure 5c-d), with greatest expression in later stages of development
(Figure 5e-f). CSMD1 encodes a large, nearly 400kDa, transmembrane protein that colocalizes
with F-actin in the growth cone and filopodia of embryonic neurons (Kraus et al., 2006). The
CSMD1 protein is highly conserved across species and like its closely related family members,
CSMD2 and CSMD3, is composed of alternating CUB and Sushi domains that share strong
homologies with other developmentally-regulated complement-control related proteins (Kraus et
al., 2006). In vitro, recombinant versions of CSMD1 inhibit the classical complement pathway by
blocking conversion and deposition of C3 in rats (Kraus et al., 2006) and promote degradation
of C3 and C4 in humans (Escudero-Esparza et al., 2013).

Based on these features, researchers hypothesize that CSMD1 plays a direct role in
refining the precise wiring of developing brain circuits by regulating axonal growth towards
targets for synaptogenesis (Kraus et al., 2006) as well as in inhibiting aberrant complement-
mediated pruning of synapses (Steen et al., 2013). Consistent with this hypothesis, genetic
variants likely related to dysregulated CSMD1 expression have been linked to neuropsychiatric
conditions such as schizophrenia (Kwon, Wang, & Tsai, 2013), autism (Krumm et al., 2015),
major depression (Sullivan et al., 2008), and bipolar disorder (Xu et al., 2014). Carriers of such
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variants show disruption in normal white matter connectivity globally (Giddaluru et al., 2016) and
resting-state connectivity in the default mode network (Meda et al., 2014) as well as impairment
in several neurocognitive functions (Koiliari et al., 2014). A knockout study shows that
decreased CSMD1 expression results in murine phenotypic homologs of anxiety, agoraphobia,
depression, and learned helplessness (Steen et al., 2013). Our finding that rs10105357-G
relates to both increased amygdala connectivity and CSMD1 expression in temporal cortex
suggests that this variant may confer a beneficial gain of function, presumably to affiliative
behavior, in contrast to the risk variants previously discovered.

Further supporting its beneficial effects, we found that adolescents who carry two minor
alleles for rs10105357, which results in the highest CSMD1 expression levels, participate in
significantly more prosocial behaviors in an independent subset of healthy adolescents from the
IMAGEN cohort. We derived prosocial behavior from the Strengths and Difficulties
Questionnaire (SDQ) (Goodman, 1997), which is an efficient, widely used, and validated screen
for both adolescent strengths (i.e., prosocial behavior) and difficulties (i.e., emotional and
behavioral). The prosocial behavior subscale assesses resources, indexing adaptive
competencies that may promote adjustment and protect against emotional and behavioral
difficulties (Silva et al., 2015). This subscale has discriminant validity in healthy adolescents,
showing highest sensitivity and specificity for identifying prosocial resources at a cutoff score of
8/10 when compared to a more comprehensive evaluation of social skills from the Development
and Well-being Assessment (Silva et al., 2015). It also has clinical utility. For example, lower
prosocial behavior scores can be seen in children with autism, mean of 4.5/10 (Christakou et al.,
2013), and their siblings, mean of 7.0/10 (Hastings, 2003), as compared with control samples,
mean of 8.6/10. In the present study, adolescents carrying two copies of the rs10105357 minor
allele scored a mean of 8.1/10 on the prosocial behavior subscale as compared to 7.7/10 for
their peers carrying one or no minor alleles (p=0.008). Taken together, this finding suggests that
being a rs10105357-G homozygote provides some social advantage, promoting social
competence and/or protecting against problems with the development of such skills.

This work builds on prior imaging genetic studies of the amygdala by performing a whole
genome meta-analysis on a comprehensive model of amygdala circuitry. To date, prior studies
have mostly conducted targeted analyses on specific SNPs or genes with measures of
amygdala size, functional activity during tasks, and in a few cases, connectivity with a limited set
of target regions. These variations have been found to drive differences in amygdala structure
(Good et al., 2003; Meyer-Lindenberg et al., 2006b), reactivity (Furmark et al., 2004; Meyer-
Lindenberg et al., 2006b; Tost et al., 2010), and connectivity (Buckholtz et al., 2008; Kruschwitz
et al., 2015; Mothersill et al., 2014), which have been linked to differences in aspects of
sociality, such as social phobia (Furmark et al., 2004), face processing (Mothersill et al., 2014)
and social temperament (Buckholtz et al., 2008; Meyer-Lindenberg et al., 2006b; Tost et al.,
2010). Fewer studies have conducted GWAS on amygdala imaging phenotypes, including
reactivity to faces displaying anger or fear in a mixed populations of healthy people and patients
with bipolar disorder and schizophrenia that identified a SNP near PHOX2B (Ousdal et al.,
2012) and reactivity to hostile-appearing faces in a combined sample of patients with bipolar
disorder and healthy controls that identified a SNP near DOKS5 (Liu et al., 2010).

Despite the compelling findings of this study, we acknowledge several shortcomings.
First, the samples used for the GWAS were relatively small, containing ~700 adolescents
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overall. They were also homogenous in terms of ethnicity, age, and health (with no prior
systemic, neurologic, or psychiatric diseases). These features limit generalizability and thus
warrant replication in larger samples as well as other ethnic groups, ages, and particularly the
vulnerable populations most at risk for the neuropsychiatric diseases presumed to be affected
by abnormal function of the genes and disruptions of the networks investigated here.

Overall, this study provides strong support for the endophenotype concept (Meyer-
Lindenberg & Weinberger, 2006), suggesting that the amygdala networks may be valuable in
reducing the search space and increasing statistical power for the discovery of genetic
variations that affect social behavior. Indeed, the top SNPs from our GWAS of the dorsal and
ventrolateral amygdala networks also have relevant links to social behavior (described in detail
in Supplementary Results and Discussion and Supplementary Figure 3-5). Perhaps most
compelling though, the top SNP for the ventrolateral amygdala network, rs17671156, drives
decreases in connectivity in that network as well as decreases in SLCO5A 1 expression in
temporal lobe tissue in an independent sample of healthy adult brains, and relates to decreased
performance in social perception tasks in two independent samples of healthy adolescents. In
the clinical realm, amygdala network endophenotyping has the potential to accelerate genetic
discovery in disorders of social function, such as autism. Future work will aim to further
understand the role of CSMD1 as both a diagnostic marker and therapeutic target for such
conditions. CSMD1 is a particularly compelling target because it may be accessible in vivo from
spinal fluid (Luykx et al., 2014) and is a complement control related protein under investigation
as a player in the immune hypothesis of neuropsychiatric disease (Réus et al., 2015).
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