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ABSTRACT

BACKGROUND: Whereas genetic variants influencing total amygdala volume have been identified, the genetic ar-
chitecture of its distinct nuclei has yet to be explored. We aimed to investigate whether increased phenotypic
specificity through nuclei segmentation aids genetic discoverability and elucidates the extent of shared genetic ar-
chitecture and biological pathways with related disorders.

METHODS: T1-weighted brain magnetic resonance imaging scans (N = 36,352, 52% female) from the UK Biobank
were segmented into 9 amygdala nuclei with FreeSurfer (version 6.1). Genome-wide association analyses were
performed on the entire sample, a European-only subset (n = 31,690), and a generalization (transancestry) subset
(n = 4662). We estimated single nucleotide polymorphism-based heritability; derived polygenicity, discoverability,
and power estimates; and investigated genetic correlations and shared loci with psychiatric disorders.

RESULTS: The heritability of the nuclei ranged from 0.17 to 0.33. Across the whole amygdala and the nuclei volumes,
we identified 28 novel genome-wide significant (p,q < 5 X 1079 loci in the European analysis, with significant en
masse replication for the whole amygdala and central nucleus volumes in the generalization analysis, and we
identified 10 additional candidate loci in the combined analysis. The central nucleus had the highest statistical
power for discovery. The significantly associated genes and pathways showed unique and shared effects across
the nuclei, including immune-related pathways. Shared variants were identified between specific nuclei and autism
spectrum disorder, Alzheimer’s disease, Parkinson’s disease, bipolar disorder, and schizophrenia.
CONCLUSIONS: Through investigation of amygdala nuclei volumes, we have identified novel candidate loci in the
neurobiology of amygdala volume. These nuclei volumes have unique associations with biological pathways and

genetic overlap with psychiatric disorders.
https://doi.org/10.1016/j.biopsych.2023.06.022

The amygdala is a subcortical brain region involved in
emotional processing, social cognition, memory, and decision
making (1,2). The twin-based heritability of amygdala volume is
approximately 43% (3), with single nucleotide polymorphism
(SNP)-based heritability ranging from 9% to 17% (4). To date,
only 1 locus on chromosome 12, rs17178006, has been
significantly associated with amygdala volume (4). However,
the genetic architecture of amygdala nuclei volumes has yet to
be explored. Mapping this architecture will contribute to a
deeper understanding of amygdala neurobiology and inform
the future discovery of treatments that target the amygdala.
Both human and animal models have identified 3 broad
subdivisions of the amygdala, the basolateral, centromedial,
and cortical-like complexes, which can be further divided into 9
distinct nuclei (5). These complexes have different functional
connectivity and roles in threat processing (5). The basolateral
amygdala consists of lateral, basal, accessory, and paral-
aminar nuclei. These nuclei evaluate sensory information and
integrate with cortical association areas that regulate cognitive
processing, fear, and other emotional responses (6). The
centromedial amygdala consists of the central and medial

nuclei and is critical for orchestrating fear responses, such as
increased cardiovascular output, via connections with the hy-
pothalamus, basal forebrain, and brainstem (5). The cortical-
like nuclei include the cortical nucleus and corticoamygdaloid
transition area, which have roles in olfactory fear conditioning
(7) and social communication (8), respectively. Nuclei including
the anterior amygdaloid area, about which very little is known,
do not fit into the 3 broad subdivisions of the amygdala. The
distinct nuclei have individual roles that contribute to the
broader functions of each subdivision. The recent develop-
ment of an automated segmentation algorithm to extract the 9
nuclei (9) provided us with the opportunity to investigate each
of the nuclei.

Reduced amygdala volume has been reported in several
disorders, e.g., schizophrenia (10), bipolar disorder (11),
posttraumatic stress disorder (12,13), and Alzheimer’s dis-
ease (14). Case-control comparisons of schizophrenia and
bipolar disorder have demonstrated volume reductions for all
nuclei except the medial and central nuclei (15). Reduced
volumes in patients may be partly genetic in origin, making
investigations into the shared genetic architecture between
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brain volumes and disorders a valuable area of research for
the clinical neurosciences (16-18). Studies investigating the
genetics of subregional volumes of other brain regions, e.g.,
the hippocampus, thalamus, and brainstem, have highlighted
the power of this approach (16-18).

Investigating the genetic architecture of amygdala nuclei is
needed to provide insights into their unique and shared genetic
architecture and underlying biological pathways. An improved
understanding of amygdala neurobiology will help illuminate
the pathophysiology of associated disorders. We segmented
the amygdala into its 9 constituent nuclei with the aim of
studying the genetic underpinnings of amygdala nuclei vol-
umes and their associations with relevant disorders. Our goals
were supported by analyzing SNP-based heritability and ge-
netic correlations and by assessing loci that influence multiple
nuclei.

METHODS AND MATERIALS

Participants

Individual-level genotype and structural brain magnetic reso-
nance imaging data were sourced from the UK Biobank (UKB)
(n =42,067) (19,20) under accession code 27412. Each sample
was collected with participants’ written informed consent for
study procedures approved by local institutional review
boards. Of these participants, 3742 (8.9% of the total) had an
ICD-10 code corresponding to a neurological or mental dis-
order (code F or G). These individuals were excluded from our
analyses (Table T1 in Supplement 2) to maintain a cohort of
healthy individuals. The cohort we analyzed contained 36,352
participants with an age range of 44 to 82 years (mean age =
64.26, SD = 7.5), and 52% of the participants were female. The
primary dataset contained 31,690 participants, and the
generalization dataset contained 4662 participants.

Magnetic Resonance Imaging Data Processing

T1-weighted magnetic resonance imaging volumes were pro-
cessed using the FreeSurfer recon-all stream (version 5.3;
http://surfer.nmr.mgh.harvard.edu). ~The amygdala was
segmented into 9 nuclei (anterior amygdaloid area; cortico-
amygdaloid transition area; and basal, lateral, accessory basal,
central, cortical, medial, and paralaminar nuclei) (Figure 1)
using FreeSurfer (version 6.1) (9). We used this automated
segmentation because the current gold standard for manual
segmentation is impractical for use with such large datasets.
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Given that the spatial reliability of the segmentation varies
according to the size of each nucleus (21), we performed
binomial tests to investigate the correlations between our re-
sults for nucleus volume, heritability, and the number of sig-
nificant loci (see Supplementary note 1 in Supplement 1).
Furthermore, individual nuclei volumes +4 SDs from the mean
of the Euler number, the mean on any amygdala measure, or
the intracranial volume were excluded from further analyses
(22) (Table T1 in Supplement 2). The nuclei volumes were
found to be normally distributed (Figure S1 in Supplement 1;
Table T2 in Supplement 2).

Genotyping and Quality Control

Phased and imputed genome-wide genetic data were ob-
tained from the UKB (version 3) (20). Participants in the primary
analysis were restricted to individuals of European ancestry as
determined through self-report and validated with principal
component analysis by the UKB (23). Individuals of non-
European ancestry were grouped together in the generaliza-
tion analysis including self-reported European participants
who did not meet principal component analysis requirements
and participants of African, South Asian, East Asian, mixed,
and other ancestries (Table T5 in Supplement 2). The primary
and generalization analyses were also grouped together in a
combined analysis. Postimputation quality checks, performed
using PLINK (version 1.9) (24), included the removal of poorly
imputed SNPs (estimated R2 < 0.5), SNPs with low minor allele
frequency (<0.1%), and SNPs that were not in Hardy-
Weinberg equilibium (o < 1 X 107% (Table T1 in
Supplement 2).

Statistical Analyses

Because volumetric and genetic correlations between right
and left brain hemispheres were relatively high for most
structures (Table T3 in Supplement 2), we summed the
estimates of both hemispheres to reduce the number of
analyses and the burden of multiple testing correction.
Generalized additive model fitting in R (version 3.5) was
used on the total sample to regress out the effects of the
covariates from each outcome measure. The covariates
were scanner, sex, age, agez, the first 10 principal com-
ponents to account for population stratification and geno-
typing artifacts, intracranial volume, and whole amygdala
volume. Whole amygdala volume was included as a co-
variate to isolate the contribution from the unique genetic

anterior

Figure 1. Segmentation of the amygdala nuclei. (A) Using FreeSurfer (version 6.1), the amygdala was segmented into 9 nuclei: anterior amygdaloid area =
yellow, cortico-amygdaloid transition area = dark blue, basal = red, lateral = light blue, accessory basal = orange, central = purple, medial = green. The cortical
and paralaminar nuclei are not shown here. (B) Structural T1 scan provided for reference. Images provided by Morey et al. (12).
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architecture of each nucleus. The results without this
correction for the whole amygdala volume are shown in
Figure S2 in Supplement 1 and Table T4 in Supplement 2.
For the generalization and combined analyses, self-reported
ancestry was also included as a covariate. Bonferroni cor-
rections were used to account for multiple testing, and the
standard genome-wide association study (GWAS) signifi-
cance threshold for a single trait was further adjusted for 10
amygdala regions considering 9 nuclei volumes and whole
amygdala volume (x = 5 X 1079). Lastly, given the small
sample size of the replication analyses, we performed an
exact binomial test to investigate whether significant find-
ings would be replicated en masse between the primary
and generalization analyses (Supplementary note 2 in
Supplement 1).

Genome-wide Association Analyses

After quality control, 31,690 participants and 12,245,112 SNPs
remained in the primary (European-only) dataset; 4662 partici-
pants and 9,915,367 SNPs remained in the generalization
(transancestry) analysis; and 36,352 participants and 9,915,367
SNPs remained in the combined analysis (Table T1 in
Supplement 2 and see Supplementary note 3 in Supplement 1
for an extended discussion of the inclusion of diverse ances-
tries). Seventy-seven percent of the generalization dataset
consisted of self-reported European participants, who were
significantly different from most of the self-reported Europeans
based on principal component analysis, and 23% of partici-
pants who self-reported as either South Asian, East Asian, Af-
rican, mixed, or other ancestries (Table T5 in Supplement 2).
GWASSs were performed as mega-analyses, with the general-
ized additive model-residualized amygdala and nuclei volume
estimates, using PLINK (version 1.9). Loci were defined with /2
> 0.1 and a genomic window of 250 kb, which were deemed
significant after correction for multiple testing (p < 5 x 1079).

Functional Annotation

The Functional Mapping and Annotation of Genome-Wide As-
sociation Studies (FUMA) platform was used to annotate the
GWAS results with default settings (25). FUMA maps the top
SNP associations to genes based on position. Subsequently,
through hypergeometric testing, these genes were investigated
for enrichment of biological processes, tissue, cell types, and
previous association with traits in the GWAS catalog.

SNP-Based Heritability

Genome-wide complex trait analysis (GCTA) (26) was used to
calculate the SNP-based heritability in the European analysis
for each generalized additive model-residualized nuclei vol-
ume estimate and additional subcortical regions of interest.
Other subcortical regions were included as validation to be
compared with previous findings. GCTA uses a restricted
maximum likelihood approach using individual-level data. Re-
gions with high linkage disequilibrium were pruned before
analysis, using a sliding window approach with a window size
of 50, a step size of 5, and an r* of 0.2. An adjustment for
cryptic relatedness was also applied with a threshold of 0.05
(27), excluding 1081 participants from the European analysis.
We performed a simple linear regression to test whether
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heritability estimates and nucleus volumes were correlated.
Furthermore, to validate the estimates from GCTA, SNP-based
heritability was calculated using linkage disequilibrium score
regression (LDSC) (28).

Genetic Correlation and Overlap Between the
Nuclei, Other Subcortical Brain Regions, and
Psychiatric Traits

The summary statistics from the European analyses were used
to determine the genetic correlation between the amygdala
nuclei and select subcortical volumes using cross-trait LDSC
within the UKB (29). Bivariate MiXeR (version 1.3) was then
used to quantify the polygenic overlap between the nuclei (30).
Cross-trait LDSC was also used to determine the genetic
correlation between the primary analysis of whole amygdala
volume and the previous GWAS of whole amygdala volume by
Satizabal et al. (4). We used conjunctional false discovery rate
analysis (31) to identify overlapping genetic loci and cross-trait
LDSC to estimate genetic correlations between the nuclei and
various psychiatric traits. To maintain independence between
the datasets, summary statistics from European analyses that
did not include data from the UKB were obtained for alcohol
dependence (32), Alzheimer’s disease (excluding the APOE
locus) (33), autism spectrum disorder (ASD) (34), anxiety (35),
bipolar disorder (36), Parkinson’s disease (37), and schizo-
phrenia (38). These traits were selected based on their asso-
ciations with genes mapped to the nuclei volumes in the FUMA
GWAS catalog and have previously been associated with
altered amygdala volumes (39). Lastly, we performed a sensi-
tivity analysis using cross-trait LDSC to determine the genetic
correlation between our primary European analyses and an
independent analysis that excluded individuals with self-
reported neurological or psychiatric conditions (based on
field code 2002, n = 4242).

Estimating Polygenicity, Discoverability, Power,
and Residual Inflation

We used univariate MiXeR (version 1.3) (30,40) to estimate the
proportion of causally associated SNPs (polygenicity), the ef-
fect size variance (discoverability), the power to detect causal
variants, and elevation of z scores due to residual inflation. This
model utilizes GWAS summary statistics and the detailed
linkage disequilibrium structure of a reference panel and as-
sumes a Gaussian distribution of effect sizes at a fraction of
SNPs randomly distributed across the autosomal genome.
Based on how closely the data follow the predicted model in
the quantile-quantile plots (Figure S3 in Supplement 1) and the
positive Akaike information criterion values (Table T6 in
Supplement 2), the additional complexity of the MiXeR model
more accurately captures the underlying genetic architecture
as compared with LDSC (30,40). All z score estimates were
close to 1, indicating minimal global inflation.

RESULTS

SNP-Based Heritability

Heritability estimates for the European dataset, determined
using GCTA, were all statistically significant (p < 1 x 1079
(Figure 2A; Table T7 in Supplement 2). The heritability estimate
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Figure 2. Correlation matrix of the volume
estimates for the nuclei as well as several other
subcortical regions of interest. (A) All correlations
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the upper triangle (blue-red). This heatmap was
generated using corrplot (2) in R (version 3.6). (B)
The order, indicated by the dendrogram on the
left, was determined by hierarchical clustering
using Ward’s D2 method. AAA, anterior amyg-
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for whole amygdala volume was 0.37. The heritability esti-
mates for the nuclei volumes ranged from 0.17 for the corti-
coamygdaloid transition area to 0.33 for the accessory basal
nucleus. The heritability estimates determined with LDSC
(Table T7 in Supplement 2) were approximately 37% lower
than those estimated with GCTA, which is consistent with
previous reports (41) (Supplementary note 4 in Supplement 1).

GWAS of the Amygdala Nuclei Volumes

The European analysis of whole amygdala volume identified
8 independent genome-wide significant loci (Table 1;
Figure S4 in Supplement 1; Table T8 in Supplement 2), of
which 7 loci were novel. The genetic correlation with the
GWAS of amygdala volume conducted by Satizabal et al.
(4) was very high and significant (r; = 1.01, SE = 0.09, p =
2.59 X 107?%"), suggesting shared genetic signals across
the datasets. The GWAS for the nuclei volumes identified
an additional 21 novel significant loci. Most of the signifi-
cantly associated loci were unique to specific nuclei
(Figure S5 in Supplement 1) and were predominantly
intergenic or intronic.

The generalization analysis identified a genome-wide
significant locus for central nucleus volume (rs13135092 on
chromosome 4), replicating that which was identified in the
European analysis (Figure S6 in Supplement 1; Table T8 in
Supplement 2). For most nuclei, all independent significant
SNPs from the European analysis that were available in the
generalization analysis had the same direction of effect. The
binomial test indicated that this was significantly different
from chance for the central nucleus (p = .03) and whole
amygdala volume (p = .01) (Supplementary note 2 in
Supplement 1).

The combined GWAS of whole amygdala volume identified
10 significant loci (Figure S7 in Supplement 1; Table T8 in
Supplement 2). Of these, 7 loci were shared with the European
analysis. An additional 29 significant loci, 25 of which were
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also observed in the European analysis, were identified across
the 9 nuclei volumes. A consistent direction of allelic effect was
observed across the significant loci shared with the European
analysis results.

Functional Annotation

In the European analysis, across the whole amygdala and the
9 nuclei, 1436 genes were mapped to significant loci, 588 of
which were protein coding (Table T9 in Supplement 2). Hy-
pergeometric tests, performed as part of the gene2func in
FUMA, identified biological processes associated with the
genes mapped to the whole amygdala, basal, central, and
medial nucleus volumes (Table T10 in Supplement 2).
Immune-related pathways were associated across basal and
central nucleus volumes (e.g., defense response to Gram
positive bacteria) (0.q; = 1.38 X 107%). DNA modification
pathways, circadian rhythms, and lipoprotein clearance were
associated with the genes mapped to the central and basal
nucleus (e.g., nucleosome organization) (Daq; = 2.22 X 10™%3),
medial nucleus (e.g., regulation of hormone secretion) (0aqj =
8.27 x 107°), and whole amygdala volumes (e.g., very-low-
density lipoprotein particle clearance) (paq; = 1.24 X 1079),
respectively.

Furthermore, to determine whether any of the GWAS hits
had previously been associated with other disorders or traits,
the mapped genes were also compared against the GWAS
catalog in FUMA (Table T11 in Supplement 2). Most of the
genes/loci across the nuclei had previously been associated
with psychiatric and behavioral traits, e.g., ASD and basal
nucleus volume (paq; = 6.88 X 10~ '%2) and cardiovascular traits
such as blood pressure with central nucleus volume (paq =
2.68 x 1079). In addition, the identified genes had previously
been associated with the hippocampus and its subfield vol-
umes, e.g., paralaminar nucleus volume (hippocampal subfield
CA1 volume, pag = 5.17 X 1079).
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Table 1. Genome-wide Significant Loci for the Whole Amygdala and Nuclei Volumes From the European Analysis

Number of
Unique Significant
Region of Interest Locus Lead SNP A1l MAF Chr Start (BP) End (BP) B p Value SNPs Nearest Gene(s)
Whole Amygdala (282 1 rs33931638 A 0.08 1 46317219 46587530  —27.59  1.44 x 107° 6 MAST?2, PIK3R3
Significant SNPs, 2 rs58531798 G 0.40 3 190591418 190678743 17.86 854 x 107 ™8 162 GMNC
287 Genes) 3 rs13131500 G 0.10 103188709 103387094 2784 414 x 10710 14 SLC39A8, RP11-499E18.1,
AF213884.1
4 rsd947122 T 0.24 6 111870090 111870090  —17.92 36 x 10°° 1 TRAF3IP2
5 rs1419859 T 0.38 12 4004752 4013260  —-2559 1.7 x 1072 11 RP11-664D1.1
6 rs17178006 G 0.08 12 65463647 65874956  —31.62  2.05 x 107" 45 MSRB3, KRT18P60, WIF1,
RP11-30506.3, RP11-
230G5.2
7 rs11068224 A 0.09 12 117309440 117506632 3453 878 x10°'® 38 HRK, FBXWS, TESC, RP11-
240G22.1
8 rs10414043 A 0.12 19 45410002 45421254  —-2315 22 x10°'° 5 APOE, APOC1
Anterior Amygdaloid 3 rs13107325 T 0.08 4 102707791 103388441 -177 548 x 1074 108 BANK1, RP11-498M5.2,
Area (233 Significant SLC39A8, RP11-499E18.1,
SNPs, 189 Genes) AF213884.1
9 rs12667816 c 0.16 7 83644954 83705871 -058 554 x 10710 22 SEMA3A
10 rs17734690 c 0.49 8 9042454 10286532 044 623 x 107" 65 TNKS, snoU13, MSRA, RP11-
10A14.6
11 rs28629854 G 0.32 9 98259703 98299677 -044 111 x107° 8 PTCH1
Accessory Basal 12 rs6658111 G 0.36 1 47940080 47984381 144 994 x 1071 12 RP4-666022.3, RPL21P24,
Nucleus (44 AL356458.1
Significant SNPs, 71 13 rs116472807 T 0.05 1 183030814 183030814 230  3.41x107° 1 LAMC1
Mapped Genes) 3 rs13107325 T 0.08 4 102865304 103387161 354  7.58 x 1072° 31 SLC39A8, BANK1, RP11-
498M5.2, AF213884.1
Basal Nucleus (186 12 rs12118339 c 0.36 1 47984143 47984143 -146 317 x 107° 1 AL356458.1
Significant SNPs, 14 rs11903299 G 0.34 2 105405557 105473698 -1.77 1.22 X 10712 43 POUS3F3, RP11-13J10.1,
280 Mapped Genes) HMGB3P11, LINC01158
15 rs79072812 c 0.23 3 69303968 69338070 -177  412x 101 11 FRMD4B
16 rs58825580 G 0.12 6 26354780 26365759 203  252x107° 4 RNU6-1259P, BTN3A2,
AL021917.1
17 rs13197176 T 0.07 6 27698837 28368508 222  2.04 %X 107° 66 RP1-97D16.1, RSL24D1P1,
HIST1HA4L, HIST1H3J,
RNU7-26P, OR2B2,
OR2W6P, RPLP2P1,
OR2W4P, IQCB2P, U3,
OR2W2P, OR2B7P,
OR1F12, ZSCAN12P1, RP1-
265C24.5, ZSCAN16-AS1,
ZKSCANS, ZNF192P1,
ZNF192P2, PGBD1, RP5-
874C20.6, ZSCAN31
18 rs12377595 G 0.26 9 126326884 126684733 208  1.16x 107" 61 DENND1A, RP11-417B4.2
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Table 1. Continued

Number of
Unique Significant
Region of Interest Locus Lead SNP Al MAF Chr Start (BP) End (BP) B p Value SNPs Nearest Gene(s)
Corticoamygdaloid 12 rs61784835 T 0.36 1 47940080 47984143 110 4.47 x 10°%® 12 RP4-666022.3, RPL21P24,
Transition Area (13 AL356458.1
Significant SNPs, 32 19 rs12146713 c 0.09 12 106476805 106476805 —151 408 x 107" 1 NUAK1
Mapped Genes)
Central Nucleus (378 20 rs6667291 A 0.47 1 180943529 181017348 ~0.55  2.64 x 10712 42 RP11-46A10.5, AL162431.1,
Significant SNPs, STX6, MR1
198 Genes) 21 rs34722008 A 0.29 4 38602202 38691024 -056  4.02 x 10712 19 RP11-617D20.1, AC021860.1,
KLF3
3 rs13107325 T 0.08 4 102638020 103388441 293  1.26 x 1078 131 BANK1, SLC39A8, RP11-
498M5.2, RP11-499E18.1,
AF213884.1
22 rs149359690 T 0.07 6 25526319 25582712 -077 194 x107° 3 LRRC16A
23 rs6558056 G 0.49 8 22226081 22204836 -056  4.94 x 1078 63 SLC39A14, RNU6-336P
24 rs7154495 c 0.42 14 100223304 100269887 052  535x 107" 16 EML1
Cortical Nucleus (34 12 rs6658111 G 0.36 1 47974123 47984143 033  805x 1077 4 AL356458.1
Significant SNPs, 69 25 rs2372785 c 0.43 2 37075013 37152899 -0.24 7.31 x 1071° 10 STRN
Mapped Genes) 3 rs13107325 T 0.08 4 102865304 103376409 064 172 x 10718 20 BANKT, SLC39A8, RP11-
498M5.2, RP11-499F18.1
Lateral Nucleus (126 12 rs12118339 c 0.36 1 47945825 47984143 247 919 x 1072 10 RP4-666022.3, RPL21P24,
Significant SNPs, AL356458.1
128 Genes) 13 rs116472807 T 0.05 1 183030814 183030814 -4.63 5.35 x 107° 1 LAMC1
3 rs13107325 T 0.08 4 102926923 103292422 -597  4.49 x 1078 14 BANK1, SLC39A8, RP11-
498M5.2
18 rs12377595 G 0.27 9 126329270 126,654,811 —279 131 x10°" 33 DENND1A
26 rs748609 c 0.37 19 18533642 18631332 224  882x 1071 68 ELL, SSBP4, ISYNA1, CTD-
3137H5.1
Medial Nucleus (183 27 rs11133400 G 0.34 4 56291479 56455791 040 424 x 107" 146 TMEM165, CLOCK, PDCL2,
Significant SNPs, 78 NMU, RP11-52814.2
Mapped Genes) 3 rs13107325 T 0.08 4 102707791 103387161 118 242 x 10728 37 BANK1, SLC39A8, RP11-
498M5.2, RP11-499E18.1
AF213884.1
Paralaminar Nucleus 28 9:139980417. T.C T 0.33 9 139957982 140003844 -032  1.06x10°™® 22 MAN1B1, UAP1L1, SAPCD2,
(39 Significant SNPs, AL807752.1, DPP7, ENTPD2
105 Mapped Genes) 7 rs7137149 c 0.11 12 117319202 117332156 0.42 418 x 107" 10 HRK
29 rs6120844 T 0.11 20 33717245 33720240 -040  1.08 x 107° 7 EDEM2

A1, effect allele; BP, base pair; Chr, chromosome; MAF, minor allele frequency; SNP, single nucleotide polymorphism.
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Genetic Overlap and Correlations Between Nuclei,
Other Subcortical Regions, and Psychiatric
Disorders

The volumetric correlations broadly mirrored the genetic cor-
relations, determined with LDSC, between each nucleus’ vol-
ume and additional subcortical regions (Figure 2A). The genetic
correlations further revealed two primary clusters using Ward’s
D2 minimum variance hierarchical clustering method (42)
(Figure 2B). The first cluster consisted of the whole amygdala,
the amygdala nuclei, and hippocampus volumes. The second
cluster included the basal ganglia and the thalamus.
Furthermore, the extent of shared polygenicity, determined
with bivariate MiXeR, indicated both shared and unique effects
between the nuclei (Figure 3; Figure S8 in Supplement 1;
Table T12 in Supplement 2). Across the nuclei, central nucleus
volume had the lowest Dice coefficients, indicating a large
degree of unique genetic effects. The cortical nucleus had the
highest Dice coefficients, suggesting that it shared the largest
proportion of associated variants with other nuclei.
Conjunctional false discovery rate analysis revealed signif-
icant overlap between ASD and anterior amygdaloid transition
area volume; Alzheimer’s disease and whole amygdala,
accessory basal, and basal and lateral nuclei volumes; bipolar
disorder and basal and lateral nuclei volumes; Parkinson’s
disease and anterior amygdaloid transition area, cortico-

amygdaloid transition area, and cortical, medial and
E O xr o - E O
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75.82
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51.36
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35.05
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Figure 3. Heatmap of the estimated proportion of shared variants be-
tween amygdala nuclei volumes. The heatmap illustrates the Dice co-
efficients between the amygdala nuclei volumes as determined by bivariate
MiXeR, which indicate what proportion of the nuclei on the x-axis is shared
with the nuclei on the y-axis. The order in which the nuclei appear on the
heatmap was determined by hierarchical clustering using Ward’s D2
method. This heatmap was generated using corrplot (2) in R (version 3.6).
AAA, anterior amygdaloid area; ACC, accessory basal nucleus; BAS, basal
nucleus; CAT, corticoamygdaloid transition area; CEN, central nucleus;
COR, cortical nucleus; LAT, lateral nucleus; MED, medial nucleus; PAR,
paralaminar nucleus; TOT, whole amygdala.
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paralaminar nuclei volumes; and schizophrenia and all nuclei
volumes except for the paralaminar nucleus volume (Table 2;
Figure S9 in Supplement 1). A mixed pattern of allelic effect
directions was observed across these overlapping loci, i.e.,
was associated with larger and smaller nuclei volumes. LDSC
revealed a significant genetic correlation between Alzheimer’s
disease and whole amygdala volume, ASD and lateral and
accessory basal nucleus volumes, and schizophrenia and
anterior amygdaloid transition area volume (Table T13 in
Supplement 2).

Lastly, the genetic correlation between the primary Euro-
pean analyses and an independent analysis with the 4242 in-
dividuals with a self-reported neurological or psychiatric
diagnosis excluded was high (g > .99) (Table T14 in
Supplement 2). This suggests that the exclusion of these in-
dividuals did not influence the genetic signal across either the
whole amygdala or any of the nuclei, and so they were retained
in our analyses.

Polygenicity, Discoverability, Power, and Residual
Inflation

The polygenicity and discoverability estimates were mainly on
the same order of magnitude across the nuclei, except for the
paralaminar nucleus. The paralaminar nucleus volume had the
lowest polygenicity and the central nucleus volume had the
highest polygenicity overall (Table T6 in Supplement 2). An
inverse relationship was observed for discoverability.

The current analyses accounted for <1% of the estimated
variance for all the nuclei except for the whole amygdala (1.4%
and 1.8%) and central nucleus (16.1% and 26%) volumes in
the European and combined-ancestry participants, respec-
tively (Figure 4). Only the central nucleus volume captured
more genetic variance than the whole amygdala volume. Gains
in power were observed for the whole amygdala volume and
the accessory basal, basal, central, cortical, medial, and lateral
nuclei in the combined ancestry compared with the European
analysis. Using current methods, the power curve further
suggested that an effective population size of 10 million
samples would be required to capture the full genetic variance
of each nucleus.

DISCUSSION

We identified 29 genome-wide significant loci associated
across the whole amygdala and amygdala nucleus volumes in
~32,000 individuals of European ancestry and an additional
10 loci when including ~5000 individuals of various other
ancestries. As evidenced by the genome-wide significant loci,
genetic correlation, and overlap, much of the genetic archi-
tecture is shared across the nuclei, as reflected by the high
level of collinearity across their volumes. Furthermore, we
showed that altered amygdala nuclei volumes shared genetic
overlap with specific brain disorders. Lastly, we showed that
the segmentation algorithm did influence our findings, which
need to be interpreted accordingly.

The genetic correlation between our GWAS of whole
amygdala volume and that of Satizabal et al. (4) was high and
significant. We also replicated the previously reported
genome-wide significant locus associated with amygdala
volume (rs17178006 on chromosome 12) (4). This locus spans
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Table 2. Variants With Significant Shared Effects Across the Amygdala Nuclei Volumes and Select Psychiatric Traits
conjFDR for

Trait Mapped p Value p Value FDR Trait 1 minimum Z Score Z Score
Trait 1 2 Locus SNP Chr BP Al A2 Gene(s) Trait 1 Trait 2 Trait 1 and Trait 2 conjFDR Trait 1 Trait 2
Alzheimer’s ACC 1 rs748609 19 18560282 C T  ELL, 435x10°° 178x10°° 961 x102 974x10° 974x10° 4.09 —4.29
Disease AC010335.2,
AC010335.3
BAS 1 rs10408290 19 18542701 T C  SSB4 253 x10°° 578x 107 6.64x102 621x10° 621 x10°° 4.21 -5.00
LAT 1 476 x 10°° 6.54 x 10°% 654 x10°° 5.86
TOT 1 rs269776 5 139475287 A G MALINC1 408 x107®% 117 x107° 185x 1072 454 x10°% 454 x10°% -461 —4.38
Autism AAA 1 rs4840484 8 10297049 C T  AC104964.2 629 X 10°® 132x10® 328x10" 1.38x10°% 138x10°° 452 —4.84
Spectrum
Disorder
Bipolar BAS 1 rs72906804 1 51450144 G A - 965 %x 10 115x10°° 212x102 548x10% 548x10°° 4.42 —4.39
Disorder LAT 1 rs57331401 1 51451372 A G - 736 x10°° 614x10°% 183x102 291 x10°% 291 x10°% -448 452
Parkinson’s AAA 1 rs2979160 8 8307666 G A - 764 X107 483x10°®% 130x1072 166x10°° 1.66x 107° —4.48 —5.46
Disease CAT 1 rs62062797 17 44027366 G T  MAPT 261 X 1072% 118 x 107° 264 x 1077 4.03x10°% 4.03x10°° 1017 —-4.38
CEN 1 rs1293290 8 11709957 C T CTSB 172 x10°°% 198 x10°° 315x10° 813x10°% 8.13x10°° 4.78 427
COR 1 rs12413409 10 104719096 A G CNNM2 118 X107 413 x107® 244 x10°% 137 x10° 137 x10°% -4.86 4.60
2 rs79780963 10 104952499 T C  NT5C2 2.02x10°° 227 x10°° 3.05x102 6.60x10°% 660x10°° 4.26 —4.24
MED 1 rs12413409 10 104719096 A G CNNM2 118X 107 275x10® 268x10°° 805x10°* 805x10% —4.86 4.69
1 rs79780963 10 104952499 T C  NT5C2 2.02x10°° 647 x10°% 323x102 458x10° 458x10°° 4.26 —4.51
PAR 1 rs199500 17 44863413 T C  WNT3 262 %1072 585x10° 265x107 224x10° 224x10° -9.23 453
Schizophrenia  AAA 1 rs35225200 4 103146888 C A - 357 x 107" 699 x 1072® 952 x 1077 3.36x 1078 336x10°° 6.62 —10.95
2 rs1994224 8 9966586 G A  MSRA 915 x107® 198 x107° 555x10°% 6.33x10° 633x10°° 4.44 —4.27
2 rs11249996 8 10245463 C A  MSRA 255%x 107 925x 107" 226 x10° 681 x10* 681 x10°* 4.70 -6.12
3 rs9910849 17 2175768 T C  SMG6 204x107° 271x10°° 952x10° 849x10° 849x 103 4.26 4.20 g)
ACC 1 rs7515178 1 205084120 A G RBBP5 214x10°° 238x10° 986x10°% 831x10° 831x10° 4.25 423 §
2 rs35225200 4 103146888 C A - 357 x 107" 1.03x 10777 9.15x 1077 4.86x 1078 486 x 1078 6.62 8.57 o
3 rs629444 6 25885814 T C  AL138726.1 8.43 x 107" 6.48 X 10°® 9.15sd”’ 243 x10°°% 243 x 1073 6.83 451 ?):
4 rs57070985 19 4969053 G A KDM4B 211 x10°° 7.06x10°% 976 x10% 499 x 10°° 499 x 1072 4.25 —4.49 >
—
BAS 1 rs13135092 4 103198082 G A  SLC39A8 112 x107"° 132x10® 114x10°® 835x10® 8.35x10°° 6.45 5.68 o
2 rs9295675 6 25918473 T A  SLC17A2 117 x 1072 351 x 108 1.03x10°% 227 x10° 227 x10°° 7.11 5.51 g
3 rs4144686 18 53251725 A G TCF4 414x1078% 126 x10°® 117 x10* 885x10* 885x 104 5.48 —4.85 g
CAT 1 rs11709284 3 52559705 G A  STABI, 179107 922 x10® 869x10° 634x10°° 6.34x10°° 4.29 —4.43 =+
NT5DC2 5
CEN 1 rs35225200 4 103146888 C A - 357 x 107" 358 X 107%° 948 x 1077 429 x 1078 429 x 1078 6.62 16.22 S
2 rs4702 15 91426560 G A  FES, 854 x 107" 318 x10°° 948 x 107 934 x10% 934x10°° 6.49 -4.16 %
FURIN o
zZ
c
Q
@,
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Table 2. Continued

conjFDR for
Trait Mapped p Value p Value FDR Trait 1 minimum  Z Score Z Score
Trait 1 2 Locus SNP Chr BP Al A2 Gene(s) Trait 1 Trait 2 Trait 1 and Trait 2 conjFDR Trait 1 Trait 2
COR 1 rs1366837 2 198160501 C T  ANKRD44, 716 X 1077 437 x 1077 882x107% 177 x10°% 1.77 x 10* 4.96 5.05
ANKRD44-IT1
2 rs35225200 4 103146888 C A - 357 x 107" 388 x107" 934 x1077 490 x 107® 4.90 x 1078 6.62 7.26
rs2980763 8 8311477 G T - 348 x10°° 126 x10°° 140x102 480x10° 4.80x 1072 414 —4.37
4 rs150786824 10 104612941 A G  AL358790.1, 455 x 107" 187 x10°® 934x107 676 x10* 676 x 1074 6.58 4.77
BORCS?7,
BORCS7-
ASMT
4 rs79780963 10 104952499 T C  NT5C2 319 x 107" 209 x107° 934x 1077 596x10° 596 x10°°% -7.59 —4.25
LAT 1 rs7515178 1 205084120 A G RBBP5 214x10°°% 170x10°° 991x10°% 737x10°% 737x10°° 4.25 —4.30
2 r$35225200 4 103146888 G A - 357 x 107" 255 %x 107" 1.06 X 10°® 548 x 1078 548 x 1078 6.62 —-6.67
3 rs629444 6 25885814 T C  AL138726.1 843 x 1072 643 x 1077 1.06x10°° 3.01x10% 3.01 x10°* 6.83 —4.98
MED 1 r$35225200 4 103146888 C A - 357 x 107" 282x107"® 948 x 1077 416 x 1078 4.16 x 1078 6.62 8.72
2 rs999867 10 104504564 T C  SFXN2, 242 x 1077 252 x107° 4.06 X 107* 794 x107® 7.94 x 107° 5.16 4.21
WBP1L
2 rs284855 10 104574422 A G WBPIL 479x10°% 181 x10° 129x10* 631x10* 631 x10°4 5.46 4.77
2 rs79780963 10 104952499 T C  NT5C2 319 x 107" 618 x10°® 948 x 1077 207 x10% 207 x10°% -759 —4.52
TOT 1 rs1896293 2 60718848 T G BCL11A 310X 107° 152x107° 129x 102 747 x10° 7.47x10°° 417 4.33
2 rs13107325 4 103188709 T C  SLC39A8 538 x 107" 137 x10°° 944 x1077 910X 107 910 x 1077 6.56 6.06
3 rs4788190 16 29948401 G A - 483 x10°° 631 x107 234x10° 373x10* 373x10°4 5.85 498

A1, effect allele; A2, alternative allele; AAA, anterior amygdaloid area; ACC, accessory basal nucleus; BAS, basal nucleus; BP, base pair position; CAT, corticoamygdaloid transition area; CEN, central nucleus; Chr,
chromosome; conjFDR, conjunctional false discovery rate analysis; COR, cortical nucleus; LAT, lateral nucleus; MED, medial nucleus; PAR, paralaminar nucleus; TOT, whole amygdala; SNP, single nucleotide
polymorphism.
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Figure 4. MiXeR power curves and model fit for all amygdala nuclei volumes from the European and combined analyses. (A) and (B) refer to the power
curves for the whole amygdala and its nuclei for the European and combined analyses, respectively. This figure depicts the sample size required so that a given
proportion of phenotypic variability is captured by significant SNPs for the nuclei volumes. Each curve on the plot represents a different nucleus, and the right-
to-left curve is determined by decreasing discoverability. The proportion of phenotypic variance explained is shown in brackets next to the corresponding
nucleus volume in the legend. AAA, anterior amygdaloid area; ACC, accessory basal nucleus; BAS, basal nucleus; CAT, corticoamygdaloid transition area;
CEN, central nucleus; COR, cortical nucleus; LAT, lateral nucleus; MED, medial nucleus; PAR, paralaminar nucleus; SNP, single nucleotide polymorphism;

TOT, whole amygdala.

an intronic region that has been associated with several
psychiatric phenotypes including cognitive performance (43)
and bipolar disorder (44). The previous amygdala volume
GWAS (4) had approximately the same number of study
participants as the current study; however, we identified many
more variants. First, this discrepancy may be due to the na-
ture of mega- versus meta-analyses, which have equal power
only under strict conditions (45). Second, Satizabal et al. (4)
combined data from 3 distinct consortia, with European
participants from across the globe of varying age ranges
(9-90 years). The UKB samples were sourced from the same
geographical location, included only adult participants (44-82
years), and used the same recruitment approaches and
methodology across all participants (19,20,46). Including a
limited age range, consistent methodology, and European
participants from the same country significantly reduces
sample heterogeneity, thereby allowing for greater power to
detect associated variants.

However, the homogeneity of the European UKB partici-
pants may reduce the generalizability of our findings; therefore,
we included individuals of various ancestries, which are typi-
cally excluded in these types of analyses, in our generalization
and combined analyses (47). The generalization analyses
replicated a significant locus for the central nucleus
(rs13135092 on chromosome 4) and showed en masse repli-
cation for the central nucleus and whole amygdala volume.
Despite individuals from the generalization analysis accounting
for only 15% of the combined analysis and the loss of ~2
million SNPs, we identified 10 additional candidate loci and
found additional support for 25 loci identified in the European-
only analysis, in which most loci improved in statistical sig-
nificance. The additional samples may have boosted power,
although this is unlikely given the fact that introducing sample
heterogeneity typically has the opposite effect (48). The boost
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in power that was observed here is likely due to a combination
of increased sample size and the relatively higher minor allele
frequencies of most of these additional loci in non-European
populations (https://www.ensembl.org/index.html). However,
the UKB represents individuals with higher income and edu-
cation levels and better overall health than the general popu-
lation in the United Kingdom (49). Therefore, even when
including individuals across ancestries, this sample may not be
representative of the general population, and additional repli-
cation samples are required to investigate the generalizability
of and replicate our findings across ancestry, age, and soci-
odemographic groups.

Immune-related pathways were associated with the
genes mapped across several nuclei, particularly the central
nucleus volume. The brain has a resident immune system
that interacts with peripheral immunity and impacts behavior
(50). Many of the psychiatric disorders that share over-
lapping loci with the nuclei volumes, e.g., schizophrenia (51),
ASD (52), and anxiety and mood disorders (53,54), have
immune dysfunction as a component of their etiology. Ani-
mal models have demonstrated that maternal immune acti-
vation during pregnancy significantly affects brain
development and is a risk factor for many neurological dis-
orders (55). The resident immune and immune-related cells
in the brain affect synaptic and myelin formation and pruning
throughout the lifespan, thereby affecting brain volume and
communication (50). One such resident group of immune
cells, the microglia, may directly influence behavior. For
example, studies with mice have shown an increased risk for
obsessive-compulsive symptoms when microglia are
hyperactivated (56) and ASD-like symptoms when microglial
signaling is impaired (57). Our findings suggest that these
immune pathways may be pertinent to amygdala nuclei
structure and function.
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With the exception of the central nucleus, the whole
amygdala had the highest power for discovery, and genetic
correlations across the nuclei were high. SNP-based herita-
bility ranged from 0.17 to 0.33 across the nuclei but was still
highest for whole amygdala volume (0.37). Regardless, inves-
tigating the nuclei separately revealed an additional 20 candi-
date loci worthy of follow-up. The central nucleus may be an
outlier given its evolutionary context. It is a highly conserved
region and is likely under strong genetic influence linked to its
role in fear expression and defensive behaviors (5). Further-
more, the central nucleus has been extensively researched
compared with the other nuclei (5), which may have resulted in
clearly defined structural and functional boundaries. However,
it is important to recognize that the central nucleus has a low
SNP-based heritability and is one of the smaller nuclei, making
segmentation more challenging and prone to error. Therefore,
all of these findings need to be considered within the limita-
tions of the segmentation algorithm.

The segmentation algorithm utilized in this study is still
relatively new. However, several studies have compared the
FreeSurfer segmentation protocol with manual segmentation
and the automated segmentations from FIRST and ANTS
(58). All the automated segmentations overestimated amyg-
dala nuclei volumes, especially for smaller nuclei, as
compared with manual segmentation. However, this over-
estimation was most subtle for FreeSurfer as compared with
the other automated protocols (58). Although we did not
observe a correlation between the size of each nucleus and
the number of genome-wide significant loci, we did see a
correlation with the heritability estimates. Therefore, our
findings may be influenced by inherent segmentation errors
which must be taken into consideration. A gene expression
atlas, which has been incorporated for the hippocampus,
may aid noise reduction and amplify power because it uti-
lizes an unbiased molecular approach to define subfield
boundaries (59). Furthermore, harmonizing the definitions
and segmentation algorithms used in the literature will
significantly improve the interpretation and comparison of
findings (60).

Overall, we showed that investigating the amygdala with
increased power and phenotypic specificity, through seg-
mentation into 9 nuclei, enhanced genetic discoverability
despite the large degree of genetic correlation among the
nuclei. Across the amygdala and its nuclei, we have identified
28 novel variants in a European-only analysis and 10 additional
candidate loci from a combined analysis including trans-
ancestry participants. Our findings indicate that the amygdala
nuclei have specific associations with biological processes
and genetic overlap with brain disorders. Continued efforts are
needed to further our understanding of the genes implicated in
the genetic architecture of amygdala nuclei. Lastly, these
findings need to be considered within the limitations of the
automated segmentation, which will need to be refined in
future research.
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