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A B S T R A C T 

The hippocampus is a heterogeneous structure, comprising histologically distinguishable 
subfields. These subfields are differentially involved in memory consolidation, spatial 
navigation and pattern separation, complex functions often impaired in individuals with 
brain disorders characterized by reduced hippocampal volume, including Alzheimer's 
disease (AD) and schizophrenia. Given the structural and functional heterogeneity of the 
hippocampal formation, we sought to characterize the subfields’ genetic architecture. T1-
weighted brain scans (n=21297, 16 cohorts) were processed with the hippocampal 
subfields algorithm in FreeSurfer v6.0. We ran a genome-wide association analysis on 
each subfield, covarying for total hippocampal volume. We further calculated the single 
nucleotide polymorphism (SNP)-based heritability of twelve subfields, as well as their 
genetic correlation with each other, with other structural brain features, and with AD and 
schizophrenia. All outcome measures were corrected for age, sex, and intracranial volume. 
We found 15 unique genome-wide significant loci across six subfields, of which eight had 
not been previously linked to the hippocampus. Top SNPs were mapped to genes 
associated with neuronal differentiation, locomotor behaviour, schizophrenia and AD. 
The volumes of all the subfields were estimated to be heritable (h2 from .14 to .27, all p< 
1x10-16) and clustered together based on their genetic correlations compared to other 
structural brain features. There was also evidence of genetic overlap of subicular subfield 
volumes with schizophrenia. We conclude that hippocampal subfields have partly distinct 
genetic determinants associated with specific biological processes and traits. Taking into 
account this specificity may increase our understanding of hippocampal neurobiology and 
associated pathologies. 

Introduction 

The hippocampus plays a key role in learning, memory and 
spatial navigation.1 It is known to be particularly vulnerable 
to pathological conditions and implicated in several major 
brain disorders, most notably schizophrenia2,3 and 
Alzheimer’s disease (AD).4 
The breadth of findings regarding the role of the 
hippocampus in behaviour, and its non-specific association 
with a range of brain disorders, may result from the fact that 
it is a heterogeneous structure, consisting of 
cytoarchitecturally distinct subfields which subserve distinct 
functions.5,6 Lesion studies, as well as intrinsic connectivity 
patterns, support a dichotomy between an anterior section, 
attributed a role in anxiety-related behaviours, and more 
posterior regions, important for spatial processing and 
cognition.7 There is also a gradient of extrinsic connectivity 
to both cortical and subcortical regions across the 
longitudinal axis superimposed on the hippocampal intrinsic 
connectivity organization, illustrating the complexity of 
hippocampal biology.8 First episode schizophrenia has been 
most strongly associated with the cornu ammonis (CA)1 
region and the subiculum in the anterior hippocampus9,10, 
though with longer illness duration more posterior regions 
also appear affected.11 AD is also thought to be primarily 
associated with volume reductions in CA1 and subiculum, 
with the dentate gyrus (DG) and CA3 relatively spared,12,13 
though opposing findings have also been reported.14 
Imaging genetics studies have firmly established that 
hippocampal volume is a highly polygenic trait. Given the 
differences in cytoarchitecture, connectivity patterns, and 

functions of the hippocampal subregions, it is likely that the 
volumes of the different subfields also have different genetic 
determinants. This is supported by gene expression studies 
documenting strict boundaries between subregions with 
respect to their transcriptional profiles.15,16 Genome-wide 
association studies (GWAS) have identified and 
subsequently replicated several single nucleotide 
polymorphisms (SNPs) that are significantly associated with 
total hippocampal volume.17–19 These GWAS also showed 
that top SNPs show localized effects on specific subcortical 
brain regions,18 and specific hippocampal subfields,19 rather 
than global effects. A follow-up study failed to find evidence 
of genetic overlap between schizophrenia risk and total 
hippocampal volume,20 which may be partly explained by 
lack of anatomical specificity in the volumetric estimates, i.e. 
a more granular approach may be required.    
Recently, Iglesias and colleagues constructed a new atlas of 
the hippocampus, based on ultra-high resolution MRI data 
using ex vivo samples.5 This atlas has been combined with an 
automated segmentation algorithm and released as part of the 
popular neuroimaging software suite FreeSurfer v6. An 
initial analysis of this new software in several large-scale 
neuroimaging datasets established that all subfields are 
highly heritable, and that eleven of the twelve subfields show 
strong test-retest and transplatform reliability.21 
In this study, we explored the genetic architecture of each 
hippocampal subfield volume, as segmented by the algorithm 
released with FreeSurfer v6. We hypothesized that the 
greater specificity of these measures, compared to total 
hippocampal volume, should reduce noise and allow for 
more sensitive detection of SNPs in genome-wide 
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association analyses. By covarying for total hippocampal 
volume, we expected to identify associations that are specific 
to one or some of the subfields, allowing for a more nuanced 
understanding of this heterogeneous structure. In addition, 
utilizing summary statistics from previous large-scale 
GWAS, we sought to characterize the genetic overlap 
amongst the volumes of the subfields, with other subcortical 
and cortical regions, and with a diagnosis of schizophrenia or 
AD.  
 
Materials and Methods 
Participants 
We included data from 16 cohorts that had structural MRI 
and genome-wide genotypes available, listed in 
supplementary Table S1, amounting to a total sample size of 
21297 individuals. The age range of the sample covered a 
large part of the lifespan (mean age 47.8 years, standard 
deviation (SD) 17.3, range 3.2 – 91.4), and 48.3% was male. 
Information on individual cohorts, including brain disorder 
diagnoses (n=1464, 6.9% of total), is given in the 
supplementary information (SI), together with figures 
illustrating the distributions of demographics and their 
relation with hippocampal volume. Each sample was 
collected with participants’ written informed consent and 
with approval by local Institutional Review Boards. 
 
MRI data processing 
Extended information on MRI data handling, including 
processing and scan quality control (QC), is given in the SI. 
Briefly, T1-weighted MRI volumes were processed using the 
standard FreeSurfer recon-all stream (v.5.3, 
http://surfer.nmr.mgh.harvard.edu). Hippocampal subfield 
volume estimates were subsequently obtained by running the 
novel subfield segmentation algorithm that was released as 
part of FreeSurfer v6.0. This algorithm employs Bayesian 
inference in combination with a hippocampal atlas created 
through manual delineation of ultra-high resolution 
(0.13mm) images of ex-vivo hippocampal tissue.5 As a 
sensitivity analysis, we calculated the correlation between 
hippocampal subfield volume estimates obtained through the 
combination of FreeSurfer v5.3 and the novel v6.0 
hippocampal segmentation algorithm with those obtained 
when FreeSurfer v6.0 was also used for the main 
segmentation, for fifty participants. These correlations 
ranged from .87 for the parasubiculum to .96 for the 
hippocampal tail, as more fully described in the SI.  
 
Genotyping and quality control 
Genetic data were obtained at each site using commercially 
available genotyping platforms. We carried out phasing and 
imputation according to protocols in line with those applied 
by the ENIGMA consortium (http://enigma.ini.usc.edu), 
applying standard quality control settings, further described 
in the SI. We restricted our analyses to those with European 
ancestry, as determined through multidimensional scaling 
(MDS).  
Statistical analyses 
We included all twelve subfields as outcome measures in the 
analyses, approximately from anterior to posterior: the 

parasubiculum, presubiculum, subiculum, cornu ammonis 
fields 1, 2/3, and 4 (henceforth referred to as CA1, CA3, and 
CA4), granule cell layer of the dentate gyrus (DG), 
hippocampus-amygdala-transition area (HATA), fimbria (a 
white matter structure), the molecular layer of the DG, 
hippocampal fissure, and the hippocampal tail. We defined 
total hippocampal volume as the sum of all structures, minus 
the hippocampal fissure. Since the volumetric and genetic 
correlations between both hemispheres were extremely high 
for all structures (nearly all>.90), we summed the estimates 
of both hemispheres together to reduce the number of 
analyses.     
Prior to all analyses, we regressed out the effects of scanning 
sites, sex, brain disorder diagnosis, age, and ICV from each 
outcome measure. This was done through generalized 
additive model (GAM)-fitting in R (v2.4.0) on the total 
sample, estimating each outcome measure from these 
variables, and continuing with the residuals. We further 
removed all individuals ±4 SD from the mean on any of the 
hippocampal measures or ICV. 
To correct for the multiple comparisons, we calculated the 
degree of independence between the volume estimates of the 
subfields plus total hippocampus, by generating a 13x13 
correlation matrix based on the Pearson’s correlation 
between all pair-wise combinations. Based on the ratio of 
observed eigenvalue variance to its theoretical maximum, the 
estimated equivalent number of independent traits in our 
analyses was 7.70. We therefore divided the community 
standard22 nominal genome-wide significance threshold of 
5×10−8 by this number, setting a threshold of 6.5x10-9.  
 
Genome-wide Complex Trait Analyses  
We used Genome-wide Complex Trait Analysis (GCTA)23 to 
calculate SNP-based heritability of each of the GAM-
residualized subfield volume estimates, as well as those of 
other subcortical regions and cerebral lobes produced by 
FreeSurfer’s subcortical24 and cortical segmentation25 
streams. We additionally included the first four population 
components, calculated through MDS on the entire sample, 
as covariates to guard against ethnicity effects. GCTA 
employs a restricted maximum likelihood (REML) approach, 
fitting the effects of all common SNPs as random effects by 
a mixed linear model, to obtain an estimate of the proportion 
of phenotypic variance explained by genome-wide SNPs. We 
further applied bivariate REML to estimate the genetic 
correlation between all regions.26 Before analysis, we 
removed regions with high linkage disequilibrium (LD) from 
the genetic data and pruned it, using a sliding window 
approach with a window size of 50, a step size of 5 and an R2 
of 0.2, leaving 133147 SNPs. The BIG cohort was not 
included in these analyses as we did not have the genetic data 
in-house; the sample size for these analyses was therefore 
n=18979.  
 
Genome-wide association analyses 
We performed a meta-analyzed GWAS, using PLINK. We 
chose this method over a mega-analysis design to avoid 
assuming an equivalence of genetic effect sizes across the 
cohorts, which differed in terms of mean age and other 
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aspects of their recruitment, with virtually no loss in 
statistical efficiency.27 We first carried out a GWAS within 
each sample for the GAM-residualized estimates of the 
volume of the total hippocampus and each of the 12 
subfields. We included the first four population components, 
calculated through MDS within each sample, as covariates. 
For the subfields, we also included total hippocampal volume 
as a covariate. We subsequently combined the within-sample 
results using a fixed-effect, inverse variance-weighted, meta-
analysis in PLINK.  
The GWAS were carried out using all individuals (n=21297), 
including individuals with brain disorders (n=1464, 6.9%), to 
maximize power. We re-analysed the data excluding patients 
to verify that the detected effects were not driven by the 
inclusion of patients with brain disorders. The regression 
coefficients for SNPs with P<1*10-5 from the main GWAS 
analysis on total hippocampal volume, including patients, 
was highly correlated with the regression coefficients when 
excluding patients (Pearson’s r=0.87). 
 
Functional Annotation 
We used the Functional Mapping and Annotation of 
Genome-Wide Association Studies (FUMA) platform for 
functional annotation of the GWAS results.28 Through the 
SNP2GENE function, significant SNPs were mapped to 
genes based on positional, expression quantitative trait loci, 
and chromatin interaction information from 18 biological 
data repositories and tools integrated into FUMA. The 
resulting set of prioritized genes was checked for 
overrepresentation in gene-sets of biological processes and 
GWAS catalogues with the GENE2FUNC function, using a 
hypergeometric test. 
 
Genetic overlap with Alzheimer’s disease and schizophrenia  
We applied cross-trait LD score regression (LDSR)29 and 
conditional false discovery rate (FDR) analysis30,31 to 
investigate the genetic overlap of each of the subfields with 
schizophrenia and AD. For this, we used the summary 
statistics from the 2014 PGC2 schizophrenia GWAS32 and 
the 2013 IGAP AD GWAS.33 Each set of summary statistics 
underwent additional filtering, including the removal of all 
SNPs in the extended major histocompatibility complex 
(MHC) region (chr6:25–35 Mb) and the use of only 
Caucasian samples. We further minimized sample overlap by 
rerunning the hippocampal subfield GWAS without the 
ADNI cohorts for comparison with the AD GWAS, and by 
removing the TOP and HUBIN cohorts from the 
schizophrenia GWAS. For further explanation of these two 
techniques, see the SI. 
 
Results 
SNP-based heritability  
The SNP-based heritability of each subfield’s volume 
estimate, as well as additional regions of interest, and the 
genetic correlations amongst them are shown in Figure 1. 
Heritability estimates for all subfields, on the diagonal, were 
highly significant (all p-values < 1x10-16), ranging from 
h2=.14 of the parasubiculum to h2=.27 for the hippocampal 
tail. Full test statistics of the heritability estimates for all 

regions are listed in Table S2. Based on their genetic 
correlations, most of the hippocampal subfields formed a 
cluster, which further included the amygdala. The cortical 
gray matter volumes of the cerebral lobes clustered together, 
as did the pallidum, caudate, and putamen, i.e. basal ganglia 
structures. 
 
Genome-wide association analyses 
Our GWAS of whole hippocampal volume identified eight 
whole-genome significant loci. Of these, three loci have not 
been associated with the hippocampus before, namely those 
with lead SNP rs7630893 at chromosome 3 within the 
TFDP2 gene, lead SNP rs2303611 within the FAM175B gene 
at chromosome 10, and rs1419859 at chromosome 12 
upstream of PARP11.  
The GWAS per subfield, corrected for whole hippocampal 
volume, identified a total of ten unique loci over six 
subfields. Of these ten, seven were not found for the GWAS 
on whole hippocampal volume. See Table 1 for information 
on each of the lead SNPs, per structure. Figure 2 provides an 
overview of the distribution of the p-values per top hit over 
the subfields, showing that while some have global effects, 
others are driven by specific subfields, most prominently the 
hippocampal tail. QQ plots and Manhattan plots for all 
subfields are shown in Figure S3. Forest plots indicated that 
all of the lead SNPs showed comparable effect sizes across 
the majority of cohorts, shown in Figure S4.  
 
Functional Annotation 
The location of the genome-wide significant loci, in 
combination with the LD structure and known biological 
consequences of variation in these regions, led to the 
prioritization of 24 genes, listed in table 2 next to the loci that 
mapped onto them. Hypergeometric tests indicated that the 
lists of genes identified through the GWAS for both the 
volume of the whole hippocampus and the hippocampal tail 
were significantly enriched for genes associated with 
locomotive and exploratory behavior. Further, comparison to 
GWAS catalogs showed significant enrichment of AD-
related genes for whole hippocampal volume, the 
hippocampal tail showed enrichment for schizophrenia-
related genes, and the molecular layer was enriched for 
inflammatory bowel disease. 
 
Genetic overlap with AD and schizophrenia 
Through LDSR, we found no significant evidence for genetic 
overlap of any of the hippocampal subfields with either 
disorder, as listed in Table S4. The conditional QQ plots did 
show enrichment as a function of association with 
schizophrenia for the presubiculum and subiculum, 
illustrated in Figure 3. This is not seen for other subfields, 
nor when conditioning on AD, see Figure S5. The subsequent 
conjunctional FDR analysis for these two subfields identified 
respectively five and four loci overlapping with 
schizophrenia, described in Table 2. Note that three out of 
nine hits have opposite direction of effects between subfield 
volume and schizophrenia, whereas the other six show the 
same direction of effects 
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Figure 1. Correlation matrix of the volume estimates for the subfields as well as several other cortical and subcortical regions of interest 
and cerebral lobes. All correlations are multiplied by a factor 100. The volumetric correlations are shown in the lower triangle of the 
matrix (green-orange), the heritability estimates on the diagonal, and the genetic correlations in the upper triangle (blue-red). The order, 
indicated by the dendrogram on top, is determined by hierarchical clustering using Ward’s D2 method. 
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Table 1. Whole genome significant loci for total hippocampal volume, as well as for the subfields while covarying for total hippocampal volume 
Structure Unique 

locus 
Lead SNP A1 Chr Position (BP) Beta† P-value Mapped gene(s) GWAS 

catalog 
Whole hippocampus 

 
1 rs1861979 T 2 162845565 39.54 4.64e-13 SLC4A10, DPP4 19,32,35–37 
2 rs7630893 C 3 141759380 36.18 2.55e-09 ATP1B3, TFDP2 58–60 
3 rs57246240 A 5 66112715 36.63 9.00e-11 MAST4 19 
4 rs7873551 C 9 119245127 -42.42 3.51e-11 ASTN2 19,45–48,70 
5 rs12218858 C 10 126474200 43.75 1.06e-15 FAM175B, FAM53B, METTL10 51,52 
6 rs1419859 T 12 4007898 -35.60 1.01e-09 PARP11  
7 rs17178139 A 12 65765944 -58.08 1.58e-20 WIF1, LEMD3, MSRB3 18,19,70–72 
8 rs77956314 C 12 117323367 123.31 2.19e-35 RNFT2, HRK, FBXW8, TESC 17–19,70 

Presubiculum 7 rs17178006 G 12 65718299 5.61 1.83e-15 WIF1, LEMD3, MSRB3 18,19,70–72 
Subiculum 9 rs9399619 G 6 148056480 2.31 5.87e-09 SAMD5  

CA1 
 

7 rs17178006 G 12 65718299 -6.48 7.76e-19 WIF1, LEMD3, MSRB3 18,19,70–72 
10 rs160459 C 14 59074136 2.98 1.98e-10 DACT1  

Dentate gyrus 10 rs160459 C 14 59074136 1.53 2.04e-09 DACT1 - 
Molecular layer 5 rs4962694 G 10 126436717 -1.36 3.75e-12 FAM175B, FAM53B, METTL10 51,52 

Hippocampal tail 
 

11 rs6675690 G 1 47945370 7.31 7.66e-12  - 
12 rs10888696 A 1 51016603 5.22 4.04e-10 DMRTA2, FAF1, CDKN2C - 
1 rs2909443 G 2 162846439 6.11 3.08e-13 SLC4A10, DPP4 32,35,37,70 
13 rs13188633 T 5 81929360 -5.74 7.65e-10  - 
14 rs10474356 G 5 90816402 -7.11 9.67e-15  - 
15 rs55736786 T 5 93094118 -8.59 3.23e-09 FAM172A, POU5F2  
10 rs160459 C 14 59074136 -7.45 1.53e-17 DACT1 - 

† mm3 volume, additive effects for each copy of allele 1 (A1). Chr=Chromosome, BP=Base pair 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 2. Heatmap based on the results from the genome-wide association analyses, showing the p-value for each of the lead SNPs 
reported in Table 2 (on the y-axis) per subfield (on the x-axis) volume. High -log10 p-values are shown in red, low values in yellow. Three 
stars in a field indicate the SNP reached whole-genome significance for that SNP (6.5x10-9), two stars nominal significance (5x10-8), and 
one star suggestive significance (1x10-6).  
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Discussion 
The hippocampus complex comprises structurally and 
functionally distinct subfields with critical yet differential 
involvement in a range of behaviors and disorders. Using 
brain scans from 21297 individuals, we showed that 
differences in the cytoarchitecture of the subfields, providing 
the basis for their segmentation,5 are partly driven by 
differences in their genetic architecture. Further, greater 
specificity in the phenotypes under investigation allowed for 
the discovery of specific genetic variants. The elucidation of 
their genetic architecture, and identification of specific 
genetic variants, should be helpful in better understanding the 
biological functions of the individual subfields and their role 
in the development of common brain disorders.  
The SNP-based heritability estimates we obtained, ranging 
from .1 to .3, were comparable to previous large-scale studies 
of the narrow-sense heritability of subcortical structures, 
when corrected for ICV.20 They also agree with findings from 
twin studies, showing that the larger subfields are the most 
heritable.21 We further found that the genetic correlations 
broadly mirror the volumetric correlations, and that the 
subfields cluster together with the amygdala. The strength of 
the correlations indicates that these structures share much of 
their genetic determinants, yet also confirm that they do 
indeed have specific, individual influences. Our estimates of 
genetic correlations with other structures corroborate 
findings from a twin study, that identified the same genetic 
clusters, with the hippocampus and amygdala clustering 
separately from respectively the cerebral lobes and basal 
ganglia structures.34  
The genome-wide association analyses per subfield 
supported our reasoning that greater phenotypic specificity 

may aid genetic discoverability; we identified several genetic 
variants related to the volumes of subfields above and beyond 
total hippocampal volume. We found five out of six loci 
reported by a recent ENIGMA hippocampal GWAS, and the 
pattern of effects across the subfields also largely agree with 
their supplementary analyses of these top hits.19 This 
included a locus at chromosome 2 which maps onto the 
SLC4A10 and DPP4 genes, with our subfield analyses 
indicating this is driven by its effect on hippocampal tail 
volume. This locus has also been found in GWAS of 
educational attainment,35 cognitive ability,36 and 
schizophrenia.32,37 Further, inhibitors of DPP4 have been 
shown to improve recognition memory, lower oxidative 
stress and increase hippocampal neurogenesis in rodents.38,39 
The well-known locus at chromosome 12, in the MSRB3 
gene, 17,18,36 on the other hand appears to be mostly driven by 
its effect on more anterior regions, being associated with the 
presubiculum and CA1. MSRB3, a gene involved in anti-
oxidant reactions, has recently been shown to be particularly 
important for pyramidal neurons specifically in CA1, and to 
have lowered expression in the hippocampi of individuals 
with AD.40 The other locus on chromosome 12, linked to the 
HRK gene, appears to have a global effect, not being linked 
to any of the subfields after correction for whole 
hippocampal volume. HRK is a pro-apoptotic gene, 
associated with several forms of cancer41 and reported in one 
GWAS of AD age of onset.42  The two remaining 
replications, at chromosome 5 and 9, within the MAST4 and 
ASTN2 genes, also only appear for total hippocampal 
volume. MAST4 codes for a microtubule protein part of the 
serine/threonine kinase family, with differential expression 
in frontotemporal dementia.43 ASTN2 is thought to play a role 
in neuronal migration.44 It has been repeatedly associated 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. QQ-plots of the p-values from the presubiculum and subiculum genome-wide association studies (GWAS), conditioned on those from a 
schizophrenia GWAS. For both subfields, there is a clear upward deflection from the expected p-value distribution (in grey) that strengthens with 
increasing thresholds; the black line reflects the distribution of p-values from the subfields with no schizophrenia p-value threshold, blue shows 
the distribution of p-values remaining at a threshold of p<.1, purple those at a threshold of p<.01 and red those at p<.001. 
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with migraine,45–48 as well as schizophrenia49 and other 
neurodevelopmental disorders.50  
The novel loci we identified may contribute to understanding 
the relation between certain peripheral diseases and cognitive 
dysfunction. The locus at chromosome 10, within the 
FAM175B gene, has been previously associated with cocaine 
dependence51 and bronchodilator responsiveness,52 as well as 
being reported in a recent GWAS of inflammatory bowel 
disease.53 Beyond whole hippocampal volume, it was found 
for the molecular layer of the dentate gyrus and the 
hippocampal tail, i.e. more posterior regions of the 
hippocampus. In rodents, lesions to the dorsal (corresponding 
to posterior in humans), but not ventral, hippocampus disrupt 
cocaine craving,54,55 and cocaine administration lowers 
neurogenesis in the dentate gyrus.56 Chronic intestinal 
inflammation has been associated with altered hippocampal 
neurogenesis, which has been theorized to explain the link 
between this disease and cognitive dysfunction.57 Another 
novel locus, at chromosome 3, lies within the TFDP2 gene. 
This gene, with a function in cell proliferation, is well-known 
for its relation with kidney dysfunction.58–60 Chronic kidney 
dysfunction in turn is associated with cognitive impairment 
and hippocampal atrophy.61    
Several genes were implicated through the GWAS on the 
subfields that were not identified for total hippocampal 
volume, illustrating the value of studying more specific 
phenotypes. Through the GWAS on the hippocampal tail, we 
found a locus at chromosome 1 with lead SNP rs4926555, 
within the FAF1 gene. The protein product of this gene 
regulates neuronal cell survival and apoptosis,62 as well as 
glucocorticoid receptor-mediated transcription in 
hippocampal cells.63 The GWAS on the granule cell layer of 
the dentate gyrus and hippocampal tail further led to the 
identification of a novel locus at chromosome 14 with lead 
SNP rs160459, mapped to the DACT1 gene. Knockout of 
DACT1 has been shown to lead to decreased dendrite 
complexity in cultured hippocampal pyramidal neurons,64 
and its expression has been linked to tumorigenesis 
suppression.65  
Greater specificity in hippocampal segmentation also proved 
to be valuable for the investigation of genetic overlap with 
disorders. Through conditional FDR, we found signs of 
pleiotropy between schizophrenia and the subiculum and 
presubiculum, but not for other subfields. This is in line with 
studies showing that these anterior subfields are 
disproportionately affected in patients with first-episode 
schizophrenia.9 Such a distinction may indicate that the 
relation between the subicular regions and schizophrenia is 
more genetically driven, while the global reduction of 
hippocampal volume seen in later disease stages is relatively 
stronger influenced by environmental factors and the disease 
process. The subsequent conjunctional FDR analyses 
pinpointed some specific loci that overlapped, including 
SLC39A8, a gene well-known for its high pleiotropy,66 being 
linked to a range of traits besides schizophrenia, including 
cognitive functioning.67 These analyses also indicated that 
while some lead SNPs had opposing direction of effects on 
subfield volume versus schizophrenia, others had the same 
direction. These mixed directions of effects are indicative of 

a complex aetiology underlying the well-documented 
relationship between this disorder and hippocampal volume 
reductions. This will contribute to the null findings often 
reported on most global tests of genetic overlap,20 including 
our own LDSR analyses, as mixed directions of effects will 
cancel each other out. We further found no evidence of 
pleiotropy between AD and any subfield, despite the strong 
involvement of the hippocampus in this disorder. AD-related 
genes may influence hippocampal volume later in life 
through accumulation of effects over time, decreasing their 
effect size in the current study. Our pattern of findings once 
again illustrates the complexity of the genetic relationships 
between neuroimaging measures and disorders.  
While our results are encouraging, future genetics studies 
may benefit from optimization of the subfield segmentation 
approaches. The segmentation algorithm employed here is 
based on an atlas created using histological and 
morphometric features.5 Gene expression studies of the 
hippocampus have indicated that there are numerous genetic 
domains with clearly demarcated borders that only partly 
overlap with this subfield division.16 We also found that the 
six subfields with significant loci were also the six largest 
subfields, i.e. subfield size appears positively correlated with 
discoverability of genetic variants. This pattern of findings 
likely partly reflects that the larger subfields are segmented 
with greater accuracy.21 Lastly, comparison of results with 
the literature is hindered by the differences in subfield 
definitions being used, and harmonization is needed68 to 
further improve discoverability.69  
In conclusion, in addition to providing information on the 
localization of the effects on the hippocampus for previously 
identified genetic variants, we identified novel variants that 
influenced specific subfields. These variants were not 
previously associated with hippocampal volume, yet have 
known roles in neuronal differentiation and 
neurodevelopmental disorders. Together with the estimated 
genetic correlations, we have shown that hippocampal 
subfields have partly distinct genetic determinants, 
associated with specific biological processes and traits, 
thereby providing evidence that there is value in greater 
specificity of the brain phenotypes under investigation.  
Taking into account this specificity may aid in furthering our 
understanding of hippocampal neurobiology and associated 
functions and disorders. 
 
Acknowledgements 
The research leading to these results has received funding from the European 
Union Seventh Framework Programme (FP7-PEOPLE-2013-COFUND) 
under grant agreement n° 609020 - Scientia Fellows; Research Council of 
Norway (#223273, 248778, 249711, 248980, 249795, 177458/V50); South 
East Norway Health Authority (#2013054, 2014097, 2015044, 2015073, 
2016083, 2017112); The Kristian Gerhard Jebsen Stiftelsen, 
SKGJ_MED_008; and the European Community’s Seventh Framework 
Programme (FP7/2007–2013) under grant agreement #602450 
(IMAGEMEND). This work further made use of data sharing from ADNI 
(funded by National Institutes of Health Grant U01 AG024904 and DOD 
ADNI Department of Defense award number W81XWH-12-2-0012), PING 
(National Institutes of Health Grant RC2DA029475), PNC (grant 
RC2MH089983 awarded to R. Gur and RC2MH089924 awarded to H. 
Hakonarson), and UKB (under project code 27412). Acknowledgments of 
funding sources for all cohorts participating in this study are listed in Table 
S3. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 11, 2018. ; https://doi.org/10.1101/299578doi: bioRxiv preprint 

https://doi.org/10.1101/299578
http://creativecommons.org/licenses/by-nc-nd/4.0/


VAN DER MEER ET AL.                                                                                                                   9 
 

Author contributions 
D.v.d.M. and L.T.W. conceived the study; T.K., N.T.D., J.R. and L.T.W. pre-
processed all data in FreeSurfer; N.T.D., M.J.L., C.L.B., L.B.N., L.T.W and 
T.K. QC’ed the data; D.v.d.M performed the main analysis with contributions 
from J.R., O.F., A.C.P., F.B., T.M., and L.T.W.; D.v.d.M and L.T.W. 
contributed to interpretation of the results. All remaining authors were 
involved in data collection at various sites as well as sample specific tasks. 
D.v.d.M. and L.T.W. wrote the first draft of the paper and all authors 
contributed to and approved of the final manuscript. 
 
Competing financial interests 
Alessandro Bertolino is a stockholder of Hoffmann-La Roche Ltd. He has 
also received lecture fees from Otsuka, Jannsen, Lundbeck, and consultant 
fees from Biogen. Giulio Pergola has been the academic supervisor of a 
Roche collaboration grant (years 2015-16) that funds his salary. Barbara 
Franke has received educational speaking fees from Shire and Medice. All 
other authors declare no competing financial interests. 
 
Materials & Correspondence. 
The data incorporated in this work was gathered from various resources, see 
supplemental material. Material requests will need to be placed with 
individual PIs. D.v.d.M. and L.T.W. can provide additional detail upon 
correspondence. 
 
References 

1.  Burgess N, Maguire EA, O’Keefe J. The human 
hippocampus and spatial and episodic memory. Neuron. 
2002;35(4):625-641. 

2.  van Erp TGM, Hibar DP, Rasmussen JM, et al. Subcortical 
brain volume abnormalities in 2028 individuals with schizophrenia 
and 2540 healthy controls via the ENIGMA consortium. Mol 
Psychiatry. 2016;21(4):547-553. 

3.  Harrison PJ. The hippocampus in schizophrenia: a review of 
the neuropathological evidence and its pathophysiological 
implications. Psychopharmacology (Berl). 2004;174(1):151-162. 

4.  Leung KK, Barnes J, Ridgway GR, et al. Automated cross-
sectional and longitudinal hippocampal volume measurement in 
mild cognitive impairment and Alzheimer’s disease. Neuroimage. 
2010;51(4):1345-1359. 

5.  Iglesias JE, Augustinack JC, Nguyen K, et al. A 
computational atlas of the hippocampal formation using ex vivo, 
ultra-high resolution MRI: application to adaptive segmentation of 
in vivo MRI. Neuroimage. 2015;115:117-137. 

6.  Zeidman P, Maguire EA. Anterior hippocampus: the 
anatomy of perception, imagination and episodic memory. Nat Rev 
Neurosci. 2016;17(3):173-182. 

7.  Fanselow MS, Dong H-W. Are the dorsal and ventral 
hippocampus functionally distinct structures? Neuron. 
2010;65(1):7-19. 

8.  Strange BA, Witter MP, Lein ES, Moser EI. Functional 
organization of the hippocampal longitudinal axis. Nat Rev 
Neurosci. 2014;15(10):655-669. 

9.  Narr KL, Thompson PM, Szeszko P, et al. Regional 
specificity of hippocampal volume reductions in first-episode 
schizophrenia. Neuroimage. 2004;21(4):1563-1575. 
doi:10.1016/j.neuroimage.2003.11.011. 

10.  Schobel SA, Lewandowski NM, Corcoran CM, et al. 
Differential targeting of the CA1 subfield of the hippocampal 
formation by schizophrenia and related psychotic disorders. Arch 
Gen Psychiatry. 2009;66(9):938-946. 
doi:10.1001/archgenpsychiatry.2009.115. 

11.  Maller JJ, Daskalakis ZJ, Thomson RHS, Daigle M, Barr 
MS, Fitzgerald PB. Hippocampal volumetrics in treatment-resistant 
depression and schizophrenia: The devil’s in De-Tail. 
Hippocampus. 2012;22(1):9-16. 

12.  West MJ, Coleman PD, Flood DG, Troncoso JC. Differences 
in the pattern of hippocampal neuronal loss in normal ageing and 

Alzheimer’s disease. Lancet. 1994;344(8925):769-772. 
13.  Adler DH, Wisse LEM, Ittyerah R, et al. Characterizing the 

human hippocampus in aging and Alzheimer’s disease using a 
computational atlas derived from ex vivo MRI and histology. Proc 
Natl Acad Sci. March 2018. 
http://www.pnas.org/content/early/2018/03/27/1801093115.abstrac
t. 

14.  Wisse LEM, Biessels GJ, Heringa SM, et al. Hippocampal 
subfield volumes at 7T in early Alzheimer’s disease and normal 
aging. Neurobiol Aging. 2014;35(9):2039-2045. 
doi:10.1016/j.neurobiolaging.2014.02.021. 

15.  Zhao X, Lein ES, He A, Smith SC, Aston C, Gage FH. 
Transcriptional profiling reveals strict boundaries between 
hippocampal subregions. J Comp Neurol. 2001;441(3):187-196. 

16.  Thompson CL, Pathak SD, Jeromin A, et al. Genomic 
anatomy of the hippocampus. Neuron. 2008;60(6):1010-1021. 

17.  Stein JL, Medland SE, Vasquez AA, et al. Identification of 
common variants associated with human hippocampal and 
intracranial volumes. Nat Genet. 2012;44(5):552-561. 
http://dx.doi.org/10.1038/ng.2250. 

18.  Hibar DP, Stein JL, Renteria ME, et al. Common genetic 
variants influence human subcortical brain structures. Nature. 
2015;520(7546):224-229. 

19.  Hibar DP, Adams HHH, Jahanshad N, et al. Novel genetic 
loci associated with hippocampal volume. Nat Commun. 
2017;8:13624. 

20.  Franke B, Stein JL, Ripke S, et al. Genetic influences on 
schizophrenia and subcortical brain volumes: large-scale proof of 
concept. Nat Neurosci. 2016;19(3):420-431. 
http://dx.doi.org/10.1038/nn.4228. 

21.  Whelan CD, Hibar DP, Van Velzen LS, et al. Heritability and 
reliability of automatically segmented human hippocampal 
formation subregions. Neuroimage. 2016;128:125-137. 
doi:10.1016/j.neuroimage.2015.12.039. 

22.  Barsh GS, Copenhaver GP, Gibson G, Williams SM. 
Guidelines for genome-wide association studies. PLoS Genet. 
2012;8(7):e1002812. doi:10.1371/journal.pgen.1002812. 

23.  Yang J, Lee SH, Goddard ME, Visscher PM. GCTA: a tool 
for genome-wide complex trait analysis. Am J Hum Genet. 
2011;88(1):76-82. doi:10.1016/j.ajhg.2010.11.011. 

24.  Fischl B, Salat DH, Busa E, et al. Whole brain segmentation: 
automated labeling of neuroanatomical structures in the human 
brain. Neuron. 2002;33(3):341-355. http://ac.els-
cdn.com/S089662730200569X/1-s2.0-S089662730200569X-
main.pdf?_tid=72075762-8867-11e5-b833-
00000aab0f27&acdnat=1447241538_6d70b611205687fda65956a3
8f7bc452. 

25.  Desikan RS, Segonne F, Fischl B, et al. An automated 
labeling system for subdividing the human cerebral cortex on MRI 
scans into gyral based regions of interest. Neuroimage. 
2006;31(3):968-980. doi:10.1016/j.neuroimage.2006.01.021. 

26.  Lee SH, Yang J, Goddard ME, Visscher PM, Wray NR. 
Estimation of pleiotropy between complex diseases using single-
nucleotide polymorphism-derived genomic relationships and 
restricted maximum likelihood. Bioinformatics. 2012;28(19):2540-
2542. doi:10.1093/bioinformatics/bts474. 

27.  Lin DY, Zeng D. Meta-analysis of genome-wide association 
studies: no efficiency gain in using individual participant data. 
Genet Epidemiol. 2009:n/a-n/a. doi:10.1002/gepi.20435. 

28.  Watanabe K, Taskesen E, Bochoven A, Posthuma D. 
Functional mapping and annotation of genetic associations with 
FUMA. Nat Commun. 2017;8(1):1826. 

29.  Bulik-Sullivan B, Finucane HK, Anttila V, et al. An atlas of 
genetic correlations across human diseases and traits. Nat Genet. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 11, 2018. ; https://doi.org/10.1101/299578doi: bioRxiv preprint 

https://doi.org/10.1101/299578
http://creativecommons.org/licenses/by-nc-nd/4.0/


VAN DER MEER ET AL.                                                                                                                   10 
 

2015;47(11):1236. 
30.  Andreassen OA, Thompson WK, Dale AM. Boosting the 

power of schizophrenia genetics by leveraging new statistical tools. 
Schizophr Bull. 2013;40(1):13-17. 

31.  Andreassen OA, Thompson WK, Schork AJ, et al. Improved 
detection of common variants associated with schizophrenia and 
bipolar disorder using pleiotropy-informed conditional false 
discovery rate. PLoS Genet. 2013;9(4):e1003455. 

32.  Consortium SWG of the PG. Biological insights from 108 
schizophrenia-associated genetic loci. Nature. 2014;511:421. 
http://dx.doi.org/10.1038/nature13595. 

33.  Lambert J-C, Ibrahim-Verbaas CA, Harold D, et al. Meta-
analysis of 74,046 individuals identifies 11 new susceptibility loci 
for Alzheimer’s disease. Nat Genet. 2013;45(12):1452-1458. 

34.  Wen W, Thalamuthu A, Mather KA, et al. Distinct Genetic 
Influences on Cortical and Subcortical Brain Structures. Sci Rep. 
2016;6:32760. http://dx.doi.org/10.1038/srep32760. 

35.  Okbay A, Beauchamp JP, Fontana MA, et al. Genome-wide 
association study identifies 74 loci associated with educational 
attainment. Nature. 2016;533(7604):539-542. 
doi:10.1038/nature17671. 

36.  Lam M, Trampush JW, Yu J, et al. Large-Scale Cognitive 
GWAS Meta-Analysis Reveals Tissue-Specific Neural Expression 
and Potential Nootropic Drug Targets. Cell Rep. 2017;21(9):2597-
2613. 

37.  Goes FS, McGrath J, Avramopoulos D, et al. Genome-wide 
association study of schizophrenia in Ashkenazi Jews. Am J Med 
Genet B Neuropsychiatr Genet. 2015;168(8):649-659. 
doi:10.1002/ajmg.b.32349. 

38.  Pintana H, Apaijai N, Chattipakorn N, Chattipakorn SC. 
DPP-4 inhibitors improve cognition and brain mitochondrial 
function of insulin-resistant rats. J Endocrinol. 2013;218(1):1-11. 
doi:10.1530/JOE-12-0521. 

39.  Gault VA, Lennox R, Flatt PR. Sitagliptin, a dipeptidyl 
peptidase-4 inhibitor, improves recognition memory, oxidative 
stress and hippocampal neurogenesis and upregulates key genes 
involved in cognitive decline. Diabetes Obes Metab. 
2015;17(4):403-413. doi:10.1111/dom.12432. 

40.  Adams SL, Benayoun L, Tilton K, et al. Methionine 
Sulfoxide Reductase-B3 (MsrB3) Protein Associates with Synaptic 
Vesicles and its Expression Changes in the Hippocampi of 
Alzheimer’s Disease Patients. J Alzheimers Dis. 2017;60(1):43-56. 
doi:10.3233/JAD-170459. 

41.  Nakamura M, Shimada K, Konishi N. The role of HRK gene 
in human cancer. Oncogene. 2008;27 Suppl 1:S105-13. 
doi:10.1038/onc.2009.48. 

42.  Kamboh MI, Barmada MM, Demirci FY, et al. Genome-wide 
association analysis of age-at-onset in Alzheimer’s disease. Mol 
Psychiatry. 2012;17(12):1340-1346. 

43.  Martins-de-Souza D, Guest PC, Mann DM, et al. Proteomic 
analysis identifies dysfunction in cellular transport, energy, and 
protein metabolism in different brain regions of atypical 
frontotemporal lobar degeneration. J Proteome Res. 
2012;11(4):2533-2543. 

44.  Wilson PM, Fryer RH, Fang Y, Hatten ME. Astn2, a novel 
member of the astrotactin gene family, regulates the trafficking of 
ASTN1 during glial-guided neuronal migration. J Neurosci. 
2010;30(25):8529-8540. 

45.  Pickrell JK, Berisa T, Liu JZ, Segurel L, Tung JY, Hinds DA. 
Detection and interpretation of shared genetic influences on 42 
human traits. Nat Genet. 2016;48(7):709-717. doi:10.1038/ng.3570. 

46.  Gormley P, Anttila V, Winsvold BS, et al. Meta-analysis of 
375,000 individuals identifies 38 susceptibility loci for migraine. 
Nat Genet. 2016;48(8):856-866. doi:10.1038/ng.3598. 

47.  Anttila V, Winsvold BS, Gormley P, et al. Genome-wide 
meta-analysis identifies new susceptibility loci for migraine. Nat 
Genet. 2013;45(8):912-917. doi:10.1038/ng.2676. 

48.  Freilinger T, Anttila V, de Vries B, et al. Genome-wide 
association analysis identifies susceptibility loci for migraine 
without aura. Nat Genet. 2012;44(7):777-782. doi:10.1038/ng.2307. 

49.  Vrijenhoek T, Buizer-Voskamp JE, van der Stelt I, et al. 
Recurrent CNVs Disrupt Three Candidate Genes in Schizophrenia 
Patients. Am J Hum Genet. 2008;83(4):504-510. 
doi:10.1016/J.AJHG.2008.09.011. 

50.  Lionel AC, Tammimies K, Vaags AK, et al. Disruption of the 
ASTN2/TRIM32 locus at 9q33.1 is a risk factor in males for autism 
spectrum disorders, ADHD and other neurodevelopmental 
phenotypes. Hum Mol Genet. 2014;23(10):2752-2768. 
doi:10.1093/hmg/ddt669. 

51.  Gelernter J, Sherva R, Koesterer R, et al. Genome-wide 
association study of cocaine dependence and related traits: 
FAM53B identified as a risk gene. Mol Psychiatry. 2014;19(6):717-
723. doi:10.1038/mp.2013.99. 

52.  Hardin M, Cho MH, McDonald M-L, et al. A genome-wide 
analysis of the response to inhaled beta2-agonists in chronic 
obstructive pulmonary disease. Pharmacogenomics J. 
2016;16(4):326-335. doi:10.1038/tpj.2015.65. 

53.  de Lange KM, Moutsianas L, Lee JC, et al. Genome-wide 
association study implicates immune activation of multiple integrin 
genes in inflammatory bowel disease. Nat Genet. 2017;49(2):256. 

54.  Fuchs RA, Evans KA, Ledford CC, et al. The role of the 
dorsomedial prefrontal cortex, basolateral amygdala, and dorsal 
hippocampus in contextual reinstatement of cocaine seeking in rats. 
Neuropsychopharmacology. 2005;30(2):296-309. 

55.  Meyers RA, Zavala AR, Neisewander JL. Dorsal, but not 
ventral, hippocampal lesions disrupt cocaine place conditioning. 
Neuroreport. 2003;14(16):2127-2131. 

56.  Yamaguchi M, Suzuki T, Seki T, et al. Repetitive cocaine 
administration decreases neurogenesis in adult rat hippocampus. 
Ann N Y Acad Sci. 2004;1025(1):351-362. 

57.  Zonis S, Pechnick RN, Ljubimov VA, et al. Chronic 
intestinal inflammation alters hippocampal neurogenesis. J 
Neuroinflammation. 2015;12:65. doi:10.1186/s12974-015-0281-0. 

58.  Mahajan A, Rodan AR, Le TH, et al. Trans-ethnic fine 
mapping highlights kidney-function genes linked to salt sensitivity. 
Am J Hum Genet. 2016;99(3):636-646. 

59.  Pattaro C, Teumer A, Gorski M, et al. Genetic associations at 
53 loci highlight cell types and biological pathways relevant for 
kidney function. Nat Commun. 2016;7:10023. 

60.  Köttgen A, Pattaro C, Böger CA, et al. New loci associated 
with kidney function and chronic kidney disease. Nat Genet. 
2010;42(5):376. 

61.  Chang C-Y, Lin C-C, Tsai C-F, et al. Cognitive impairment 
and hippocampal atrophy in chronic kidney disease. Acta Neurol 
Scand. 2017;136(5):477-485. doi:10.1111/ane.12753. 

62.  Menges CW, Altomare DA, Testa JR. FAS-associated factor 
1 (FAF1): diverse functions and implications for oncogenesis. Cell 
Cycle. 2009;8(16):2528-2534. 

63.  Obradović D, Tirard M, Nemethy Z, Hirsch O, Gronemeyer 
H, Almeida OFX. DAXX, FLASH, and FAF-1 modulate 
mineralocorticoid and glucocorticoid receptor-mediated 
transcription in hippocampal cells—toward a basis for the opposite 
actions elicited by two nuclear receptors? Mol Pharmacol. 
2004;65(3):761-769. 

64.  Okerlund ND, Kivimäe S, Tong CK, Peng I-F, Ullian EM, 
Cheyette BNR. Dact1 is a postsynaptic protein required for dendrite, 
spine, and excitatory synapse development in the mouse forebrain. 
J Neurosci. 2010;30(12):4362-4368. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 11, 2018. ; https://doi.org/10.1101/299578doi: bioRxiv preprint 

https://doi.org/10.1101/299578
http://creativecommons.org/licenses/by-nc-nd/4.0/


VAN DER MEER ET AL.                                                                                                                   11 
 

doi:10.1523/JNEUROSCI.0354-10.2010. 
65.  Yin X, Xiang T, Li L, et al. DACT1, an antagonist to Wnt/β-

catenin signaling, suppresses tumor cell growth and is frequently 
silenced in breast cancer. Breast Cancer Res. 2013;15(2):R23. 

66.  Costas J. The highly pleiotropic gene SLC39A8 as an 
opportunity to gain insight into the molecular pathogenesis of 
schizophrenia. Am J Med Genet Part B Neuropsychiatr Genet. 2017. 

67.  Smeland OB, Frei O, Kauppi K, et al. Identification of 
genetic loci jointly influencing schizophrenia risk and the cognitive 
traits of verbal-numerical reasoning, reaction time, and general 
cognitive function. JAMA psychiatry. 2017;74(10):1065-1075. 

68.  Giuliano A, Donatelli G, Cosottini M, Tosetti M, Retico A, 
Fantacci ME. Hippocampal subfields at ultra high field MRI: An 
overview of segmentation and measurement methods. 
Hippocampus. 2017;27(5):481-494. 

69.  Fan CC, Smeland OB, Schork AJ, et al. Beyond heritability: 
Improving discoverability in imaging genetics. Hum Mol Genet. 
March 2018. doi:10.1093/hmg/ddy082. 

70.  Bis JC, DeCarli C, Smith AV, et al. Common variants at 
12q14 and 12q24 are associated with hippocampal volume. Nat 
Genet. 2012;44(5):545-551. doi:10.1038/ng.2237. 

71.  Fatemifar G, Hoggart CJ, Paternoster L, et al. Genome-wide 
association study of primary tooth eruption identifies pleiotropic 
loci associated with height and craniofacial distances. Hum Mol 
Genet. 2013;22(18):3807-3817. doi:10.1093/hmg/ddt231. 

72.  Pillas D, Hoggart CJ, Evans DM, et al. Genome-wide 
association study reveals multiple loci associated with primary tooth 
development during infancy. PLoS Genet. 2010;6(2):e1000856. 
doi:10.1371/journal.pgen.1000856. 

 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 11, 2018. ; https://doi.org/10.1101/299578doi: bioRxiv preprint 

https://doi.org/10.1101/299578
http://creativecommons.org/licenses/by-nc-nd/4.0/

