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Abstract

Background—Schizophrenia is associated with robust hippocampal volume deficits but 

subregion volume deficits, their associations with cognition, and contributing genes remain to be 

determined.

Methods—Hippocampal formation subregion volumes were obtained using FreeSurfer 6.0 from 

individuals with schizophrenia (n=176, mean age±SD=39.0±11.5, 132 males) and healthy 

volunteers (n=173, mean age±SD=37.6±11.3, 123 males) with similar mean age, gender, 

handedness, and race distributions. Relationships between the hippocampal formation subregion 

volume with the largest between group difference, neuropsychological performance, and single-

nucleotide polymorphisms were assessed.

Results—This study found a significant group by region interaction on hippocampal subregion 

volumes. Compared to healthy volunteers, individuals with schizophrenia had significantly smaller 

dentate gyrus (Cohen’s d = −0.57), Cornu Ammonis 4, molecular layer of the hippocampus, 

hippocampal tail, and Cornu Ammonis 1 volumes, when statistically controlling for intracranial 

volume; dentate gyrus (d = −0.43) and Cornu Ammonis 4 volumes remained significantly smaller 

when statistically controlling for mean hippocampal volume. Dentate gyrus volume showed the 

largest between group difference and significant positive associations with visual memory and 

speed of processing in the overall sample. Genome-wide association analysis with dentate gyrus 

volume as the quantitative phenotype identified rs56055643 (Beta=10.8, p<5×10−8, 95% CI: 

7.0-14.5) on chromosome 3 in high linkage disequilibrium with MOBP. Gene-based analyses 

identified associations between SLC25A38 and RPSA and dentate gyrus volume.

Conclusions—This study suggests that dentate gyrus dysfunction is fundamentally involved in 

schizophrenia pathophysiology, that it may contribute to cognitive abnormalities in schizophrenia, 

and that underlying biological mechanisms may involve contributions fromMOBP, SLC25A38, 

and RPSA.
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Introduction

The hippocampal formation (HF) is among the brain structures that show the most robust 

volume deficits in schizophrenia (Haijma et al. 2013; Okada et al. 2016; van Erp et al. 2016) 

though subregion abnormalities, relationships with cognitive performance, and contributing 

genetic loci remain to be determined. Regional HF abnormalities have been hypothesized 

and observed (Schobel et al. 2009; Tamminga et al. 2010, 2012; Small et al. 2011). 

Tamminga and colleagues hypothesized that a primary deficit in the hippocampal dentate 

gyrus (DG) disrupts memory presentations in schizophrenia (Tamminga et al. 2010), while 

Small and colleagues hypothesized that a primary deficit in Cornu Ammonis (CA) 1 disrupts 

memory integration in schizophrenia (Small et al. 2011). The HF’s trisynaptic circuit, 

includes subregions that subserve different functions and differ in cellular make-up -e.g., the 

principal cell type in the DG is the granule cell and in the CA the pyramidal cell (Amaral & 

Witter 1989; Amaral et al. 2007; Small et al. 2011; Wheeler et al. 2015; Nakahara et al. 

2018). Hence, different biological mechanisms may contribute to HF subregion volume 

abnormalities observed in schizophrenia.

Several automated HF segmentation methods exist (Van Leemput et al. 2008, 2009; 

Yushkevich et al. 2009; Iglesias et al. 2013; Adler et al. 2014). Two of these methods (Van 

Leemput et al. 2008, 2009; Iglesias et al. 2013) are implemented in FreeSurfer (Fischl et al. 

2002; Fischl 2012) and have been most widely used in schizophrenia studies. Subregions 

shown to have lower volume in schizophrenia compared to controls include the CA1 (Hýža 

et al. 2016; Ho et al. 2017a, 2017b; Ota et al. 2017; Sauras et al. 2017), CA2/3 (Ho et al. 

2017a, 2017b), DG (Ho et al. 2017b; Ota et al. 2017) and the subiculum (Francis et al. 2013; 

Mathew et al. 2014; Haukvik et al. 2015). These findings suggest that regional deficits in 

DG-CA3-CA1-subiculum circuitry may contribute to the emergence of psychosis 

(Yushkevich et al. 2008, 2009; Van Leemput et al. 2009).

Most schizophrenia HF subregion studies employed Freesurfer 5.1-5.3; (Haukvik et al. 

2018; Nakahara et al. 2018), for which limitations have been reported (Wisse et al. 2014). 

Hitherto, only two schizophrenia studies assessed HF subregion volumes using FreeSurfer 

6.0’s improved ex-vivo hippocampal subregion atlas segmentations (Iglesias et al. 2013) run 

on Freesurfer 5.3 whole hippocampus segmentations (Ho et al. 2017a, 2017b). Ho and 

colleagues found progressive decline in CA1 volume in individuals at risk for psychosis (Ho 

et al. 2017a) and more widespread volume deficits and progressive decline in DG and CA3 

after illness onset (Ho et al. 2017b). To our knowledge, only one schizophrenia study has 

reported HF subregion volumes obtained using only FreeSurfer 6.0 (Baglivo et al. 2017). A 

major advantage of Freesurfer 6.0 is that its ex-vivo atlas provides separate DG and CA4 

volume estimates (Iglesias et al. 2013). This distinction is important for testing Tamminga 

and colleague’s hypothesis (Tamminga et al. 2010) because it focuses on the DG and CA3 

but not CA4. Moreover, given that no study to date has tested for a group by region 

interaction on HF subregion volumes, the possibility of differential regional HF volume 

abnormalities remains untested.

Schizophrenia is a heritable and HF subregion volume heritabilities are estimated at 40-70% 

(Greenspan et al. 2016; Whelan et al. 2016), suggesting that genetic variation may contribute 
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to psychosis related HF abnormalities. However genetic mechanisms contributing to HF 

subregion volume deficits remain undetermined.

In this study, we compared HF subregion volumes obtained using Freesurfer 6.0 between 

176 individuals with schizophrenia and 173 healthy volunteers recruited into the Function 

Biomedical Informatics Research Network (FBIRN) Phase 3 study. We tested for a group by 

region interaction on regional volumes and computed group contrast effect sizes. Based on 

our review of the literature (Nakahara et al. 2018), a meta-analysis of predominantly 

FreeSurfer 5.3 studies (Haukvik et al. 2018) and studies that employed FreeSurfer 6.0 

(Baglivo et al. 2017; Ho et al. 2017a, 2017b), we hypothesized a significant group by region 

interaction with the largest schizophrenia-control effect sizes for the DG/CA4 and CA1 and 

smallest effect sizes for the subicular regions. We also explored relationships between 

regions with the largest group difference effect sizes and cognitive performance. To identify 

possible novel contributing genetic variants to schizophrenia related HF subregion volume 

deficits, we performed, to our knowledge the first, schizophrenia genome-wide association 

(GWA) analysis with DG volume (largest group difference effect size) as the quantitative 

phenotype. Finally, we explored possible relationships between DG volume and age at onset, 

duration of illness, symptom severity, smoking, and medication dose.

Methods

Participants

Individuals with schizophrenia (n=176, mean age±SD=38.9±11.5, 132 males) and healthy 

volunteers (n=173, mean age±SD=37.6±11.3, 123 males) with similar mean age, gender 

handedness, and ethnicity distributions, recruited from seven sites, participated in this multi-

center cross sectional case-control study (Table 1) (Friedman & Glover 2006; Friedman et 

al. 2006; Greve et al. 2011; Glover et al. 2012). Each participant was assessed with high-

resolution T1-weighted scans and clinical assessments (Oldfield 1971; de Belmont 

Hollingshead 1975; Kay et al. 1989; Uttl 2002a, 2002b). Inclusion criteria were clinically 

stable -no antipsychotic medication or dose changes within the last two months- 

schizophrenia diagnosis based on DSM-IV-TR (First 2002). Schizophrenia and healthy 

volunteers with a history of major medical illness, drug dependence in the last five years 

(except for nicotine), current substance abuse disorder, or MRI contraindications, were 

excluded. Excluded were individuals with schizophrenia with significant tardive dyskinesia 

and healthy volunteers with current or past history of major neurological or psychiatric 

illness or a first-degree relative with an Axis-I psychotic disorder diagnosis (Supplementary 

methods). Written informed consent, including permission to share de-identified data 

between the centers, approved by the University of California (UC) Irvine, UC Los Angeles, 

and UC San Francisco, Duke University, University of North Carolina, New Mexico, Iowa, 

and Minnesota Institutional Review Boards, was obtained from all study participants.

Image analysis

Hippocampal tail, subiculum, CA1, hippocampal-fissure, presubiculum, parasubiculum, 

molecular layer of the hippocampus (molecular_layer_HP), granule cell and molecular cell 

layer of the DG (GC-ML-DG), CA3, CA4, fimbria, and hippocampal-amygdaloid transition 
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region (HATA) (Figure. 1A) as well as intracranial volume (ICV) and overall hippocampal 

volumes (Supplementary Table 1) were extracted from high-resolution T1-weighted images 

of the brain, that had previously been determined of good quality (little motion or other 

artifacts based on visual inspection) (van Erp et al. 2014; Esteban et al. 2017), using 

Freesurfer 6.0 (https://surfer.nmr.mgh.harvard.edu) (Fischl et al. 2002; Van Leemput et al. 

2008, 2009; Fischl 2012; Iglesias et al. 2013).

Neuropsychological battery

Study participants performed the Computerized Multiphasic Interactive Neurocognitive 

DualDisplay System (CMINDS®) FBIRN task battery and the attention/vigilance, speed of 

processing, working memory, verbal learning, visual learning, and reasoning/problem 

cognitive domain scores as well as a total composite (global cognition) score 

(Supplementary Table 2) were computed as described in detail previously (van Erp et al. 

2015).

Genetic imputation and quality control

DNA samples from unrelated and mixed ethnicity subjects (schizophrenia=130, healthy 

volunteers=145; Supplementary Methods & Table 3) were genotyped using the Illumina 

MEGA+Psych chip (Illumina, SD, USA) between January 2016 - May 2016 at Illumina 

Genomics Services (San Diego). Data were filtered to remove single-nucleotide 

polymorphisms (SNPs) with low minor allele frequency (MAF<0.01), deviations from 

Hardy–Weinberg equilibrium (p<1×10−6), or poor genotyping call rate (<95%) using PLINK 

software (http://pngu.mgh.harvard.edu/purcell/plink) (Purcell et al. 2007). Filtered data were 

imputed to the 1000 Genomes Project reference panel (phase 1, version 3; ftp://

ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502) using the Michigan imputation server 

(https://imputationserver.sph.umich.edu/index.html) (Das et al. 2016).

For individuals with genotyping (n=275; schizophrenia=130, healthy volunteers=145), 

imputed SNPs with estimated linkage disequilibrium R2<0.8 or low MAF (<0.5%) were 

removed, resulting in a final dataset of 12,049,533 SNPs.

Statistical analyses

Prior to the main multivariate statistical analyses, we ran univariate mixed model regression 

analyses predicting ICV, left and right total hippocampal volumes (Supplementary results), 

and left and right HF subregions with group, site, gender, age, hemisphere (repeated 

measure), group × site, group × hemisphere, site × hemisphere, and group × site × 

hemisphere interactions to visually examine the residuals for normality (Proc Univariate, 

SAS v9.4, SAS Institute Inc.); analysis of ICV did not include a hemisphere term. Residuals 

appeared normally distributed, no additional data points were excluded, and no data 

transforms were applied.

To enable proper testing of the diagnosis × region interaction on on hippocampal subregion 

volumes, data were equated for scalar differences between the subregions by normalizion to 

the mean healthy volunteers subregion volumes [normalized volume = (participant volume - 

healthy volunteer mean volume) / healthy volunteers standard deviation]. The normalization 
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was performed with the healthy volunteer mean of left and right hemisphere volumes (mean 

across healthy volunteer subjects of [left+right volumes/2]) to allow for examination of 

hemisphere effects. The diagnosis × region interaction on hippocampal subregion volumes 

was also tested in a model excluding fissure volumes which should be larger in individuals 

with lower hippocampal volumes such as individuals with schizophrenia.

Group differences for each region were examined using mixed model regression analyses 

(Proc Mixed, SAS v9.4, SAS Institute Inc.), predicting normalized hippocampal subregion 

volumes with group, region, and hemisphere and their 2 and 3-way interactions. Region and 

hemisphere entered the model as repeated measures factors, and gender, and site along with 

2- and 3-way interactions between site, group, and region entered the model as categorical 

and age and ICV as continuous covariates (Model 1). Degrees of freedom were estimated 

using the Satterthwaite option. Possible confounding influences of smoking status on HF 

subregion volumes (Durazzo et al. 2013; Schneider et al. 2014) were assessed by including 

smoking status (current smoker, ex-smoker, never-smoker), current pack-year, or lifetime 

pack-year as covariates in Model 1, respectively. We also ran models in current non-smokers 

and never smokers only. Possible confounding effects of ethnicity were examined and 

ethnicity was not found to be a significant predictor of HF subregion volumes (p>0.05).

To assess the independence of the pattern of hippocampal subregion abnormalities from 

overall hippocampal volume deficits, a second analysis included left and right hippocampal 
volumes, instead of ICV, as covariates (Model 2). For the regions with a-priori defined 

directional hypotheses based on the literature (CA1, CA2-3, DG/CA4, and Subiculum) the 

significance threshold was set at p<0.05 (one-tailed). We also indicate which of the findings 

pass the more conservative Bonferroni multiple comparison corrected threshold for a test of 

subregion differences of p<0.004 (0.05 ÷ 12 hippocampal subregions, two tailed). Percent 

volume differences and Cohen’s d weighted mean effect sizes, based on Model 1, were 

computed for each of the subregions.

We assessed the relationships between HF subregion volumes (with moderate between group 

effect sizes d<−0.40) and cognitive performance, age at onset, duration of illness, symptom 

severity (SANS and SAPS scores), and medication dose using regressions statistically 

controlling for sex, site (categorical), age, and ICV (two-tailed; Supplementary methods). 

Unequal slope analyses (comparing diagnoses) did not show significant diagnosis × volume 

interactions on cognitive performance. Therefore, only overall sample associations with 

cognitive performance are reported and type I error was controlled using Bonferroni 

correction (see Supplementary Table 2). All analyses only included subjects with available 

anatomical, cognitive, or symptom data, no extrapolation or imputation of these data were 

performed to generate missing data.

Genome-wide association and gene-based analyses

The GWA analysis predicted mean bilateral DG volume with diagnosis, SNP, and the 

diagnosis × SNP interaction, while statistically controlling for age, sex, whole hippocampus 

volume, site (scanner), and 4 multidimensional-scaling (MDS) components using PLINK. 

Whole hippocampal volume, rather than ICV was included in the GWA analysis, as it may 

more likely yield GWA findings unique to the DG volume. The standard genome-wide 
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significant threshold of p<5×10−8 was applied to identify significant SNP (Risch & 

Merikangas 1996; Barsh et al. 2012) and diagnosis × SNP interaction effects (Hancock et al. 

2012). A fast and flexible gene- or set-based association test using genome-wide association 

study (GWAS) summary data of DG volume was performed using GCTA (see 

Supplementary Methods). The manhattan plot (Figure 2) was created using SNP2GENE 

software (http://fuma.ctglab.nl/) (Watanabe et al. 2017). Genome wide significance of gene 

was defined at p=0.05/24,765 (the number of total genes)=2.0×10−6.

Results

Main and interaction effects on hippocampal formation subregion volumes

Mixed model regression analyses, controlling for individual differences in ICV (Model 1), 

showed significant main effects of diagnosis, region, hemisphere, gender, site, and ICV as 

well as significant diagnosis × region, hemisphere × region, diagnosis × site, and site × 

region interactions on HF subregion volumes (Table 2). Mixed model regression analyses, 

controlling for individual differences in left and right hippocampal volume (Model 2), 

showed significant main effects of region, hemisphere, gender, age, site, and hippocampal 

volume, as well as significant diagnosis × region, hemisphere × region, and site × region 

interactions, though the effects of diagnosis was no longer significant (Table 2). The 

diagnosis × region interaction was also significant when fissure volumes were excluded from 

the analysis [F(10,613)=2.64, p<0.004 (Model 1); F(10,635)=2.83, p<0.002 (Model 2)].

Decomposition of the diagnosis × region interaction in the model controlling for ICV 

(Model 1) showed that subjects with schizophrenia, compared to healthy subjects, had 

significantly smaller GC-ML-DG (t644=−4.82, p<0.0001; −4.1%, Cohen’s d=−0.57), CA4 

(t640=−4.64, p=<0.001; −4.0%, d=−0.55), molecular_layer_HP (t644=−3.94, p=<0.0001; 

−4.0%, d=−0.47), hippocampal tail (t660=−3.7, p=0.0002; −3.1%, d=−0.44), CA1 (t645=

−3.26, p=0.001; −3.1%, d=−0.39), presubiculum (t645=−2.88, p=0.004; −2.9%, d=−0.34), 

fimbria (t623=−3.67, p=0.008; −5.4%, d=−0.32), subiculum (t650=−2.61, p=0.009; −2.3%, 

d=−0.31), HATA (t641=−2.41, p=0.02; −3.0%, d=−0.29), CA3 (t635=−2.03, p<0.04; −2.4%, 

d=−0.24), and parasubiculum (t615=−1.97, p<0.05; −3.4%, d=−0.24) volumes, and larger 

hippocampal fissure (t632=3.18, p=0.002; +5.0%, d=0.38) volumes (all p-value reported are 

two-tailed). GC-ML-DG, CA4, molecular_layer_HP, hippocampal tail, CA1, and 

hippocampal fissure group differences were also significant at the Bonferroni multiple 

comparison correction threshold of p<0.004 when controlling for ICV (Figure. 1B).

Decomposition of the diagnosis × region interaction in the model controlling for 

hippocampal volume (Model 2) showed a similar profile to that in model 1. Subjects with 

schizophrenia, compared to healthy subjects, had significantly smaller GC-ML-DG (t599=

−3.6, p=0.0003; Cohen’s d=−0.43), CA4 (t605=−3.25, p=0.001; d=−0.39), 

molecular_layer_HP (t490=−2.8, p=0.005; d=−0.33), and hippocampal tail (t645=−2.14, 

p<0.03; d=−0.26), but not CA1 (d=−0.20), presubiculum (d=−0.09), fimbria (d=−0.08), 

subiculum (d=−0.06), HATA (d=−0.03), CA3 (d=0), and parasubiculum (d=0); in this 

secondary analysis, the hippocampal fissure remained significantly larger in schizophrenia 

compared with healthy volunteers (t638=5.36, p<0.0001; d=0.65) volumes. Only the GC-

ML-DG, CA4, molecular_layer_HP, and hippocampal fissure group differences were 
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significant at the Bonferroni multiple comparison correction threshold of p<0.004 when 

controlling for hippocampal volume (Figure. 1C). Given that DG volume showed the largest 

differences between individuals with schizophrenia and healthy volunteers, further 

association and GWA analysis focused on this region.

Decomposition of the region × hemisphere interaction based on the Model 1 analysis 

showed that left hemisphere GC-ML-DG, CA1, CA3, CA4, molecular_layer_HP, 

hippocampal tail, and HATA region volumes were smaller than right hemisphere volumes 

(all p-values<0.0001), while left hemisphere subiculum (p<0.05), presubiculum (p<0.0001), 

and parasubiculum volumes were larger than right hemisphere volumes. Left and right 

hemisphere volumes for the fimbria and hippocampal fissure were equivalent. Finally, there 

is a consistent pattern of lower GC-ML-DG volume in individuals with schizophrenia 

compared with controls across the seven sites (Supplementary Figure 2).

Associations with neuropsychological performance

DG (GC-ML-DG) and CA4 volumes showed significant associations with visual learning 

and speed of processing, molecular layer volumes showed significant associations with 

visual learning and CMINDS composite, while the hippocampal tail showed significant 

associations with attention/vigilance (p<0.0018, 0.05/7/4=0.0018, Bonferroni; see 

Supplementary Table 2).

Novel genome-wide markers associated with DG volume

No SNPs showed a genome-wide significant main effect on DG volume. The GWA analysis 

did identify a genome-wide significant diagnosis × SNP interaction (p<5×10−8) on DG 

volume for rs56055643 (Beta=10.75, 95% CI: 7.0-14.5, SE=1.91; T-statistic=5.63, 

p=4.8×10−8) located on Chromosome 3 near MOBP (Figure 2 and Supplementary Table 4). 

Decomposition of the diagnosis × SNP interaction showed a positive main effect of the 

rs56055643 A allele in schizophrenia (Beta=4.79, 95% CI: 1.8-7.82, SE=1.54; T-

statistic=3.10, p=0.002) and a negative main effect of the rs56055643 A allele in healthy 

volunteers (Beta=−5.14, 95% CI: −7.9--2.41, SE=1.40; T-statistic=−3.69, p=0.0003; Fig. 

2D). The effect of genotype remained significant within the schizophrenia group when either 

antipsychotic type (typical, atypical, both, or none) or chlorpromazine medication dose were 

included as covariates in the analysis. Gene-based analysis based on this GWA summary, 

found that several additional genes, including MOBP, RPSA, and SLC25A38, were 

significantly associated with DG volume (Table 3). The gene expression heatmap shows that 

each of these genes is expressed in brain, including in the hippocampus (Supplementary 

Figure 1).

Discussion

We found, to our knowledge for the first time, a significant group by HF subregion 

interaction, indicating regional variation in HF volume deficits in schizophrenia, significant 

associations between DG volumes and visual memory and speed of processing in the overall 

sample, and a genome-wide significant SNP associated with DG volume.
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All HF subregion volumes were smaller and hippocampal fissure volume was larger (at 

p<0.05) in individuals with schizophrenia compared to healthy controls when controlling for 

individual differences in ICV; GC-ML-DG, CA4, molecular_layer_HP, Hippocampal tail, 

CA1, and hippocampal fissure volume group differences survived multiple comparison 

correction.

GC-ML-DG, CA4, molecular_layer_HP, and hippocampal tail volumes were smaller and 

hippocampal fissure volume was larger (at p<0.05) in individuals with schizophrenia 

compared to healthy controls when controlling for individual differences in hippocampal 

volumes; GC-ML-DG, CA4, and hippocampal fissure group differences survived multiple 

comparison correction.

We found that these regional volume abnormalities were independent from possible 

confounding effects of differences in smoking habits between schizophrenia and healthy 

volunteers, were not associated with ethnicity, and were not correlated with antipsychotic 

medication dose.

Our findings are largely consistent with prior studies that also found CA1, CA2/3, CA4/DG, 

molecular_layer_HP, subiculum, presubiclum, hippocampal tail volume deficits (Francis et 

al. 2013; Mathew et al. 2014; Haukvik et al. 2015; Kawano et al. 2015; Hýža et al. 2016; Ho 

et al. 2017a, 2017b; Ota et al. 2017; Rhindress et al. 2017) at p<0.05. Moreover, our 

freesurfer 6.0 findings are also consistent with a recent meta-analysis, which reported the 

largest effect size for combined DG/CA4 volume deficits in schizophrenia based on 

predominantly FreeSurfer 5.3 studies (Haukvik et al. 2018). Lower bilateral CA4, DG, and 

CA1 volumes have also been observed in individuals with first-episode psychosis (Baglivo 

et al. 2017). We found fimbria (p<0.05) and fissure volume abnormalities in schizophrenia 

compared to healthy volunteers, which were not reported previously. Possible reasons for the 

discrepancy are lower measurement accuracy of the smaller subregions, as well as between 

study differences in status and duration of illness (Ho et al. 2017a). Freesurfer 6.0 enables 

separate estimates for GC-ML-DG, CA4, and CA3 volumes, which was not possible in 

previous Freesurfer versions (5.1/5.3). Our finding that DG volume is significantly smaller 

in schizophrenia compared to control subjects based on Freesurfer 6.0, corroborates that 

from an independent study that assessed HF volumes with automatic segmentation of 

hippocampal subfields (ASHS) (Ota et al. 2017).

Furthermore, while some studies suggest that hippocampal volume deficits are largely 

similar across subregions (Haukvik et al. 2015), the present study found a significant group 

× region interaction even when controlling for whole hippocampal volume. These findings 

indicate regional variability in HF subregion volume abnormalities in schizophrenia 

independent from overall hippocampal volume. Moreover, the interaction remained 

significant when the hippocampal fissure was excluded from the analysis. The present study 

thus provides robust evidence for regional variability in volume deficits within the HF in 

schizophrenia.

DG volume was significantly positively associated with visual memory and speed of 

processing performance in the overall sample, findings that are in line with the dysfunctional 
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DG hypothesis in schizophrenia (Tamminga et al. 2010, 2012). Interestingly, several mouse 

models of schizophrenia -including Ca2+/calmodulin-dependent protein kinase IIα 
heterozygous, Schnurri-2 knockout, mutant Synaptosomal-associated protein 25 knock-in, 

and forebrain-specific calcineurin knockout mice- show DG dysfunction due to an immature 

DG, which has also been observed in schizophrenia (Walton et al. 2012) and could underlie 

the observed volume deficit (Hagihara et al. 2013; Ohira et al. 2013). These mouse models 

of psychosis all show memory deficits, suggesting that DG dysfunction may be associated 

with memory deficits in schizophrenia. Though, the association between visual memory and 

volume was not unique to the DG, and was also observed for the CA4 and the molecular 

layer. Differential associations between HF subregion volumes and cognitive performance 

will require additional study and replication. We found no significant associations between 

DG volume and age at onset, duration of illness, or symptom severity, though associations 

between brain volumes and symptom measures are often weak and may require larger 

samples.

Although there have been several GWA studies on hippocampal volume, to our knowledge 

this is the first report to identify loci associated with DG volume in a schizophrenia sample. 

The top SNP, rs56055643, with a p-value less than the 5×10−8 standard genome-wide 

threshold, and several SNPs in high linkage disequilibrium with p-values less than 1×10−7 

are located on chromosome 3 near the genes RPSA and MOBP. Gene-based analysis also 

suggests the association of these genes with DG volume.

RPSA, expressed in the hippocampus, encodes 40S ribosomal protein SA that is required for 

the assembly and/or stability of the 40S ribosomal subunit. This protein plays a role as a cell 

surface receptor for laminin, which plays an important role in cell differentiation, migration, 

and adhesion as well as synapse stabilization (Omar et al. 2017). Importantly, this protein 

interacts with ZNF804A, a well-known schizophrenia risk gene (Steinberg et al. 2011; 

Zhang et al. 2011), and rescues the migration and translational defects caused by ZNF804A 
knockdown. RPSA is enriched in mature compared to immature DG granule cells (Chatzi et 

al. 2016) consistent with models that have hypothesized an immature DG in schizophrenia 

(Walton et al. 2012)

MOBP, expressed in hippocampal oligodendrocytes, encodes myelin-associated 

oligodendrocyte basic protein. Recent studies suggest that oligodendrocyte function and 

myelination are disrupted in schizophrenia (Kubicki et al. 2005; McInnes & Lauriat 2006) 

and a study combining PGC schizophrenia risk loci, lifespan gene expression data, and 

schizophrenia methylome data has identified MOBP as a SNP-rich gene expression hub 

(Hegyi 2017). Lower numbers of oligodendrocytes have been observed in the hippocampal 

CA4 subfield in individuals with schizophrenia (Schmitt et al. 2009) and altered levels of 

myelin basic protein (MBP) have been reported in schizophrenia and bipolar disorder 

compared to controls (Chambers & Perrone-Bizzozero 2004) providing evidence for the 

myelin hypothesis in schizophrenia. Muted myelination could contribute to lower CA4 and 

DG volumes in schizophrenia. The rs56055643 SNP, located on near MOBP, was also 

associated with CA4 volume (Beta= 9.30, 95% CI: 5.77-12.82, SE=1.80; T-statistic=5.17, 

p=4.7×10−7) but not with whole hippocampus volume (p=0.64). Likewise, gene-based 
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analysis also showed that MOBP is associated with CA4 (p=0.0002) but not with whole 

hippocampus volume (p=0.60).

SLC25A38, or appoptosin, belongs to the SCL25 mitochrondria solute carrier family, is 

expressed in hippocampal neurons, and has been linked to apoptosis (Zhang et al. 2012). 

Moreover, MOBP SNPs were strongly associated with appoptosin expression (Höglinger et 

al. 2011). These findings may suggest that SLC25A39 and MOBP may be differentially 

involved in the regulation of survival or maturation of newly generated DG neurons in 

schizophrenia compared to controls (Chambers & Perrone-Bizzozero 2004).

It has been argued that imaging associations that are observed only in patients should be 

viewed with caution (Carter et al. 2017). We agree with this viewpoint but also note that 

genetic loci may have differential effects within the context of a disease. Therefore testing 

for diagnosis by SNP interaction effects may provide additional insights that may be missed 

when testing only for main effects of SNPs across diagnostic groups. Moreover, the 

observation that rs56055643 alleles show opposing effects in individuals with schizophrenia 

and healthy individuals could not have been observed in studies that perform genetic 

analyses using categorical (e.g. case-control) as opposed to quantitative traits.

This imaging study has several notable strengths. First, this study has a robust sample sizes 

for an imaging study including 176 schizophrenia and 173 healthy subjects recruited from 

multiple centers strengthening the generalizability of the findings. Second, this study 

demonstrated a significant group × region interaction on hippocampal subregion volumes 

indicating, to our knowledge for the first time, that in schizophrenia not all HF subregions 

are affected equally. Third, the percent difference in volume between schizophrenia and 

healthy volunteers tracks the group contrast effect sizes and suggest that the effect sizes are 

not merely due to difference in measurement error between the regions. Fourth, this study 

tests for group by SNP interactions on a quantitative phenotype, an analysis strategy that is 

less frequently employed but may yield novel insights into gene-phenotype relationships. 

Finally, this study adheres to the best of its abilities to the “Strengthening the Reporting of 

Observational Studies in Epidemiology (STROBE) and Strengthening the REporting of 

Genetic Association studies” (STREGA) guidelines (Supplementary Table 5).

Some limitations must also be noted. First, FreeSurfer’s hippocampal subregion method was 

developed using ultra-high resolution brain imaging data with a within-plane resolution of 

380μm and 0.8mm slice thickness (Van Leemput et al. 2008) and may require additional 

validation for use with conventional resolution imaging data. It should be noted that our 

findings in part replicate previous reports based on ultra-high resolution scans as discussed 

above (Ota et al. 2017), corroborating prior reports that the method may also be applicable 

to high-quality conventional resolution structural imaging data (Iglesias et al. 2013). 

Furthermore, the fact that most subregion volumes are smaller while the fissure is larger in 

individuals with schizophrenia when compared to healthy controls indicates that the method 

makes local adjustments to the subregions. Second, we report to our knowledge a first 

GWAS with DG volume as a quantitative trait in schizophrenia and these findings warrant 

replication in an independent sample. Third, while no effects of ethnicity on HF subregion 

volumes were observed and while differences in ethnicity in the GWA analyses were 
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controlled for using MDS components, only analyses in ethnically homogeneous samples 

can fully exclude ethnic influences on GWA findings. Finally, while the use of multi-scanner 

imaging data may be viewed as a weakness, numerous studies have shown that larger 

samples based on multi-scanner data improves power to detect effects rather than increases 

noise over signal (Fennema-Notestine et al. 2007; Segall et al. 2009; van Erp et al. 2014; 

Boedhoe et al. 2017). Moreover, mean DG volume was smaller in schizophrenia than 

healthy subjects within each site.

In conclusion, we found volumetric abnormalities in some but not all hippocampal 

subregions in schizophrenia. In particular, DG was most severely affected and associated 

with visual memory and speed of processing deficits. Further, we identified novel genome-

wide significant loci associated with DG volume. These findings support the DG 

dysfunction hypothesis of psychosis in schizophrenia (Tamminga et al. 2010, 2012). They 

also suggest novel biological insights in DG pathophysiology [e.g., oligodendrocyte 

(MOBP), cell differentiation, migration, adhesion (RPSA), or maturation / apoptosis 

(SLC25A38) aberrancies]. Overall, our finding that not all HF subregion volumes are 

equally affected in schizophrenia suggests involvement of different biological mechanisms 

between HF subregion, and that examining HF subregion abnormalities, including DG 

morphology and function as representative intermediate phenotypes, combined with genetics 

may allow for more accurate identification of the role of the HF in schizophrenia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hippocampal formation subregion segmentations and least square mean normalized 
volumes.
(A) Left shows hippocampal formation segmentations on 4 coronal slices from anterior (top) 

to posterior (bottom). Right row shows hippocampal formation segmentations on 4 left 

hemisphere sagittal slices from medial (top) to lateral (bottom). (B) Least square mean 

normalized hippocampal subregion volumes +/− standard error by diagnosis (Model 1). The 

hippocampal subregion volumes are normalized to the control mean of left and right 

hemisphere subregion volumes, and statistical analyses controlled for ICV. (C) Least square 

mean normalized hippocampal subregion volumes +/− standard errors by diagnosis (Model 

2). The hippocampal subregion volumes are normalized to the control mean of left and right 

hemisphere subregion volumes, and statistical analyses controlled for left and right 

hippocampus volume. Schizophrenia (gray bars). Healthy volunteers (white bars). * 

significant Bonferroni corrected group contrasts (p<0.004).
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Figure 2. Genome-wide association with dentate gyrus volume.
(A) A manhattan plot displays the association p value for each SNP in the genome 

(displayed as −log10 of the p-value). Red line displays p=5×10−8 line. (B) Detailed 

manhattan plot around top SNP (rs56055643) along with gene mapping. SNPs in genomic 

risk loci are color-coded as a function of their maximum r2 to the one of the independent 

significant SNPs in the locus, as follows: red (r2 > 0.8), orange (r2 > 0.6), green (r2 > 0.4), 

blue (r2 > 0.2), and grey (r2 ≤ 0.2). (C) Quantile-quantile plot for GWAS results. The 

empirical and theoretical distributions are shown as black and red line, respectively. (D) 

Depiction of the diagnosis by rs56055643 interaction on dentate gyrus volume (+/− standard 

error).
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Table 1.

Sample demographics and clinical characteristics

Schizophrenia
(n=176)

Healthy volunteer
(n=173)

Statistic p-value

Mean age (SD) 38.9 (11.5) 37.6 (11.3) t346=1.11 0.27

Gender (M/F) 132/44 123/50 χ2
1=0.36 0.39

Handedness
a
 (bilateral/left/right)

4/12/159 2/7/164 FET 0.40

Subject socioeconomic status
b
 (SD)

4.6 (0.9) 5.7 (0.9) t347=−11.18 <0.0001

Parental socioeconomic status
b
 (SD)

5.6 (1.7) 5.9 (1.5) t347=−1.25 0.21

NAART 29.6 (12.3) 39.8 (11.5) t343= −7.92 <0.0001

Ethnicity FET 0.14

 American Indian or Alaskan Native 3 3

 Asian 22 15

 Black or African American 35 19

 Native Hawaiian or Pacific Islander 2 2

 White 113 134

Smoking status χ2
2=66.9 <0.0001

 Current smoker 79 (45%) 14 (8%)

 Ex-smoker 33 (19%) 32 (19%)

 Never-smoker 63 (36%) 127 (73%)

Smoking – current pack-years 6.9 (13.1) 1.9 (7.1) t345=4.44 < 0.0001

Smoking – lifetime pack-years 10.7 (16.3) 2.3 (8.6) t344=6.02 < 0.0001

Age at onset 21.9 (7.8)

Duration of illness 17.1 (11.6)

PANSS positive 15.4 (5.2)

PANSS negative 14.3 (5.4)

PANSS general 28.2 (7.4)

PANSS composite 1.1 (6.3)

FET=Fisher’s Exact Test

a
based on Edinburgh Handedness Inventory

b
based on the Education Level of the Hollingstead Socioeconomic Status Scale; NAART = North American Adult Reading Test; PANSS = Positive 

and Negative Syndrome Scale.
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Table 2.

Effects on hippocampal formation subregion volumes based on multivariate mixed-model regression analyses

Model 1 Model 2

Effect nDF dDF F-value p-value nDF dDF F-value p-value

Diagnosis 1 636 18.19 <0.0001 1 634 1.95 0.16

Region 11 618 3.39 0.0001 11 622 3.47 0.0001

Diagnosis × Region 11 618 4.06 <0.0001 11 622 4.15 <0.0001

Hemisphere 1 507 30.76 <0.0001 1 637 11.71 0.0007

Diagnosis × Hemisphere 1 507 1.19 0.28 1 615 1.31 0.25

Hemisphere × Region 11 629 32.19 <0.0001 11 627 31.30 <0.0001

Diagnosis × Hemisphere × Region 11 629 1.82 0.05 11 627 1.77 0.06

Site 6 637 15.39 <0.0001 6 631 1.50 0.18

Diagnosis × Site 6 631 2.18 0.04 6 625 0.89 0.50

Site × Region 66 618 2.54 <0.0001 66 622 2.61 <0.0001

Diagnosis × Site ×Region 66 618 1.11 0.26 66 622 1.14 0.21

Sex 1 652 11.84 0.0006 1 632 39.26 <0.0001

Age 1 652 0.10 0.75 1 628 26.30 <0.0001

ICV 1 652 293.09 <0.0001

Hippocampus volume 1 657 3504.73 <0.0001

Model 1 statistically controls for individual differences in intracranial volume (ICV). Model 2 statistically controls for individual differences in 
hippocampal volume. nDF = nominator degrees of freedom; dDF = denominator degrees of freedom; p-values < 0.05 are listed in bold.
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Table 3.

Gene-based analysis based on dentate gyrus genome-wide association results

Gene CHR Start End Gene based
p-value

SLC25A38 3 39424839 39438842 9.59E-8

RPSA 3 39448180 39454033 8.88E-8

MOBP 3 39508689 39570970 3.27E-5

CHR: Chromosome; Start: Start location of gene in base pairs; End: End location of gene in base pairs; Gene based p-value: gene-based test p-

value based on GCTA. The association p-value for a set of SNPs (±50 Kb of UTRs) from an approximated distribution of the sum of χ2-statistics 
over the SNPs was calculated based on the GWAS data and LD correlations between SNPs from 1000 Genomes Project samples as a reference. 

Genome wide significance was defined at p = 0.05/24,765 (the number of total genes) = 2.0×10−6.
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