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The micro RNA 137 (miR-137) variant rs1625579 has been
identified as a genome-wide significant risk variant for schizo-
phrenia. miR-137 has an established role in neurodevelopment
and may mediate cognitive dysfunction in schizophrenia. This
role of miR-137 may be related to changes in brain morphology
for risk-related genotypes; however this has not yet been delin-
eated. Here we considered whether rs1625579 genotype was
predictive of indices of brain structure in patients with schizo-
phrenia and healthy controls. Structural magnetic resonance
imaging (sMRI) data (i.e. 3T T1-TFE or 1.5T T1-MPRAGE) were
acquired from 150 healthy controls and 163 schizophrenic
patients. Two volumetric analyses that considered the impact
of miR-137/rs1625579 genotype were carried out on sMRI data.
In the first analysis, voxel based morphometry was employed to
consider genotype-related variability in local grey and white
matter across the entire brain volume. Our secondary analysis
utilized the FIRST protocol in FSL to consider the volume of
subcortical structures (i.e. bilateral accumbens, amygdala, cau-
date, hippocampus, pallidum, putamen and thalamus). Several
brain regions in both analyses demonstrated the expected main
effect of participant group (i.e. schizophrenics < controls), yet
there were no regions where we observed an impact of rs1635579
genotype on brain volume. Our analyses suggest that the mecha-
nism by which miR-137 confers risk for schizophrenia and
impacts upon cognitive function may not be mediated by changes
in local brain volume. However, it remains to be determined
whether or not alternative measures of brain structure are related
to these functions of miR-137. © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

A single nucleotide polymorphism (SNP), rs1625579 (G/T), within
the microRNA 137 (miR-137) gene was identified as a risk variant
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for schizophrenia in a genome-wide association study (GWAS) of
more than 50,000 individuals [Schizophrenia Psychiatric Genome-
Wide Association Study, 2011]. This variant, located on chromo-
some 1p21.3, was found to be the strongest predictor of schizo-
phrenia risk in this GWAS analysis. MicroRNAs are small,
noncoding RNA molecules that are involved in the expression of
mRNAs. They are believed to play an important role in brain
development and maturation, and miR-137 has been implicated
in adult neurogenesis [Smrt et al., 2010].

It has been suggested that miR-137 is important in the neuro-
developmental trajectory in neuropsychiatric conditions such as
schizophrenia [Perkins et al., 2007] and recent reports implicated
miR-137 in aspects of behavior and brain function that may be
important in the schizophrenia disease phenotype. For example,
microdeletions on 1p21.3 comprising miR-137 may be associated
with intellectual disability [Willemsen et al., 2011]. Similarly, the
rs1625579 SNP seems to predict variability in schizophrenia phe-
notypes, such that carrying therisk allele (i.e. “T”) isassociated witha
subtype of schizophrenia marked by cognitive impairment [Green
et al., 2012]. A recent study by our group further suggests that in
patients diagnosed with schizophrenia, schizoaffective disorder, or
bipolar affective disorder I, miR-137 is associated with mood
congruent psychotic symptoms and may predict memory deficits
inrisk carriers [Cummingsetal., 2013]. The rs1625579 SNP hasalso
been linked to brain function in individuals at high risk of develop-
ing schizophrenia (i.e. the unaffected family members of individuals
with schizophrenia, whoare morelikely to carry genetic variants that
predict disease risk) [Whalley et al., 2012]. Whalley and colleagues
found that during performance of a sentence completion paradigm
there was a main effect of genotype on function in the medial frontal
gyrus (i.e. risk (TT) < nonrisk (GG/GT). They also observed that
individuals who were homozygous for the risk variant and were at
high geneticrisk for schizophrenia exhibited lower activationsin the
amygdala and pre/postcentral gyrus compared to non-risk controls.

These initial studies of rs1625579 suggest that this variant hasan
impact on cognition, behavior and brain functions that are relevant
for schizophrenia. Yet to-date there has been little consideration of
the impact of miR-137 on brain structure. Brain structure is related
to function and behavior and is an excellent candidate intermediate
phenotype for schizophrenia since it has been shown to be heritable
[Glahn etal., 2007; Peper et al., 2007; Thompson et al., 2001], and is
known to be altered in schizophrenia and related disorders [e.g.,
bipoloar disorder; Goldman et al., 2009; Goldman et al., 2008;
Honea et al., 2008; McDonald et al., 2006]. Brain structure is also
known to segregate with schizophrenia in families (McDonald
etal., 2006; Moran et al., 2013) and there is overlap between genetic
factorsthat are related to both schizophrenia and brain volume (van
Harenetal.,2012). Inaddition, since miR-137 is postulated to play a
role in neurodevelopment, variability in brain structure is poten-
tially a key intermediate phenotype for the role of miR-137 variants
that confer risk for schizophrenia. In other words, structural
variability may constitute part of the pathway by which miR-137
influences brain function, behavior and disease risk. Here we
considered whether rs1625579 was associated with brain morphol-
ogy in patients with schizophrenia and healthy individuals. It was
hypothesized that miR-137 risk status would be associated with
variability (i.e., statistically significant increases and/or decreases)

in regional gray (GM) and white matter (WM) volume. We also
tentatively hypothesized that SNP-related structural variability
would be seen in brain regions related to the function and behav-
ioral consequences of rs1625579 (e.g. medial frontal gyrus, amyg-
dala, hippocampus).

METHODS

Participants

Participants were right-handed, Irish (i.e. Irish paternal and ma-
ternal grandparents) adults who were recruited from the general
population at two sites in Ireland (Galway and Dublin) though
outpatient clinics (for patients) and local media advertising (for
healthy participants). Participants were screened for MRI safety
criteria, as well as scientific and ethical criteria for inclusion in
neuroimaging. Healthy participant sampling at the Dublin site
included individuals involved in the Trinity College Biobank
project [as described elsewhere; Rose et al.,, 2012]. Participants
provided written, informed consent in accordance with local ethics
committee guidelines. The experimental sample consisted of 150
healthy individuals (mean age (years) = 33.49; 84 male) and 163
schizophrenia patients (mean age (years) =38.51; 55 male). All
patients were chronic, but stable, medicated outpatients, with a
confirmed diagnosis. Individuals in both groups were included
based upon the quality of T1 structural data and successful gen-
otyping of the rs1625579 SNP. There were similar numbers of
individuals included from each imaging site (i.e. Dublin: N = 159;
Galway: N =154), although a greater percentage of the control
sample were imaged in Dublin (i.e. ~80%), while the majority of
patients underwent imaging in Galway (i.e. ~74%).

Procedure

Genotyping. Genetics analysis was carried out using DNA
obtained from blood samples or saliva samples that were collected
using Oragene DNA self-collection kits (DNA Genotek). The
151625579 SNP was genotyped using a Tagman®™ SNP Genotyping
Assay on a 7900HT Sequence Detection System (Applied Biosys-
tems). The call rate for the Tagman genotyping was >95% and the
samples were in Hardy-Weinberg Equilibrium (P > 0.05). In addi-
tion a small number of HapMap CEU DNA samples (www.hap-
map.org) were genotyped for rsl1625579 for quality control
purposes and were all found to be concordant with available online
HapMap data for this SNP. In the healthy participant sample there
were 4 homozygous, non-risk (‘GG’) carriers, 41 heterozygous
(‘GT’) carriers and 105 homozygous, risk (‘TT’) carriers. The
genotype distribution was similar in schizophrenia patients, where
the genotype distribution was: 2 ‘GG’, 49 ‘GT’ and 112 ‘TT".

Magnetic resonance imaging (MRI). For participants imaged
at the Dublin site, structural MRI sequences were acquired on a
Philips Intera Achieva 3T MR system, with whole-brain imaging
consisting of a T1-weighted image utilizing a TFE gradient echo
pulse sequence (TE (ms) = 3.8; TR (ms) = 8.4; Flip angle (") =8;
FOV =230; Matrix =256 x 256; 180 slices; slice thickness (mm)
=0.9; Voxel-size (mm>)=0.9 x 0.9 x 0.9). Participants who were
scanned at the Galway site underwent imaging in a 1.5T Siemens
Magnetom scanner, which involved acquisition of a T1-weighted
MPRAGE structural image (TE (ms) = 4.38; TR (ms) = 1140; Flip



angle (*) = 15; FOV = 230; Matrix = 512 x 512 (k-space interpola-
tion from 256 x 256); 160 slices; slice thickness (mm) =0.9; Voxel-
size (mm?) = 0.45 x 0.45 x 0.9).

Data analysis

Voxel Based Morphometry (VBM) [Ashburner and

Friston 2000]. VBM analysis was performed within SPM5
(http://www.fil.ion.ucl.ac.uk/spm) running under Matlab (v7.8;
The MathWorks) and utilizing the VBM toolbox (v5.1; http://
dbm.neuro.uni-hen.de/vbm). Individual volumes were visually
inspected for scanner artifacts and gross anatomical abnormalities.
Volumes that passed initial data quality control, were segmented
into GM, WM and cerebrospinal fluid, without tissue priors and
using a Hidden Markov Random Field weighting of 0.15. Seg-
mented images were normalized using the DARTEL toolbox
[Ashburner, 2007] in which GM and WM templates were created
using standard parameters. Jacobian scaled (‘modulated’) warped
tissue classes were subsequently created for both GM and WM for
each subject. The resultant images were smoothed with an 8mm3
Gaussian kernel. Since the participant groups were not well matched
for mean age (healthy participants < patients; P < 0.001) or gender
distribution (P<0.001) and to account for normal structural
variation, age, gender and total GM or WM volume were included
as co-variates in VBM analyses. For these analyses, we included
subject data as normalized to native space (i.e. the DARTEL
template) rather than a standard template, such as MNI. Subjects
for sMRI included individuals in a range of developmental stages,
includingyoung, middle,and late adulthood, making normalization
to a standard template inappropriate. All outcomes were corrected
for multiple comparisons, and significance was defined as the voxel-
wise threshold for family wise error (FWE) at pcorrectep < 0.05.
Since non-uniform smoothness of VBM data can influence inter-
pretation of these types of analysis [Ashburner and Friston, 2000;
Worsley et al., 1999], determination of significance included a non-
stationarity cluster extent correction, which utilized the random
field theory version of cluster inference under non-stationarity
[Hayasaka et al., 2004] and was implemented using the NS toolbox
(http://fmri.wfubmc.edu/cms/NS-General).

Subcortical segmentation: FMRIB's Integrated
Registration and Segmentation Tool (FIRST)
[Patenaude et al., 2011]

As a complimentary analysis to the whole brain voxel-by-voxel
analysis of VBM we also considered comparisons between geno-
types on more gross anatomical segmentations, which had the
advantage of significantly reducing the number of comparisons
between groups. For this analysis we utilized the FIRST protocol in
FSL. The procedure used for the FIRST segmentation of subcortical
structures has already been described in detail [Patenaude
et al,, 2011]. In brief, the FIRST algorithm models the subcortical
structures of interest as a surface mesh, using a Bayesian model that
incorporates a training set of multiple images (i.e. 336 from a range
of subject populations). Using the run_first_all routine in FIRST,
the following bilateral areas were segmented: lateral ventricles,
thalamus, caudate, putamen, accumbens, pallidum, hippocampus,

and amygdala. Although the routine does involve segmentation of
the brain stem, these segmentations were not reliably reproduced
across subjects and so were excluded from analysis. The individual
volume of each segmented region was then extracted using the
fslstats function within FSL [Smith et al., 2004]. Regional volume
estimates were used as the dependent variable in full factorial
analysis modeling group (patients vs. controls) and miR-137 risk
(GG/GT vs. TT) as fixed factors and age and gender as co-variates.
These analyses were carried out in SPSS (version 21) and the results
were corrected for multiple comparisons using a Bonferroni cor-
rection based upon the number of regions considered (i.e. 16 total).

RESULTS

Participant Demographics

Control participants were significantly younger than schizophrenia
patients (i.e. t3,5 = —3.85, P< 0.001) and the control sample con-
sisted of a great proportion of male participants (i.e. x*=17.81,
df=1, P< 0.001; 56% vs. 32%). However, the groups did not differ
with regards to rs1625579 genotype distributions (P> 0.05). Due to
the relatively small number of homozygous ‘G’ individuals, imaging
analysis focused on the comparison of individuals who carried either
one or two copies of the non-risk ‘G’ allele (i.e. GG/GT) and those who
were homozygous for the risk allele (‘T"). There was no genotype-
related variability in age or gender (P> 0.05).

VBM

There were schizophrenia-related reductions in brain volume in
both GM and WM in a wide range of brain areas (pcorrecTED
< 0.05; see Supplementary Results for details). However, there were
no areas in VBM analysis in which regional GM or WM varied asa
function of miR-137/rs1625579 genotype. Similarly, genotype had
no significant effect on total GM or WM or indices of total brain or
intracranial volume.

Subcortical Segmentation/FIRST

Compared to healthy individuals there were schizophrenia-related
reductions in volume bilaterally in the putamen (ie. left:
F(|_312) =1447 & l’ight: F(1,312)=15.03, P < 0.001) and accumbens
(left: F; 3,5, = 18.04, P< 0.001 & right: F(, 3,5 = 9.47, P< 0.002),
and also in left hippocampus (F, 3,,) = 11.42, P < 0.001) and right
caudate (F, 3, =11.86, P<0.001). Conversely, there were no
subcortical regions where volume differed according to miR-
137/rs1625579 genotype.

DISCUSSION

Here we sought to determine whether the recently identified
schizophrenia-risk variant rs1625579 on the miR-137 gene was
predictive of variability in brain volume. We considered both
regional variations in GM and WM volume using VBM and the
volume of a range of subcortical structures using the FIRST
segmentation paradigm. While we found evidence to support
well-established volumetric differences in brain structure between
patients with schizophrenia and healthy individuals, we failed to
find any regions where brain volume was predicted by miR-137/



rs1625579 genotype. This was true of both VBM and subcortical
volume analyses. This suggests that the mechanism by which
rs1652279 confers risk for schizophrenia is unlikely to be mediated
by volumetric changes in brain structure.

Intriguingly, our results appear to contradict those of a recently
published study by Lett and colleagues (Lett et al., 2013), which
considered the impact of the rs16245579 variant on brain volume.
This study suggested effects of the risk variant on hippocampal and
ventricle volume that were patient-specific. While the studies both
included schizophrenic patients and healthy individuals and were
concerned with the impact of rs1625579 on brain volume, there are
key methodological differences between the studies that may have
contributed to this discrepancy. Firstly, our sample included a
greater number of both controls and patients (i.e., patients: 92 vs.
163 and controls: 121 vs. 150). Secondly, the analysis in the Lett
et al., study was limited to hippocampal and ventricle volumes,
rather than the whole brain VBM and multiple segmentation
approaches that we adopted; both of which required stricter
corrections for multiple comparisons. Taking these factors into
account there are two potential explanations for the between-study
differences. On one hand the reduced participant numbers in the
Lett et al study may have reduced power and resulted in a false
positive outcome. Alternatively, the greater number of compar-
isons in our study may have been overly restrictive once we
corrected for multiple comparisons, resulting in a false negative
outcome. Further replication of both approaches in larger samples
is warranted to clarify the nature of this discrepancy.

There are a number of factors that may have potentially contrib-
uted to the pattern of results in our study. Firstly, given the relatively
small effect size corresponding to variants that increase risk for
schizophrenia (i.e. rs1625579 OR=1.12 (95% CI)) there remains
the possibility that our study was not sufficiently powered to detect
genotype-related differences in brain structure. We carried out a
post hoc sensitivity analysis, which suggested that with 313 partic-
ipants we would have total capability to detect moderate effects
(e.g. Cohen’s d >0.27); although our ability to detect small effects
with this sample was somewhat more limited (e.g. 30% chance of
detecting effects ofd < 0.1). However, at more than 300 individuals,
our sample was larger than many similar imaging genetics inves-
tigations and was in fact larger than some studies that have found
genotype-related variability in brain structure for variants of similar
risk magnitude [see Rose and Donohoe, 2012 for review]. More-
over, our sample size was larger than both the Lettet al. [2013] study

and a recent fMRI investigation [Whalley et al., 2012] of this risk
variant that did find evidence of an effect of miR-137/rs1652279
genotype on neuroimging intermediate phenotypes, suggesting
that sample size/power may not have been the key mitigating factor
in the negative outcome here.

Another consideration is the indices of brain structure that we
employed here. It is possible that alternative measures of brain
structure may have facilitated elucidation of the mechanisms by
which miR-137 is associated with disease risk. For example, it has
been suggested that cortical thickness measures may serve asamore
genetically sensitive with greater power to determine the effects of
risk variants for neuropsychiatric conditions [Winkler et al., 2010].
miR-137/rs1625579 may exert more subtle effects on brain struc-
ture than were detectable in our analysis; these may have been
observable with a structural measure based on cortical thickness.
While miR-137 is believed to be involved in neuronal development,
what is less well established is the trajectory of potentially small
genotypic effects and their interactions or associations with other
genetic and environmental factors that are important in the devel-
opment of the disease phenotype. Perhaps the impact of this variant
may be more apparent in younger cohorts or those with a less
complex phenotypic profile (e.g. less exposure to stressful life
events, medications or other age-related comorbidities that likely
impact brain structure). Alternatively, the effect of miR-137 on
neural development may be so subtle that its effects are not apparent
in the more gross volumetric anatomical measures employed here
and instead may be more obvious in more refined indices of
neuroanatomy, e.g. such as postmortem histological measures. It
is also possible that non-volumetric measures of brain structure
hold the key to understanding to role of mir-137/rs1625579 in
disease risk. The observations of previous investigations of this
variant suggest that its role in schizophrenia risk may reside in
its impact on brain function, rather than structure, and related
cognitive and behavioral processes. If so, alternative measures that
relate more closely to functional alterations, e.g. measures of brain
connectivity such as diffusion tensor imaging, may prove to be
more relevant for delineating the mechanisms by which miR-137/
rs1625579 confers risk for schizophrenia.

ACKNOWLEDGEMENTS

The authors sincerely thank all participants who contributed to this
study and all staff who facilitated their involvement. We thank Prof.

TABLE 1. Demographic summary

Healthy individuals [N =150)
33.49 (13.07)

Age /years[mean (s.d.])

Schizophrenic Patients [N = 163)
38.51 (10.84)

Gender (male: female) 84: 66 55: 111
rs1625579 genotype [GG: GT: TT) 4: 41: 105 2: 48: 112
Imaging site (Dublin: Galway) 121: 29 121: 38
Age of illness onset /years (mean) n/a Dublin: 23
Galway: 24
Duration of illness /years [mean) n/a Dublin: 20.32

Galway: 10



Fiona Newell, Prof John O’Doherty, Prof. Hugh Garavan and
Dr. Arun Bokde for their help with recruitment of participants
for structural imaging. Recruitment and genotyping was supported
by the Wellcome Trust and Science Foundation Ireland (SFI).
Dr. Donohoe’s research is generously supported by funding
from the Health research Board Ireland and Science Foundation
Ireland a HRB research project grant (SFI 12/IP/1359; HRA_POR/
2012/54). All authors confirm that they have no conflict of interest
in relation to this manuscript.

REFERENCES

Ashburner J. 2007. A fast diffeomorphic image registration algorithm.
Neuroimage 38(1):95-113.

Ashburner J, Friston KJ. 2000. Voxel-based morphometry - The methods.
Neurolmage 11(6):805-821.

Cummings E, Donohoe G, Hargreaves A, Moore S, Fahey C, Dinan TG,
McDonald C, O’Callaghan E, O’Neill FA, Waddington JL, Murphy KC,
Morris DW, Gill M, Corvin A. 2013. Mood congruent psychotic symp-
toms and specific cognitive deficits in carriers of the novel schizophrenia
risk variant at MIR-137. Neurosci Lett 532:33-38.

Glahn DC, Thompson PM, Blangero J. 2007. Neuroimaging endopheno-
types: strategies for finding genes influencing brain structure and func-
tion. Hum Brain Mapp 28(6):488-501.

Goldman AL, Pezawas L, Mattay VS, Fischl B, Verchinski BA, Chen Q,
Weinberger DR, Meyer-Lindenberg A. 2009. Widespread reductions of
cortical thickness in schizophrenia and spectrum disorders and evidence
of heritability. Arch Gen Psychiatry 66(5):467-477.

Goldman AL, Pezawas L, Mattay VS, Fischl B, Verchinski BA, Zoltick B,
Weinberger DR, Meyer-Lindenberg A. 2008. Heritability of brain mor-
phology related to schizophrenia: a large-scale automated magnetic
resonance imaging segmentation study. Biol Psychiatry 63(5):475-483.

Green M]J, Cairns MJ, Wu ], Dragovic M, Jablensky A, Tooney PA, ScottR],
Carr VJ]. 2012. Genome-wide supported variant MIR137 and severe
negative symptoms predict membership of an impaired cognitive sub-
type of schizophrenia. Mol Psychiatry

Hayasaka S, Phan KL, Liberzon I, Worsley K], Nichols TE. 2004. Nonsta-
tionary cluster-size inference with random field and permutation meth-
ods. Neurolmage 22(2):676-687.

Honea RA, Meyer-Lindenberg A, Hobbs KB, Pezawas L, Mattay VS, Egan
MEF, Verchinski B, Passingham RE, Weinberger DR, Callicott JH. 2008. Is
gray matter volume an intermediate phenotype for schizophrenia? A
voxel-based morphometry study of patients with schizophrenia and their
healthy siblings. Biol Psychiatry 63(5):465-474.

Lett TA, Chakavarty MM, Felsky D, Brandl E], Tiwari AK, Gongalves VF,
Rajji TK, Daskalakis Z], Meltzer HY, Lieberman JA, Lerch JP, Mulsant
BH, Kennedy JL, Voineskos AN. 2013. The genome-wide supported
microRNA-137 variant predicts phenotypic heterogeneity within schizo-
phrenia. Mol Psychiatry 18(4):443-450.

McDonald C, Marshall N, Sham PC, Bullmore ET, Schulze K, Chapple B,
Bramon E, Filbey F, Quraishi S, Walshe M, Murray RM. 2006. Regional
brain morphometry in patients with schizophrenia or bipolar disorder
and their unaffected relatives. Am J Psychiatry 163(3):478—487.

Moran ME, Hulshoff Pol H, Gogtay N. 2013. A family affair:
brain abnormalities in siblings of patients with schizophrenia.
Brain 136(11):3215-3226. doi: 10.1093/brain/awt116. Epub2013
May 22

Patenaude B, Smith SM, Kennedy DN, Jenkinson M. 2011. A Bayesian
model of shape and appearance for subcortical brain segmentation.
Neurolmage 56(3):907-922.

Peper ]S, Brouwer RM, Boomsma DI, Kahn RS, Hulshoff Pol HE. 2007.
Genetic influences on human brain structure: a review of brain imaging
studies in twins. Hum Brain Mapp 28(6):464—473.

Perkins DO, Jeffries CD, Jarskog LF, Thomson JM, Woods K, Newman MA,
Parker JS, Jin ], Hammond SM. 2007. microRNA expression in the
prefrontal cortex of individuals with schizophrenia and schizoaffective
disorder. Genome biology 8(2):R27.

Rose EJ, Donohoe G.2012. Brain vs Behavior: An Effect Size Comparison of
Neuroimaging and Cognitive Studies of Genetic Risk for Schizophrenia.
Schizophr Bull

Rose EJ, Greene C, Kelly S, Morris DW, Robertson IH, Fahey C, Jacobson S,
O’Doherty ], Newell EN, McGrath], Bokde A, Garavan H, Frodl T, Gill M,
Corvin AP, Donohoe G. 2012. The NOS|1 variant rs6490121 is associated

with variation in prefrontal function and grey matter density in healthy
individuals. NeuroImage 60(1):614-622.

Schizophrenia Psychiatric Genome-Wide Association Study C. 2011.
Genome-wide association study identifies five new schizophrenia loci.
Nat Genet 43(10):969-976.

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE,
Johansen-Berg H, Bannister PR, De Luca M, Drobnjak I, Flitney DE,
Niazy RK, Saunders J, Vickers ], Zhang Y, De Stefano N, Brady JM,
Matthews PM. 2004. Advances in functional and structural MR
image analysis and implementation as FSL. Neurolmage 23(Suppl 1):
5208-219.

Smrt RD, Szulwach KE, Pfeiffer RL, Li X, Guo W, Pathania M, Teng ZQ,
Luo Y, Peng ], Bordey A, Jin P, Zhao X. 2010. MicroRNA miR-137
regulates neuronal maturation by targeting ubiquitin ligase mind bomb-
1. Stem cells 28(6):1060-1070.

Thompson PM, Cannon TD, Narr KL, van Erp T, Poutanen VP, Huttunen
M, Lonngvist ], Standertskjold-Nordenstam CG, Kaprio ], Khaledy M,
Dail R, Zoumalan CI, Toga AW. 2001. Genetic influences on brain
structure. Nat Neurosci 4(12):1253-1258.

van Haren NE, Rijsdijk F, Schnack HG, Picchioni MM, Toulopoulou T,
Weisbrod M, Sauer H, van Erp TG, Cannon TD, Huttunen MO,
Boomsma DI, Hulshoff Pol HE, Murray RM, Kahn RS. 2012. The genetic
and environmental determinants of the association between brain ab-

normalities and schizophrenia: the schizophrenia twins and relatives
consortium. Biol Psychiat 71(10):915-921.

Whalley HC, Papmeyer M, Romaniuk L, Sprooten E, Johnstone EC, Hall J,
Lawrie SM, Evans KL, Blumberg HP, Sussmann JE, McIntosh AM. 2012.
Impact of a microRNA MIR137 susceptibility variant on brain function
in people at high genetic risk of schizophrenia or bipolar disorder.
Neuropsychopharmacology 37(12):2720-2729.

Willemsen MH, Valles A, Kirkels LA, Mastebroek M, Olde Loohuis N, Kos
A, Wissink-Lindhout WM, de Brouwer AP, Nillesen WM, Pfundt R,
Holder-Espinasse M, Vallee L, Andricux ], Coppens-Hofman MC,
Rensen H, Hamel BC, van Bokhoven H, Aschrafi A, Kleefstra T. 2011.
Chromosome 1p21.3 microdeletions comprising DPYD and MIR137 are
associated with intellectual disability. ] Med Genet 48(12):810-818.

Winkler AM, Kochunov P, Blangero ], Almasy L, Zilles K, Fox PT,
Duggirala R, Glahn DC. 2010. Cortical thickness or grey matter volume?
The importance of selecting the phenotype for imaging genetics studies.
Neurolmage 53(3):1135-1146.

Worsley KJ, Andermann M, Koulis T, MacDonald D, Evans AC. 1999.
Detecting changes in nonisotropic images. Human Brain Mapping 8(2-3):
98-101.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article.



