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Abstract

Obsessive-compulsive disorder (OCD) has been associated with regional volumetric brain
abnormalities, which provide promising intermediate phenotypes of the disorder. In this study,
volumes of brain regions selected for a priori evidence of association with OCD (orbitofrontal
cortex (OFC), anterior cingulate cortex (ACC), thalamus, caudate, putamen, globus pallidus and
pituitary) were measured using structural magnetic resonance imaging (MRI) in 20 psychotropic-
naive pediatric OCD patients. We examined the association between these regional brain volumes
and a total of 519 single nucleotide polymorphisms (SNPs) from nine glutamatergic candidate
genes (DLGAP1, DLGAP2, DLGAP3, GRIN2B, SLC1A1, GRIK2, GRIK3, SLITRK1 and

S ITRKS5). These genes were selected based on either previous reported association with OCD in
humans or evidence from animal models of OCD. After correcting for multiple comparisons by
permutation testing, no SNP remained significantly associated with volumetric changes. The
strongest trend toward association was identified between two SNPs in DLGAP2 (rs6558484 and
rs7014992) and OFC white matter volume (P = 0.000565, Pagjusteg= 0.3071). Our other top ranked
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association findings were with ACC, OFC and thalamus. These preliminary results suggest that
sequence variants in glutamate candidate genes may be associated with structural neuroimaging
phenotypes of OCD.

Keywords

obsessive-compulsive disorder; glutamate; genetics association; structural magnetic resonance
imaging; orbital frontal cortex

1. Introduction

Obsessive-compulsive disorder (OCD) is a common and often debilitating neuropsychiatric
condition characterized by persistent intrusive thoughts (obsessions), repetitive ritualistic
behaviours (compulsions) and excessive anxiety (American Psychiatric Association, 2000).
It is estimated that the prevalence of pediatric OCD in the general population is around 1-3
% with the majority of cases of OCD having their onset during childhood or adolescence
(Zohar et al., 1999; Kessler et al., 2005; Ruscio et al., 2010). Twin studies have revealed that
heritability estimates for OCD symptoms in children range from 45%-65% (van Grootheest
et al., 2005). Two controlled family studies have shown that the lifetime prevalence of OCD
was significantly higher in first-degree relatives of pediatric probands compared with control
relatives (Hanna et al, 2005; do Rosario-Campos et al., 2005).The odds ratios from these
two studies are considerably higher than those reported in family studies with adult probands
(Hettema et al., 2001).Taken together, family and twin studies indicate that genetic factors
play a significant role in OCD, particularly in children and adolescents.

Dysfunction in cortical-striatal-thalamocortical (CSTC) circuitry has been postulated in the
etiology of OCD and a growing body of evidence has suggested that the neurotransmission
of glutamate, a major neurotransmitter in the CSTC circuit, is disrupted in OCD
(MacMaster, 2010; Pittenger et al., 2011; Wu et al., 2012). Using 1H MRS, studies in OCD
patients have revealed greater glutamatergic concentrations (GIx) in caudate (Rosenberg et
al., 2000) and lower Glx in anterior cingulate cortex (ACC) regardless of medication status
(Rosenberg et al., 2004; Yucel et al., 2008).Candidate gene studies have also implicated
glutamate system genes in OCD. The strongest association findings for candidate glutamate
genes in OCD have been for the neuronal glutamate transporter gene SLC1A1(Solute
Carrier, Family 1, Member 1), which has been reported by several independent groups
(Arnold et al., 2006; Dickel et al., 2006; Stewart et al., 2007; Shugart et al., 2009; Wendland
et al., 2009). Our group has also reported the association between GRIN2B (glutamate
receptor, ionotropic, N-methyl D-aspartate 2B), which encodes an NMDA receptor subunit
and OCD (Arnold et al., 2004), as well as reduced GlIx in the ACC of pediatric OCD patients
(Arnold et al., 2009b). Finally, the use of transgenic or knockout mouse models has
demonstrated that genetic alteration in regional glutamate signaling may induce behaviors
similar to obsessive-compulsive symptoms in humans (Nordstrom et al., 2002; Welch et al.,
2007; Shmelkov et al., 2010).

Given that OCD is a complex genetic trait with substantial genetic heterogeneity, one
approach to minimize the complexity is to study intermediate phenotypes, such as
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quantitative traits that correlate with OCD but may be more closely linked with the actions
of genes compared to clinical diagnosis (Meyer-Lindenberg et al., 2006). A substantial body
of studies have demonstrated that individuals with OCD display regional volumetric brain
abnormalities (Macmaster et al., 2008; Menzies et al., 2008; Radua et al., 2009). Therefore,
neuroimaging measures of brain region volumes could serve as promising intermediate
phenotypes for genetic analysis of OCD. In a pilot imaging genetic study conducted by our
group (Arnold et al., 2009a), we identified positive associations between glutamate system
genes and ventral prefrontal and thalamic volume. The rs1805476 variant of GRIN2B was
associated with orbital frontal cortex (OFC) and anterior cingulate cortex (ACC) volume.
The same variant was also associated with a non-significant trend for association with left
caudate volume. The SLC1A1 rs3056 variant was associated with increased thalamic
volume.

In this study, we expanded our previous work and conducted a more comprehensive analysis
to examine the association between glutamatergic candidate genes and regional brain
volumes in children with OCD. Here we focus on brain regions previously implicated in
volumetric magnetic resonance imaging (MRI) studies of OCD: thalamus (Gilbert et al.,
2000), ACC(Rosenberg et al., 1998; Rosenberg et al., 2004; Szeszko et al., 2004), globus
pallidus (Szeszko et al., 2004), OFC(Szesko et al.,1999; Whiteside et al., 2006),
caudate(Luxenberg et al., 1988; Rosenberg et al.,1997; Rosenberg et al., 2000),
putamen(Rosenberg et al., 1997; Szeszko et al., 2008; Giedd et al., 2000) and pituitary
volume (MacMaster et al., 2006). Nine candidate genes were selected for analysis based on
previous candidate gene studies and animal models. Although we have expanded the number
of genes and polymorphisms examined, we did not expand our sample size and therefore our
intention was to perform a preliminary, hypothesis-generating study rather than to
definitively test the association of glutamate system genes with imaging phenotypes in
OCD.

2. Method

2.1 Subjects

Our sample included 20 (12 males, 8 females) children and adolescents with OCD, age 7 to
18 years (mean age = 12.1, S.D. = 3.2) recruited as part of on-going neuroimaging studies
conducted at Wayne State University. All patients were medication-naive and none were
receiving cognitive-behavioral therapy at the time of participation. The inclusion of only
medication-naive children close to the onset of illness allowed us to limit the confounding
effects of pharmacotherapy and chronic illness. Exclusion criteria included history of
significant debilitating medical or neurologic condition, major depressive disorder, bipolar
disorder, psychosis, substance use or dependence, eating disorder, attention deficit
hyperactivity disorder, 1Q < 80, pervasive developmental disorder, learning disorder or tic
disorders. We have previously reported imaging genetics results from the same cohort
(Arnold et al., 2009a; Arnold et al., 2009b), and the sample reported herein includes the
subset of children for whom we had genome-wide data available. . Written informed consent
was obtained from parent(s) and written assent was obtained from all participants prior to
participation in the study. Patients received the Schedule for Affective Disorders and
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Schizophrenia — School-Age Children (Kaufman et al., 1997) and the following clinician-
administered instruments included (mean £ S.D. in parentheses): Children’s Yale-Brown
Obsessive Compulsive Scale (CY-BOCS) (mean = 26.5, s.d. =5.27 ) (Scahill et al., 1997),
Hamilton Anxiety Rating Scale (HAM-A) (Hamilton, 1959); (8.00 + 4.89), and Hamilton
Depression Rating Scale (HAM-D) (Schwab et al., 1967) (7.2 + 4.87). All patients had a
CY-BOCS score of at least 17 consistent with significant dysfunction.

Structural magnetic resonance imaging (MRI) data were collected at the Children’s Hospital
of Michigan Imaging Center using a Sigma 1.5-Tesla unit (Horizon LX software, General
Electric Medical Systems, Milwaukee, WI). Scanning methods, image acquisition and
analysis procedures have been described in detail elsewhere (Rosenberg et al., 1997;
Rosenberg et al., 1998; Rosenberg et al., 2000; Benazon et al., 2003; Mirza et al., 2004;
Rosenberg et al., 2004; Szeszko et al., 2004). Briefly, a 3-dimensional spoiled gradient echo
pulse sequence was used to obtain 124 1.5-mm-thick contiguous coronalimages. Parameters
included: echo time=5 milliseconds, repetition time=25 milliseconds, acquisition
matrix=256 x 256 pixels, field of view=24 cm, and flip angle=40°. Well-trained and reliable
operators, blinded to the subject’s group membership and other identifying information,
used a manual tracing technique to measure regional brain volumes with the MEDx
program. Seven independent volumetric neuroimaging measures were chosen for the
analysis based on a priori evidence of association with OCD: orbital frontal cortex (OFC),
anterior cingulate cortex (ACC), caudate, putamen, thalamus, globus pallidus (GP) and
pituitary volume. Regions of interest definitions are outlined briefly in the following
paragraphs, some of which has previously been described in previous reports from our group
(Szeszko et al., 2004; Arnold et al., 2009a). In addition to grey matter abnormalities, white
matter differences are increasingly being recognized in OCD. Therefore, based on a priori
evidence for differences between OCD patients and controls specific to either white or grey
matter in OFC (Szeszko et al., 2008; Macmaster et al., 2010) or ACC (Szeszko et al., 2004;
Togao et al., 2010) we analyzed total, white matter volume and grey matter volumes in these
two regions.

2.2.1 Orbital Frontal Cortex (OFC)—The anterior boundary was the last appearance of
the anterior horizontal ramus, and the posterior boundary the last appearance of the olfactory
sulcus. The lateral boundary was the anterior horizontal ramus or circular sulcus of insula,
while the medial boundary was the olfactory sulcus (Szeszko et al., 1999; Macmaster et al.,
2010). Intraclass correlation coefficients (ICC) and inter-rater reliability between two highly
trained raters were r=0.98 and r=0.98 respectively for the right OFC and r=0.92 and r=0.97
for the left OFC.

2.2.2 Anterior Cingulate Cortex (ACC)—The anterior boundary was the tip of the
cingulate sulcus and the posterior border the connection of the superior and precentral sulci.
The superior boundary was the cingulate sulcus and the inferior border the callosal sulcus
(Rosenberg et al., 1998; Szeszko et al., 1999). ICC valuesand inter-rater reliability were r =
0.95 and r = 0.97 for the right ACC and r = 0.98 and r = 0.98 for the left ACC.
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2.2.3 Caudate—The anterior boundary was the point at which it was first visible rostrally,
and the posterior boundary was the point at which the tail of the caudate was no longer
clearly visible. Raters took special care to exclude cerebrospinal fluid medially and to
exclude the nucleus accumbens ventrally. The putamen was separated from the caudate by
the internal capsule, the nucleus accumbens, and the globus pallidus (Rosenberg et al., 1997;
Szeszko et al., 1999; Szeszko et al., 2004). ICC and inter-rater reliability values were r =
0.93 and r = 0.96 for the right caudate, and r = 0.95 and r = 0.95 for the left caudate.

2.2.4 Thalamus—The anterior boundary was the coronal slice with the mamillary bodies
and interventricular foramen present. The posterior boundary was the coronal slice where
the thalamus merged under the crux fornix. The lateral boundary was the internal capsule
and the third ventricle the medial boundary. The superior boundary was the main body of
the lateral ventricle and the inferior boundary was the hypothalamus (Gilbert et al., 2000).
The ICC and inter-rater reliability values were r = 0.94 and r = 0.96 for the right thalamus
and r = 0.93 and r = 0.94 for the left thalamus.

2.2.5 Putamen—The anterior boundary was the point at which the putamen was first
visible rostrally (Rosenberg et al., 1997; Szeszko et al., 2004). The putamen was separated
caudally from the caudate by the internal capsule, the nucleus accumbens, and finally the
globus pallidus, which then became the medial border. Ventrally, the putamen was delimited
by the anterior commissure and then the anterior perforated substance. Dorsally, the
putamen was separated from the caudate by part of the anterior and posterior limbs of the
internal capsule. Measurement was discontinued when the putamen was no longer visible.
The ICC and inter-rater reliability values were r = 0.91 and r = 0.93 for the right putamen,
and r = 0.94 and r = 0.94 for the left putamen.

2.2.6 Globus Pallidus—The globus pallidus is a small, deep brain structure and it is
technically very difficult to measure the internal and external globus pallidus separately.
Therefore, although we acknowledge there are important functional differences between
internal and external globus pallidus we analyzed them as a single structure Measurement
began when the globus pallidus was first visible rostrally (Szezko et al., 2004). The
dorsomedial boundary was the internal capsule, and the lateral border was the putamen.
Rostrally, the ventral border was the anterior commissure and the medial border was the
point at which the internal capsule and anterior commissure intersect. Caudally, the ventral
border was the substantia innominata (measurement included the ansa lenticularis) and the
medial border was the internal capsule and/or the crus cerebri. The ICC and inter-rater
reliability values were r = 0.93 and r = 0.95 for the right globus pallidus, and r =0.90 and r =
0.94 for the left globus pallidus.

2.2.7 Pituitary—Please refer to MacMaster et al (MacMaster et al., 2006). for methods
used to measure the pituitary. Briefly, serial coronal slices (1.45-mm each) were summed
and multiplied by the slice thickness (mean of 6.77 +/-1.21 slices). Because pituitary
volume was acquired in a three-dimensional mode, sagittal views were also used to guide
and enhance measurement precision.The superior border was defined as the optic chiasm
and infundibular recess of the third ventricle, and the inferior border at the sphenoid sinus.
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ICC and inter-rater reliability values were r = 0.98 and r = 0.92, respectively (MacMaster
and Kusumakar, 2004).

2.3 Candidate Gene and SNP selection

All subjects had previously been genotyped at the Broad Institute (Boston, MA) using the
I1lumina 610-Quad BeadChip as part of a genome-wide association study (GWAS)
conducted by the International OCD Foundation Genetics Collaborative (IOCDF-GC)
(Stewart et al., 2012). Nine glutamatergic candidate genes were selected for analysis based
on either previous reported association with OCD in humans or evidence from animal
models of OCD. A total of 519 SNPs in DLGAP1, DLGAP2, DLGAP3, GRIN2B, SLC1A1,
GRIK2, GRIK3, SLITRK1 and SLITRK5 or within 10Kb of each gene’s flanking regions
were obtained from the GWAS data and tested for association with the volumetric
neuroimaging measures.

To evaluate the coverage of the candidate genes by the selected SNPs in this study, the
genotype data of the same loci from HapMap release 28 were downloaded and analyzed
using the Tagger function in Haploview (Barrett et al., 2005). SNPs in this study were used
as tagging SNPs through the force-include method to determine what percentage of all the
variants in each gene were captured by these SNPs using the pairwise tagging algorithm.
Threshold for pairwise tagging were minor allele frequency (MAF) of 0.05 and r? threshold
of 0.75. Table 1 reports the result of the coverage analysis.

2.4 Data analysis

2.4.1 Quality Control—We repeated the same quality control procedures used in the
OCFGC-GWAS in our smaller sample. Subjects with individual call rate less than 97% were
removed from the analysis. Genotype data were available for a total of 590,924 SNPs. The
SNPs were then filtered based on minor allele frequency (MAF), call rate and Hardy-
Weinberg Equilibrium (HWE). SNPs were removed if their MAF was less than 0.1, call rate
was less than 0.95 and if they deviated from HWE with a P value less than 107>, After
filtering, 450,951 SNPs remained.

To detect any underlying population stratification, multidimensional scaling analysis (MDS)
was performed on a subset of autosomal SNPs. The subset of SNPs were generated by
pruning for linkage disequilibrium (LD) using a sliding window algorithm (window size
1500 bp, r2>0.2, sliding length = 150 bp). The individuals from this study were compared
against reference founder populations from HapMap release 23. There were no sub-clusters
within the study sample. All subjects in the study sample clustered together with the
European (CEU) HapMap population’s founders, which is in accordance with the self-
reported ethnicity of these subjects.

2.4.2 Statistical Analysis—All quality control and genetic data analyses were performed
using PLINK v1.07 (Purcell et al., 2007).Each SNP was tested for association with the
volumetric measures using a linear regression model that assumed an additive contribution
of each minor allele. All analyses were adjusted for age and intracranial volume. In order to
control for multiple testing, permutation tests (n = 50,000) were used to generate corrected
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empirical p-values using the Max (T) function in PLINK. This permutation testing approach
accounts for the correlational structure between SNPs, and thus is appropriate less stringent
than a Bonferroni correction wich assumes all test (ie all SNP) are independent. Permutation
testing was performed separately for each phenotype

The association results were ranked by P value and those with raw P value less than 0.005
are displayed in Table 2. After correcting for multiple comparisons by permutation testing,
no SNP remained significantly associated with volumetric changes (corrected empirical P <
0.05). However, two DLGAP2 SNPs, rs6558484 and rs7014992 showed the strongest trend
toward association with OFC white matter volume (P = 0.000565, Pqgjusted= 0-3071, see
Figure 1). These two SNPs were found to be in complete linkage disequilibrium with one
another in our sample (D’ = 1, r2 = 1). Furthermore, SNPs in several candidate genes showed
nominal association (P < 0.05) with specific brain regions (see Table S1, available online).
Next to the DLGAP2 SNPs, two SNPs in DLGAP1 (rs1116345 and rs342484) also showed a
strong trend towards association, this time with total ACC volume (P = 0.001282, Pygjysted =
0.3884, see Table 2). Seven SNPs in DLGAP2 (rs6994849, rs1558024, rs6558484,
rs7014992, rs2956913, rs10094463 and rs2956929) were nominally associated with total
OFC volume. Total thalamus volume was nominally associated with SNPs in GRIN2B,

9. C1A1 and SLITRKS.

All of our top ranked findings (Table 2) were for associations with volume of the ACC, OFC
or thalamus rather than the basal ganglia regions or pituitary. The top findings for each of
the other four regions tested were (with unadjusted P values in parentheses: 1) GRIN2B-
rs2300238 and globus pallidus (P=0.0054), 2) GRIK2-rs4839797 and putamen (P=0.006), 3)
GRIN2B -rs12826869 and pituitary (P=0.006), and 4) GRIK3-rs3767088 and caudate
(P=0.007) (Table S1).

4. Discussion

The role of glutamate signalling in the CSTC model of OCD has been suggested through
multiple lines of evidence ranging from neuroimaging to candidate gene studies. Briefly,
reciprocal interaction between the direct (leading to thalamic stimulation of cortex) and
indirect (leading to thalamic inhibition of cortex) pathways results in a dynamic balance
without one pathway predominating. However, dysfunction in glutamate signalling can
result in the hyperactivity of the direct pathway, or hypoactivity of the indirect pathway,
which leads to the disinhibition of CSTC circuits and consequently overactivity of the cortex
that is thought to result in cognitive and behavioural changes in OCD. Neuroimaging studies
that support the CSTC model of OCD include studies performed by Rosenberg and
colleagues(2000,2004) that suggested tonic-phasic dysregulation of glutamate in the CSTC
results in reduced tonic glutamate level in ACC (as shown by reduced ACC GIx) and phasic
overactivity in the striatum and orbitofrontal cortex (as shown by increased striatum and
OFC GIx). (See Wu et al., 2012 for a detailed review of the role of glutamate signaling in
the pathogenesis of OCD).
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In this study, we conducted a preliminary analysis of the association between variants within
glutamate system genes and volumes of brain regions previously implicated in OCD. Our
results revealed no significant association between common variants in our nine candidate
genes (GRIN2B, DLGAPS, SLC1A1, GRIK2, GRIK3, SLITRK5, SLITRK1, DLGAP1, and
DLGAP?2) and various volumetric phenotypes. There are strong trends toward association
for two DLGAP2 SNPs in complete LD and orbital frontal cortex (OFC) white matter
volume (Figure 1), as well as trends toward association between several glutamate system
candidate genes and other volumetric neuroimaging measures (Table 1). Our group
(MacMaster et al., 2010) recently reported that volume of right OFC white matter is
significantly larger in patients with OCD compared to healthy controls. Previously, our
group reported significant changes in grey matter in the OFC of OCD patients compared to
healthy controls, which also correlated with increased OCD symptom severity among
patients (Szeszko et al., 2008). In the current study, we did not identify any genetic
association specific to OFC grey matter volume, although seven DLGAP2 SNPs were
nominally associated with total OFC volume (Table 1). Decreased OFC volume has been
reported in numerous MRI studies of OCD. Two studies reported bilateral reduction of OFC
in OCD patients compared to healthy controls (Szeszko et al., 1999; Atmaca et al., 2007).
We previously identified a preliminary association between a single SNP in GRIN2B
(rs1805476) and OFC volume; however, this SNP was not included on the Illumina
610Quad array and the only nominal associations we identified between GRIN2B and OFC
were relatively weak (minimum uncorrected p value = 0.01, Table S1) with SNPs that were
at least 200 kB from rs1805476.

No studies have reported an association between DLGAP2 variants and OCD or related
phenotypes. The variants for which we identified a trend towards an association with OFC
white matter volume (rs6558484 and rs7014992) are located in introns, not coding or known
regulatory regions of the gene. Should this association be confirmed in a larger sample, it
would suggest a broader role for genes functionally related to DLGAP3, previously
implicated in a knockout mouse model of OCD (Welch et al., 2007). Interestingly, copy
number variants within DLGAP2 were implicated in a recent study of almost 1000
individuals with autism spectrum disorders (Pinto et al., 2010), a group of disorders in which
prominent repetitive behaviours overlap with the symptoms of OCD (Jacob et al., 2009).

Although only nominally significant, it is worth noting the trend in our findings for
association between rs301430 in SLC1A1 and thalamic volume (Beta =—1.469, P = 0.0033,
Padjusted = 0.64), since SL.C1AL1 has the strongest a priori evidence for association with OCD
and rs301430 is the S .C1A1 SNP which has been most often reported to be associated with
OCD (Dickel et al., 2006; Stewart et al., 2007; Wendland et al., 2009). In addition, there is
evidence from studies of post-mortem brain tissue and in vitro assays that rs301430, a
common SNP in the 3’ region of the gene, may influence SLC1A1 expression (Wendland et
al., 2009). Previously, we identified an association between decreased thalamic volume and
rs3056, another SNP located in the 3’-untranslated region of SLC1A1.

This study has several strengths. By including only medication-naive pediatric patients near
the onset of illness, we minimize confounding factors on MRI measures due to chronic
illnesses or pharmacotherapy. Furthermore, these subjects were genotyped using high
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density SNP arrays. This allowed for high coverage of the genes tested in this study (Table
1), which increased the detection power of our analysis. However, a crucial limitation to this
study is our low sample size (n=20). The small sample size reduces the power to detect
between-group differences, and therefore our analysis focuses only on genes and brain
regions where there was good a priori evidence of association with OCD. Also due to the
low sample size, we applied a minor allele frequency (MAF) threshold of 0.1, an approach
which omits uncommon and rare variants that may exert casual effects on OCD. Finally, it is
important to note the measures taken in this study to correct for multiple comparisons. We
adjusted for multiple comparisons using the max(T) permutation function in PLINK to
generate corrected empirical P values, This method effectively adjusts for the number of
SNPs, while accounting for the correlation between SNPs in close linkage disequilibrium.
However, there is still a risk of Type | error due to the number of different neuroimaging
phenotypes tested, a risk which we attempted to minimize by focusing on brain regions
where there was strong a priori evidence of association with OCD. Our overall aim in this
hypothesis-generating study was to identify potential associations to follow up in
independent samples with larger sample sizes, and therefore we believe our approach to
multiple comparisons was appropriate in contrast to a more definitive, hypothesis-testing
study.

In summary, in this preliminary study we have identified trends toward association between
genetic variants in glutamate system genes and various volumetric neuroimaging phenotypes
of OCD. Our results demonstrate the potential power of an imaging genomics approach in
which variants genotyped using high density arrays are tested in subjects for association
with quantitative brain imaging phenotypes. We are currently collecting a larger sample of
200 pediatric OCD cases and 200 age-matched healthy controls (funded by NIH) in order to
test the same brain regions using a more comprehensive, genome-wide approach. Future
studies by our group and others combining neuroimaging and genetic approaches should
lead to improved understanding of how genetic variation can confer risk to OCD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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