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Introduction

Obsessive–compulsive disorder (OCD) is a neuropsychiatric 
disorder that affects an estimated 2.5% of the world’s popu-
lation1,2 and is characterized by obsessive and/or compul-
sive behaviours.3 Obsessive behaviours include recurrent, in-
trusive, persistent thoughts, impulses and/or ideas that 
often cause anxiety or distress, and compulsive behaviours 
are ritualized, stereotypic behaviours or mental acts that are 
often performed to relieve anxiety or distress associated 
with the obsessions or according to rigid rules. The most 
common OCD symptoms include a need for symmetry (ex-
pressed by an urge to organize), fear of contamination (linked 
to excessive cleaning), checking behaviour and hoarding. 

More than 90% of patients with OCD have 1 or more comorbid 
disorders, including Tourette syndrome,4 attention-deficit/​
hyperactivity disorder (ADHD), anxiety disorders, mood 
disorders, substance use disorders and eating disorders.5 
The age at onset of OCD varies among patients, but typically 
occurs in late childhood,6 and the average age at onset is 
younger in boys than girls.7–9

The exact underlying neurobiological changes that contrib-
ute to the etiology of OCD are unknown. However, brain im-
aging studies have suggested that functional and/or structural 
alterations in the cortico–striato–thalamo–cortical (CSTC) cir-
cuitry, including the striatum (caudate nucleus and putamen), 
anterior thalamus, anterior cingulate cortex and orbitofrontal 
cortex, underlie OCD pathology.10,11 At the molecular level, the 
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Background: Obsessive–compulsive disorder (OCD) is a neuropsychiatric disorder with onset in childhood and is characterized by obses-
sions (recurrent, intrusive, persistent thoughts, impulses and/or ideas that often cause anxiety or distress) and compulsions (ritualized and 
stereotypic behaviours or mental acts that are often performed to relieve anxiety or distress associated with obsessions). Although OCD is a 
heritable disorder, its complex molecular etiology is poorly understood. Methods: We combined enrichment analyses and an elaborate liter-
ature review of the top-ranked genes emerging from the 2 published genome-wide association studies of OCD and candidate genes impli-
cated through other evidence in order to identify biological processes that, when dysregulated, increase the risk for OCD. Results: The re-
sulting molecular protein landscape was enriched for proteins involved in regulating postsynaptic dendritic spine formation — and hence 
synaptic plasticity — through insulin-dependent molecular signalling cascades. Limitations: This study is a first attempt to integrate mo
lecuar information from different sources in order to identify biological mechanisms underlying OCD etiology. Our findings are constrained 
by the limited information from hypothesis-free studies and the incompleteness and existing limitations of the OCD literature and the gene 
function annotations of gene enrichment tools. As this study was solely based on in silico analyses, experimental validation of the pro-
vided hypotheses is warranted. Conclusion: Our work suggests a key role for insulin and insulin-related signalling in OCD etiology and — if 
confirmed by independent studies — could eventually pave the way for the development of novel OCD treatments.
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serotonin,12 glutamate13 and dopamine14 neurotransmitter sys-
tems have been implicated in OCD etiology through candidate 
gene association studies. Furthermore, twin studies have re-
vealed that OCD is influenced by genetic factors, with a herit
ability of approximately 40%,15,16 and this was confirmed by a 
recent genomic heritability analysis based on common single 
nucleotide polymorphism (SNP) data that estimated the herit
ability of OCD at 37%.17 In addition, environmental factors and 
gene–environment interactions are thought to play a role in 
the etiology of the disorder.16

The genetic component of the disorder is likely to be highly 
complex, with multiple genetic variants of small individual 
effect size contributing to disease risk. Candidate gene associ-
ation studies have implicated several genes in OCD, including 
genes encoding proteins involved in the serotonergic (e.g., 
SLC6A418), glutamatergic (e.g., SLC1A119), catecholaminergic 
(COMT and MAOA20) and neurotrophic (e.g., BDNF21) sys-
tems. In addition, an increasing body of evidence from animal 
models suggests that SLITRK5,22 SAPAP3,23 HOXB8,24 and 
FKBP1A25 may play an important role in the etiology of OCD. 
Recently, 2 independent genome-wide association studies 
(GWAS) of OCD were published,26,27 which provides the first 
opportunity to investigate the molecular mechanisms under-
lying OCD based on hypothesis-free, unbiased genetic data. 
In 2013, Stewart and colleagues26 published the first GWAS 
of OCD, which contained 2 independent discovery samples 
(i.e., a case–control sample and a trio sample). The authors 
generated genome-wide SNP genotyping data for 1465 indi-
viduals affected with OCD according to the DSM-IV criteria,3 
5557 ancestry-matched controls and 400 complete trios. In the 
case–control analysis, the 2 SNPs with the smallest p values 
(p = 0.00000249 and p = 0.00000344) were located within 
DLGAP1, which codes for an important component of the 
postsynaptic scaffolding complex in neuronal cells.28 In the 
trio analysis, rs6131295, near BTBD3, exceeded the genome-
wide significance threshold (p = 0.0000000384). BTBD3 regu-
lates dendrite orientation toward axons in various mammal
ian cortical areas.29 However, in the meta-analyses of the 
2 samples (case–control and trios) the significance of this locus 
was reduced considerably. More recently, Mattheisen and col-
leagues27 published a second GWAS of OCD, for which they 
used family-based association testing with additional popula-
tion controls. The discovery sample contained 5061 individ
uals in total, including 1065 families comprising 1406 patients 
with OCD (based on DSM-IV criteria) and 1489 control indi-
viduals and an additional 1984 unrelated controls. Although 
Mattheisen and colleagues did not identify any genome-wide 
significant associations, they found nominally significant evi-
dence of an association between OCD and several genes en-
coding proteins that interact with DLGAP1, the most signifi-
cant finding from the case–control discovery sample in the 
first GWAS of OCD.

Aiming to increase our insights into the biological pro-
cesses implicated in the disorder, we performed gene enrich-
ment analyses and an elaborate literature review of the most 
significant findings from these 2 GWAS and combined this 
with information on candidate genes/proteins implicated in 
OCD through other evidence. From this, we generated an in-

tegrated molecular landscape to identify biological processes 
underlying the disorder and thus to take a first step toward 
the development of novel OCD treatments.

Methods

SNP-based GWAS gene selection

The first step of our GWAS-based molecular landscape build-
ing approach30,31 was the selection of candidate genes based 
on SNPs and their corresponding p values. From the first 
published GWAS of OCD,26 we selected the SNPs that were 
associated with OCD at p < 0.0001 in either the trio-based or 
case–control analysis to compile a list of associated genes, and 
we did the same for the SNPs from the discovery sample of 
the second GWAS.27 The selected genes either contained a 
SNP that was located within an exonic, intronic or untrans-
lated region of the gene or were found within 100 kb down-
stream and upstream of the SNP. We included genes impli-
cated through 100 kb downstream and upstream flanking 
regions based on the fact that the vast majority of expression 
quantitative trait loci (eQTL) for a given gene are located 
within 100 kb downstream and/or upstream of a gene32–34 and 
because trait-associated SNPs are more likely eQTL.35 The 
chosen statistical cut-off for association of p < 0.0001 is often 
used to designate “suggestive” association and has been used 
previously in similar studies.30,31

Enrichment analyses

We conducted analyses aimed at identifying biological func-
tions and themes that are enriched in the OCD GWAS genes. 
For this, we used 2 different tools based on different gene 
function annotations to find overlap between the enriched 
functions and themes. First, we performed a network analy-
sis using the Ingenuity Pathway Analysis software package 
(http://www.ingenuity.com) with the default, preset param-
eters. To generate protein interaction networks, the Ingenuity 
software package uses the Ingenuity Knowledge Base, which 
is based on extensive information from the published litera-
ture as well as many other sources, including gene expression 
and gene function annotation databases. For each network, the 
Ingenuity software also generates an enrichment score that 
takes into account the number of eligible molecules/proteins 
in the network and its size, as well as the total number of 
network-eligible molecules analyzed and the total number of 
molecules in the Ingenuity Knowledge Base that could poten-
tially be included in networks. The resulting score is calculated 
with the right-tailed Fisher exact test and displayed as the neg-
ative logarithm of the Fisher exact test result.

Second, we conducted a gene ontology (GO) term 
enrichment analysis of the OCD GWAS genes using GOstat 
(http://gostat.wehi.edu.au)36 with default, preset param
eters. GOstat is a web-based tool that allows detection of 
statistically overrepresented GO terms within a group of 
genes. The program determines the annotated GO terms and 
calculates the number of appearances of each term for the 
group of genes as well as a reference group (i.e., the group of 
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all annotated GO terms in humans). Based on this, it 
calculates a p value for each GO term, using a χ2 test or Fisher 
exact test as appropriate, and corrects these p values for 
multiple testing using the Benjamini–Hochberg correction.

For the Ingenuity analysis, we report all significantly 
enriched protein interaction networks, whereas for the 
GOstat analysis, we report only the GO terms that contained 
at least 2 genes and had a corrected enrichment (p < 0.01).

Other OCD candidate genes

We compiled a list of other OCD candidate genes that were not 
directly observed in the top-ranked GWAS findings, but have 
been implicated in other ways in OCD etiology. The literature 
on such genes is mixed, with varying support for most genes, 
and there have been few replicated findings. We critically evalu
ated the literature and selected only those genes that had re-
ceived support through findings from (genetic) animal studies, 
gene mutations, and/or 2 or more independent candidate gene 
association studies (or at least nominal significance in meta-
analysis) and/or mRNA/protein expression studies.

Literature analysis and molecular landscape building

Guided by the results of the enrichment analyses and as a next 
step of the molecular landscape building approach that we 
have previously reported for other neuropsychiatric disor-
ders,30,31 we then searched the literature for the (putative) func-
tion and neuronal expression of all OCD GWAS candidate 
genes/proteins as well as the other OCD candidate genes/
proteins from the list that we had compiled. For this literature 
analysis, we used the UniProt Protein Knowledge Base (Uni-
ProtKB, http://www.uniprot.org/uniprot)37 to gather basic in-
formation on the function of all genes and their encoded pro-
teins. In addition, we searched PubMed for all genes and using 
the search terms “brain,” “nervous system,” “neuron,” “neuronal 
growth,” “neurite,” “axon,” “synapse,” “insulin” and “insulin re-
ceptor.” Further, we searched PubMed for functional interac-
tions among all OCD candidate genes/encoded proteins.

Results

OCD GWAS genes

From the 2 GWAS,26,27 we compiled a list of SNPs for inclusion 
in the study (Appendix 1, Table S1, available at jpn.ca).  These 
SNPs were located in (the vicinity of) 66 unique protein-​
coding genes in the first study26 and 23 in the second.27

Enrichment analyses

The Ingenuity network analysis yielded 6 enriched networks 
(Appendix 1, Table S2). The network with the highest enrich-
ment score by far (p = 1.00E-46) and containing the highest 
number of proteins (encoded by 20 of the 89 candidate genes 
emerging from the 2 OCD GWAS) had (pro)insulin located at 
its centre, interacting with 21 other molecules/proteins, 8 of 
which are encoded by OCD GWAS candidate genes (Appen-

dix 1, Fig. S1). The insulin receptor signalling pathway was 
also one of the GO terms that was significantly enriched in 
the GOstat enrichment analysis (Appendix 1, Table S3). 
Taken together, both gene enrichment tools that we used 
showed an enrichment of insulin and insulin-related signal-
ling cascades among the OCD GWAS candidate genes. Addi-
tional significantly enriched GO terms were related to bio
logical processes regulating nervous system development 
and function (i.e., “axon guidance,” “axonogenesis,” “genera-
tion of neurons,” “nervous system development,” “neurogen-
esis,” “neuron projection development” and “neuron projec-
tion morphogenesis”; Appendix 1, Table S3).

OCD candidate genes

In addition to the top-ranked GWAS findings, an elaborate 
literature review yielded 26 candidate genes that are 
implicated in OCD etiology through various types of (genetic) 
evidence (Appendix 1, Table S4).

Literature analysis and molecular landscape building

On the basis of the findings from the gene enrichment and 
elaborate literature analyses, we found that the proteins en-
coded by 40 of the 89 GWAS OCD candidate genes (Appen-
dix 1, Table S1; 45%) and 11 of the 26 other OCD candidate 
genes (Appendix 1, Table S4; 42%) functionally interact 
within a distinct molecular landscape. This molecular OCD 
landscape is shown in Figure 1 and contains a number of sig-
nalling cascades that are involved in the endogenous synthe-
sis, secretion and extracellular signalling of insulin in and 
around postsynaptic dendritic spines and that regulate the 
formation of these spines, which in turn affects and regulates 
synaptic plasticity. The insulin-related molecular cascades 
interact with and regulate the activity of important landscape 
proteins, including PI3K, RAC1, AKT and MTOR. Two addi-
tional signalling cascades in the landscape centre around re-
ceptors for the neurotransmitters glutamate and serotonin, 
which have both been linked to OCD, and both cascades 
regulate the secretion of insulin that can have autocrine or 
paracrine effects on (neighbouring) neurons, leading to, 
among other processes, the modulation of dendritic spine 
formation. The function and/or expression of several of the 
key proteins/molecules in the landscape is regulated by nitric 
oxide (NO) synthesized by the NOS1 enzyme, and by 
ELAVL1, an RNA-binding protein that upregulates the ex-
pression of its target genes by binding to and stabilizing the 
mRNAs that are produced by these genes. A more detailed 
description of the evidence linking all the genes and en-
coded proteins in the landscape is provided in Appendix 1.

Discussion

In this study, we used both gene enrichment and extensive 
manual literature mining to integrate the top-ranked findings 
of 2 published GWAS of OCD with other OCD candidate 
genes in order to build a molecular landscape of biological 
processes involved in OCD etiology. Our landscape approach 
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provides compelling evidence for a molecular and functional 
link between OCD, synaptic plasticity and insulin-related sig-
nalling. The finding of altered synaptic plasticity is in keeping 
with previous literature suggesting an involvement of (dys-
regulated) synaptic plasticity in OCD pathogenesis. For in-
stance, the differential expression of several synaptic proteins 
in the landscape, including the glutamate transporter 
SLC1A1,19 SLITRK522 and SAPAP3 (also known as DLGAP3),23 
has been associated with OCD and OCD-like behaviours. 
Slitrk5 and Sapap3 knockout mice also show alterations in 
postsynaptic glutamate receptor composition,22,38 and 
GRIN2B, which has been found to be associated with OCD,39 
encodes an N-methyl-d-aspartate (NMDA) glutamate recep-
tor subunit that has an important role in regulating synaptic 

plasticity.40 Taken together, these data suggest that OCD 
could indeed have its biological substrate at the level of the 
synapse and, more specifically, the postsynaptic density and 
dendritic spines.

To our knowledge, this is the first study to link insulin sig-
nalling in the central nervous system (CNS) with OCD. Insu-
lin has been reported to promote both dendritic spine forma-
tion and excitatory synaptogenesis through activating the 
signalling pathways involving PI3K, RAC1, AKT and 
MTOR,41 as shown in our molecular landscape (Fig. 1). It is 
worth noting that a link between OCD and dysregulated 
peripheral insulin signalling (i.e., diabetes mellitus), has also 
been reported. Winocour and colleagues42 observed increased 
obsessive symptoms in men with type 1 diabetes, which is 

Fig. 1: Molecular landscape that is located in a postsynaptic dendritic spine and that centres around insulin-related signalling and modulates dendritic 
spine formation. The landscape is described in full detail in Appendix 1, available at jpn.ca, and the current knowledge about the functions of the landscape 
proteins is presented. GWAS = genome-wide association studies; OCD = obsessive–compulsive disorder; SNP = single-nucleotide polymorphism. 
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caused by an absolute lack of insulin due to breakdown of 
islet cells in the pancreas.42 In addition, a recent study found a 
positive correlation between OCD symptoms and the level of 
glycosylated hemoglobin, a measure of the severity of type 2 
diabetes, which is caused by insulin resistance and hence a 
relative lack of insulin (signalling).43

Although nothing is known about the possible role of insu-
lin in OCD etiology and of currently unknown relevance to 
CNS insulin signalling, an increasing body of evidence sug-
gests that several neuropsychiatric disorders may have a link 
with insulin. In 2011 Stern44 hypothesized that insulin signal-
ling may contribute to autism-spectrum disorder (ASD) etiol-
ogy in genetically susceptible individuals by regulating PI3K 
and MTOR pathway activation in CNS neurons.44 Moreover, 
insulin is known to regulate the function of cocaine-sensitive 
monoamine transporters in the nucleus accumbens, which 
provides a link to impulsivity associated with cocaine addic-
tion.45 Interestingly, these disorders also feature compulsivity-
like symptoms, including stereotypical behaviour in patients 
with ASDs and impulsive/compulsive drug-seeking behav-
iour in those with addiction disorders. In addition to these ef-
fects of insulin and insulin-related signalling on neuropsychi-
atric disorders at the CNS level, a peripheral effect may also 
be present. A case–control study found that patients with 
ADHD had a higher prevalence of type 2 diabetes than con-
trols (0.9% v. 0.4%, respectively).46 Moreover, plasma insulin 
concentrations were found to be positively correlated with 
obsessional craving scores in alcohol-dependent patients.47 
Bozdagi and colleagues48 recently reported that intraperito-
neal injections of human insulin-like growth factor 1 (IGF1), 
an extracellular molecule present in our OCD landscape 
(Fig. 1), reversed deficits in hippocampal AMPA glutamate 
receptor signalling, long-term potentiation and motor per
formance in the Shank3-deficient ASD mouse model. Never-
theless, one cannot exclude the possibility that the effective 
site of action of these seemingly peripheral effects of insulin 
signalling is still within the brain, as insulin can enter the 
CNS from the periphery by active transport across the blood–
brain barrier.49 Therefore, changes in the peripheral levels of 
insulin and insulin signalling–related proteins could also 
have a direct influence on insulin levels and signalling in the 
brain, which would in turn result in aberrant behaviours.

Limitations

This study is a first attempt to integrate molecular information 
from different sources in order to identify biological mech
anisms underlying OCD etiology. Our findings implicate insu-
lin signalling, but it is important to note that this is unlikely to 
be the only biological process of importance to OCD. Our 
study was strongly constrained by the incompleteness of gene 
function annotations of the gene enrichment tools that we used 
as well as by the existing limitations of the published OCD lit-
erature, gearing toward studies on neurotransmitter-related 
candidate genes. An additional potential bias comes from the 
fact that brain-expressed genes tend to be large; therefore, 
some of the top SNPs from the GWAS of OCD could have 
been found by chance. At the same time, however, genes that 

have been replicated for neuropsychiatric disorders are often 
large, so correcting for this gene size bias may result in the loss 
of valid candidates.50 In conjunction with this, it is important to 
note that this study was solely based on enrichment and litera-
ture analyses of published GWAS of OCD and other OCD can-
didate gene data, without experimental validation. Therefore, 
future studies should be aimed at replicating/validating our 
findings in well-powered samples as well as at functionally 
validating specific proteins and molecules from our OCD 
landscape in animal models with compulsive behavioural 
readouts and, at a later stage, in patients with OCD.

Conclusion

We have built a molecular landscape for OCD in which insulin-
related signalling regulates and ultimately alters synaptic 
plasticity, integrating all currently available molecular genetic 
information. Therefore, when additional OCD GWAS data 
become available, we propose to conduct genetic validation 
studies of the insulin-related findings. Furthermore, the fact 
that insulin-related signalling contributes to the pathogenesis 
of OCD could lead to the development of novel treatments for 
OCD patients aimed at modulating (CNS) insulin levels and/
or insulin-related signalling.

Acknowledgments: The authors thank the families who made all the 
genetic studies of OCD possible and the many investigators whose 
work drives the OCD genetics field forward. The authors also thank 
the anonymous reviewers for their useful comments and suggestions 
regarding text revision. The research leading to these results has re-
ceived funding from the European Community’s Seventh Frame-
work Programme (FP7/2007–2013) under grant agreement n°278948 
(TACTICS). This funding organization has had no involvement with 
the conception, design, data analysis and interpretation, review and/
or any other aspects relating to this paper.

Affiliations: From the Department of Cognitive Neuroscience, Donders 
Institute for Brain, Cognition and Behaviour, Radboud university med-
ical center, Nijmegen, The Netherlands (van  de  Vondervoort, 
Poelmans, Buitelaar, Glennon); the Department of Human Genetics, 
Radboud University Medical Center, Nijmegen, The Netherlands 
(Poelmans, Franke); the Department of Molecular Animal Physiol-
ogy, Donders Institute for Brain, Cognition and Behaviour, Radboud 
Institute for Molecular Life Sciences (RIMLS), Radboud University, 
Nijmegen, The Netherlands (Poelmans); the Department of Neuro
informatics, Donders Institute for Brain, Cognition and Behaviour, 
Radboud University, Nijmegen, The Netherlands (Aschrafi); the 
Psychiatric and Neurodevelopmental Genetics Unit, Center for Hu-
man Genetic Research, Massachusetts General Hospital, Harvard 
Medical School, Boston, MA, USA (Pauls); the Department of Psych
iatry, Donders Institute for Brain, Cognition and Behaviour, Rad-
boud university medical center, Nijmegen, The Netherlands 
(Franke); and the Karakter Child and Adolescent Psychiatry Univer-
sity Centre, Nijmegen, The Netherlands (Buitelaar).

Competing interests: J. Buitelaar declares lecture fees from Janssen 
Cilag, Lilly, Shire and Medice; personal fees from Shire and Lund-
beck; and grants from Lundbeck and Vifor outside the submitted 
work. B. Franke declares speaker fees from Merz. No other compet-
ing interests declared.

Contributors: I. van de Vondervoort, G. Poelmans, J. Glennon and 
B. Franke designed the study. I. van de Vondervoort and G. Poelmans 
acquired the data, which all authors analyzed. I. van de Vondervoort, 
G. Poelmans and B. Franke wrote the article, which all authors reviewed 
and approved for publication.



Insulin-related signalling in OCD

	 J Psychiatry Neurosci 2016;41(4)	 285

References

  1.	 Karno M, Golding JM, Sorenson SB, et al. The epidemiology of 
obsessive-​compulsive disorder in five US communities. Arch Gen 
Psychiatry 1988;45:1094-9.

  2.	 Weissman MM, Bland RC, Canino GJ, et al. The cross national epi-
demiology of obsessive compulsive disorder. The Cross National 
Collaborative Group. J Clin Psychiatry 1994;55(Suppl):5-10.

  3.	 American Psychiatric Association APATFoDSMIV. Diagnostic and 
statistical manual of mental disorders: DSM-IV-TR. Washington, DC: 
American Psychiatric Association; 2000.

  4.	 Goodman WK, Storch EA, Geffken GR, et al. Obsessive-compulsive 
disorder in Tourette syndrome. J Child Neurol 2006;21:704-14.

  5.	 Torresan RC, Ramos-Cerqueira AT, Shavitt RG, et al. Symptom di-
mensions, clinical course and comorbidity in men and women with 
obsessive-compulsive disorder. Psychiatry Res 2013;209:186-95.

  6.	 Vaingankar JA, Rekhi G, Subramaniam M, et al. Age of onset of 
life-time mental disorders and treatment contact. Soc Psychiatry 
Psychiatr Epidemiol 2013;48:835-43.

  7.	 Lensi P, Cassano GB, Correddu G, et al. Obsessive-compulsive disor-
der. Familial-developmental history, symptomatology, comorbidity 
and course with special reference to gender-related differences. Br J 
Psychiatry 1996;169:101-7.

  8.	 Swedo SE, Rapoport JL, Leonard H, et al. Obsessive-compulsive dis-
order in children and adolescents. Clinical phenomenology of 70 
consecutive cases. Arch Gen Psychiatry 1989;46:335-41.

  9.	 Rasmussen SA, Eisen JL. The epidemiology and clinical features of ob-
sessive compulsive disorder. Psychiatr Clin North Am 1992;15:743-58.

10.	 Menzies L, Chamberlain SR, Laird AR, et al. Integrating evidence 
from neuroimaging and neuropsychological studies of obsessive-
compulsive disorder: the orbitofronto-striatal model revisited. 
Neurosci Biobehav Rev 2008;32:525-49.

11.	 Maia TV, Cooney RE, Peterson BS. The neural bases of obsessive-
compulsive disorder in children and adults. Dev Psychopathol 2008;​
20:1251-83.

12.	 Bloch MH, Landeros-Weisenberger A, Sen S, et al. Association of the 
serotonin transporter polymorphism and obsessive-compulsive dis-
order: systematic review. Am J Med Genet B Neuropsychiatr Genet 
2008;147B:850-8.

13.	 Pittenger C, Bloch MH, Williams K. Glutamate abnormalities in 
obsessive compulsive disorder: neurobiology, pathophysiology, and 
treatment. Pharmacol Ther 2011;132:314-32.

14.	 Koo MS, Kim EJ, Roh D, et al. Role of dopamine in the pathophysi-
ology and treatment of obsessive-compulsive disorder. Expert Rev 
Neurother 2010;10:275-90.

15.	 van Grootheest DS, Cath D, Hottenga JJ, et al. Genetic factors under-
lie stability of obsessive-compulsive symptoms. Twin Res Hum Genet 
2009;12:411-9.

16.	 Taylor S. Etiology of obsessions and compulsions: a meta-analysis 
and narrative review of twin studies. Clin Psychol Rev 2011;31:1361-72.

17.	 Davis LK, Yu D, Keenan CL, et al. Partitioning the heritability of 
Tourette syndrome and obsessive compulsive disorder reveals dif-
ferences in genetic architecture. PLoS Genet 2013;9:e1003864.

18.	 McDougle CJ, Epperson CN, Price LH, et al. Evidence for linkage 
disequilibrium between serotonin transporter protein gene (SLC6A4) 
and obsessive compulsive disorder. Mol Psychiatry 1998;3:270-3.

19.	 Arnold PD, Sicard T, Burroughs E, et al. Glutamate transporter 
gene SLC1A1 associated with obsessive-compulsive disorder. Arch 
Gen Psychiatry 2006;63:769-76.

20.	 Karayiorgou M, Sobin C, Blundell ML, et al. Family-based associa-
tion studies support a sexually dimorphic effect of COMT and 
MAOA on genetic susceptibility to obsessive-compulsive disorder. 
Biol Psychiatry 1999;45:1178-89.

21.	 Hall D, Dhilla A, Charalambous A, et al. Sequence variants of the 
brain-derived neurotrophic factor (BDNF) gene are strongly associated 
with obsessive-compulsive disorder. Am J Hum Genet 2003;​73:370-6.

22. 	 Shmelkov SV, Hormigo A, Jing D, et al. Slitrk5 deficiency impairs cor-
ticostriatal circuitry and leads to obsessive-compulsive-like behaviors 
in mice. Nat Med 2010;16:598-602. 

23.	 Welch JM, Lu J, Rodriguiz RM, et al. Cortico-striatal synaptic de-
fects and OCD-like behaviours in Sapap3-mutant mice. Nature 
2007;448:894-900.

24.	 Greer JM, Capecchi MR. Hoxb8 is required for normal grooming 
behavior in mice. Neuron 2002;33:23-34.

25.	 Hoeffer CA, Tang W, Wong H, et al. Removal of FKBP12 enhances 
mTOR-Raptor interactions, LTP, memory, and perseverative/​
repetitive behavior. Neuron 2008;60:832-45.

26.	 Stewart SE, Yu D, Scharf JM, et al. Genome-wide association study 
of obsessive-compulsive disorder. Mol Psychiatry 2013;18:788-98.

27.	 Mattheisen M, Samuels JF, Wang Y, et al. Genome-wide association 
study in obsessive-compulsive disorder: results from the OCGAS. 
Mol Psychiatry 2015;20:337-44.

28.	 Kim E, Naisbitt S, Hsueh YP, et al. GKAP, a novel synaptic protein 
that interacts with the guanylate kinase-like domain of the PSD-
95/SAP90 family of channel clustering molecules. J Cell Biol 
1997;136:669-78.

29.	 Matsui A, Tran M, Yoshida AC, et al. BTBD3 controls dendrite ori-
entation toward active axons in mammalian neocortex. Science 2013;​
342:1114-8.

30.	 Poelmans G, Pauls DL, Buitelaar JK, et al. Integrated genome-wide 
association study findings: identification of a neurodevelopmental 
network for attention deficit hyperactivity disorder. Am J Psychiatry 
2011;168:365-77.

31.	 Poelmans G, Franke B, Pauls DL, et al. AKAPs integrate genetic find-
ings for autism spectrum disorders. Transl Psychiatry 2013;3:e270.

32.	 Gherman A, Wang R, Avramopoulos D. Orientation, distance, regula-
tion and function of neighbouring genes. Hum Genomics 2009;3:143-56.

33.	 Pickrell JK, Marioni JC, Pai AA, et al. Understanding mechanisms 
underlying human gene expression variation with RNA sequencing. 
Nature 2010;464:768-72.

34.	 Veyrieras JB, Kudaravalli S, Kim SY, et al. High-resolution mapping 
of expression-QTLs yields insight into human gene regulation. PLoS 
Genet 2008;4:e1000214.

35.	 Nicolae DL, Gamazon E, Zhang W, et al. Trait-associated SNPs are 
more likely to be eQTLs: annotation to enhance discovery from 
GWAS. PLoS Genet 2010;6:e1000888.

36.	 Beissbarth T, Speed TP. GOstat: find statistically overrepresented 
gene ontologies within a group of genes. Bioinformatics 2004;20:1464-5.

37.	 The UniProt Consortium. Activities at the Universal Protein Resource 
(UniProt). Nucleic Acids Res 2014;42(D1):D191-8.

38.	 Wan Y, Feng G, Calakos N. Sapap3 deletion causes mGluR5-
dependent silencing of AMPAR synapses. J Neurosci 2011;31:16685-91.

39.	 Arnold PD, Rosenberg DR, Mundo E, et al. Association of a glutamate 
(NMDA) subunit receptor gene (GRIN2B) with obsessive-compulsive 
disorder: a preliminary study. Psychopharmacology (Berl) 2004;174:530-8.

40.	 Ryan TJ, Kopanitsa MV, Indersmitten T, et al. Evolution of GluN2A/B 
cytoplasmic domains diversified vertebrate synaptic plasticity and be-
havior. Nat Neurosci 2013;16:25-32.

41.	 Lee CC, Huang CC, Hsu KS. Insulin promotes dendritic spine and 
synapse formation by the PI3K/Akt/mTOR and Rac1 signaling 
pathways. Neuropharmacology 2011;61:867-79.

42.	 Winocour PH, Main CJ, Medlicott G, et al. A psychometric evalua-
tion of adult patients with type 1 (insulin-dependent) diabetes 
mellitus: prevalence of psychological dysfunction and relationship 
to demographic variables, metabolic control and complications. 
Diabetes Res 1990;14:171-6.

43.	 Kontoangelos K, Raptis AE, Papageorgiou CC, et al. The association of 
the metabolic profile in diabetes mellitus type 2 patients with obsessive-
compulsive symptomatology and depressive symptomatology: new 
insights. Int J Psychiatry Clin Pract 2013;17:48-55.

44.	 Stern M. Insulin signaling and autism. Front Endocrinol (Lausanne) 
2011;2:54.

45.	 Schoffelmeer AN, Drukarch B, De Vries TJ, et al. Insulin modulates 
cocaine-sensitive monoamine transporter function and impulsive 
behavior. J Neurosci 2011;31:1284-91.

46.	 Chen HJ, Lee YJ, Yeh GC, et al. Association of attention-deficit/​
hyperactivity disorder with diabetes: a population-based study. 
Pediatr Res 2013;73:492-6.

47.	 Leggio L, Ferrulli A, Malandrino N, et al. Insulin but not insulin 
growth factor-1 correlates with craving in currently drinking alcohol-
dependent patients. Alcohol Clin Exp Res 2008;32:450-8.

48.	 Bozdagi O, Tavassoli T, Buxbaum JD. Insulin-like growth factor-1 
rescues synaptic and motor deficits in a mouse model of autism and 
developmental delay. Mol Autism 2013;4:9.

49.	 Banks WA. The source of cerebral insulin. Eur J Pharmacol 2004;​490:​
5-12.

50.	 Christoforou A, Espeseth T, Davies G, et al. GWAS-based pathway 
analysis differentiates between fluid and crystallized intelligence. 
Genes Brain Behav 2014;13:663-74.


