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Abstract

Background—The dopamine hypothesis, which posits that dysregulation of the dopaminergic
system is etiologic for schizophrenia, is among the most enduring biological theories in psychiatry.
Although variation within genes related to dopaminergic functioning has been associated with
schizophrenia, an aggregate test of variation, using the largest publicly available schizophrenia
dataset, has not previously been conducted.

Methods—We first identified a core set of 11 genes involved in the synthesis, metabolism, and
neurotransmission of dopamine. We then extracted summary statistics of markers falling within, or
flanking, these genes from the Psychiatric Genomics Consortium's most recent schizophrenia
mega-analysis results. We conducted aggregate tests for enrichment of dopamine-related pathways
for association with schizophrenia.

Results—We did not detect significant enrichment of signals across the core set of dopamine-
related genes. However, we did observe modest to strong enrichment of genetic signals within the
DRDZ locus.

Conclusions—Within the limits of available power, common sequence variation within core
genes of the dopaminergic system is not related to risk of schizophrenia. This does not preclude a
role of dopamine, or dopamine-related genes, in the clinical presentation of schizophrenia or in
treatment response. However, it does suggest that the genetic risk for schizophrenia is not
substantially affected by common variation in those genes which, collectively, critically impact
dopaminergic functioning.
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1. Introduction

The first widely cited articulation of the dopamine (DA) hypothesis of schizophrenia (DHS)
was by Matthysse in 1973 (Kendler and Schaffner, 2011a; Matthysse, 1973) when he
suggested that schizophrenia might result from an “over-activity of dopaminergic
transmission.” (Matthysse, 1973) For several decades in the late 201" century, the DHS was
the leading etiologic theory in psychiatry and generated an immense amount of both basic
and clinical research.

Two prominent themes emerge from an analysis of the history of the DHS (Kendler and
Schaffner, 2011a, b). First, the empirical track-record of the theory has been spotty, with a
failure to verify robustly most—albeit probably not all—of its key empirical predictions.
Second, its persistence over four decades is probably related to the protean nature of the
theory undergoing a number of substantial revisions and re-interpretations. For example,
Davis and colleagues proposed, in 1991, a major revision of the theory suggesting that “...
schizophrenia can be characterized by hypodopaminergia in mesocortical and
hyperdopaminergia in mesolimbic dopamine neurons ...” (Davis et al., 1991) More recently,
Howes and Kapur proposed another substantial modification of the DHS focusing on DA
striatal dysfunction as a “final common pathway” for the etiopathogenesis of schizophrenia
(Howes and Kapur, 2009). In addition, a review by Howes et al. (2015) described the extent
of evidence implicating the dopaminergic system, ranging from antipsychotic efficacy to in
vivo imaging. Furthermore, the authors elaborated on the interplay among glutamatergic and
dopaminergic systems and their impact of schizophrenia etiology, demonstrating that the
effects of dopamine do not act in isolation.

Given the central role of genetic factors in the etiology of schizophrenia, demonstrated both
by classical genetic-epidemiologic methods (Sullivan et al., 2003) and by newer analytic
methods applied to molecular data (Cross-Disorder Group of the Psychiatric Genomics et
al., 2013), a plausible prediction of the DHS would be that variation in at least some genes
critical to DA function would impact on risk for schizophrenia. Indeed, a large and
inconclusive candidate gene literature emerged in the last several decades years examining
DA receptor genes and genes involved in the uptake, synthesis and metabolism of DA
(Kendler and Schaffner, 2011a). As depicted in Table 1, quite large numbers of individual
association studies have been reported for most of the core DA related genes. The
percentage of positive reports for a number of them substantially exceed the 5% expected
under the null hypothesis although meta-analyses have not provided consistent positive
evidence for association for any gene with the possible exception of DRD4. 1t is now clear
from recent advances in complex disease genetics, as we have clarified the typical effect size
of variants impacting multifactorial biomedical disorders, that these earlier candidate gene
studies were unpowered which might explain the variability and inconsistency in findings.
Furthermore, the potential for publication bias cannot be excluded, raising the possibility
that more null results exist than are in the extant literature.

Advances in the field of schizophrenia genetics have now provided us with a much more
powerful way to test the genetic predictions of the DHS. As a result of massive efforts, the
Schizophrenia Working Group of the Psychiatric Genomics Consortium (PGC) have
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collected and made publically available GWAS results on 34,241 cases of schizophrenia and
45,604 controls (Schizophrenia Working Group of the Psychiatric Genomics Consortium,
2014). The PGC recently reported strong evidence of an association between variation in
DRDZ2 and schizophrenia case-control status. In addition, they found signal enrichment in
KEGG's dopaminergic synapse gene set. However, that category consists of >100 genes
(Kanehisa et al., 2016) whose functions are quite diverse and in many cases only indirectly
related to dopamine function. Thus, in some ways the category reflects the diffuse nature of
the DHS itself and may not represent a valid test of the core underlying theory.

In this paper, we selected, a priori, 11 genes directly related to DA function which have all
been subject to prior candidate gene studies motivated by the DHS (Table 1). We ask a
single, simple question: do common molecular variants in these genes, examined as a group,
differ significantly in their frequency in cases and controls? A positive response to this
question would provide confirmatory evidence for the DHS. By contrast, a negative response
— in which the distributions of these variants in the two groups were consistent with chance
effects — would provide evidence, although far from conclusive, against the importance of
the etiologic role of DA dysfunction in schizophrenia.

2. Materials and Methods

2.1 Gene selection

We selected 11 genes that are directly involved in the synthesis, metabolism, or
neurotransmission of dopamine: catechol-o-methyltransferase (COMT), dopamine beta-
hydroxylase (DBH), the five dopamine receptors (DRDI-DRDS), dopa-decarboxylase
(DDC), tyrosine hydroxylase (TH), monoamine oxidase A (MAOA), and the dopamine
transporter (solute carrier member 6 carrier 3, known as SLC6A3 or DAT). Using positions
from genome build hg37, we selected markers in the PGC's most recently publicly available
schizophrenia dataset (PGC2) that mapped to within or near genes of interest. We considered
two ranges: the first was selected for consistency with a previous PGC publication (The
Network Pathway Analysis Subgroup of the Psychiatric Genomics Consortium and
International Inflammatory Bowel Disease Genetics Consortium, 2015), which selected
markers within 35kb upstream (5") or 10kb downstream (3") as being relevant to the gene.
The second range was selected to allow for the possibility of broader regulatory regions, and
included 50kb upstream and downstream; this 50kb window was previously used for
pathway analyses in the largest schizophrenia mega-analysis to date (Schizophrenia Working
Group of the Psychiatric Genomics Consortium, 2014). Though this range allows for more
distal signals to be considered, it is potentially more conservative due to the larger number of
potentially irrelevant SNPs included in the test.

2.2 Addressing linkage disequilibrium

We used publicly available 1000 Genomes (The 1000 Genomes Project Consortium et al.,
2010) Phase 1 Version 3 data to establish linkage disequilibrium within the range of our
SNPs of interest. For each chromosome on which a target gene was located, we used the --
Id-window-kb option in Plink (Purcell et al., 2007) to calculate pairwise LD within a
10,000kb range of the target markers.
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2.3 Tests of significance

Similar to Bacanu and colleagues (Bacanu et al., 2014), to test competitive enrichment of
association signals in the hypothesized gene sets, we employed the Simes and sum of
squares tests (SST) (see Supplementary Methods). The choice of the two tests is due to the
intuition that the Simes test would be especially useful for detecting enrichment in SNP sets
harboring a few strong signals, whereas the SST would be better for detecting enrichment in
SNP sets having many signals of small magnitude. To guard against violation of
distributional assumptions, the statistical significance of SST was assessed via 50,000
simulations based on the LD patterns of the 396 Europeans sequenced by the 1000 Genomes
Project Phase 1 Version 3.

3. Results

3.1 Simes tests

Using the Simes test, we first tested for evidence of enrichment (relative to background) in
the form of a few signals of at least moderate effect size within or near DA-related genes
(Table 2). For both ranges tested, we observed no significant enrichment of signals within
the 11 genes tested. Given the strong signal mapping to near and within DRDZ2in the PGC2
results, we further tested for enrichment near that locus versus among all non-DRDZ2 SNPs
(Table 2). For both ranges tested, we observed modest but significant enrichment at the
DRD2 locus only, but no evidence of enrichment when that locus was excluded.

3.2 Sum of squares tests (SST)

We next used SST to test for evidence of enrichment (relative to background) in the form of
more numerous signals of modest effect size, within or near DA-related genes. We observed
no evidence of enrichment for either range when the complete set of SNPs was tested (Table
2). However, we observed strong enrichment when only the DRDZ2 locus was considered.
When excluding SNPs mapping to DRDZ, we observed no evidence of enrichment.

4. Discussion

In this study, we empirically tested whether core dopamine-related genes were enriched for
signals associated with schizophrenia using the largest currently available dataset (PGC2).
Our results indicate that, despite strong signal(s) within/near the DRDZ locus, overall there
is no enrichment of signals within this core group of genes involved in the synthesis,
metabolism, and primary neurotransmission of dopamine.

Given the strong evidence that the etiology of schizophrenia has a substantial genetic basis,
it is reasonable to hypothesize that if the DHS were true, then variation within core DA
genes would influence the liability to schizophrenia. As outlined in Table 1, previous efforts
to validate this implicit prediction of the DHS have been inconsistent (Farrell et al., 2015;
Kendler and Schaffner, 2011a). However, many prior genetic studies have been statistically
underpowered, raising the possibility that support for the DHS could be identified in an
adequately powered sample.
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The recent PGC mega-analysis (Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014) has made such an investigation possible. Indeed, in that analysis, the
“KEGG_DOPAMINERGIC_SYNAPSE” category was ranked 3. However, as noted
previously, the functions of genes within that category are quite broad, mitigating the
assertion that these results provide strong empirical support for the DHS. In addition, a later
network/pathway analysis that employed a wider array of analytic methods did not replicate
the link between the dopaminergic synapse and schizophrenia; rather, the top-ranking
pathway was “postsynaptic density” (The Network Pathway Analysis Subgroup of the
Psychiatric Genomics Consortium and International Inflammatory Bowel Disease Genetics
Consortium, 2015), which is, of course, not specific to the dopaminergic system.

Our analyses, which included flanking regions comparable to the previous studies, were
designed to more specifically target genes of direct relevance to the DHS: although most if
not all of the 10 genes included in the analysis have roles outside of dopaminergic
functioning, they constitute the cellular machinery essential to DA synthesis, metabolism,
and neurotransmission. Therefore, this limited set of genes constitutes a more focused test of
the genetic component of the DHS than had heretofore been conducted. Our results are
clear: using the largest dataset currently available, there is no empirical support for
enrichment of genetic effects arising from variation in core DA genes on risk for
schizophrenia.

The scientific value of disconfirmatory evidence for any hypothesis is directly related to the
quality of the test. One of the difficulties in testing the DHS is its non-specificity. Which
dopamine systems, where in the brain and at which developmental periods are actually
disordered in schizophrenia? As reviewed previously (Kendler and Schaffner, 2011a), these
questions fall under the rubric of specific versus more general aspects of the DHS: we
provided here a global test for a global theory. Critically, the current report has delineated a
hypothesis—sequence variation in core DA genes is related to schizophrenia liability—that
could be unambiguously falsified due in part to its relatively narrow scope. However, as
discussed below, our negative results do not preclude other interpretations of the DHS,
genomic or otherwise. This is in contrast to general hypotheses such as “dysfunction of the
dopaminergic system in the brain contributes to schizophrenia liability” which is far more
difficult to test definitively.

Indeed, if we modified our test to examine whether any one DA-related gene was associated
with schizophrenia our results might differ. In confirmation of the results of the recent PGC
mega-analysis (Schizophrenia Working Group of the Psychiatric Genomics Consortium,
2014), we found evidence that variants in DRDZ2 were significantly associated with risk for
schizophrenia. However, when the DRDZ2 gene was analyzed along with the other core
dopamine genes, the aggregate results no longer differed from null expectations.
Importantly, our findings do not address the potential for other manifestations of genomic
variation within dopamine genes — e.g., transcript variation, rare variants or epigenetic
changes — to impact schizophrenia risk. Nor do they preclude a role for these genes, or the
dopaminergic system more generally, in the heterogeneity of clinical presentation or
treatment response. Indeed, neuroleptic medications target the dopamine system and can be
effective in the treatment of schizophrenia (Furukawa et al., 2015). Regardless, the results
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suggest that novel models of the etiopathogenesis of schizophrenia are needed, as the DHS
is insufficient in explaining risk, at least from the perspective of common genetic variation.

Our results appear inconsistent with the prior candidate gene literature outlined in Table 1
where for many of the key dopamine genes (i.e., COMT, DRDZ2, DRD3, DRD5, S C6A3
and TH) the proportion of positive association studies, often based on quite modest sample
sizes, far exceeded the 5% expected under the null hypothesis. While a number of factors
might be involved, publication bias, in which positive reports are much more likely than
negative reports to be submitted and accepted, is the most likely explanation. A prior
detailed study of the SZGene database noted evidence for publication bias but only in a
modest percentage of the meta-analyses (Allen et al., 2008).

These results should be interpreted in the context of at least four potential methodological
limitations. First, we used publicly available data from the most recently published PGC2
schizophrenia mega-analysis, which was limited to common variants (minor allele frequency
> 1%) and is derived from samples of predominantly (~92%) European descent. Thus, our
results do not necessarily generalize to non-European samples.

Second, we elected to focus on a narrow set of 11 dopamine-related genes. As described
above, previous studies have reported evidence of enrichment for pathways or networks that
include these genes (e.g., KEGG's “dopaminergic synapse”) but which are far broader than
our selection in terms of gene membership and functionality. It is therefore possible that, had
we delineated a more inclusive list of dopamine-related genes, our results might have
differed. However, we contend that departure from this central, limited gene set maps poorly
onto the DHS and instead addresses issues related to neurotransmission more generally.

Third, our approach differs from many previous analyses in a potentially critical way: we
included all markers within the genes of interest for which the PGC reported results, rather
than one or a few markers as most prior candidate gene studies have done. This enables us to
test whether variation anywhere within the core DA genes is related to schizophrenia risk
beyond chance expectation. The approach increases the likelihood of identifying signals
across linkage disequilibrium blocks, but also introduces the possibility that a true signal
will be diluted by its inclusion with markers in large “null blocks.” It is possible that a test
including only the limited set of previously interrogated markers across all 11 genes would
have yielded a different result. We employed the current approach to pool the information
across blocks. Thus, these results represent tests based on quantitatively more information
that is qualitatively different from many candidate gene studies, and should be interpreted
accordingly.

Finally, while limiting our analysis to only 11 core genes of interest was the most
appropriate approach for testing our hypothesis, this might introduce power issues. Gene set
enrichment tests are sensitive to the size of the set, and although it is common to include sets
of modest size in such analyses, we cannot exclude the possibility that our null results are
due to type Il error. However, given the very large number of signals and sample size of
PGC2, this would imply that the dopamine pathway would explain at most a minor fraction
of the heritability of schizophrenia. We conducted post hoc analyses and found that the
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12 spp for markers used in our analyses was 0.0019 (SE=0.0022; n.s.) using the more
restricted flanking regions and 0.0025 (SE=0.0026; n.s.) using the broader flanking region.
We interpret this as further evidence that common variation in core dopaminergic genes has
at most a minor impact on the overall schizophrenia genetic liability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1

Overview of findings listed on www.szgene.org and results of recent meta-analyses on 11 core dopamine-

related genes.

SZgene.org Summary

Gene Total # case- Total # Summary of prior published meta-analytic results3
control family-based yorp P v
studies! (% studies? (%
positivez) positivez)

COMT 63 (23.8) 15 (26.7) Conflicting results from meta-analyses: three suggested that variants in COMT are unlikely to
contribute to schizophrenia risk (Munafo et al., 2005; Okochi et al., 2009; Shi et al., 2008),
while another reported some support for multiple variants (Allen et al., 2008). A fourth
reported a protective effect of heterozygosity at rs4680 (Costas et al., 2011).

DBH 11 (9.1) 3(0) No support for an association between a common insertion/deletion in DBAH and schizophrenia
(Dai et al., 2014).

DDC 5 (0) 1(0) No meta-analytic results available. No evidence for association between DDC and paranoid
schizophrenia (Zhang et al., 2004).

DRD1 10 (10.0) 2(0) Meta-analytic results provided support for an association between one DRDI variant and
schizophrenia (rs5326) but not another (rs4532) (Pan et al., 2014). A separate meta-analysis
reported weak support for rs4532 (Allen et al., 2008).

DRD2 46 (34.8) 8(25.0) One prior meta-analysis reported an association at this locus (Allen et al., 2008), but another
found no support for an association (Shi et al., 2008).

DRD3 66 (36.4) 8 (12.5) Multiple meta-analysis have reported no evidence of association (Jonsson et al., 2004;
Nunokawa et al., 2010; Utsunomiya et al., 2008), though earlier meta-analyses did report an
association (Dubertret et al., 1998; Williams et al., 1998).

DRD4 23(8.7) 5 (0) Two meta-analyses reported modest support for association between variants in DRD4 and
schizophrenia (Allen et al., 2008; Shi et al., 2008), but another earlier meta-analysis found no
evidence of association (Glatt et al., 2003). The meta-analysis by Jonsson et al. (2003)
reported mixed evidence across variants.

DRD5 7(42.9) 2(0) No meta-analytic results are available.

MAOA 19 (5.3) 0 (0) A meta-analysis found no overall support for an association between two common
polymorphisms and schizophrenia (Li and He, 2008).

SLC6A3 16 (25.0) 5 (60.0) The only meta-analysis available found no association between a common VNTR and
schizophrenia (Gamma et al., 2005).

TH 10 (40.0) 1(0) Only one meta-analysis was found, and it reported no association between 7+ and

schizophrenia (Li and He, 2006).

1 - . .
Because the current analyses are based on summary statistics from samples of predominantly European descent, we report here only the studies of
Caucasian subjects in SZgene.org. Some studies included overlapping samples; this non-independence has not been accounted for in here.

Do
“Positive” in this context means at least one marker tested had p<0.05.

A more comprehensive review of four of these genes, not limited to meta-analyses, is available from Talkowski et al. (2007).
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Results from Simes and SST analyses of enrichment.

Table 2

SNP Set N SNPs with LD | p-value Simes test | p-value SST
25.70 all 3829 0.1831 0.3426
35-10 DRDZ2 only 326 0.0158 >0.0001
35-10 excluding DRD2 | 3503 0.9997 0.9999
50-502 all 6205 0.2849 0.9157
50-50 DRD2 only 487 0.0224 >0.0001
50-50 excluding DRD2 | 5718 0.9996 0.9999

SST - Sum of Squares Test; SNP — single nucleotide polymorphism; LD — linkage disequilibrium; DRD2 — dopamine receptor D2
1 . i .
Includes SNPs mapping to within -35kb upstream or +10kb downstream from genes of interest.

2Inc|udes SNPs mapping to within -50kb upstream or +50kb downstream from genes of interest.
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