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ORIGINAL ARTICLE

Impact of complex genetic variation in COMT on human
brain function
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Catechol-O-methyltransferase (COMT) has been shown to be critical for prefrontal dopamine
flux, prefrontal cortex-dependent cognition and activation. Several potentially functional
variants in the gene have been identified, but considerable controversy exists regarding the
contribution of individual alleles and haplotypes to risk for schizophrenia, partly because
clinical phenotypes are ill-defined and preclinical studies are limited by lack of adequate
models. Here, we propose a neuroimaging approach to overcome these limitations by
characterizing the functional impact of ambiguous haplotypes on a neural system-level
intermediate phenotype in humans. Studying 126 healthy control subjects during a working-
memory paradigm, we find that a previously described risk variant in a functional Val158Met
(rs4680) polymorphism interacts with a P2 promoter region SNP (rs2097603) and an SNP in the
3’ region (rs165599) in predicting inefficient prefrontal working memory response. We report
evidence that the nonlinear response of prefrontal neurons to dopaminergic stimulation is a
neural mechanism underlying these nonadditive genetic effects. This work provides an in vivo
approach to functional validation in brain of the biological impact of complex genetic
variations within a gene that may be critical for its clinical association.
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Introduction

Most diseases of interest for molecular psychiatry are
genetically complex. The dissection of genetic sus-
ceptibility to these common disorders depends on
understanding interactions between multiple genetic
variants of usually weak isolated impact, environ-
ment and phenotype.’ In this setting, the study of
haplotypes, which characterize the linkage disequili-
brium (LD) structure of several markers, is considered
highly advantageous, since haplotypes may show
stronger association with illness than individual
markers because they contain more information about
the underlying causative genetic variants in the
population.? If, as is commonly the case, causative
variant(s) are unknown, haplotype analysis is desir-
able because it likely reflects the genetic background
on which these variants arose in a given population.®
Knowledge of LD across the genome also greatly
increases the efficiency of large-scale or genome-wide
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association studies, a major impetus underlying the
Human Hapmap project.’ In addition to these general
considerations, haplotype analyses are not only
advantageous but essential if multiple functional sites
are implicated within a single gene or haplotype
block, for example, through a combination of cis-
acting variants affecting transcription and coding
variants affecting protein function*® because analysis
of these interacting effects then critically depends on
a characterization of which variants appear together
on the chromosome.

These issues become especially pertinent for uni-
quely human disorders such as psychiatric illnesses,
in which clinical phenotypes are often ill-defined and
model systems are of restricted value, limiting the
options to evaluate the functional implications of
interacting loci within a gene in vitro. A gene of
central interest for neuropsychiatry where multiple
potential interacting loci have been described is
COMT, encoding a major enzyme degrading cortical
dopamine. Due to the paucity of dopamine transpor-
ters in prefrontal cortex (PFC),® COMT is a critical
determinant of prefrontal dopamine flux.” The gene is
located at 22q11.2, a region implicated in schizo-
phrenia by linkage® and by the 22q11.2 syndrome
(MIM#192430), a hemideletion associated with
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Figure 1 Diagram of the COMT gene, showing locations of genotyped SNPs. Redrawn after Palmatier et al.*°

strongly increased risk of schizophrenia-like illness.®
A common val'®'*®*met substitution affects the
stability of the protein and leads to a significant
decrease in the activity of the enzyme in brain and
lymphocytes.’® Several studies have demonstrated
that this coding variant impacts on indices of PFC
function, including PFC activation during working
memory,"" PFC-dependent neuropsychological per-
formance," response to amphetamine in healthy
humans,”® and prefrontal regulation of midbrain
dopamine synthesis'**®

However, despite the consistent findings implicat-
ing the COMT val**®****met polymorphism in pre-
frontal function, the evidence supporting association
of this coding variant with schizophrenia is incon-
clusive'®'” and the isolated association of this poly-
morphism with the schizophrenia phenotype is likely
to be small. One reason contributing to this apparent
discrepancy is that additonal genetic variability in
COMT may be important. In support additional
genetic of this hypothesis, a haplotype combining
rs4680 with two common SNPs, one upstream in
intron 1 (rs737865) and the other in the 3’ untrans-
lated region (rs165599), was highly associated with
schizophrenia in a large sample of Israelis of
Ashkenazi descent,' and differentially affected ex-
pression of rs4680 alleles in human brain tissue,™
suggesting the presence of a cis acting functional
locus within COMT interacting with val/met. Another
population study found that this three marker
haplotype is markedly heterogeneous in populations
worldwide®® despite the relatively constant pre-
valence of schizophrenia and suggested the relevance
of another possible cis functional variant (rs2097603)
linked upstream in the P2 promoter driving transcrip-
tion of the predominant form of COMT in the brain
(MB-COMT) (Figure 1). This variant also affects
COMT activity in lymphocytes and post-mortem brain
tissue.” Thus, COMT may contain at least three
functional polymorphisms that impact on its biologic
actions and confound its clinical associations. The
potential complex interactions of functional varia-
tions in COMT imply that the overall functional state
of the gene in an individual, presumably critical for
phenotypic association, may not be easily deduced
from genotype information alone.

To jointly characterize multiple loci in COMT,
haplotype information is essential. However, since
currently used high-throughput genotyping techno-
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logy does not provide certain phase information,
haplotypes cannot be directly observed in unrelated
individuals if more than one marker locus is hetero-
zygous and must be estimated, commonly through an
expectation-maximization algorithm?"?* or a Bayesian
approach.?® Simply using the most likely haplotype
for each subject is unadvisable as it has been shown to
introduce bias** and increased error® into the
estimated effects, and will reduce power because
some individuals cannot be reliably scored. Similarly,
restricting analysis to only those individuals who
happen to have uniquely determined haplotypes
produces a biased subsample of lower power. There-
fore, a more powerful approach is desirable that can
incorporate haplotype probabilities into the analysis.
For single quantitative traits, both score-based®® and
regression-based*?*” approaches have been proposed,
but the application of these methods to high-dimen-
sional phenotype data sets such as that derived from
neuroimaging is not straightforward. Here, we
describe a novel approach to this problem, which
operates by a two-step method: first, we adapt a
regression method?®” to estimate the effects of ambig-
uous haplotypes on imaging data. In a second step,
we apply Gaussian Random fields (GRF) theory®® to
effect stringent multiple comparison control over the
multiple datapoints studied in neuroimaging.

As a proof of principle for this new approach, we
studied the 3-SNP haplotype rs737865-1s4680—
rs165599, previously implicated in risk for schizo-
phrenia in population studies.'®'® However, the focus
of the present analysis are the three functional SNPs
implicated in the literature: the coding val*®met
polymorphism (rs4680),'® a P2 promoter region SNP
(rs2097603)*° and a SNP in the 3’ region implicated in
differential expression (rs165599)."® Proceeding hier-
archically, we first studied single SNP effects, then a
2-SNP haplotype composed of rs4680 and rs2097603,
and finally the 3-SNP haplotype composed of these
possibly functional variants. We tested whether
complex genetic variation impacts on prefrontal
function in humans in a pattern consistent with
interacting functional genetic variation, and hypo-
thesized that inefficient prefrontal response would
be related to genetic risk for schizophrenia. These
hypotheses were largely confirmed; in particular, our
analysis provided evidence in humans for a likely
neural mechanism underlying a nonlinear genetic
effect.



Results

Genetics

All alleles were in Hardy—Weinberg equilibrium in
the entire clinical population from which our imaging
sample is derived, but rs165599 deviated from HWE
(P<0.02, exact test) in the imaging subsample of 126
subjects (Table 1), rs165599 deviated from HWE
(P<0.02, exact test, Table 2). Estimated allele fre-
quencies were similar to previously reported results
in Caucasians (Table 2).'"'%17:2929 Age, gender and
task performance were balanced between genotype
groups (Supplementary Table). With one exception,
pairwise LD was significant and extensive, but not
complete, underscoring the uncertainty of haplotype
information (Table 3).

Main effects of task on brain activation

Confirming previous studies, the working memory
task strongly activated dorsolateral, ventrolateral and
anterior cingulate PFC as well as the superior parietal
lobule (Supplementary Figure 1). Based on the a
priori evidence on the relevance of COMT for
prefrontal function, inference was restricted to acti-
vated prefrontal regions to increase sensitivity to
genetic variation.”"'~"°

Single SNP effects

Imaging of the effects of rs4680 genotype showed
higher prefrontal activation during the working
memory task for val-allele carriers and -homozygotes
compared to met homozygotes (Figure 2, Table 4). The
relation between the number of val alleles and
prefrontal inefficiency was linear. Testing for interac-
tions between genotype and gender did not result in
significant effects. Variation at the other individual

Table 1 Demographic data (n=126)

Age 32.2+9.8
Gender (Male:female) 68:58
Performance on task (percent 80+17%
correct during 2-back)

Reaction time during 2-back task (s) 0.26+0.10

Mean +s.d. shown.

Table 3 Linkage disequilibrium between typed markers
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SNPs (rs2097603, rs737865, rs165599) had no effect
on brain activation at the chosen thresholds, both in
the whole group and for subjects homozygous for the
154680.

Haplotype analysis of combined functional variants

We performed an analysis of two haplotypes consist-
ing of combinations of the putative functional SNPs
(see also Supplementary Figure 2 for a summary
diagram). First, we combined the P2 promoter region

Table 2 Genotype(coding strand)/estimated haplotype fre-
quencies (%)

Genotype/haplotype Genotype/estimated

haplotype frequency

152097603 (1:A 2:G)
rs737865 (1:T(A) 2:C(G))?
154680 (1:G-Val, 2:A-Met)
15165599 (1:A 2:G)

31 (11) 55 (12) 14 (22)
50 (11) 41 (12) 9 (22)
24 (11) 54 (12) 22 (22)
41 (11) 53 (12) 6 (22)

2-SNP haplotype (rs4680-rs2097603)
11

42+0.5
12 18+0.5
21 10+0.5
22 304+0.5

3-SNP haplotype (rs737865-rs4680-rs165599)

111 11+0.5
112 14+0.6
121 37+0.7
122 61+0.5
211 13+0.6
221 4405
212 14+0.7

3-SNP haplotype (rs2097603-rs4680-rs165599)

111 18+0.7
112 24+0.7
121 16+0.6
222 540.5
211 540.5
212 540.5
221 25+0.7

“Base pairs in parentheses denote forward strand as used by
Shifman et al.™®

1rs2097603 1s737865 rs4680
152097603
1737865 1 (0.327)**
x* 38.3, P<0.0001
154680 0.518 (0.205)** 0.700 (0.203)**
x* 23.6, P<0.0001 x> 16.6, P<0.0001
r$165599 0.606 (0.144)** 0.148 (0.020) 0.653 (0.190)**

¥ 10.9, P<0.001

x* 1.3, P=0.26 x* 13.5, P<0.0003

Lewontin’s disequilibrium coefficient IV is shown (in parentheses: delta squared). **Significant at P<0.01.
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Figure 2 Rendering of regions with significant effect of rs4680 genotype on activation during the 2-back working memory
task compared to the 0-back control task. Unthresholded image, see Table 4 for coordinates and corrected significance levels.
Inset: activation (change in BOLD, units arbitrary) by genotype for voxel in right ventrolateral PFC (bars are standard errors).

Table 4 Coordinates and statistical information for genotype/haplotype effects on working memory activation

Talairach coordinate (x, y, z) Brodmann area Z-score P-value (uncorrected) Cluster size (in voxels)

rs4680 val-met

45 18 —1 47/45 4.14 0.000 23
2-SNP haplotype rs2097603-rs4680

4518 —1 47/45 3.8 0.000* 17
3-SNP haplotype rs2097603-rs4680-1s165599

41 22 4 45 4.27 0.000* 20

45 6 33 9 2.62 0.004 1

—49 15 5 44 2.53 0.006 3
3-SNP haplotype rs737865-rs4680-rs165599

41 22 4 45 3.37 0.000 7

—51155 45 2.70 0.003 2

*Significant, corrected for multiple comparisons (P<0.05, corrected).
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Figure 3 Rendering of regions with significant effect of 2-SNP rs2097603-rs4680 haplotype on activation during the 2-back
working memory task compared to the 0-back control task. Unthresholded image, see Table 4 for coordinates and corrected
significance levels. Inset: estimated effect sizes (change in BOLD, units arbitrary) by haplotype for voxels in right
ventrolateral PFC (bars are standard errors). See Table 2 for haplotype coding.

SNP (rs2097603) with rs4680 to form the 2-SNP
haplotype (rs2097603-rs4680). Neuroimaging data
showed a strong impact of genetic variation on
ventrolateral PFC on the right (Figure 3, Table 4).
Since we assume codominance for haplotype effects
on the intermediate phenotype studied in neuroima-
ging, data for all subsequent analyses are plotted as
effect sizes for each haplotype rather than as all
possible diplotype combinations for individuals. The
most efficient prefrontal response was observed for
the haplotype promoter-1(A allele)-rs4680-Met (12),
the most inefficient response for promoter-1-rs4680
val (11). Responses for haplotypes with the 2(G)
promoter allele were intermediate. This was con-
firmed by post hoc testing at this locale using the
appropriate contrast (Z=4.08, P<0.001). Secondly,
we added rs165599 and analyzed the 3-SNP haplo-
type rs2097603-rs4680-rs165599, which consisted of

only those markers previously associated indepen-
dently with either variation in COMT enzyme activity
or mRNA expression. This haplotype had the statis-
tically strongest impact on prefrontal function (Table
4). Examination of effect sizes at the maximum locale
in right ventrolateral PFC (Figure 4, top) showed that
haplotypes 111 and 112 differed strongly in effi-
ciency, as confirmed by post hoc testing at the
ventrolateral prefrontal location (Z=3.29, P<0.001).
Otherwise, addition of the 3’ SNP did not reveal
additional relevant variation in our neurobiological
target measure; in particular, haplotypes 221 and 222
did not differ. No significant interactions with gender
were observed in any of the studied markers.

Previously described risk haplotype
In contrast to the previous results, the 3-SNP
haplotype (rs737865-154680-15165599) previously
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Figure 4 Top: Estimated effect of 3-SNP haplotype
rs2097603-rs4680-rs165599. Bottom: Estimated effect of
3-SNP haplotype rs737865-rs4680-rs165599 on working
memory activation. Units are arbitrary voxel in right
ventrolateral PFC (bars are standard errors). See Table 2
for haplotype coding.

studied in an Ashkenazi population showed only a
weak effect on activation during working memory,
again with maximum in ventrolateral PFC (Table 4
and Figure 4, bottom). However, while effects did not
survive correction for multiple comparisons, the
haplotype G-G-G (212), corresponding to the pre-
viously identified risk haplotype,’® showed the most
inefficient prefrontal response, as confirmed by post
hoc testing (Z=3.24, P<0.002).

Discussion

The present study had two goals: demonstrating the
feasibility of relating probabilistic haplotype informa-
tion to brain function using neuroimaging, and using
this approach to investigate the potential impact of
multiple functional variants in COMT on brain
function. We found a significant impact of genetic
variation in COMT on cortical, in particular prefrontal
function.

When studying single SNPS, the coding val**®met
polymorphism (rs4680) impacted on brain function,
with higher prefrontal activation during the working
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memory task for val-allele carriers and -homozygotes
compared to met homozygotes. This replicates pre-
vious reports of prefrontal inefficiency associated
with the val allele during working memory.">"* Our
finding that the relation between the number of val
alleles and prefrontal inefficiency was linear is in
close correspondence with the data on the effect of
this genotype on COMT activity and abundance in
brain and lymphocytes.*®

Considerably stronger effects than those observed
for single SNPs were uncovered when the 2-SNP
haplotype derived by adding the P2 promoter region
SNP was studied (rs2097603-rs4680). Particularly
pronounced effects of haplotype variation were
observed in right ventrolateral PFC. While it is
possible that this haplotype is superior to single
SNPs in monitoring an occult genetic variant that is in
LD with these two SNPs defining the haplotype, we
propose that our data rather support the alternative
hypothesis that genetic variation in the promoter
region modulates the val/met effect. This is biologi-
cally plausible since a weak effect of rs2097603 on
COMT activity in lymphocytes was found pre-
viously,"® with higher activity linked to the frequent
(A) promoter allele. This effect was found in val/met
homozygotes, indicating that it either represents an
independent functional variant or is in LD with one.
Since this effect was markedly less than that of the
rs4680,"° these previously derived biological data
predict that COMT activity as a function of the
combination of genetic loci studied here should be
ordered as follows: 11>21>12>22. It is well known
that the relationship of extracellular dopamine to
prefrontal activity observes an inverted-U shaped
curve,’® and recent neuroimaging studies have shown
that rs4680 met-homozygotes are positioned near the
peak of that curve' ' indicated by efficient prefrontal
working memory response.'® Both further increases of
extracellular dopamine by an additional effect of the
promoter-2 allele (haplotype 22) on enzyme activity
or reduction of dopamine by more efficient enzyme
activity (haplotypes 11 and 21) are therefore predicted
to lead to less efficient prefrontal response. This is
what was observed here (Supplementary Figure 3).
Our data thus indicate interacting effects of these
SNPs on prefrontal function by both coding and cis-
acting mechanisms,?*® whose combined effects are not
linear. These results are also consistent with a recent
study on schizophrenia risk indicating significant
separate but interacting effects at two sites in strong
LD with these loci.** This appears plausible since the
tagged variation presumably affects the P2 promoter,
which regulates expression of the COMT-MB isoform
predominantly expressed in brain. Most importantly,
these data demonstrate a neural mechanism of a
nonadditive genetic interaction on prefrontal effi-
ciency, suggesting that the 2-met haplotype may have
a comparable impact on risk for schizophrenia as
1-val containing haplotypes.

Finally, we studied the haplotype rs2097603—
rs4680-rs165599 composed of all three SNPs indivi-



dually implicated in functional variation of COMT in
previous work.'>'® We reasoned that if interacting
functional variants are the main factor driving the
observed haplotype effects, this haplotype should be
superior in predicting prefrontal function. Indeed, we
found that this haplotype had the statistically
strongest impact on prefrontal function. Addition of
rs165599 revealed a pronounced difference in pre-
frontal response between haplotypes 111 and 112,
while haplotypes 221 and 222 did not differ sig-
nificantly. Since it has been suggested that variation
at the rs165599 locus affects allele-specific expres-
sion, again independent of the val/met effect or effect
of the 5” SNPs,* we hypothesize that this differential
effect relates to background level of COMT activity:
since catalytic activity is high for rs2097603-rs4680
11 genotypes and low in 22, a difference in
expression is predicted to elicit greater changes in
11. However, because of the relative low frequency of
most of the other haplotypes, additional post hoc
contrasts are underpowered.

As a supplementary analysis, we examined the
previously studied 3-SNP haplotype 1s737865—
rs4680-rs165599." This showed a weak effect on
activation during working memory, again with max-
imum in ventrolateral PFC. Remarkably, this analysis
in a group of healthy controls highlighted the
previously identified risk haplotype for schizophre-
nia' as having the most inefficient prefrontal
response of other haplotypes containing these SNPs,
serving as a useful proof of principle for applying
haplotype imaging vis a vis population-based studies
of clinical phenotypes. Again, this result could be
because the haplotype more reliably tags another
occult causative variant. However, we suggest that
this association also accommodates a functional
interpretation, since it has been previously noted'**°
that variation in this haplotype may be linked to the
P2 promoter by asymmetric association of alleles:
chromosomes with the intron one G allele almost
always show the A allele at the promoter site, whereas
the A allele at rs737865 was associated with both the
A and G allele. Although there is incomplete LD
between the intron 1 and P2 promoter SNP in our data
and previously,” to the degree that this association
holds in the population, the overtransmitted haplo-
type will be consistently linked to the same promoter
allele. This is in agreement with the assumption that
genetic variation at the P2 promoter contributes to the
risk associated with this haplotype.*®

It is noteworthy that all analyses localized the
maximal effect in the same region of PFC, where the
3-SNP haplotype composed of functional variants
showed the strongest effect. Since the degrees of
freedom were highest for the single marker analysis,
and lowest for the 3-SNP, these results are unlikely to
be a simple consequence of the number of regressors
employed in the analysis. However, the current
literature on efficiency of estimating effects of
haplotypes compared to an SNP on a quantitative
trait in the context of association studies is incon-
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sistent, with both improved®* and reduced®® power
reported. Recently developed multilocus tests may
offer advantages in power®* that could be relevant for
neuroimaging.* In any case, the sample size studied
here, while very large for a neuroimaging study, is
still small compared with those necessary for the
study of clinical phenotypes, illustrating the potential
advantage conferred by increased penetrance when
studying biologically based quantitative pheno-
types,* especially when potentially interacting var-
iants are involved. Here, we have used haplotype
imaging as a tool to study the functional impact of
combinations of multiple loci within a gene. How-
ever, the approach presented is generally applicable
to all intended uses of ambiguous haplotypes, such as
the study of potential functional implications of
occult genetic variants on brain function, or in the
context of large-scale association studies, extending
its usefulness for further study of neuroimaging
phenotypes in psychiatric genetics.

For all marker combinations studied, the allele or
haplotype showing the strongest prior association
with schizophrenia consistently showed the most
inefficient prefrontal response to working memory
demands, supporting the validity of prefrontal in-
efficiency as a neural mechanism contributing to
genetic risk for schizophrenia."*® In addition, we
propose that our results provide a mechanistic
explanation for inconsistencies in the clinical genet-
ics literature of association with the val/met poly-
morphism. Owing to apparent balancing effects of
functional variations in putative cis elements in
COMT, which, like val/met, show considerable
population variation in allele frequencies,'®?° all val
individuals do not show the same pattern of brain
functional associations. Our data demonstrate that to
the extent that the association of COMT with schizo-
phrenia (or other psychoses) is related to prefrontal
functional effects, only a subpopulation of val con-
taining chromosomes will have inefficient prefrontal
activity, and some met containing chromosomes will
also have a similar functional profile.

Convergent animal®”*® studies, electrophysiologi-
cal®® and modelling work®® have shown that dopa-
mine critically determines the ratio of task-related to
task-unrelated neural firing, or ‘tuning’ of PFC
neurons, with an optimum level of dopaminergic
stimulation necessary for highest signal-to-noise
ratios.*® Prefrontal tuning in humans in vivo has been
shown to be related to dopamine synthesis in the
midbrain and rs4680 genetic variation in COMT,
presumably by modulating the amount of extracellu-
lar dopamine in PFC," suggesting that schizophrenia
susceptibility linked to prefrontal inefficiency may
reflect increased unfocused (detuned) population
activity in the setting of decreased physiological
signal to noise.®® Within PFC, it was the right
ventrolateral region that was consistently highlighted
as the maximum locale for the effect of genetic
variation of COMT, in good regional agreement with
some previous studies.’®*' This localization is un-
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likely to be due to regional variation in dopaminergic
tone, since no data suggest prominent asymmetries in
dopaminergic projections to human PFC. Previous
work has implicated ventrolateral PFC in inhibitory
control**** and set shifting,** and a right predomi-
nance in inhibitory control has been noted.*® This
raises the possibility that optimal dopaminergic tone
may be especially relevant for inhibitory control and
set shifting, prefrontally dependent cognitive func-
tions that are well known to be impaired in schizo-
phrenia*®*” and dependent on COMT in rats.”

Ultimately, a critical experimental test of the
predictions derived here from imaging genetics is
afforded by applying the results to association with
clinical phenotypes. If the impact of genetic variation
on inefficient prefrontal response is validly accessed
by the method presented here, and if this biological
intermediate phenotype mediates schizophrenia risk,
diplotypes composed of combinations of inefficient
haplotypes identified in this study should be sig-
nificantly associated with risk for schizophrenia and
should be superior to single SNPs in this regard. This
is indeed what was found in a recent case—control
association data set from our group, in which none of
the individual SNPs studied here showed significant
association, but patients were enriched for the
inefficient three marker haplotypes compared with
controls.*®

In summary, we present a method to extend the
reach of imaging genetics to evaluate the functional
impact in brain of ambiguous haplotypes that should
be generally applicable both to study interacting
functional variants and for using haplotypes to tag
occult variation within a gene. Applying this method
to COMT and risk for schizophrenia, we show that
complex genetic variation can be validated function-
ally in humans in vivo and linked to prefrontal
inefficiency, suggesting a common mechanism under-
lying susceptibility for schizophrenia associated with
complex genetic variation in COMT.

Materials and methods

Studied sample

Subjects were culled from a larger population after
careful screening'' to ensure they were free of any
lifetime history of psychiatric or neurological illness,
psychiatric treatment, or drug or alcohol abuse (Table
1). Only Caucasians of European ancestry were
studied to avoid stratification artifacts. All available
scans of subjects meeting these criteria were used.
Subjects gave written informed consent and partici-
pated in the study according to the guidelines of the
National Institute of Mental Health Institutional
Review Board. Functional MRIs of 126 subjects were
studied.

SNP genotyping

Genotyping was performed as described previously.*®
See Figure 1 for location of SNPs. All genotypes were
determined using a 5’ exonuclease TagMan assay. The
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sequences of primers and TagMan probes for the SNP
genotyping were as follows:

(1) P2 promoter SNP (rs2097603), GCCGTGTCTG
GACTGTGAGT (forward)/GGGTTCAGAATCACG
GATGTG (reverse) and 6FAM-AACAGACAGAAA
AGTTTCCCCTTCCCA/VIC-CAGACAGAAAAGCT
TCCCCTTCCCATA;

(2) intron 1 SNP (rs737865), GCTTGGAGGGTCACTT
TAAACAATA (forward)/TGCTAACAGACCTGCT
TTTTGG (reverse) and 6FAM-CAGGACACAAAA
AcCCCTGGCTG/VIC-CAGGACACAAAAACCCTG
GCTGG;

(3) Val/Met SNP (rs4680), TCGAGATCAACCCCGAC
TGT (forward)/AACGGGTCAGGCATGCA (reverse)
and 6FAM-CCTTGTCCTTCACGCCAGCGA/VIC-A
CCTTGTCCTTCATGCCAGCGAAAT;

(4) 3’ flanking SNP (rs165599), CAGCCACAGTGGTG
CAGAG (forward)/AAGGTGTGAATGCTGGCTGA
(reverse) and 6FAM-TTTCCCAGGCtGGCAGTCGT
C/VIC-CGTTTCCCAGGCcGGCAGT.

In addition, our sample was genotyped with a panel
of 100 unlinked SNP loci (minor allele frequencies
greater 0.4 in all cases) to survey for occult genetic
stratification between COMT genotype groups and
showed no significant variation in frequency at any of
these SNPs (available upon request).

LD and haplotype estimation

LD between markers was determined by GOLD.** We
constructed likely 2- and 3-SNP haplotypes in our
samples on the basis of our four polymorphisms by
use of PHASE 2.1.*® Since we had 126 subjects, only
haplotypes with estimated frequency > 3% were used
in subsequent analysis to ensure we had sufficient
numbers of scans per haplotype, resulting in four (out
of four) haplotypes composed of two SNPs and seven
(out of eight) haplotypes composed of three SNPs. To
exclude a density bias in haplotype estimation, we
also used the same method to estimate 4-SNP
haplotypes, encompassing the SNPs studied here, in
a sample of 148 normal controls genotyped for 11
SNPs covering COMT (list available on request).
There was no significant difference of the frequencies
obtained from this sample to the ones reported here
(¢*(15)=0.077, P=1).

fMRI working memory paradigm

During fMRI scanning, a version of the ‘n-back’
working memory task was given as previously
described.' For this, the numerals 1, 2, 3 or 4 were
presented one every 1.8 s in a diamond-shaped array
via computer projected on an overhead mirror in the
MRI scanner. Subjects held a button-box with four
buttons arranged similarly to the visual display.
During scanning, task epochs lasted 20s and were
performed in runs of 4min each. Epochs alternated
between the 0-back (control) condition, where the
button corresponding to the current number was
pressed, and the 2-back (working-memory) condition,
in which the button to press corresponded to the



number seen 2 presentations before. Percentage of
correct responses was used as the performance
measure, and reaction times were also recorded.

fMRI data acquisition and preprocessing

BOLD fMRI was performed on a GE Signa 3T
(Milwaukee, WI, USA) using gradient echo EPI (24
axial slices, 6 mm thickness, TR/TE=2000/30ms,
FOV=24cm, matrix=64 x 64). Images were pro-
cessed as described previously using SPM99 (http://
www.fil.ion.ucl.ac.uk/spm). Briefly, images were rea-
ligned, spatially normalized into a standard stereo-
tactic space (MNI template), smoothed with a 10-mm
FWHM Gaussian filter and ratio normalized to the
whole-brain global mean. First level intrasubject
models were estimated using SPM99, where the two
experimental conditions (0-back and 2-back) were
represented by boxcars convolved with a canonical
hemodynamic response. A contrast image for the 2-
back—-0-back contrast was estimated for each subject
and used for random-effects statistical modelling
using haplotype regression as described in the
following.

Statistical techniques

We used the haplotype trend regression (HTR)
approach®” to test for association between BOLD
signal response and estimated haplotype frequencies.
Since we examined the association with an inter-
mediate biological phenotype, we assumed codomi-
nance, allowing us to model and analyze the effect of
each haplotype separately. We note that the approach
would be equally applicable to other genetic models,
which would then require explicitly modelling the
probabilities of diplotypes instead of haplotypes. The
group level model used one contrast image per
subject, and regressed the estimated BOLD change
on each subject’s inferred haplotype frequencies.
Justifying this carefully, first consider the case where
true haplotype counts are known; we would use these
to fit a group model for p subjects and n haplotypes at
each voxel,

Y=Xf+e¢

where Yis a p-vector of BOLD response magnitudes,
X is the (unobservable) p by n matrix of true
haplotype counts, and ¢ is a p-vector of random
BOLD errors; x;; of X contains the count of haplotype j
for subject i, each row summing to 2. (We implicitly
model the grand mean instead of dropping one
haplotype.) This would be a standard multiple
regression and t- and F-tests could be used to make
inference on the effect of haplotype. Either normal-
theory parametric P-values or nonparametric P-values
(by permutation of subject data) could be inferred.
However, due to phase ambiguity, haplotype
frequencies are statistically inferred® and we
instead have X", xj; being the estimated frequency of
haplotype j for subject i. Yet a key assumption of the
GLM is that the predictors are fixed and known
without error. Since X is subject to estimation error,
we have what is known as an error-in-variables
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problem.*° Precisely, we have
X=X"+n

where n is an n by p matrix of random errors
attributable to phase ambiguity. Multiple regression
with X* will result in biased estimates of haplotype
effects (), though the tests for any effect (H,: f=0) are
valid as long as the haplotype estimation errors # are
independent of the GLM errors &.°° This indepen-
dence assumption appears reasonable since an influ-
ence of (unobservable) haplotyping errors on group-
model BOLD residuals is implausible. Hence, we can
disregard the error-in-variables problem and proceed
with standard inference methods in the framework of
the general linear model.?® By an argument based on
the same independence assumption, the null distri-
bution of the ¢ statistic is exchangeable with respect to
a permutation of subjects’ haplotype data. This means
that permutation inference methods are likewise
valid, and amount to testing for association between
two random variables.

For all models, we used age, gender and task
performance as nuisance covariates since an effect of
these parameters on brain function during working
memory has been described by some and an interac-
tion of susceptibility for schizophrenia with gender
has been described for both rs4680 and a 3-SNP risk
haplotype considered here.’”® We also considered
interactions between inferred genotype and gender
by way of moderated multiple regression.

Inference

For statistical inference on the second level, we used
the established methods of GRF theory*® to threshold
statistic images, controlling the familywise error rate,
the chance of one or more false positives, at a suitable
level. This is essential since neuroimages contain
many hundreds of voxels and error controls across
these multiple tests are necessary. GRF methods are
based on theory of continuous random fields and
depend on the assumption that the underlying
statistical process is spatially smooth relative to the
voxel sampling, the validity of which was ensured by
smoothing the imaging data as described above. The
estimated parameters of the haplotype regression
model described above were contrasted to produce a
test statistic at each voxel, the resulting statistical
parametric map was then assessed for significance (at
the threshold of P<0.05, voxel-level corrected).
Additional adjustment for the number of genetic
markers tested was not performed. Since the work
cited above provided a clear a priori hypothesis about
the relevance of COMT for prefrontal information
processing, we restricted our analysis to voxels
activated by the task in PFC, as defined by an contrast
of all ones, corresponding to a one-sample t-test on Y,
in Brodmann areas 44,45,46,47 and nine bilaterally,
resulting in a search volume of 420 voxels. Since the
tests for differential BOLD responses are orthogonal to
the contrast of ones, it is valid to use the same data set
to create a mask and constrain the search for
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significant voxels. For comparability of statistical
effects across analyses with differing degrees of
freedom, Z-scores are reported.
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