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Abstract

We reported previously a significant linkage signal between psychotic bipolar disorder (BP) and
microsatellite markers on chromosome 5931-34 in the National Institute of Mental Health Bipolar
Genetics Initiative (NIMH-BPGI) data set, Wave 1. In an attempt to fine-map this linkage signal
we genotyped 1,134 single nucleotide polymorphisms (SNPs) under the linkage peak in 23
informative families (131 individuals) with evidence of linkage. We tested family based
association in the presence of linkage with the computer software package FBAT. The most
significant association in these families was with a SNP in the second intron of GRIA1 (a-
amino-3-hydroxy-5-methyl-4-isoxazole proprionic acid (AMPA) subunit 1 receptor gene)
(rs490922, Z-score = 3.3, P=0.001). The analysis of 37 additional families with psychotic BP
from NIMH-BPGI data sets, Waves 2, 3, and 4 revealed a signal at a SNP in intron 5 of the GRIA1
gene (rs4385264, Z-score = 3.2, P-value = 0.002). A combined analysis of all 60 families
continued to support evidence for association of GRIAL with psychotic BP; however, individual
SNPs could not be replicated across datasets. The AMPAL receptor has been shown to influence
cognitive function, such as working memory and reward learning. Our findings suggest that
variations in this receptor may contribute to the pathophysiology of BP with psychotic features in
some families.
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Introduction

Bipolar disorder (BP) is characterized by episodes of mania and depression [American
Psychiatric Association, 2000]. It is a common disorder with lifetime prevalence between
1% and 2% [Kessler et al, 2005]. Numerous studies suggesting a high heritability for BP
have stimulated a wide range of genetic mapping investigations, which so far have failed to
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identify any genetic variants unequivocally associated with this disorder. The disappointing
results of such studies have been attributed in large part to imprecision in the definition of
the BP phenotype and have led to the proposal of alternative phenotyping strategies.

About 70-85% of BP patients experience psychotic symptoms, here defined as
hallucinations and/or delusions [Morgan et al., 2005]. The susceptibility to psychotic
symptoms appears to be heritable and this fact has suggested the possibility that the presence
of psychotic symptoms may characterize a specific subtype of BP associated with distinct
genomic variations [Potash et al., 2003]. In particular, several lines of evidence suggest a
locus for psychosis on distal chromosome 5q. Linkage was observed in this region for
psychotic symptoms in families from the Portuguese Islands (non-parametric linkage (NPL)
score = 3.28, P = 0.00066) [Sklar et al., 2004] and for families with BP from Costa Rica and
Colombia, in which most affected individuals had psychotic symptoms (NPL score = 4.39, P
< 0.00004) [Herzberg et al., 2006]. In a previous study, we reported linkage to psychotic
symptoms over a 10 centi Morgan (cM) region on chromosome 5q31-34 between markers
D5S410 and D5S422 (NPL score = 5.0, P < 0.00001) in 41 families (381 individuals) from
the National Institute of Mental Health Bipolar Genetics Initiative (NIMH-BPGI) data set
Wave 1 [Kerner et al., 2007]. Based on these findings we custom designed a single
nucleotide polymorphism (SNP) panel to carry out a fine-mapping study of this linkage
region.

For this study, we selected 131 individuals in 23 informative pedigrees from Waves 1 of the
NIMH-BPGI data sets with parental DNA available and added additional families from
Wave 2, 3, and 4 of the NIMH-BPGI data sets in order to increase our sample size. Families
were chosen based on evidence of linkage to chromosome 5g31-34, psychotic BP
phenotype and parental DNA available for genotyping. Here we present the results of
association analyses of psychosis in these families using a 5gSNP panel. While we could not
definitely map a psychosis locus to a narrow segment of this chromosomal region, the
preponderance of evidence was obtained in the vicinity of GRIA1 (a-amino-3-hydroxy-5-
methyl-4-isoxa-zole proprionic acid (AMPA) subunit 1 receptor gene).

Materials and Methods

Sample

Our sample consisted of 60 families (330 individuals) from the NIMH-BPGI Waves 1-4.
The NIMH-BPGI is a collection of small nuclear families ascertained through a proband
with BP type 1 (BP1) by a multi-site collaborative group in two phases with common
ascertainment and diagnostic procedures [Nurnberger et al., 1997]. During the first phase
(Wave 1 and 2) families were collected at Johns Hopkins University, Indiana University,
Washington University in St. Louis, and the NIMH Intramural Program. During the second
phase (Wave 3 and 4), the group of collaborating sites was expanded to further include
University of California at San Diego, University of lowa, University of Pennsylvania,
University of Chicago, Rush-Presbyterian Medical Center, and University of California at
Irvine.
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All individuals who consented to be included in the study had been evaluated with the
Diagnostic Interview for Genetic Studies (DIGS), Version 2.0 for Wave 1 and 2 and Version
3.0 for Wave 3 and 4 [Nurnberger et al., 1994]. The Family Interview for Genetic Studies
(FIGS) and medical records were used for additional information. Psychiatrists reached final
diagnoses according to the Diagnostic and Statistical Manual of Mental Disorders (DSM),
Version Il1-Revised (DSM-111-R) (Wave 1 and 2) or DSM-1V diagnostic criteria (Wave 3
and 4) using the Best Estimate Procedure. We selected nuclear families with at least two
members affected with psychotic BP or schizoaffective disorder, manic type (SZA) and
evidence of linkage to chromosome 5931-34. We first selected informative nuclear families
from Wave 1 of the NIMH-BPGI data sets that had contributed to the original linkage
finding, if parental DNA was available for genotyping. Individuals were coded as affected if
they had experienced psychotic symptoms (hallucinations and/or delusions) persistently
throughout the day for at least one day or intermittently for a period of at least three days
independent of underlying diagnoses. All other individuals were coded as unknown.
Unaffected siblings were also included when available. This data set consisted of 23 families
(131 individuals, 52 males, 79 females). Fifty-five individuals had experienced halluci-
nations or delusions, 51 of those individuals were also diagnosed with either BP1 or SZA.
Four individuals had received the diagnoses of BP, type 2 (BP2) or major depressive
disorder (MDD), 76 individuals had not experienced psychotic symptoms; of those
individuals, 10 carried the diagnosis of BP1. In this data set, 22 families were of European
descent and one family was African-American.

In our previous analysis of the NIMH-BPGI data sets, we had analyzed families separately
by wave, because the families in different waves had been genotyped with different sets of
markers. In the entire sample of Waves 2,3, and 4, we did not observe strong linkage to
chromosome 5q. From these waves, we selected a subset of families with psychotic BP (n =
37, including 46 nuclear families with 199 individuals (84 males, and 115 females),
evidence of linkage to 59031—34 and parental DNA available for genotyping in the hope of
increasing our sample size. In these families, 89 individuals were affected with psychotic
symptoms (defined as hallucinations or delusions); 84 of whom were also diagnosed with
BP1 or SZA, and five carried either the diagnosis of BP2 or MDD. Hundred and ten
individuals had not experienced psychotic symptoms, 10 of whom had been diagnosed with
BP1. Thirty-four of these families were of European descent, two were African-American,
and one was Asian-American. Overall, the evidence of linkage in those families was weaker
than in data set 1 and wider marker spacing (22 Mb) made it difficult to select families with
linkage to exactly the same chromosomal region. Both data sets were first analyzed
separately and then combined to account for the possibility that unobserved differences
existed between the data sets that would have explained the discrepancy in linkage signals.
The study was approved by the Institutional Review Board (IRB) at UCLA.

SNP Selection for Association Analysis

A set of 1,134 SNPs across the ~9.3 mega base (Mb) region between markers D5S410 and
D5S422 on chromosome 5931-34 were selected using publicly available databases (Fig. 1).
With the intention of covering the entire region fairly evenly, we selected SNPs based on a
minimum linkage disequilibrium (LD) threshold (r2 = 0.7) between the tagging SNP (tSNP)
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and the captured allele, as well as a minor allele frequency greater than 5%, based on allele
frequencies in HapMap individuals of Northern and Western European ancestry using the
computer program Haploview Version 3 [Barrett et al., 2005]. Selected SNPs were pre-
screened by Illumina using a proprietary algorithm that predicted performance on the
Illumina platform. The average spacing between markers was 8.6 kilo base (kb); the
maximum spacing was 91.2 kb. Since markers in regions of very low linkage disequilibrium
(LD) (here defined as those containing ‘holes’ or gaps of 2.5 LD units on linkage
disequilibrium unit (LDU) maps may have a limited power to detect association [Service et
al., 2006], tSNPs were selected with increased density in such regions (about twofold),
which were identified on the LD map constructed from the Phase | release #16 of the
HapMap data. The same HapMap data set was used to choose tSNPs for the entire region of
interest, except for ~1.3 Mb comprising three low LD regions, for which tSNPs were
selected from a denser map (Phase 1 release #20). The fraction of SNPs covering GRIA1
was 8.5% of the total number of SNPs genotyped. GRIA1 itself covers 3.4% of base pairs in
the region. Fifteen common SNPs were added within or in proximity of candidate genes in
this region because they had been included in previous analysis and publications: rs707176
(in GRIAL), rs254664, rs10046055 (in CLINTZY), rs187269, rs252944, rs194072, rs1816071
(in GABRB?2), rs3219151 (in GABRAG) and rs10056305, rs6862670, rs4478357, rs4260711,
rs10051659, rs2279020, rs13171845 (in GABRAL) [Yamada et al., 2003; Horiuchi et al.,
2004; Lo et al., 2004; Petryshen et al., 2005; Pimm et al., 2005; Magri et al., 2006]. Figure 1
shows the molecular structure of the region under the linkage peak on chromosome 5q.

SNP Genotyping

Genomic DNA was obtained from the NIMH Cell Repository at Rutgers University. DNA
was extracted following standard protocols. All DNA samples were quantified by a Quant-
iT PicoGreen double strand DNA (dsDNA) assay (Invitrogen, Carlsbad, CA). Samples were
then normalized to a concentrationofabout 50 ng/pl.

One thousand one hundred and thirty-four SNPs were genotyped with the Illumina
Goldengate genotyping assay on the Illumina BeadLab 1000 platform following a standard
protocol [Fan et al., 2003]. In summary, 250ng of normalized genomic DNA from each
sample were biotinylated and captured by avidin-coated paramagnetic particles. Pooled
oligonucleotides were then hybridized to the bound genomic DNA and extended by
incubation with polymerase. In a ligation step these allele-specific oligonucleotides (ASOs)
were joined to locus-specific oligonucleotides (LSOs) and these single-stranded templates
were then used in a multiplex polymerase chain reaction (PCR) reaction. Simultaneous PCR
amplification of 1,134 loci per sample per oligonucleotide pool was performed using
Titanium Taq (BD Biosciences, Franklin Lakes, NJ) and 0.5 units UDG (Invitrogen,
Carlsbad, CA) per 60 pl reaction.

We collected and analyzed the fluorescence intensities on a BeadArray Reader (Illumina,
San Diego, CA) confocal fluorescence scanner and the BeadScan software package
(IMlumina, San Diego, CA). The GenCall software package version 6.0.7 (Illumina, San
Diego, CA) was used to cluster and call fluorescence intensities. As a quality control, we
reviewed the automated clustering by hand. Failed markers, failed samples and individual
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genotypes with quality scores below the 0.25 threshold were removed from the final data set
with the software GTS Reports (Illumina, San Diego, CA). In summary, 31 markers failed to
be genotyped; four of these were located adjacent to each other in two chromosomal regions
spanning 17,964 base pairs (bp) (at 153,887,439 bp) and 133 bp (at 159,282,900 bp). It is
possible that these failures indicate genomic deletions. Two additional markers were located
in regions of known copy number variations. These markers showed excessive Mendelian
error rates (rs1870738 in four families and rs7353331 in eight families). One additional
marker had Mendelian inconsistencies in 11 families indicating possible structural variations
around this marker as well. These markers were not included in the analysis. In total, 34
markers were removed. Additional 8 markers had 14 Mendelian errors in 13 families.
Genotypes for these markers in these families were set to zero. The average GeneCall scores
for markers with Mendelian errors were between 0.992 and 1 and test for Hardy—Weinberg
disequilibrium was non-significant. SNPs with Mendelian errors were not located in
proximity to each other.

Statistical Analysis in FBAT

Results

We used the Family Based Association Test (FBAT) software package [Horvath et al.,
2001] to test each SNP separately for association with BP. This computer program provides
a general framework for association testing in small nuclear families. P-Values using the
empirical variance were calculated to provide a valid test of association in the presence of
linkage. Under these conditions, sibling marker genotypes and multiple nuclear families in a
pedigree cannot be considered independent. We therefore corrected the mean of the test
statistic under the null hypothesis of “no association and no linkage” using an empirical
variance—covariance estimator. This option is implemented in the software package FBAT
[Lake et al., 2000].

The Haplotype Based Association Test (HBAT) option of the FBAT software package was
used to test three-SNP-haplotypes for association with BP in a sliding window approach
[Horvath et al., 2004].

In families from Wave 1 (data set 1), the SNP most significantly associated with the
phenotype of psychotic BP was located in the second intron of GRIAL (rs490922, Z-score =
3.3, P=0.001, OR = 3). Five additional SNPs were associated with this phenotype at P-
values <0.01. Those SNPs were located in the first and second intron of the GRIA1 gene and
in two gene poor regions, one close to the GRIA1 gene (rs17553409) and one in the vicinity
of the GABA receptor gene cluster (rs885466) (Table I). An additional 29 SNPs out of the
1,134 SNPs throughout the entire chromosomal region under the linkage peak were
significant at a P-value<0.05, however, none of those SNPs were within or close to known
genes.

Analysis of the Wave 1 families for three-marker haplotypes including SNPs in the first and
second intron of GRIAL, using a sliding window approach, provided evidence of association
with psychotic BP for a haplotype including the markers rs3828595, rs490922, and
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rs1864205 (nominal P-values = 0.001) (Fig. 2). Five additional haplotypes in the GRIA1
gene were associated with a P-value <0.01.

The additional 37 families from Waves 2, 3, and 4 (data set 2) showed association to SNP
rs4385264 located in intron 5 of GRIAL (Z-score = 3.2; empirical P = 0.002, OR = 2.9)
(Table I).

A combined analysis of both data sets maintained the evidence for association to the SNPs
inintron 1 and 2 of GRIAL and in addition, revealed signals in the genes ITK (IL2-inducible
T-cell kinase), LSM11 (U7 small nuclear RNA associated), EBF1 (early B-cell factor 1) and
several SNPs in gene poor regions. Only a small number of families had been informative
for those SNPs in the individual data sets, therefore the analysis of all families combined
increased the evidence for those loci.

Since our data sets included families of diverse ethnic back-ground, we also performed the
analysis without the three African-American families and the Asian family. The results were
slightly less significant in data set 1 and did not change significantly in data set 2.

In order to explore the importance of the phenotype for the association signal, we recoded
the affected status of our data so that unaffected individuals were coded as affected and vice
versa. When the data were reanalyzed in this fashion, no association was found in this
region.

Discussion

The original linkage finding to psychosis in BP on chromosome 5¢ in the NIMH dataset is
supported by the results of association analyses in the same pedigrees using densely spaced
SNPs. However, while association signals were observed for several SNPs in families from
Wave 1 and additional families from Waves 2, 3, and 4, as well as in analyses combining
both data sets, these results do not permit localization to a single polymorphism or even to a
single narrow segment within this region. Despite a strong linkage signal (NPL-score = 5.0),
the evidence for association with individual SNPs was weak and could not be replicated
across data sets. There are several alternative explanations for this result: (a) more than one
susceptibility variant within the linkage region; (b) locus heterogeneity with some of the
signals being false positive; (c) no locus in the region with all association results being false
positive; (d) lack of power in the sample to identify variants of low frequency. This study
was intended to explore the genomic region under a significant linkage-peak of a genome-
wide linkage study in a small sample of families and to create hypotheses for future studies.
Our study was under-powered for association testing and therefore, while we corrected for
association in the presence of linkage, we did not correct for multiple testing. While we
could not definitely map a psychosis locus to a narrow segment of this chromosomal region,
the strongest evidence was obtained in or around GRIAL. These results need to be followed
up in a well-designed population based case—control association study with sufficient power
to detect significant association between the phenotype and genomic variants in GRIAL.

GRIAL encodes a subunit of the AMPA receptor, a tetrameric ligand-gated ion channel that
transmits glutamatergic signals in the brain. The AMPA receptor subunits are expressed in a
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tissue specific manner with GRIA1 primarily found in the forebrain and hippo-campus, areas
that are particularly involved in memory formation and retention of spatial memory tasks.
GRIAL itself has been shown to influence cognitive functions, such as working memory and
reward learning [Schmitt et al., 2005]. In addition, several lines of evidence point to the
involvement of this receptor in psychiatric disorders, and suggest that GRIAL could be an
attractive candidate gene for psychotic BP. First, polymorphisms in this gene have been
associated with schizophrenia (SZ) [Magri et al., 2006]. Second, regional specific
abnormalities in gene expression have been re-ported in postmortem brains of individuals
with SZ [Beneyto et al., 2007]. Third, it has been reported that ligands to the ionotropic
glutamate receptors demonstrate therapeutic effects in animal models of SZ and depression
[Black, 2005].

All the associations observed in GRIAL were to variants in intronic sequences. In this respect
it is interesting that mutations in intronic sequences of the GIUR2 receptor in mice have been
shown to influence the posttranscriptional editing of the protein and change the
desensitization rate of the receptor [Higushi et al., 1993; Egebjerg et al., 1994]. Those
intronic sequences can pair with exonic sequences and form loop structures that allow for
the substitution of one amino acid with another. The resulting amino acid substitutions, for
example, altered the CaZ* permeability of the GIUR2 subunit. Future studies would need to
explore whether such a mechanism is relevant for the functional significance of the variants
that we observed in this study.

Besides signals in the GRIA1 gene, we detected additional polymorphisms that might have
potentially been involved in the BP phenotype. None of these genes has been suggested as a
candidate for a psychiatric phenotype to date. LSM11 is expressed early in embryonic
development and this gene is involved in histone RNA processing [Pillai et al., 2003]. EBF1
[Nutt and Kee, 2007] and ITK [Burbach et al., 2007] are transcription factors involved in
early B cell development and T-cell receptor signaling respectively. The clarification of the
contribution of variations in these genes to the BP phenotype would need further evaluation.

Our findings suggest that psychotic symptoms in BP can be associated with sequence
variations in the GRIA1 gene and possibly other genes in this region in some families. We
consider this study exploratory due to our small sample size. Future studies need to evaluate
a possible association between genomic variants in GRIA1 and BP or a sub-phenotype of it
in a well-designed, population based case—control association study with sufficient power in
order to claim significant association between the phenotype and certain genomic variants.

The SNPs that we used in our study were selected to be common. However, because we
identified this genomic region through linkage analysis, we cannot exclude that a rare
genomic variant in our families in linkage disequilibrium with the common variants
accounts for the linkage signal. Family based association studies appear to give an
advantage over population-based studies under this scenario, because heterogeneity may be
reduced.
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We included families of different ethnicities in our sample. Future studies in larger and
ethnically homogeneous samples should address the question whether different genomic
variants are important in different ethnicities.

The identification of nucleotide polymorphisms that are closely linked to the bipolar
phenotype or to specific symptoms of it is of utmost importance for the ultimate
identification of risk associated DNA sequence variations. Direct sequencing of this ion
channel receptor gene will demonstrate whether functional variation can be found in those
families that contributed to the linkage and association signal. The identification of risk
alleles for BP will ultimately help to better understand the pathophysiology of the disorder
and its diagnostic boundaries to other psychiatric disorders. This may facilitate the
development of more specific and effective treatment options.
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Fig. 1.
Molecular structure of the region under the linkage peak on chromosome 5931-34. We

show here microsatellite markers, SNPs and localization of linkage disequilibrium holes,
and candidate genes in the chromosomal region (GRIAL: ionotropic glutamate receptor 1,
AMPAL, #138248; ITK: IL2-inducible T-cell kinase, MIM#186973; LSM11: U7 small
nuclear RNA-associated Sm-like protein, gene ID 134353; EBF1.: early B-cell factor 1,
MIM#164343; GABRB2, gamma-aminobutyric acid (GABA) A receptor, beta 2,
MIM#600232; GABRAG, gamma-aminobutyric acid (GABA) A receptor, alpha 6,
MIM#137143; GABRAL, gamma-aminobutyric acid (GABA) A receptor, alpha 1,
MIM#137160; GABRG2, gamma-aminobutyric acid (GABA) A receptor, gamma 2,
MIM#137164). [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 2.
Haplotype structure in the first and second intron of GRIAL. Several SNPs in the first and

second intron of the GRIAL gene are in strong linkage disequilibrium. Localization of the
SNPs, which individually or in haplotypes show significant association, is presented on the
gene structure (horizontal bars indicate exons, arrows indicated gene orientation).
Haploblock structure of the 5’ portion of the GRIAL gene is shown below. Linkage
disequilibriumis expressed in r2 values. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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