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Abstract
Background—Glutamate neurotransmission plays an important role in a variety of alcohol-
related phenomena, including alcohol self-administration by both animals and humans. Because
the risk for alcohol dependence (AD) is genetically influenced, genes encoding glutamate
receptors are candidates to contribute to the risk for AD. We examined the role of variation in the
3’ region of GRIK1, the gene that encodes the GluR5 receptor subunit of the kainic acid glutamate
receptor, on risk for AD. We focused specifically on this gene because topiramate, a glutamate
modulator that binds to the GluR5 subunit, has shown robust efficacy in the treatment of AD.

Methods—We genotyped 7 single nucleotide polymorphisms (SNPs) in the 3’-half of GRIK1,
which includes 3 differentially spliced exons, in a sample of EA control subjects (N=507) and
subjects with AD (N=1,057).

Results—We found nominally significant evidence of association to AD for 3 SNPs (rs2832407
in intron 9, rs2186305 in intron 17, and rs2832387 in the 3’UTR). Empirical p-value estimation
revealed that only rs2832407 was significantly associated to phenotype (p = 0.043).

Discussion—These findings provide support for the hypothesis that variation in the 3’ portion of
the gene encoding the GluR5 kainate receptor subunit contributes to the risk for AD. Further
research is needed to ascertain whether this SNP is itself functional or whether the association
reflects linkage disequilibrium with functional variation elsewhere in the gene and whether this
SNP moderates topiramate's effects in the treatment of AD.
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Introduction
Alcohol dependence (AD) is a common psychiatric disorder. The 12-month U.S. prevalence
of AD is estimated to exceed 3.8%, which equates to more than 8 million adults (Grant et
al., 2004). A variety of adverse consequences are associated with AD. These include
medical, social, and legal problems (Caetano and Cunradi, 1997), resulting in an estimated
annual cost in the United States of nearly $185 billion (Harwood et al. 1998). Susceptibility
to AD is genetically influenced, with heritability estimates ranging from 0.52 to 0.64
(Kendler 2001). Over the past two decades, considerable research has focused on
understanding the specific genetic factors contributing to the risk for AD and on the
development of medications to treat the disorder (Kranzler et al., in press). There has been a
growing convergence between these lines of investigation, with evidence that specific
neurobiological systems underlie both the risk for AD and its pharmacological treatment
(Knapp et al., 2008).

Glutamatergic neurotransmission is of particular interest in relation both to AD risk and its
pharmacologic treatment. Glutamate, the most abundant excitatory neurotransmitter in the
central nervous system, is involved in neuroproliferative, neurotoxic, neurodegenerative, and
neuromodulatory processes, and is a key component of learning and memory (Kugaya and
Sanacora 2005). Glutamatergic efferents from the prefrontal cortex, amygdala, and
hippocampus innervate the cell bodies of the ventral tegmental area and the nucleus
accumbens shell, facilitating dopaminergic transmission in these key areas of the “reward
pathway” (Tzschentke and Schmidt 2003). Alcohol modulates glutamatergic
neurotransmission, producing long-lasting neurobiological changes that may contribute to
the symptoms of AD. The attenuation of these glutamatergic effects reduces alcohol-induced
reward and relapse-like behavior in animals (Gass and Olive 2007). Further evidence of the
importance of glutamatergic neurotransmission in AD comes from alcohol treatment trials of
medications that modulate glutamatergic activity, including acamprosate (Kranzler and
Gage 2008) and topiramate (Johnson et al., 2003, 2007).

Several studies have examined the allelic association of a variety of genes encoding
glutamate receptor subunits with AD or alcohol withdrawal phenomena (Wernicke et al.
2003, Foley et al. 2004, Rujescu et al. 2005, Tadic et al. 2005, Samochowiec et al. 2006,
Schumann et al. 2008). Although none of these studies included GRIK1, the gene encoding
the GluR5 kainate receptor subunit, we chose to focus on this gene because receptors
containing the GluR5 subunit (as with those containing the GluR6 subunit) selectively bind
topiramate (Gryder and Rogawski 2003, Kaminski et al. 2004), which could result in
convergent validation of a role for this gene in AD-related phenotypes.

Kainate receptors are tetramers assembled from specific protein subunits including the
GluR5, GluR6, and GluR7 subunits (Pinheiro and Mulle, 2006). Different combinations of
subunits and splice variants show different regional distributions and different physiologic
properties. The receptors play a key role in the regulation of neuronal excitability, including
phasic and tonic modulation of excitatory and inhibitory neurotransmitter release. Although
kainate receptors may play a role in the effects of alcohol, these receptors are inhibited by
ethanol at concentrations higher than those required to antagonize NMDA receptors, but at
levels often reached in vivo during intoxication (Dodd et al. 2000, Krystal et al. 2003).

Both GluR5 and GluR6 subunit precursor RNAs undergo RNA secondary-structure-
dependent adenosine-to-inosine editing, which generates a glutamine-to-arginine amino acid
coding change that affects glutamate receptor function (Seeburg et al. 1998; Seeburg &
Hartner 2003). GRIK1 is comprised of 18 exons spanning 403kb and maps to chromosome
21q22.11. The HapMap dataset indicates that the gene contains at least 8 haplotype blocks
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in Europeans. The GRIK1 transcript undergoes alternative splicing to encode two known
isoforms of human GluR5. One isoform (GluR5-1d; accession number NM-000830)
includes exons 1-17, while the second isoform (EAA3a; accession number U16125)
includes exons 1-8, 10-16 and 18. These alternatively spliced sites reflect potential
functional polymorphic variation that could influence receptor assembly and intracellular
trafficking of kainate receptors. Because GRIK1 spans too great a region to tag it fully, we
focused on variation in the 3’-half of the gene, including the differentially spliced exons 9,
17, and 18, which have potential functional significance for the receptor.

Materials and Methods
Subjects

Connecticut subjects—AD subjects included 372 non-Hispanic Caucasians recruited as
part of ongoing studies of the genetics of AD or from treatment trials for AD at the
University of Connecticut Health Center (UCHC), Farmington, CT and the VA Connecticut
Healthcare Center (VA-CT), West Haven, CT. EA controls from CT (n = 507) were
recruited by advertisement in the greater Hartford, CT area. Psychiatric diagnoses were
made in these subjects using the Structured Clinical Interview for DSM-III-R or DSM-IV
(SCID) (Spitzer and Williams 1995, First et al. 2001), or the Semi-structured Assessment for
Drug Dependence and Alcoholism (SSADDA) (Pierucci-Lagha et al. 2005, 2007). All
control subjects were screened using the SCID or the SSADDA to exclude individuals with
an alcohol or drug use disorder or other major Axis I psychiatric disorder. All subjects
provided written, informed consent to participate in study protocols that were approved by
the institutional review boards at UCHC, Yale University School of Medicine, and/or VA-
CT and were paid for their participation.

Project MATCH AD subjects—DNA and phenotypic information were obtained
anonymously from 727 subjects who participated in Project MATCH, a large, multi-center
trial comparing the effects of three different psychosocial interventions. The diagnosis of
AD for Project MATCH subjects was made using the Computerized Diagnostic Interview
for DSM-IV (Blouin et al. 1988; American Psychiatric Association 1994). Institutional
review boards at UCHC, Yale, and the Medical University of South Carolina (where Project
MATCH blood samples were stored prior to DNA extraction and genotyping) approved the
use of coded Project MATCH samples.

Genotyping
We focused our examination on SNP markers in the region of the alternatively spliced exons
9, 17 and 18, the intron 13 region containing the complementary sequence required for RNA
editing and the glutamine-to-arginine coding change in exon 13 (Barbon & Barlati 2000)
and the 3’UTR (Figure 1). To provide sufficient statistical power to detect an association to
phenotype, we focused on SNPs with minor allele frequencies >10%. Six tag SNPs were
identified using the Tagger algorithm (de Bakker et al. 2005) incorporated in the HapMap
CEPH European ancestry dataset release 21a based on the NCBI B35 assembly covering the
100kb 3’ region of GRIK1 extending from the distal portion of intron 7 to 30 kb 3’ of exon
17 (chromosome 21 position 29,800,000–29,900,000). These six Tag SNPs captured 27 of
29 known SNPs genotyped in the CEPH sample with an average R2 of 0.927. Two
recombination hot spots are annotated in the HapMap dataset in this genomic interval and
occur in the proximal region of intron 9, approximately 15kb distal to the alternatively
spliced exon 9. We also examined rs2832407, midway between these recombination hot
spots.
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Genotyping was performed using a closed-tube fluorescent TaqMan 5’-nuclease allelic
discrimination assay and MGB-probes and primers designed using Primer Express v3.0
software [Applied Biosystems Inc. (ABI) Foster City, CA]. Fluorescence plate reads and
genotype calls were made using ABI 7900 Sequence Detection Systems. Two ng of genomic
DNA were PCR amplified in 384-well plates using a 5-μl reaction volume. Repeat
genotyping was completed for 20% of samples with a genotype discrepancy rate of 0.2%.

To estimate genetic ancestry proportions for each subject, we used a panel of 34 short
tandem repeat ancestry informative markers (AIMs), as described previously (Stein et al.
2004; Luo et al. 2005; Yang et al. 2005; Covault et al. 2008).

Data Analysis
Diagnostic groups were compared on age and the percentage of African ancestry (i.e., using
a STRUCTURE-estimated ancestry proportion score) using ANOVA and on sex and the
psychiatric diagnoses using a 2×2 contingency table and the χ2 test. Association between
gender and SNP genotype was examined using the chi-square test and the association
between age and SNP genotype was studied using ANOVA. Linkage disequilibrium (LD)
plots, haplotype blocks, and tests of Hardy-Weinberg equilibrium for each group were
generated using the software program Haploview v3.32 (Barrett et al. 2005).

The program STRUCTURE v2.1 (Pritchard et al. 2000; Falush et al. 2003) was used to
estimate the proportion of African and European genetic ancestry for each subject based on
genotype results from the 34 AIMs. Simulations used 100,000 burn-ins followed by 500,000
runs and a population parameter K=2.

Single marker analysis was conducted using logistic regressions in which the predictor
included ancestry and coded genotypes for each candidate SNP. We employed an additive
model, that is, we coded the three genotypes at a candidate SNP with values of –1, 0, and 1
in the logistic regression analyses.

Because seven markers were analyzed, a nominally significant result for a specific marker
may not be statistically significant after accounting for the inflation of type 1 error due to
multiple comparisons. Consequently, we performed 10,000 permutations to assess the
effects of multiple comparisons. To generate each permuted data set, we permuted the
disease status among the cases and controls and analyzed associations between the
permutated trait values and seven markers individually. That is, each permuted data set
retains the same number of affected and normal individuals but any potential association
between disease status and genotypes is removed through the random assignment of disease
status through permutation. A p-value for each of the seven markers was calculated from
each permuted data set, with 10,000 permutations, resulting in a 10,000 × 7 matrix in which
each row corresponded to the seven p-values from each permutation and each column
represents the association between the permuted traits and a specific marker. This matrix
was used to adjust the alpha level for multiple comparisons. For example, to calculate the
overall p-value for the region, we first calculated the minimum p-value for the observed
data, which is 0.009. Then for each permuted data set, we calculated the minimum p-value
among the markers, labeling it as pmin,k. The permutation-based p-value for the whole
region was estimated as the proportion of the 10,000 permutation runs whose pmin,k was
<0.009. Evaluation of the empirical p-value for each marker individually, based on the
permutated data sets, resulted in p-values very close to the observed p-values reported in
Table 2.
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Results
Demographic, clinical, and ancestry characteristics of the study subjects are displayed in
Table 1. The control group was significantly younger than the AD groups and included more
females. To determine whether age and gender were confounders for genetic association, we
examined associations between age, gender and the seven SNPs across all the cases and
controls. There was no significant association found. The diagnostic groups did not differ on
the proportion of African ancestry. As expected, Connecticut AD subjects had a
significantly higher prevalence of lifetime diagnoses of cocaine and opioid dependence than
controls. Lifetime drug dependence diagnoses were not available for the Project MATCH
sample. The prevalence of antisocial personality disorder was comparable in the two AD
samples and, as expected, was significantly greater than in controls.

There was no evidence of deviation from Hardy-Weinberg expectations for any of the 7
SNPs examined in this study, either in subjects with AD or controls (all p's > 0.05). As
shown in Figure 2, two 2-SNP haplotype blocks were identified, both of which were located
in the most 3’ portion of the region examined.

Three markers (rs2832407 in intron 9, rs2186305 in intron 17, and rs2832387 in the 3’UTR)
showed nominally significant allelic association to AD in this sample (Table 2). Accounting
for multiple comparisons, we compared the minimum p-value among the seven markers
(0.009 for rs2832407) to the empirical distribution of the minimum p-value among the seven
markers from the 10,000 permuted samples. A total of 425 permuted samples had the
minimum p-value less than 0.009, suggesting that there is statistically significant evidence
(an empirical p-value of 0.0425) when the minimum p-value is considered for multiple
comparison adjustments.

Discussion
These findings provide support for the hypothesis that variation in the gene encoding the
GluR5 glutamate receptor subunit contributes to the risk for AD. Three GRIK1 SNPs
(rs2186305, rs2832407, and rs2832387) showed nominally significant evidence of
association in allelewise analyses. Correction for multiple testing showed that only one of
the SNPs (rs2832407) was significantly associated to AD.

Using the UCSC Genome Browser, the HapMap site, and a number of software programs,
(e.g. SNPStudio), we found that the region that includes rs2832407 has very low
conservation across species and it is far from intron-exon boundaries. Despite evidence that
it is not directly involved in splicing, LD patterns can be complex and many SNPs from
recent genomewide association studies do not have apparent functional consequences.
Consequently, this finding does not exclude the possibility that this SNP is functionally
relevant to the AD phenotype and further investigation is needed to ascertain whether it has
a direct effect on GluR5 kainate receptor function. An alternate explanation is that the
association reflects linkage disequilibrium with functional variation elsewhere in the gene.

Of the glutamate receptors, the NMDA type has received the most research attention in
relation to AD (Gass and Olive 2008). Consistent with that literature, a recent survey of 10
glutamate system genes showed a moderate association of AD (i.e., an odds ratio of 2.18)
with markers in GRIN2A, which encodes NR2A, the N-methyl-D-aspartate receptor subunit
2A (Schumann et al. 2008). The effect was initially demonstrated in one sample and
replicated in an independent sample. That study did not, however, examine any of the genes
encoding kainate receptor subunits. Kainate receptors are important modulators of
interneuron excitability in the hippocampus. Carta et al. (2003) showed that ethanol potently
inhibits this effect at plasma concentrations associated with the ingestion of 1-2 alcoholic
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drinks, an effect that appeared to be specific for kainate receptors and physiologically
relevant. The authors argued that the effect may partially explain some of the paradoxical
excitatory actions of alcohol, which are perceived as positive by some individuals and could
contribute to the development of alcoholism. The only other kainate receptor gene that has
been studied as a candidate for alcohol-related disorders is GRIK3, which encodes the
GluR7 subunit. Preuss et al. (2006) found an association in a German case-control sample of
a functional Ser310Ala polymorphism with a history of delirium tremens. That finding,
however, was not replicated in Polish family-based or case-control samples, in which
delirium tremens and other alcohol-related phenotypes, including AD, were examined
(Samochowiec et al. 2006).

In addition to providing evidence of the contribution of GRIK1 to the risk of AD, the present
findings may have relevance for the pharmacogenetic analysis of topiramate in the treatment
of AD. The use of the intron 9 SNP to characterize alcohol-dependent subjects in treatment
trials of topiramate may be warranted based on the findings reported here and would be
feasible, given the relatively high prevalence of this allele. GRIK1 was recently shown by
Uhl et al. (2008) to be among the genes that were nominally associated with successful
attempts to quit smoking in pooled genomewide association analyses in at least two of three
independent treatment samples, supporting its potential utility as a predictor of treatment
response in addictive disorders.

The present study has a number of strengths. First, it is based on large, well-characterized
samples of AD cases and screened controls. Second, the gene studied encodes a protein that
may have important implications for understanding both the etiology and pharmacological
treatment of AD. Third, we examined multiple SNPs in GRIK1, which were chosen based on
potential functional effects related either to a glutamine-to-arginine amino acid coding
change that affects glutamate receptor function (Seeburg et al. 1998; Seeburg & Hartner
2003) or to potential alternative splice sites resulting in isoforms that could influence
receptor assembly and intracellular trafficking of receptors that contain the GluR5 subunit.
Although the study is limited by the fact that the control sample was drawn from
Connecticut, while the majority of cases were recruited from sites around the United States,
analysis of ancestry informative markers revealed no difference in ancestry proportion as a
function of diagnostic group. Similarly, although the age and sex distributions differed by
diagnostic group, these differences were not correlated with genotype for the seven SNPs
examined. Thus, these potential confounders did not appear to influence the findings. Based
on these findings, the association of variation in GRIK1 to AD reported here warrants further
research, including replication studies in EA and other populations, examination of the
functional effects of the observed variation, and consideration of a potential
pharmacogenetic effect of this variation in AD subjects.
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Figure 1.
SNPs examined in GRIK1 (Chr. 21q21.3)
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Figure 2.
Haploview LD plot of GRIK1 3’region markers: LD plot from Haploview 3.32 for EA
subjects (507 control subjects and 1057 subjects with AD). Pairwise SNP |D’| values (x100)
of linkage are shown together with 2 haplotype blocks identified using the four-gamete rule.
Darkened blocks indicate SNP pairs without evidence of extensive recombination (i.e. 4-
gamete rule for haplotype block characterization with at least one 2-SNP haplotype having a
frequency < 0.02).
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Table 1

Demographic and Clinical Characteristics of the Samples.

Connecticut Samples Project Match Sample

Controls (n=507) Alcohol Dependence (n=337) Alcohol Dependence (n=720)

Age [yr (SD)] 29.0 (9.8) 43.0 (9.4)*** 40.6 (11.1)***

Sex (% male) 38.1 70.9*** 73.6***

African Ancestry [% (SD)] 1.9 (3.4) 2.0 (4.3) 1.7 (2.9)

Lifetime Cocaine Abuse or Dependence (%) 0 40.1*** n.a.

Lifetime Opioid Abuse or Dependence (%) 0 16.6*** n.a.

Antisocial Personality Disorder (%) 0 11.1*** 10.3***

n.a., data not available

***
p< 0.001 vs. controls
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