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Context: Glutamatergic neurotransmission is impli-
cated in alcohol-drinking behavior in animal models.

Objective: To investigate whether genetic variations in
glutamatergic neurotransmission genes, which are known
to alter alcohol effects in rodents, contribute to the ge-
netic basis of alcoholism in humans.

Design: Association analysis of alcohol dependence and
haplotype-tagging single nucleotide polymorphisms
(SNPs) covering 10 glutamatergic genes. Resequencing
of functional domains of these genes identified 204 SNPs.
Haplotypes with a frequency of 5% or greater could be
discriminated by 21 haplotype-tagging SNPs analyzed for
association in 2 independent samples of alcohol-
dependent adult patients and controls as well as adoles-
cent trios.

Sefting: Four university medical centers in the south
of Germany.

Participants: One thousand three hundred thirty-
seven patients and 1555 controls (study 1: 544 patients,
553 controls; study 2: 793 patients, 1002 controls). One
hundred forty-four trios of 15-year-old adolescents as-
sessed for risky drinking behavior.

Main Ovutcome Measures: Genotype profiles for
GLAST; N-methyl-D-aspartate-receptor subunits NRI,
NR2A, and NR2B; MGLURS; NNOS; PRKG2; CAMK#4; the
regulatory subunit of PI3K; and CREB were analyzed for
association with alcohol dependence using multivariate
statistical analysis. Risky adolescent drinking was tested
using the transmission disequilibrium test.

Results: Analysis of study 1 revealed that NR2A and
MGLURS have the greatest relevance for human alcohol
dependence among the genes selected with odds ratios
of 2.35 and 1.69, respectively. Replication analysis in study
2 confirmed an association of alcohol dependence with
NR2A (odds ratio, 2.01) but showed no association with
MGLURS5. Combined analysis of study 1 and study 2 ex-
hibited a more significant association on the Cochran-
Mantel-Haenszel test (P<<.001) for NR2A; NR2A was as-
sociated with positive family history, early onset of
alcoholism, and maximum number of drinks in adults
as well as risky drinking patterns in adolescents.

Conclusion: Genetic variations in NR2A have the great-
est relevance for human alcohol dependence among the
glutamatergic genes selected for their known alteration
of alcohol effects in animal models.
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LCOHOL-RELATED DISOR-
ders cause 3.2% of deaths
(1.8 million) and 4.0% of
total disability-adjusted life-
years.! Alcohol depen-

aunique research potential to elucidate the
contribution of each neurotransmitter sys-
tem and apply translational approaches, as
a wealth of behavioral animal models ex-
ist, which allow detailed assessment of drug-

Author Affiliations are listed at
the end of this article.

dence is a complex disorder with environ-
mental as well as genetic components and
does not have a main gene effect.* As in other
oligogenic neuropsychiatric disorders, mul-
tiple genes contribute to phenotypes of al-
cohol dependence. These genes involve dif-
ferent neurotransmitter systems, including
glutamate, y-aminobutyric acid, dopa-
mine, opioids, serotonin, noradrenaline, and
cannabinoids.’ Unlike many neuropsychi-
atric disorders, alcohol dependence offers

related behavior.** To inform diagnostic and
therapeutic developments in humans, the
relevance of animal findings for human al-
cohol dependence and related phenotypes
needs to be assessed in translational stud-
ies. Results of behavioral animal studies are
often based on knockout models or phar-
macological agents, which interfere to a
much larger degree with signaling path-
ways than the usually more subtle conse-
quences of functional genetic variations in
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frequent oligogenic disorders. For this reason and to ex-
plain a larger amount of genetic variance, we decided to
analyze genes that encode functionally related proteins per-
taining to one critical neurosignaling pathway, glutama-
tergic signaling.

Recently, a glutamatergic hypothesis has been devel-
oped to better understand the acute and chronic effects
of alcohol on the brain. Alcohol affects the glutamatergic
system on molecular, neurochemical, and cellular levels
and this hypothesis proposes that alcohol consumption
leads to enhanced glutamatergic activity in alcohol-
dependent patients.®” This glutamate-induced hyperex-
citability is uncovered during alcohol withdrawal. Fur-
thermore, the hypothesis suggests that augmented
glutamatergic activity can contribute to craving and re-
lapse behavior, thus providing the rationale for using an-
tiglutamatergic compounds, such as acamprosate,
for relapse prevention.® The role of glutamatergic neuro-
transmission in alcohol-drinking behavior has been ana-
lyzed using animal models and biochemical experimen-
tation, and alterations have been identified at the
presynaptic, synaptic, postsynaptic, or intracellular sig-
naling level.”? Tt is suggested that increases in extracellu-
lar glutamate induced by ethanol exposure may be due in
part to deficits in glutamate transport.'® Synaptic concen-
tration of glutamate is partly regulated by glutamate as-
partate transporter (GLAST). As shown in a recent ani-
mal study, decreased expression levels of GLAST result in
increased synaptic glutamate concentration and in-
creased amount of alcohol intake.! Glutamate receptors
are primary targets of alcohol action and alcohol inhibits
the postsynaptic N-methyl-D-aspartate (NMDA)-
receptor complex,' thereby modulating alcohol sensitiv-
ity,” self-administration, relapse behavior,”** and with-
drawal responses.'”> Chronic alcohol exposure results in
compensatory upregulation of NMDA-receptor sub-
units, mainly NR1, NR2A, and NR2B,* and can result in
a hyperexcitatory state in periods of acute and condi-
tioned alcohol withdrawal.®” Pharmacological inhibition
experiments show that metabotropic glutamate receptor
5 (mGluR5) modulates alcohol self-administration'”'® and
relapse behavior in rodents" and is a potential target for
acamprosate as well.” Intracellularly, activation of NMDA
receptors initiates a calcium-mediated signal transduc-
tion cascade activating calmodulin-dependent kinase IV
and the transcription factor cyclic adenosine monophos-
phate-responsive element-binding protein 1 (CREB),*
which are implicated in alcohol withdrawal?** and self-
administration in alcohol-preferring rats.** Glutamate-
induced activation of CREB also occurs through a paral-
lel pathway,” whereby mGluR5 and NMDA-receptor
signaling converges on phosphatidyl inositol 3 kinase.*®
Phosphatidylinositol 3-kinase then activates neuronal ni-
tric oxide synthase and guanosine monophosphate—
kinase II, all of which have been implicated in regulation
of alcohol sensitivity and self-administration in knock-
out models.?”*°

This study is intended to address to what extent ge-
netic variations in the glutamatergic neurotransmission
genes that are shown to be correlated with alcohol drink-
ing and relapse behavior in animal models contribute to
the genetic basis of alcohol dependence in humans. In a

Table 1. Alcohol-Dependent Adult Patients and Controls
and Adolescent Trio Sample
Age, Sex, %
No. of Mean (SD), —
Participant Participants y M F
Study 1 Sample
Patients 544 42.62 (9.54) 77.3 22.7
Controls 553 44.68 (13.96) 51.2 48.8
Study 2 Sample
Patients 793 43.58 (9.93) 77.8 22.2
Controls 1002 47.96 (15.53) 59.6 40.4
Adolescent Trio Sample?
Adolescents 144 14.99 (0.37) 53.1 46.9

2Adolescent sample consisted of 142 complete trios and 2 incomplete
trios (only offspring and mother).

broad resequencing analysis of each gene, we identified poly-
morphisms in regulatory domains, exons, and exon-
intron boundaries, which constitute most functional glu-
tamatergic variations. In a second step, all allelic information
was contracted into multimarker-tagging single-
nucleotide polymorphisms (SNPs), which concentrate the
available functional allelic information into few predic-
tive allelic markers.’! These haplotype-tagging SNPs
(htSNPs) were then used to perform an association study
with independent replication. The first sample consisted
of 544 patients with alcohol dependence and 553 controls
and was used to genotype the entire set of htSNPs. Genes
associated with alcohol dependence were analyzed in a sec-
ond sample of 793 alcohol-dependent patients and 1002
controls (Table 1) and were further assessed for their role
in early risky drinking behavior in a sample of 144 trios of
15-year-old adolescents and their parents.

o TS

PARTICIPANTS AND PSYCHIATRIC ASSESSMENT
Alcohol-Dependent Adult Patients and Controls

For study 1, 544 patients were recruited from the psychiatry
and addiction medicine departments at the university hospi-
tals in Munich, Mainz, and Mannheim, Germany. Table 1 pre-
sents the characteristics of our sample. All patients were con-
secutively admitted for inpatient addiction treatment and fulfilled
DSM-1V criteria for alcohol dependence. All participants were
of German descent. In Munich and Mannheim, patients were
assessed using the Semi-Structured Assessment for the Genet-
ics of Alcoholism®® and the Structured Clinical Interview for
DSM-III-R, respectively. In Mainz, the Composite Interna-
tional Diagnostic Interview® and the Michigan Alcoholism
Screening Test were used. Interviews were performed by trained
staff members and rated independently. Genetically enriched
phenotypes across study 1 were early onset, indicating onset
of alcohol dependence before age 25 years. Positive family his-
tory for alcoholism included first- or second-degree relatives.
One drink was defined as 17 g of alcohol.

Five hundred fifty-three controls were recruited in Mu-
nich, Mainz, and Mannheim (Tablel). Munich controls were
randomly selected from city registration. Controls from Mainz
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and Mannheim were from hospital personnel and board ad-
vertisement. A detailed medical and psychiatric history was per-
formed and all Axis 1 psychiatric diagnoses were excluded.
For study 2, 793 patients were recruited from the Depart-
ment of Psychiatry at Regensburg University (Table 1). All pa-
tients were admitted consecutively for inpatient treatment and
met criteria of alcohol dependence according to DSM-IV. All
participants were of German descent. Parents of the partici-
pants were living in Bavaria and participants themselves were
born and raised in this area. Written informed consent was ob-
tained from all participants before the investigation.
Diagnosis was assessed after alcohol withdrawal by the Com-
posite International Diagnostic Interview® performed by trained
staff who rated participants independently. Patients with a life-
time history of schizophrenia or an addiction to drugs other
than alcohol or tobacco were excluded. Genetically enriched
phenotypes across sample 2 were defined similar to sample 1.
One thousand two individuals from Bonn were recruited from
2001 to 2003 within the German National Research Project to
serve as controls for genetic studies in several neuropsychiat-
ric phenotypes. Population-based recruitment was performed
in collaboration with the local census bureau. Participants were
screened for neurological and psychiatric disorders with self-
report questionnaires adapted from the German version of the
Inventory to Diagnose Depression®*>; smoking and drinking
was screened with the Fagerstrom Tolerance Questionnaire and
the Alcohol Use Disorders Identification Test, respec-
tively.’**" More than 96% of the participants were of German
or Western European origin as ascertained by place of birth of
their grandparents. For all patients and controls, written in-
formed consent was obtained before study participation.

Adolescent Trio Sample

One hundred forty-two complete trios and 2 incomplete trios were
recruited from the Mannheim Study of Risk Children, a cohort
of first-born children (Table 1).*® Alcohol consumption in the last
6 months before assessment was evaluated at age 15 years using
the Lifetime Drinking History interview.** Lifetime prevalence of
being drunk was defined as the participant never having been
drunk vs having been drunk. High/low maximum amount of al-
cohol intake on 1 occasion was established using a median split
at 2 or more standard alcoholic drinks. All participants were of
Central European descent. Written informed consent was ob-
tained from all individuals when they were in a state of full legal
capacity. The study was approved by the ethics committees of the
Landesarztekammer Rheinland-Pfalz and the universities of Re-
gensburg, Heidelberg, and Munich.

MUTATION SCREENING AND
IDENTIFICATION OF htSNPs

Identification of SNPs was performed by sequencing 32 DNA
samples from white individuals. Sixteen DNA pools consisting
of an equimolar mixture of 2 DNA samples were prepared and
used as polymerase chain reaction templates. For each gene, prim-
ers were chosen to amplify the regulatory domains and the exon-
containing DNA fragments, including exon-intron boundaries.
Polymerase chain reaction was performed in a 15-uL reaction mix-
ture containing 25 ng of DNA (the list of the primers for each
gene is available at http://www.cng.fr). Sequencing reactions were
performed using an ABI PRISM 3700 DNA Analyzer (Applied Bio-
systems, Foster City, California). Alignment of experimental re-
sults and identification of SNPs were performed using the Ge-
nalys software developed by the Centre National de Génotypage.
Haplotype-tagging SNPs were selected to discriminate haplo-
types with a frequency of 5% or greater.

GENOTYPE ANALYSIS

Participants’ DNA was prepared from whole blood with stan-
dard salting out methods. Single nucleotide polymorphisms were
genotyped using the TagMan system at the Centre National de
Génotypage, University of Kiel Institute of Psychiatry. Probes
and primers were from the Assay-by-Design system (Applied
Biosystems). Polymerase chain reactions were performed in Bio-
metra T1 thermocyclers (Biometra, Goettingen, Germany), and
fluorescence results were determined by using an ABI Prism
7900HT sequence detector end-point read (Applied Biosys-
tems). Process and genotyping data were exported into an in-
ternal laboratory information management system. In study 1,
complete genotypes were obtained from 823 individuals, in-
cluding 410 patients and 413 controls, which were included
in the statistical analysis. In the follow-up study, 1795 indi-
viduals, including 793 patients and 1002 controls, were geno-
typed using 2 independent genotyping techniques, our in-
house TaqMan and commercial genotyping (PreventionGenetics,
Marshfield, Wisconsin) with 100% concordance.

STATISTICAL ANALYSIS

Instudy 1, multivariate statistical analysis for genotype X phenotype
association was performed using a logistic regression approach.
AllhtSNPs were in Hardy-Weinberg equilibrium (datanotshown).®
Alternative haplotype analyses were done with COCAPHASE 2.404.*"!
In study 2, multilocus genotypes identified in study 1 were ana-
lyzed for replication. Trio analyses were performed using the trans-
mission disequilibrium test. Transmission disequilibrium test was
performed using tdtphase, version 2.404, which is part of the
UNPHASED software package.*

GENEWISE LOGISTIC REGRESSION ANALYSIS

For logistic regression analysis, 4 htSNPs with a high correla-
tion with other htSNPs (r>0.7) were eliminated. The remain-
ing htSNPs were coded into 10 categorical variables represent-
ing the 10 genes. Dummy variables were created, each
representing 1 multilocus genotype within 1 gene. Rare geno-
types (< 5% of the sample number) were grouped together. The
most frequent genotype was taken as the reference group. These
dummy variables were included as predictors in the regres-
sion model. Testing the relevance of these genes for predic-
tion of alcohol dependence was performed by testing the null
hypothesis that none of the analyzed genotypes within each gene
differ from the reference group. The genes were ranked based
on obtained P values (Table 2). Using regression coeffi-
cients, multilocus genotypes were identified for NR2A (OMIM
*138253) and MGLURS5 (OMIM *604102), which predict a par-
ticular high (or low) risk for alcohol dependence compared with
the reference group (Table 3). Taking sex into account led to
the similar results for relevance of genes as well as for detect-
ing risk groups within genes (data not shown). These extreme
groups were compared to create an effect measure for the amount
of the gene’s influence on status and phenotypes.

The extreme group analysis was carried out for the repli-
cation study. The Fisher exact test (2-sided) was used to evalu-
ate the association between extreme groups for alcohol depen-
dence. Evidence of replication, rather than multiple testing
corrections, was used to evaluate the significance of associ-
ated genes. To comprehensively assess the reproducible re-
sults, we conducted the Cochran-Mantel-Haenszel test* on the
combined data set, which includes samples from original and
replication case-control studies. Pooled odds ratios (ORs) with
95% confidence intervals (Cls) and P values were obtained from
Cochran-Mantel-Haenszel statistics (Figure 1).
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Table 2. Genewise Multiple Logistic Regression
of Alcohol Dependence?

Gene Wald x? df P Value®
MGLURS 9.9908 5 .08
NR2A 9.7770 5 .08
PIK3R1 9.5969 6 14
CAMK4 10.1689 7 18
PRKG2 2.6170 2 .27
GLAST 4.9746 5 42
NOST1 1.0049 2 .61
CREB1 0.3591 2 .84
NR1 0.1980 2 91
NR2B 0.1593 2 .92

2Genotypes of all markers were within Hardy-Weinberg equilibrium.
bResults from testing the null hypothesis (ie, none of the multilocus
genotypic groups within a gene differ from reference group).

BN RESULTS R

IDENTIFICATION AND SELECTION
OF htSNPS AND POWER CALCULATION

Based on behavioral animal experimentation and phar-
macological data (Table 4), we selected the genes GLAST,;
NMDA-receptor subunits NRI, NR2A, and NR2B;
MGLURS5; NNOS; PRKG2; CAMK#4; the regulatory sub-
unit of PI3K; and CREB (Figure 2). Identification of varia-
tions in the genes selected was performed by sequenc-
ing of regulatory domains, exons, and exon-intron
boundaries (see “Methods” section) (Table 5). Two hun-
dred four genetic variations were identified (http:/www
.cng.fr). Fifty-four polymorphisms had no reference SNP
identifier at the time of discovery. To date, 4 additional
SNPs have been given reference SNP identifiers (Table 5).
Previously unknown polymorphisms added informa-
tion to the haplotypes (frequency =5%) for the genes
CAMKH4, PIK3R1, PRKG2, and SLC1A3. Except for SNP
SLC1A3-95103, which was genotyped in the present study,
all other polymorphisms that contribute to haplotypes
with a frequency of 5% or greater were tagged by mul-
timarker combinations of other known variants (Table 5).
The haplotypic structure (frequency =5%) of the ana-
lyzed genes was not diversified by the newly discovered
variants (except in SLC1A3).

As afirst step toward the identification of htSNPs, SNPs
with a minor allele frequency of less than 5% were dis-
carded. If groups of SNPs existed in which scored geno-
types were identical for all samples, then a single SNP
from the group was selected. The selected SNP was that
with the least missing data or simply the first in the event
of a tie. Haplotypes for the remaining SNPs were then
estimated using the expectation-maximization algo-
rithm, and a subset of htSNPs was selected so that all hap-
lotypes with a frequency of 5% or greater could be dis-
tinguished. This process resulted in selection of 21 htSNPs
(Table 4), which were genotyped in study 1. Genes shown
to be associated with alcohol dependence were ana-
lyzed for replication in a second, independent sample.
Disease severity, as defined by the mean of the number

Table 3. Genewise Identification of Risk vs Protective
Multilocus Genotypes?
Odds Ratio
Genotype (95% Confidence Interval)
NR2A rs9924016-rs2072450
Dellns-CC 1 [Reference]
DelDel-CCP 1.234 (0.877-1.735)
DelDel-AC 1.066 (0.679-1.672)
Dellns-AC® 0.503 (0.272-0.933)
InsIns-CC 0.926 (0.511-1.676)
All other 1.787 (0.595-5.366)
MGLURS rs3462-rs3824927
GG-CA 1 [Reference]
GG-AA 0.834 (0.572-1.218)
GG-cCP 1.252 (0.798-1.965)
GA-CAC 0.723 (0.468-1.119)
GA-CC 1.151 (0.701-1.891)
All other 3.895 (1.010-15.018)

20dds ratio estimates for NR2A and MGLUR5 genotypes taken from full
logistic regression model comprising all 17 markers of all 10 genes.
Reference group is most frequent multilocus genotype of each gene. Small
categories (groups that comprise < 5% of whole sample for a particular
genotype) are pooled into 1 category and excluded from risk group selection.

PRisk group for alcohol dependence.

CProtective group.

Elimination of highly

‘ Reduction of 21 to 17 markers -
correlating markers

I

‘ Genewise aggregation of markers ‘

I

Logistic regression analysis of
alcohol dependence
(identification of parameters)

I

‘ Identification of parameters

— See Tables 2, 3, and 7

See parameter estimates
of logistic regression (Table 3)

Maximal deviations from
reference group in both directions
(Tables 3 and 8)

‘ Building protective and risk groups

Calculation of odds ratios between

extreme groups ——> See Table 8

Figure 1. Statistical modeling overview.

of DSM-IV symptoms in sample 1, was 5.74 compared
with sample 2 with a mean of 6.07 (analysis of variance,
F=18.184; P<.001) (Table 6). Power calculation of the
combined data set comprising 1555 controls and 1337
cases in an additive disease model revealed 98% power
to detect a genotype relative risk of 1.25.

IDENTIFICATION OF RISK GENOTYPES
FOR ALCOHOL DEPENDENCE

Using a genewise, multiple regression approach, varia-
tions in 2 genes, NR2A and MGLURS5, were shown to be
the most powerful predictors of alcohol dependence
(Table 2). Detailed haplotype frequencies and haplotypic
structures for GRIN2A and GRMS5 are presented in Table 7.
In these 2 genes, newly discovered variants added no ad-
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Table 4. Selection of Genes and htSNP Identification
Gene No. of SNPs htSNPs (CNG
Full Gene Name Symbol Chromosome  Detected SNP Identifier?) Behavioral Animal Studies
Calcium/calmodulin-dependent CAMK4 5021-23 17 rs387238 Analgesic tolerance (opioid)*
protein kinase IV rs3797739
rs25917
22222019
rs3797740
rs3733995
cAMP responsive element binding CREB1 2032 8 rs2551920 Alcohol self-administration?*
protein 1
Glutamate receptor, ionotropic, NR1/GRINT 9q34 5 22221997 Alcohol-associated anxiolysis and
N-methyl-D-aspartate 1 (22222216) motor impairment®
Glutamate receptor, ionotropic, NR2AIGRIN2A  16p13 11 rs6497540 Alcohol sensitivity,'® alcohol
N-methyl-D-aspartate 2A rs9924016 self-administration®
rs11642764
rs2072450
Glutamate receptor, ionotropic, NR2B/GRIN2B ~ 12p12 29 rs2072539 or Alcohol withdrawal™
N-methyl-D-aspartate 2B (rs890)
(rs1806195)
Glutamate receptor, metabotropic 5 GRM5 11q14 19 rs3462 Alcohol self-administration,'”'® alcohol
rs3824927 seeking/reinforcement, relapse'®
Nitric oxide synthase 1 (neuronal) NOS1 12924 41 rs1875140 Alcohol self-administration, sensitivity?’
rs3741476
Phosphoinositide-3-kinase, regulatory PIK3R1 5q13 22 rs706713 Alcohol sensitivity,? sensitization
subunit 1 (p85 alpha) 12302975 (cocaine)®
rs171649
Protein kinase, cGMP-dependent, type Il  PRKG2 4913 10 rs9992933 Alcohol self-administration, sensitivity?®
Solute carrier family 1 (glial high affinity GLAST/SLC1A3 5p13 19 (22221995) Alcohol self-administration®
glutamate transporter), member 3 rs10057629

Abbreviations: cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanine monophosphate; CNG, Centre National de Génotypage; htSNP, haplotype-tagging

single-nucleotide polymorphism; SNP, single-nucleotide polymorphism.

a|dentifier for SNPs not present in the Single-Nucleotide Polymorphism Database.

Astrocyte
Synaptic cleft

GLAST

MGLUR5

Homer

MAP kinase

Neuron
Nucleus

Figure 2. Glutamatergic neurotransmission (candidate genes selected for
analysis are indicated by a bold frame). MAP, mitogen-activated protein;
PSD-95, postsynaptic density-95.

ditional information to haplotypes with a frequency of 5%
or greater. Each of these genes was characterized by 2
htSNPs (the remaining 2 htSNPs of NR2A were elimi-
nated because they were correlated [r>0.7] to the htSNPs
analyzed). In the case of NR2A, these variations were a C-
to-A substitution in r1s2072450 (intron 11) and a deletion/

insertion in rs9924016 (intron 7). In the case of MGLURS5,
these variations were the C-to-A exchange in rs3824927
(3' flanking sequence) and the G-to-A exchange in rs3462
(exon 8) (Figure 3 and Figure 4). To assess the effect
size of the genetic variations on alcohol dependence, pro-
tective and risk genotypes were identified based on their
regression coefficients (Table 3). This analysis showed that
carriers of the NR2A risk genotypes rs2072450 CC and
rs9924016 Del/Del had an OR of 2.35 (95% CI, 1.37-
4.03) of developing alcohol dependence compared with car-
riers of the protective genotypes rs2072450 AC and
1$9924016 Del/Ins (Fisher exact test, P=.002) (Table 3).
In the case of MGLURS, carriers of the risk genotypes
1s3824927 C/C and 153462 G/G had an OR of 1.69 (95%
CI, 1.06-2.69) of developing alcohol dependence com-
pared with carriers of the protective genotypes rs3824927
CA and 153462 GA (P=.03) (Table 8). In our samples,
the protective genotype was heterozygous for all NR2A and
MGLURS polymorphisms because no individuals were ob-
served who carried a homozygous protective genotype. Hap-
lotype analysis of NR2A and MGLURS genotypes did not
yield an increase in OR compared with results of the re-
gression analysis (data not shown). Correlation analysis re-
vealed no evidence for confounding association between
NR2A and MGLURS markers and age or sex (data not
shown).

In the replication, we performed a confirmatory inde-
pendent analysis of the combined NR2A and MGLURS5 geno-
types in a sample of 793 alcohol-dependent patients and
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Table 5. List of Polymorphisms Discovered by Resequencing

CNG Discovery Polymorphism Allele,
Identifier? Flanking Reference/
mRNA (rs Identifier") Location Sequences Variant Frequency  Haplotype Marker®
CAMK4
NT_034772.5 22222024 (rs34578342) Intron 1 AAAAAAANTACTCTT AA/-- 0.850 aF rs387238, rs3797739, rs25917
NM_001744.3 22222019 Intron 2 CTGACAANTTGTGAT G/C 0.094 -
22222022 Intron 2 ATGTTACNTCAGAAG G/A 0.017 -
22222025 (rs34007984)  Intron 6 GAAGTTTNTGCTCTT T/G 0.339 + rs387238, rs3797739, rs25917
22222020 Intron 8 ATGAACANTGCTTTT T/C 0.019 -
22222021 Intron 9 TTTTACCNATATTAA C/- 0.016 -
22222023 Intron 9 CCATATTNTGCCATA AA/-- 0.016 -
CREB
NT_005403.15 22222171 Intron 1 GAAACAGNCAAGGGA C/T 0.017 -
NM_004379.2 22222172 Exon 2 TGAAAACNAACAAAT C/G 0.016 -
22222173 Intron 5 CAAGTGTNTAAAGCT AG 0.016 -
22222168 Exon 6 CATTAACNATGACCA C/G 0.016 -
22222169 Exon 8 CCCTCCTNAAGAAGT C/T 0.016 -
22222170 Exon 8 GCACAAGNAAAGTTA G/A 0.016 -
GRINT
NT_024000.16 22221999 Exon 1 GGGGGCGNTGGGAGC C/T 0.000 -
NM_000832.4 22221997 Intron 2 CAATACANACTCTCT C/T 0.016 -
2221998 Intron 8 CACCCCCNTCTGGCC -/C 0.000 -
GRIN2A
NT_010393.15 22222082 Intron 1 CCCACCTNGCCCCTT G/- 1.000 -
NM_000833.2 22222084 Exon 4 CGTAGGANACAGAAA C/G 0.016 -
22222076 Intron 6 TTTTAAANTGATTAT AT 0.078 -
22222077 Intron 6 ATTAAACNGGTAAAA T/- 0.047 -
22222081 (rs35524162)  Intron 10 AGAGTAGNAAAAGAA C/T 0.017 -
GRIN2B
NT_009714.16 22222065 (rs34454922)  Intron 1 ATAACCANATTATAA AAT/- -- 0.125 -
NM_000834.2 22222060 Intron 2 TCAACATNCCTTAGT G/A 0.047 -
22222061 Intron 2 TATACCTNTTTGAAG T/C 0.016 -
22222070 Intron 8 AACCTACNAATACAC /= 0.063 -
22222068 Exon 13 TCCAGGANCCCATAA A/C 0.016 -
GRM5
NT_008984.17 22222154 Exon 1 TAGCTACNAACAAGC C/G 0.120 -
NM_000842.1 22222156 Exon 1 GAAAATTNAGGAGGG G/C 0.021 -
22222161 Intron 2 TTAAGCTNTATTTCC G/C 0.016 -
22222165 Intron 4 CTACTCTNCAGAGGA C/G 0.018 -
22222153 Intron 5 TAGATTCNATTTTAC G/A 0.016 -
22222157 Intron 6 CCCAGAGNTCTGAAG C/G 0.016 -
22222160 Exon 7 TCGAAGANACTGTAC AG 0.016 -
22222163 Exon 7 AGATCTTNTTCTTGC G/A 0.016 -
22222166 Intron 7 TGAGGAANGGCCGTG G/A 0.016 -
NOS1
NT_009775 17444822 Intron 21 TGGGCCANGGTTGAT T/G 0.017 -
NM_000620.1
PIK3R1
NT_006713.14 22222183 5'-flanking ~ GACTTCCNAGAATAT AG 0.016 -
NM_181504.2 22222184 5'-flanking ~ CAAATCANGTACAGT T/C 0.016 -
22222185 5'-flanking ~ ATGTTGGNCATCATC T/C 0.016 -
22222190 5'-flanking ~ ATTGTTANCCTATTG AC 0.150 - rs706713
22222192 5'-flanking ~ GCTTTTCNGATTCTC AG 0.017 -
22222186 Exon 10 GATGAAGNGCTTACT C/T 0.016 -
22222187 Exon 10 TCTCTGCNTGCAGGG G/T 0.016 -
22222189 Exon 10 TTCCCCANCCCAGTT C/T 0.016 -
22222191 Exon 10 GCTGTTANCCCAAGG G/A 0.016 -
PRKG2
NT_016354.17  (€22222049 Intron 2 ATGAGAANCATAAAA T/C 0.016 -
NM_006259.1 (022222046 Intron 5 CGGTGCGNGCACCCA C/T 0.156 3 r$9992933
(022222047 Intron 6 GCTTTGCNTTGCAAC AG 0.016 -
SLC1A3
NT_006576.15 22221992 Intron 1 AACTCATNTCTCTTT G/T 0.019 -
NM_004172.3 22221990 Exon 4 CGCTAGANAGTAAGG T/C 0.017 -
22221991 Intron 8 AGTGAGANACTGTTT T/C 0.619 + CNG 95103, rs10057629
22221995 Intron 8 TTTGCAGNGTATATG C/T 0.555 + genotyped
22221996 Intron 8 CTACGTGNGGAGCTT G/C 0.125 + CNG 95103, rs10057629
22221993 Exon 10 AAGAATGNACTTAAT G/C 0.055 -

Abbreviations: CNG, Centre National de Génotypage; mRNA, messenger RNA; rs, reference single-nucleotide polymorphism; SNP, single-nucleotide
polymorphism; +, does contribute to haplotype frequency of 5% or greater; -, does not contribute to haplotype frequency of 5% or greater.

aCentre National de Génotypage discovery identifiers of newly discovered SNPs (no rs identifier at the time of resequencing).

bReference SNP identifier (Single-Nucleotide Polymorphism Database, build 126) assigned to SNPs discovered after resequencing project.

CMarkers with rs numbers that multimarker tag the SNPs discovered during resequencing.
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Table 6. Comparison of Severity of Alcohol Dependence
in Study 1 vs Study 22

No. of Patients (%)

T 1
Sample 1 Sample 2

No. of DSM-IV

Symptoms (N=345) (N=793)
3 27 (7.83) 36 (4.5)

4 43 (12.46) 58 (11.9)
5 66 (19.13) 129 (16.3)
6 65 (18.84) 155 (19.5)
7 144 (41.74) 415 (52.3)

aMean number of symptoms was 5.742 in study 1 and 6.078 in study 2
(P<.001, analysis of variance).

1002 controls. We found that carriers of the NR2A risk geno-
types 152072450 CC and 159924016 Del/Del had an OR of
2.01 (95% CI, 1.15-3.50) of developing alcohol depen-
dence compared with carriers of the protective genotypes
152072450 AC and 159924016 Del/Ins (P=.02) (Table 8).
However, analysis of the MGLURS risk genotypes did not
yield significant results (P=.62) (Table 8).

For jointanalysis of studies 1 and 2, the contingency tables
(2 X2) with risk and protective genotypes were combined
for NR2A and MGLURS. This analysis revealed that for al-
cohol dependence, the NR2A risk genotypes rs2072450 CC
and 159924016 Del/Del had a pooled OR of 2.18 (95% CI,
1.48-3.21) compared with the protective genotypes rs2072450
ACandrs9924016 Del/Ins (P <.001) (Table 8). No evidence
was found of an association of alcohol dependence with the
MGLURS risk genotype vs protective genotype (P=.38)
(Table 8). Using the Cochran-Armitage trend test, we ob-
tained similar results for NR2A and MGLURS and their pro-
tective vs intermediate vs risk genotypes (datanot shown).
Correlation analysis revealed no evidence for a confound-
ing association between the NR2A markers and age or sex
(data not shown).

ASSOCIATION ANALYSIS OF NR2A
GENOTYPES IN PHENOTYPES CARRYING
A HIGH GENETIC LOAD

Patients with a positive family history and those with early
onset of the disorder are thought to carry a high genetic
load for alcohol dependence.’> Amount of alcohol intake
measured as maximum number of drinks has been shown
to be genetically influenced.* We selected these pheno-
types for further exploratory analysis of NR2A risk geno-
types. We analyzed the association of these phenotypes and
severity of the dependence as defined by the number of
DSM-IV symptoms and found an association with amount
of drinking in both samples (study 1: Spearman correla-
tion coefficient, 0.167; P=.003; study 2: correlation coef-
ficient, 0.255; P<<.001) and positive family history in sample
2 (F=5.789, P=.02, analysis of variance) but not in other
phenotypes (data not shown). Positive family history was
associated with NR2A risk vs protective genotype in study
1 (P=.001) and study 2 (OR, 2.37; 95% CI, 1.29-4.36;
P=.007), with joint analysis of both samples revealing an
OR0f2.68 (95% CI, 1.58-4.54; P<<.001) (Table 9). Early
onset of alcohol dependence was associated with NR2A risk

vs protective genotypes in study 1 (OR, 3.54;95% CI, 1.22-
10.3; P=.01) and study 2 (OR, 2.67; 95% CI, 1.42-5.02;
P=.002), with joint analysis revealing an OR of 3.69 (95%
CI, 2.0-6.81; P<.001) (Table 9). While no association of
maximum number of drinks with NR2A risk vs protective
genotypes was observed in study 1 (P=.35), study 2 showed
an association (OR, 3.21;95% CI, 1.52-6.76; P=.002), with
joint analysis revealing an OR of 2.70 (95% CI, 1.45-5.03;
P=.001) (Table 9). The joint Cochran-Armitage trend test
produced similar results for association between NR2A geno-
types and the phenotypes in question (data not shown).

RISKY DRINKING BEHAVIOR IN ADOLESCENTS

Since we found an association between NR2A genotypes
and positive family history, early onset of alcohol depen-
dence, and maximum number of drinks, we were inter-
ested to know if the genetic variations identified in alcohol-
dependent adult patients may constitute a risk factor for
risky drinking in adolescents. We used a transmission
disequilibrium test in a sample of 144 trios composed of
15-year-old adolescents and their parents (see the “Meth-
ods” section). Our results show an overtransmission of
the C allele of the rs2072450 polymorphism in NR2A in
both lifetime prevalence of drunkenness (P=.04) and
maximum amount of alcohol intake/occasion, a mea-
sure for heavy drinking (P=.02) (Table 10).

DR COMMENT

We show that genetic variations in NR2A have the high-
est relevance for human alcohol dependence among the
glutamatergic neurosignaling genes selected for their
known alteration of alcohol effects in animal models. Our
analysis is based on a broad resequencing approach of
10 genes, which led to the identification of 204 SNPs,
50 of which are not listed in the National Center for Bio-
technology Information (NCBI) Reference Sequence da-
tabase. Haplotype analysis revealed that the most fre-
quent haplotypes (>5%) could be discriminated by 21
htSNPs, which serve to decrease redundancy of SNP in-
formation and represent the most parsimonious set to de-
scribe the sum of genetic variations of functionally rel-
evant domains of our candidate genes. Because the DSM-IV
diagnosis of alcohol dependence contains a number of
genetically heterogenous phenotypes resulting in lim-
ited effect sizes of each individual gene, we were inter-
ested in maximizing sensitivity of our analysis by using
a statistical model comparing combined risk with pro-
tective genotypes. To minimize the danger of false-
positive associations, we performed an independent rep-
lication of positive results in a combined sample, which
carried 98% power to detect even small genetic effects
(genotype risk ratio, 1.25).

Our approach establishes the relevance of NR2A for
alcohol dependence, as indicated by significant associa-
tions and comparable ORs of risk vs a protective geno-
type of 2.35 and 1.83 in the first and second samples,
respectively, which result in a joint OR of 2.18. Analysis
of phenotypes enriched for genetic loading increased
the OR in the case of positive family history to 2.68, in
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Table 7. Haplotypes of GRIN2A and GRM5?
GRIN2A
Haplotype frequency 0.3567 0.1782 0.1250 0.1064 0.0894 0.0349
Haplotype
CNG 552 1b 1b 1b 1b 1b 1
CNG 245672 b 0P 0P 0P 0P 0
rs8049651 0 1 1 0 0 1
CNG 334187 ob 0P 0P 0P 0P 0
CNG 342380 ob 0b 0P 0b (il 0
rs6497540 0 1 1 1 0 1
rs9924016 0 0 1 0 0 0
rs11642764 0 1 1 0 0 0
rs35524162 ob 0P 0P 0b (il 0
rs9806806 0 1 1 0 0 0
rs2072450 0 0 0 0 1 0
GRM5
Haplotype frequency 0.3451 0.3257 0.0508 0.030
Haplotype
CNG 5420 ob 0P 0P 0
CNG 5441 ob (il 0P 0
rs10741300 1 1 1 1
CNG 203598 ob 0P 0P 0
rs17770948 0 0 0 0
rs2306153 0 0 0 0
CNG 448806 ob 0P 0P 0
rs2306154 0 0 0 0
CNG 456324 ob 0P 0P 0
rs2292102 0 0 0 0
CNG 463075 ob 0P 0P 0
rs10831110 0 0 0 0
CNG 485533 b 0P 0P 0
CNG 485852 0P 0P 0P 0
rs4753486 0 1 0 1
CNG 528025 b 0P 0P 0
rs566277 0 0 0 0
rs3462 1 0 0 1
rs3824927 0 1 0 1

Abbreviation: CNG, Centre National de Génotypage.
20nly common haplotypes (= 5% frequency) were considered for this study.

bMarkers that were newly discovered during resequencing do not contribute to the haplotypes of a frequency of 5% or greater in these 2 genes.

the case of early onset to 3.69, and in the case of maxi-
mum number of drinks to 2.70. Our finding of an asso-
ciation of NR2A genotypes with phenotypes of risky
drinking, including prevalence of drunkenness and a
measure for heavy drinking patterns in 144 adolescent
trios, suggests a role for NR2A in early stages of alcohol
use and indicates its relevance for developmental
trajectories of alcohol use disorders. A number of
prospective and retrospective studies have shown
that early-adolescent alcohol use is significantly associ-
ated with alcohol-related problems and disorders in
adulthood.*#

Genetic variants in public databases are not an ex-
haustive collection of existing human variation. Rese-
quencing of regions with particular biological impor-
tance can complete this collection. However, despite the
fact that resequencing the major functional portions of
the glutamatergic genes identified 50 SNPs that are not
listed in the NCBI Reference Sequence database, this ex-
ercise contributed only limited information compared with
the frequent haplotypic structures revealed solely by NCBI
Reference SNP polymorphisms.

Alcohol has been shown to regulate expression of
NR2A in brain regions relevant for addiction-related
neurobiological processes, including amygdala and hip-
pocampus.'*#% The NR2A subunits are among the
NMDA-receptor subunits that are most sensitive to the
inhibitory effects of ethanol.”' A recent study in healthy
individuals with a familial vulnerability to alcoholism
showed an attenuated response to ketamine, which acts
partially as an NR2A antagonist® to perceptual alter-
ations and dysphoric mood in those individuals with a
positive family history of alcohol dependence, suggest-
ing a contribution of NR2A to subjective responses to
alcohol.” Animal experimentation indicates 2 behav-
ioral mechanisms through which NR2A may contribute
to alcohol-drinking behavior and alcohol dependence;
Nr2a knockout mice failed to show evidence for condi-
tioned place preference, suggesting an impairment in
learned reward-related responses to ethanol.*” An alter-
native hypothesis rests on the finding that Nr2a
knockout mice exhibit decreased anxiety-like behavior
across multiple tests,’® suggesting stress-induced
gene X environment interactions resulting in increased
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Figure 3. Schematic representation of the genomic organization of MGLURS. Tagging single-nucleotide polymorphisms (SNPs) are indicated by bold frames.

Introns are indicated by horizontal lines connecting the boxes. Localizations of the polymorphisms (arrows, not drawn to scale), nomenclature of the SNPs,
nucleotide alleles, and base frequencies. Nomenclature according the Single-Nucleotide Polymorphism Database (reference SNP identification numbers).
* Indicates SNP discovery numbers of the Centre National de Génotypage.

334187* rs11642764

AT cm

0.078 0.344
245672* rs8049651 159924016 152072450
C/G -V G/A - L/L CT G/T
0.016 0.344 0.188 0.123

[ ]+

5 3
14
552 342380* 1s6497540 1s9806806
G/- /- AC G/C - R/R
1.000 0.047 0.50 0.403
361341
crr
. Untranslated region 0.017
D Coding region
[]snp

Figure 4. Schematic representation of the genomic organization of NR2A (exons 8 and 9 are fused into 1 rectangle). Tagging single-nucleotide polymorphisms
(SNPs) are indicated by bold frames. Introns are indicated by horizontal lines connecting the boxes. Localizations of the polymorphisms (arrows, not drawn to
scale), nomenclature of the SNPs, nucleotide alleles, and base frequencies. Nomenclature according to the Single-Nucleotide Polymorphism Database (reference
SNP identification numbers). * Indicates SNP discovery numbers of the Centre National de Génotypage.
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Table 8. Identification and Analysis of Extreme Genotypes for Alcohol Dependence in Study 1 and Study 2
Study 1 Study 2 Total
I 17 11 1
Affected Affected
Genotype Genotype Individuals, Controls, OR P Individuals, Controls, OR P OR P
Gene 1 2 No. No. (95% CI) Value? No. No. (95% CI) Value? (95% CI) ValueP?
NR2A rs2072450 rs9924016
Risk CC Del/Del 202 172 2.35(1.37-4.03) .002 60 58  2.01(1.15-3.50) .02 2.18(1.48-3.21) < .001
Protective AC Del/Ins 23 46 32 62
MGLUR5 rs3462 rs3824927
Risk GG CC 83 61 1.69 (1.06-2.69) .03 118 155 0.92 (0.66-1.27) .62 1.13(0.86-1.47) .38
Protective GA CA 66 82 137 165

Abbreviations: Cl, confidence interval; OR, odds ratio.
aFisher exact test.
bCochran-Mantel-Haenszel test.

Table 9. Association Analysis and Replication of NR2A With Genetically Enriched Phenotypes of Alcohol Dependence
Study 1 Study 2 Total
I 110 10 1
Affected Affected
Individuals, Controls, OR P Individuals, Controls, OR P OR P
Measure No. No. (95% CI) Value? No. No. (95% CI) Value? (95% ClI) Value®
Age at onset < 25y
Risk 34 172 .001¢ 50 58 2.67 (1.42-5.02) .002 3.69 (2.0-6.81) < .001
Protective 0 46 20 62
Positive family history
Risk 53 172 3.54 (1.22-10.3) .01 51 58 2.37 (1.29-4.36) .007 2.68 (1.58-4.54) < .001
Protective 4 46 23 62
Maximum No. of drinks
Risk 29 172 .35 36 58 3.21(1.52-6.76) .002 2.70 (1.45-5.03)  .001
Protective 4 46 12 62
Abbreviations: Cl, confidence interval; OR, odds ratio.
aFisher exact test.
bCochran-Mantel-Haenszel test.
CCalculation of OR is not possible owing to empty cell in contingency table.
Table 10. Analysis of the Role of NR2A in Initiation and Risky Drinking in Adolescent Trios
Not Randomly Transmitted
Measure Allele/Haplotype T:U Ratio Total LRS P Value
Lifetime prevalence drunkenness
rs2072450 C 17:7 4.296 .04
rs11642764 A 24:20 0.364 .55
Maximal amount of drinking/occasion (median split)
rs2072450 C 23:10 5.263 .02
rs11642764 A 29:19 2.099 15

Abbreviations: LRS, likelihood ratio statistic; T:U, transmitted to untransmitted.

alcohol drinking. While our samples were not suited for
confirmatory gene X environment analyses, exploratory
findings in the adolescent trios suggest that association
of an NR2A genotype with amount of drinking is only
present in those adolescents with high psychosocial
stress but not in those with low psychosocial stress
(data not shown). This indication clearly requires for-
mal analysis in a larger sample set.

While this study is the first to find evidence of an as-
sociation of NR2A with alcohol dependence and alcohol-
drinking behavior in humans, previous studies have in-
vestigated the role of additional NMDA-receptor subtypes
and observed an association of genetic variations of NR1

with alcohol dependence and NR2B with Cloninger type
2 alcoholism.> This finding could be replicated in part
in a study that observed an association of NRI only in
patients with a history of withdrawal-induced sei-
zures.” Given the hypothesis of glutamatergic hyperex-
citability in alcohol withdrawal, the observed discrep-
ancy may be a result of genetic heterogeneity.”® In this
example, selection of withdrawal-related phenotypes may
have enriched for a neurobiological mechanism that is
particularly sensitive to alterations in glutamatergic func-
tion and thus identified an association, which in this
sample was not detectable on analysis of the more het-
erogenous phenotype of alcohol dependence.
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European studies—including our current work—
did not find additional evidence of an association be-
tween alcohol dependence and NR2B in rs1806201.7"®
However, a recent study from South Korea reports an as-
sociation of the same genetic variation with alcohol de-
pendence.” Allelic distributions of rs1806201 in the Hap-
Map database are 0.22 in Europeans and 0.54 in Asians,
suggesting significant ethnic differences, which may con-
tribute to the observed discrepant results.

This phenomenon may also have contributed to con-
flicting results of a genetic variation of the protein tyro-
sine kinase FYN gene, which was found to be associated
with alcohol dependence in a German® but not a Japa-
nese®! sample. Further analysis of this gene is relevant,
as Fyn knockout mice show increased alcohol sensitiv-
ity and lack of tolerance to the effects of ethanol® owing
to a reduction of fyn-dependent phosphorylation of
NR2A.%

While in the first step of our analysis, both NR2A and
MGLURS were shown to be associated with alcohol de-
pendence; our replication analysis did not support an as-
sociation of MGLURS5 with alcohol dependence. This may
have been a consequence of a limitation of the study: con-
trols in study 2 were selected on the basis of a question-
naire as opposed to controls in study 1, who were selected
on the basis of a diagnostic interview, which may have led
to the erroneous inclusion of alcohol-dependent partici-
pants in the control sample and resulted in decreased power
in the second study to detect differences between cases and
controls. An absence of association between MGLURS and
alcohol dependence stands in contrast to results from ani-
mal studies, which clearly identify a role of mGIluR5 in al-
cohol-related behavior. In pharmacological studies using
the mGIluR5 antagonist 2-methyl-6-phenylethynylpyri-
dine, the relevance of this gene for alcohol self-
administration and relapse behavior in rats'"'* and mice'®
has been established. This discrepancy may suggest that
the role of mGIluRS5 is limited to specific (intermediate) phe-
notypes, which the current study was unable to identify,
or it may indicate an involvement of a gene farther down-
stream in the mGluR5-signaling cascade, which so far has
not been implicated in the behavioral effects observed in
animal studies.

Interestingly, we observed only an association with al-
cohol dependence in genes encoding transmembrane pro-
teins but not in intracellular signaling genes. This is some-
what unexpected, as various animal models have shown
pronounced effects on alcohol-drinking behavior medi-
ated by genes encoding intracellular proteins, such as neu-
ronal nitric oxide synthase®” and cyclic guanosine mono-
phosphate—kinase 11 While this may be in part explained
by a greater complexity of the diagnosis of alcohol de-
pendence compared with behavioral animal paradigms
of alcohol-drinking behavior, it may also indicate a lack
of specificity of knockout models, whereby deletion of a
single gene may lead to inactivation of an entire signal-
ing cascade.

The limited analogy of knockout models and analy-
sis of human genetic variations clearly constitutes one
of the limitations of the translational claim of studies such
as the one presented. Other limitations of our study re-
sult from the parsimonious selection of genetic varia-

tions. While designed to cover the most frequent haplo-
types selected for functionally relevant genetic variations,
this analysis does not consider potentially functional SNPs
in intronic enhancer sequences nor does it take into ac-
count a variable number of tandem repeats in the genes
analyzed.®* Based on the robust results generated from
our large data set, further genotype-specific molecular
characterizations of NR2A may result in its application
for pharmacogenetic studies of response to the anticrav-
ing drug acamprosate as well as providing a potential tar-
get for pharmacological interventions in human alcohol
dependence.
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