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Abstract

Introduction—Craving is being considered for inclusion in the Diagnostic and Statistical
Manual (DSM) DSM-5. However, little is known of its genetic underpinnings — specifically,
whether genetic influences on craving are distinct from those influencing DSM-1V alcohol
dependence.

Method—Analyses were conducted in a sample of unrelated adults ascertained for alcohol
dependence (N=3976). Factor analysis was performed to examine how alcohol craving loaded
with the existing DSM-1V alcohol dependence criteria. For genetic analyses, we first examined
whether genes in the dopamine pathway, including dopamine receptor genes (DRD1, DRDZ,
DRD3, DRD4) and the dopamine transporter gene (SLC6A3), which have been implicated in
neurobiological studies of craving, as well as alpha-synuclein (SNCA), which has been previously
found to be associated with craving, were associated with alcohol craving in this sample. Second,
in an effort to identify novel genetic variants associated with craving, we conducted a genomewide
association study (GWAS). For variants that were implicated in the primary analysis of craving,
we conducted additional comparisons - to determine if these variants were uniquely associated
with alcohol craving as compared with alcohol dependence. We contrasted our results to those
obtained for DSM-1V alcohol dependence, and also compared alcohol dependent individuals
without craving to non-dependent individuals who also did not crave alcohol.

Results—Twenty-one percent of the full sample reported craving alcohol. Of those reporting
craving, 97.3% met criteria for DSM-1V alcohol dependence with 48% endorsing all 7 dependence
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criteria. Factor analysis found a high factor loading (0.89) for alcohol craving. When examining
genes in the dopamine pathway, single nucleotide polymorphisms (SNPs) in DRD3and SNCA
were associated with craving (p<0.05). There was evidence for association of these SNPs with
DSM-1V alcohol dependence (p<0.05) but less evidence for dependence without craving (p>0.05),
suggesting that the association was due in part to craving. In the GWAS, the greatest evidence of
association with craving was for a SNP in the integrin alpha D (/TGAD) gene on chromosome 7
(rs2454908; p=1.8x107%). The corresponding p-value for this SNP with DSM-IV alcohol
dependence was similar (p=4.0x107°) but was far less with dependence without craving (p=0.02),
again suggesting the association was due to alcohol craving. Adjusting for dependence severity
(number of endorsed criteria) attenuated p-values but did not eliminate association.

Conclusions—Craving is frequently reported by those who report multiple other alcohol
dependence symptoms. We found that genes providing evidence of association with craving were
also associated with alcohol dependence; however, these same SNPs were not associated with
alcohol dependence in the absence of alcohol craving. These results suggest that there may be
unique genetic factors affecting craving among those with alcohol dependence.

Introduction

Genetic studies of alcohol dependence are at an exciting crossroad. With the emergence of
the proposed DSM-5 criteria for diagnosing substance use disorders (dsm5.org),
investigators with genetically informative data have the unique opportunity to revisit
important hypotheses regarding the genetic underpinnings of specific components of alcohol
use disorders.

Three important changes to the diagnosis of substance, including alcohol, use disorders are
proposed in DSM-5: (a) abuse and dependence may no longer be considered independent
entities. Instead, a uni-dimensional score of 11 (abuse and dependence) criteria is proposed
to diagnose moderate (2-3 criteria) and severe (4 or more criteria) substance use disorders;
(b) “recurrent legal problems” may no longer be part of the criteria, due to its low frequency
and weak correlation with the remaining abuse and dependence criteria; and (c) a new
criterion, craving, has been suggested for addition to the existing criteria (O’Brien, 2011).
While most investigators with data collected using DSM-1V criteria will experience limited
problems with (a) and (b), the addition of a new criterion (c) can pose challenges for studies
that have not collected data on craving. Particularly for large-scale genetic studies where it is
often infeasible to conduct repeat data collection, the possibility exists that the addition of
this new criterion will compromise genetic examination of the proposed DSM-5 defined
substance use disorders. This report examines what additional genetic information craving
contributes that cannot be gleaned from examining DSM-1V dependence criteria.

For DSM-5, craving is proposed to be defined as “strong desire or urge to use a specific
substance”. The preliminary rationale for the addition of craving arose from three sources —
its inclusion in the International Classification of Disease (ICD-10) (World Health
Organization, 2007) definition of substance use disorders, neurobiological experiments
supporting cue-elicited craving (Childress et al., 1999; Kalivas & O’Brien, 2008; VVolkow et
al., 2006; Kalivas & Volkow, 2005), and clinical observations of its significance in relapse
(Monti et al., 1990; O’Brien, 2005; Flannery et al., 2001). There is little doubt that craving is
an integral aspect of substance use disorders — numerous epidemiological (Mewton, Slade,
McBride, Grove, & Teesson, 2010; Keyes, Krueger, Grant, & Hasin, 2011) and emergency
room (Cherpitel et al., 2010) studies report high factor loadings for alcohol craving,
indicating considerable correlation between self-reported craving and the underlying liability
to substance use disorders as indexed by DSM-1V dependence criteria However, whether it
adds unique information to the diagnosis of substance use disorder remains unclear.
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In psychometric analyses, craving is considered a “difficult” item — that is, it is infrequently
endorsed and even though it discriminates between individuals with and without substance
use disorders, it does so primarily in individuals already at high liability to develop the
disorder. In other words, those who report craving are typically already classified as
substance dependent due to endorsement of multiple (often more than 3) dependence
criteria; craving further discriminates these most severely affected individuals (i.e. those
with multiple other symptoms) (Bohn, Krahn, & Staehler, 1995; Bucholz et al., 1996).
Consequently, the addition of craving as a criterion does not produce a significant increase
in those diagnosed with alcohol use disorders (Mewton et al., 2010; Agrawal, Heath, &
Lynskey, 2011; Keyes et al., 2011; Cherpitel et al., 2010). This opens the door to the
discussion of whether craving is best assessed using a single item or whether the architecture
of craving is better suited to a multi-dimensional assessment in order to provide unique
information beyond the existing definitions of dependence.

What does this mean for genetic studies of alcohol dependence? It is well established that
genetic factors play a substantial role in the etiology of substance use disorders, regardless
of the type of diagnostic classification used. Therefore, it is widely accepted that the
proposed DSM-5 definitions of substance use disorder will also be heritable. However, the
addition of this new item raises the question: are there novel genetic influences on craving?
Even though phenotypic correlations between craving and other dependence criteria are
high, this does not rule out the possibility that at least some genetic pathways that contribute
to craving may be distinct from those influencing other aspects of substance dependence.

There are multiple routes for examining the potential role of distinct genetic influences on
craving. In the literature, craving has been studied in the context of drug compulsion, and
consequently as a correlate of relapse, particularly under negative emotional states (Marlatt
& Gordon, 1985). Studies of cue-elicited craving report activation in brain regions that
constitute dopamine pathways. For instance, Childress et al. (Childress et al., 1999),
reported increases in cerebral blood flow in limbic (amygdala and anterior cingulated)
regions when cocaine users were exposed to drug videos. In addition, dopamine-rich regions
such as the ventral tegmental area (VTA) have been implicated in the neuroplasticity
underlying the development of addiction and the emergence of craving (Kalivas & O’Brien,
2008). Accordingly, genes in the dopamine pathway may yield promising insights regarding
the genetic contributions to craving.

Based on this posited neurobiological basis of cue-elicited craving, we selected a set of
genes that broadly constitute the dopamine system. These included receptor-encoding genes
(DRD1, DRDZ2, DRD3, DRD4) and the dopamine (SLC6AS3, also known as DAT)
transporter gene. We also selected a-synuclein (SNCA) which was previously implicated in
a candidate gene association study of alcohol craving conducted on a partially overlapping
sample (Foroud et al., 2007) as well as in an independent sample (Bonsch et al., 2005b).
While synucleins have been primarily studied in the context of Alzheimer’s and Parkinson’s
disease (Irvine, El-Agnaf, Shankar, & Walsh, 2008), a.-synucleins regulate dopamine D2
synthesis (Perez et al., 2002). Bonsch and colleagues found increased a.-synuclein
expression in alcoholics, which was positively correlated with alcohol craving scores
(Bonsch et al., 2005a; Bonsch et al., 2004). In addition to this focus on dopamine pathway
genes, in an effort to identify novel genetic variants that were associated with alcohol
craving, we conducted a genomewide association study (GWAS).

Ad(dict Behav. Author manuscript; available in PMC 2014 February 01.
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The sample used for this study was the Study of Addiction: Genes and Environment (SAGE:
(Bierut et al., 2010)) which drew data from three independent family-based studies to create
a sample of unrelated DSM-1V alcohol dependent cases and alcohol exposed controls. The
parent studies were family-based and ascertained for alcohol dependence (Collaborative
Study of the Genetics of Alcoholism, COGA, (Begleiter et al., 1995)), nicotine dependence
(Collaborative Study of the Genetics of Nicotine Dependence, COGEND, (Bierut et al.,
2007)) and cocaine dependence (Family Study of Cocaine Dependence, FSCD (Bierut,
Strickland, Thompson, Afful, & Cottler, 2008). The SAGE series consisted of 1899
unrelated DSM-1V alcohol dependent cases and 1938 unrelated alcohol exposed (drank at
least one drink during the lifetime) controls.

All three parent studies used modified versions of the Semi-Structured Assessment for the
Genetics of Alcoholism (SSAGA, Bucholz et al., 1994) to assess substance use disorders
with good validity (Hesselbrock, Easton, Bucholz, Schuckit, & Hesselbrock, 1999) and
reliability (Bucholz et al., 1994). Alcohol craving was evaluated with a single item. In
COGA and COGEND, the item queried “In situations where you could not drink alcohol,
did you ever have such a strong desire for it that you couldn’t think of anything else?” In
FSCD, the item queried “Have you ever had such a strong craving for alcohol that you
couldn’t think of anything else?” DSM-1V alcohol dependence was defined by the clustering
of 3 or more dependence criteria in a 12 month period. Note that, consistent with DSM-1V,
craving was not utilized as a criterion to diagnose DSM-IV alcohol dependence.

Genotypic data

Genotyping was done with the Illumina Human 1M beadchip by the Center for Inherited
Diseases Research (CIDR) at Johns Hopkins University. A thorough data cleaning
procedure on the genotype samples was applied to ensure the highest possible data quality,
including using HapMap controls, detection of gender and chromosomal anomalies, hidden
relatedness, population structure, missing call rates, plate effects, duplication error detection,
and Hardy-Weinberg equilibrium (excluding SNPs with p < 1076) (Laurie et al., 2009;
Bierut et al., 2010). The final number of autosomal and X-chromosome markers consisted of
948,142 SNPs (only autosomal SNPs were used). The software package EIGENSTRAT/
EIGENSOFT (Price et al., 2006) was used to calculate principal components reflecting
continuous variation in allele frequencies representing ancestral differences in subjects. Two
principal components distinguishing African-American participants from European-
American participants and Hispanic and non-Hispanic subjects, were identified (Bierut et
al., 2010).

Factor Analyses

Descriptive statistics were computed in SASV9 (SAS Institute, 1999). As the items assessing
craving in COGA/COGEND and FSCD were slightly different, a multi-group confirmatory
factor model was used to determine (a) the factor loading (discrimination) and threshold
(difficulty) for craving in the full SAGE sample and (b) to examine whether these
parameters varied across the 3 contributing parent studies. Item response modeling was
conducted in MPlus v5 (Muthen & Muthen, 2007).
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Statistical Analysis

In the primary analysis, individuals endorsing craving (with or without DSM-1V alcohol
dependence) were designated as affected and those who did not report craving (whether or
not they met criteria for DSM-IV alcohol dependence) were designated as unaffected.
Secondary analyses were performed to examine the association of particular SNPs with
alcohol dependence without craving. For this analysis, individuals meeting criteria for DSM-
IV alcohol dependence who did not endorse the proposed DSM-5 craving item were
designated as affected and those who did not report craving and did not meet criteria for
DSM-1V dependence were designated as unaffected. Results were also compared to those
from our previous GWAS for DSM-1V alcohol dependence (Bierut et al., 2010).

PLINK (Purcell et al., 2007) was used to conduct all autosomal association analyses using
logistic regression models. Genotype was coded log-additively (AA, Aa/aA, aa) and
covariates representing sex, age at interview, whether participants were drawn from COGA
or FSCD (COGEND serving as the reference group) and the first two principal components
to account for ethnic variation in allele frequencies, were also included. As our primary
analysis, we examined SNPs in SNCA, which has been previously studied in relation to
alcohol craving, as well as genes in the dopamine pathway (DRDI1, DRDZ2, DRD3, DRD4,
SLC6EA3). For the analysis of these genes of a priorisignificance, we set a liberal threshold
of p < 0.05. Next, we conducted a genomewide search — as these analyses are exploratory,
statistical significance in the GWAS was set at p <5 x 1078, For both association analyses,
primary analyses were conducted to identify SNPs associated with alcohol craving. For
SNPs that were implicated in the primary analysis of craving, secondary analyses were
performed examining other comparisons. These included an analysis of only non-craving
individuals, contrasting those with and without alcohol dependence, as well as an analysis of
DSM-1V alcohol dependence and an adjustment for severity of alcohol dependence.

RESULTS

Sample characteristics

Table 1 provides the characteristics of those endorsing craving compared with those who did
not endorse it. An overwhelming proportion (97.3%) of those endorsing craving met criteria
for DSM-1V dependence. Nearly 48% of those who reported alcohol craving also endorsed
all 7 DSM-IV dependence criteria. COGA contributed a majority of the craving cases for
alcohol. Alternatively, as shown in Figure 1, endorsement of craving increased with
increasing number of dependence criteria endorsed with nearly 80% of those who reported
all 7 DSM-IV criteria also reporting craving

Factor analysis

Standardized factor loadings for all dependence criteria (0.80-0.92) and for craving (0.89)
were high in the full sample (Table 2). When factor loadings and thresholds (estimates of
prevalence) for craving were allowed to vary across COGA, COGEND and FSCD, factor
loadings remained consistently high while thresholds varied modestly across samples. A 4
degree of freedom test resulted in a significant chi-square difference (AX2= 27.8) although
this difference was entirely attributed to the threshold differences. Furthermore, excluding
craving from the factor analysis did not perturb the factor loadings for the DSM-IV
dependence criteria.

Genes in the dopamine pathway

Table 3 shows the results for SNPs in genes in the dopamine pathway. Only SNPs with a p-
value less than 0.05 for craving are shown and only for this subset of SNPs were
comparisons with DSM-1V alcohol dependence and dependence without craving made.

Ad(dict Behav. Author manuscript; available in PMC 2014 February 01.
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Setting a liberal threshold of p < 0.05, SNPs in DRDZ2, DRD3and SNCA showed evidence
for association with craving. Comparing the results for these SNPs with those for DSM-1V
alcohol dependence, SNPs in DRD3and SNCA appeared to have independent genetic
effects on craving, infrequently showing a p-value < 0.05 for alcohol dependence while for
DRDZ2, a number of SNPs associated with craving had a p-value < 0.05 for alcohol
dependence. With some exception, the SNPs associated with craving did not show p-values
< 0.05 for dependence without craving.

Figure 2 and Table 4 summarize the results of the autosomal genomewide analysis using the
craving for alcohol phenotype. The best association for craving was found for SNP
rs2454908 (p-value=1.83 x 107) on chromosome 16. Table 4 also compares results for
craving with those for DSM-IV alcohol dependence and with dependence without craving.
For rs2454908, the odds-ratio and p-value for craving and DSM-1V dependence were
comparable; however, the p-value for this SNP was 0.018 when examining dependence
without craving. Of the 30 most significant SNPs for craving, 20 SNPs also had p-values
less than 0.05 for DSM-1V alcohol dependence with or without craving, but only rs2454908
had a p-value less than 0.05 for dependence without craving. The overlap between alcohol
dependence and craving dropped steadily as the threshold for association with craving was
made less stringent (Figure 3).

Adjusting for severity of alcohol dependence

As indicated in Figure 1, craving was more common in those endorsing a greater number of
alcohol dependence criteria, an index of severity. We re-ran association analyses for SNPs in
Tables 3 and 4 including number of dependence criteria (0-7) as a covariate. Adjustment for
symptom count, as expected, attenuated p-values, in some cases. For genes in the dopamine
pathway, after correction, the 3 DRD3 SNPs with the lowest p-values (rs167770, rs226082
and rs324029) continued to show p-values less than 0.05. Three SNPs in SNCA also
remained associated (rs6834765, rs11944331 and rs3775439) with p-values indicating a
greater degree of significance upon adjustment for severity. For the GWAS, only 2 SNPs
(rs1595411 and rs10115971) were no longer associated with craving at p < 0.05 after
adjusting for severity. For example, after accounting for number of alcohol dependence
criteria, rs2454908 retained a p-value of 0.0002.

Discussion

Craving, reflecting strong desire or urge to use a drug, is being proposed for inclusion in
DSM-5. In the present analyses, while we did not identify any genomewide association
signals for craving, we found that a number of SNPs that were associated with alcohol
craving at p-values less than 1 x 1078 also showed nominal association with DSM-1V
alcohol dependence, but not with dependence excluding craving. Several SNPs in dopamine-
related genes did exhibit differing results when comparing craving and DSM-IV alcohol
dependence albeit at far lower levels of statistical significance. While imposing a high
statistical threshold yielded significant overlap across SNPs for craving and for alcohol
dependence, lowering this threshold and specifically focusing on genes of a prioriinterest
indicated potential biological specificity for craving.

We selected genes in the dopamine pathways because multiple imaging studies have
implicated dopamine-rich brain regions in experiments evoking cue-elicited craving for
cocaine (Volkow et al., 2006; Childress et al., 1999) and other drugs (Kalivas & O’Brien,
2008; Kalivas & Volkow, 2005). This limbic activation suggests that genes in dopamine
pathways might be of salience to craving but not all aspects of alcohol dependence. Despite
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the significant overlap between DSM-1V alcohol dependence and craving in our sample, we
saw some support for differential effects of SNPs on craving, alcohol dependence and
dependence without craving. We also found support for signals in SNCA, a gene previously
implicated in a partially overlapping sample (Foroud et al., 2007). However, the SNPs
identified from this study were not correlated with those identified by Foroud and
colleagues.

Multiple SNPs in DRD3were associated with craving alone, which supports the role of
dopamine pathway genes in craving. Dopamine receptors in the striatum are down-regulated
in alcohol dependent individuals (Volkow et al., 1996), and this reduction in striatal D2/3
receptors was shown to be associated with increased craving in alcoholics (Heinz et al.,
2004). These authors subsequently demonstrated that the increased alcohol craving was
inversely related to dopamine synthesis and binding in the same subjects (Heinz et al.,
2005). Similarly, Tupala and colleagues reported reduced D2/D3 binding in the nucleus
accumbens and amygdala among late-onset type 1 alcoholics, who have been hypothesized
to have a deficit in dopamine availability (Tupala et al., 2001). A more general study
revealed that decreased striatal D2/3 availability in healthy controls was associated with
greater impulsivity and craving for stimulants (Buckholtz et al., 2010). D3 knock-out mice
also show intense withdrawal from ethanol (Narita, Soma, Tamaki, Narita, & Suzuki, 2002).
In fact dopamine activation has been proposed to treat addictions in general, (Blum, Liu,
Shriner, & Gold, 2011) and more specifically, as a therapeutic target to reduce craving and
relapse in the “dopamine-impoverished addicted brain” (Diana, 2011). Our results, despite
not achieving genomewide levels of statistical significance, are promising in that they
support the results reported above.

In reviewing the present findings, it should also be recognized that craving experienced as a
consequence of cue exposure may differ from self-reported “strong desire or urge” to use
alcohol, which is the phenotype used in this study (Carter & Tiffany, 1999; Kozlowski,
Mann, Wilkinson, & Poulos, 1989; Marlatt & Gordon, 1985). Furthermore, craving is
commonly reported during abstinence and can be an aspect of withdrawal, but whether
anticipatory pleasure from alcohol use, cue-induced urges, desires to drink during
withdrawal and self-reported craving are overlapping, or even related, constructs has not
been well-explored (Moss, 2011). There is also evidence that craving for some drugs (e.g.
cocaine) is a significant contributor to relapse (O’Brien, 2005) with one study reporting that
alcohol craving was associated with time to relapse after residential treatment (Oslin, Cary,
Slaymaker, Colleran, & Blow, 2009). However, this effect was not noted for alcohol in one
large study (Leggio, Ray, Kenna, & Swift, 2009) and the effects were found to be even
weaker when considering self-reported craving (Drummond, 2001; Drummond, Litten,
Lowman, & Hunt, 2000; Lowman, Hunt, Litten, & Drummond, 2000).

It should also be noted that cue-elicited craving may be accentuated in individuals
experiencing negative emotional states, particularly in high risk situations. In the context of
the cognitive behavioral relapse prevention model (Marlatt & Gordon, 1985), under
situations of stress (Larimer, Palmer, & Marlatt, 1999; Hendershot, Witkiewitz, George, &
Marlatt, 2011), the anticipatory pleasure (i.e. positive reinforcement, preexisting
expectancies) associated with drug-taking is heightened, intensifying craving. In fact, stress-
induced craving has been found to be a more potent predictor of relapse than drug-cue
induced craving (Sinha, Garcia, Paliwal, Kreek, & Rounsaville, 2006; Sinha et al., 2011).
Therefore, our association signals in dopamine pathway genes, which have previously been
implicated in cue-induced craving, may have shown modest p-values for self-reported
craving, in part, due to the well-documented variations between cue-induced, stress-induced
and self-reported craving.
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The most significant association for alcohol craving in this GWAS was an intronic SNP,
rs2454908, in the integrin, alpha D (/TGAD) gene which belongs to the CD11 antigen-like
family of genes. To the best of our knowledge, the only potentially functionally relevant
SNP that is in moderate linkage disequilibrium with this marker is in the 3" untranslated
regulatory region of the neighboring Integrin, alpha X (/TGAX) gene. How this SNP relates
to alcohol craving is unknown. A number of SNPs in the potassium voltage-gated channel,
KQT-like subfamily, member 3 (KCNQ23) gene were also associated with craving. The
protein encoded by this gene, along with the protein product of KCNQZ2and KCNQ@5, form
potassium M channels that are critical in neuronal excitability and variants in KCNQ5 were
previously identified in an African-American subset of individuals with alcohol dependence
(Kendler et al., 2011). Of particular relevance to our study, Koyama et al (Koyama, Brodie,
& Appel, 2007) have reported that ethanol induced excitation of dopamine neurons in the
Ventral Tegmental Area (VTA) can be attributed to inhibition of currents in M-channels.

An important observation in these data was that (a) nearly all those who endorsed craving
met criteria for DSM-1V alcohol dependence and (b) craving was more commonly reported
in those with a greater number of alcohol dependence symptoms, which is consistent with a
prior latent class analysis in an extended subset of these data (Foroud et al., 1998). These
findings, despite being drawn from a study ascertained for alcoholism, are consistent with
the extant epidemiological literature that notes that craving, while being an excellent item
when distinguishing between those at high versus lower liability to alcohol dependence, is
only effective at making this distinction in individuals at high risk. In the context of
psychometrics, the craving item has high discrimination (i.e. good factor loading) and high
difficulty/severity (i.e. infrequently endorsed by low risk individuals). For instance, in the
National Longitudinal Alcohol Epidemiologic Survey (NLAES), craving cohered well with
other DSM-1V alcohol dependence criteria, had the second highest discrimination and also
the highest severity (with the exception of the abuse criterion of legal problems, which is
proposed for exclusion in DSM-5). This indicates that the utility of craving will be most
noticeable in distinguishing individuals with multi-symptom alcohol dependence but less so
in those at low to moderate risk. That craving will add additional alcohol use disorder cases
to DSM-5 diagnosis remains uncertain as, in our study and other epidemiological
investigations (e.g. (Agrawal et al., 2011; Keyes, Krueger, Grant, & Hasin, 2010)), those
reporting craving already met the burden of diagnosis. Therefore, as currently
conceptualized craving, doesn’t significantly modify the epidemiology of alcohol use
disorders but adds predictive utility in high risk individuals. Despite this significant overlap
between craving and severity of alcohol dependence, a number of our candidate gene and a
majority of the GWAS signals retained p-values < 0.05 after adjusting for severity. This
would suggest further specificity of these SNPs in the etiology of craving.

Some limitations of our study should be noted. First, our sample drew from parent studies
with differing ascertainment criteria and this may have contributed to heterogeneity in those
endorsing craving. Our factor analyses, however, indicated that heterogeneity is attributable
to the relative frequency of endorsement of craving across the parent studies, but not in its
relationship with dependence. Second, as our sample was designed to be enriched for
alcohol and drug dependent individuals, results from our study may not generalize to the
population. Nonetheless, phenotypic similarities with epidemiological studies are apparent.
Third, none of the association signals surpassed genomewide significance and hence, our
comparison across craving, dependence without craving and DSM-IV dependence, which
relied on p-values, may be confounded with a high rate of false positive findings.
Replication will be necessary before we can be confident in these findings. Although 97% of
individuals endorsing the craving item were alcohol dependent, the observation that some
SNPs uniquely associated with craving while other SNPs were only associated with alcohol
dependence demonstrate both the heterogeneity of the alcohol dependence diagnosis and the
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potential specificity of the craving item. Similar results were reported by Foroud et al (2007)
in that SNPs in SNCA were associated with craving but not with alcohol dependence.

Perhaps most importantly, the definition of craving is known to have a significant impact on
its psychometric relationship with the construct of dependence — we used a single item that
approximates the proposed DSM-5 criteria, however more work is required to outline
whether this definition of craving is optimal for diagnostic purposes and for genetic analysis.
The single craving item was employed in both a family-based study of European subjects in
which it was associated with SNPs in SNCA (Foroud et al, 2007) as well as in a family-
based linkage study of Mission Indians, which estimated the heritability of craving using
this singe item to be 65% (Ehlers & Wilhelmsen, 2005).

Although a multi-dimensional craving assessment such as the Desires for Alcohol
Questionnaire (DAQ) might offer a more powerful model providing overlapping and
perhaps additional independent association results, we were unable to employ this measure
in the current study because the questionnaire was only administered to a small subset of one
participating study. However, Kramer et al (Kramer et al., 2010) have studied the DAQ and
found it to correlate well with this single craving item. Whether the 3 facets identified in that
study (Strong Desires/Intentions, Negative Reinforcement and Positive Reinforcement and
ability to control drinking) yield differing genetic signals should be investigated when larger
samples with genetic data become available.

Overall, in our sample ascertained for alcohol dependence, we found that craving was
strongly associated with severity of dependence. This may indicate its potential role in
relapse. However, based on our work and that of numerous others, there is a significant need
for research to further clarify how craving should be operationalized for diagnostic and
research purposes. The genomic analyses presented here lead to two important conclusions —
first, much larger sample sizes will be required to detect genes of small effect for craving.
Despite the relatively high prevalence for craving in our sample (relative to epidemiological
cohorts), we did not succeed in identifying signals of genomewide significance. Second,
despite the overlap in some of the top signals across craving and alcohol dependence, there
was some evidence of specificity in association when examining genes in the dopamine
pathway and further, our GWAS signals for craving do not appear to be entirely attributable
to the high degree of overlap between craving and severity of alcohol dependence. There
needs to be a continued effort to examine candidate genes that may be particularly relevant
to craving — while we explore one major family of genes in this study, multiple others in
GABA-ergic, glutamatergic and opioidergic pathways have also been posited as
participating in the neurobiology of craving (Kalivas & Volkow, 2005). While we could not
conclude the extent to which the specificity of our association signals for the dopamine
genes was due to false positive or negative findings, future studies may wish to focus on
these genes with additional measures of craving.
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FIGURE 1.
Percentage (dark shading) of those with 0 to 7 DSM-1V dependence criteria who also
endorsed alcohol craving.
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Manhattan plot showing genomewide association study (GWAS) results for alcohol craving.
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Figure 3.
Proportion of SNPs with a p-value < 0.05 for DSM-IV alcohol dependence amongst SNPs
with varying p-values for alcohol craving.
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Table 1

Sample characteristics for 3,976 individuals from the Study of Addiction: Genes and Environment.

Page 17

Craving (N=841)

No Craving (N=3135)

Alcohol Dependence (N=1080)

No Alcohol Dependence (N=2055)

Sex (Male) 59.2% 61.8% 31.2%

Mean Age 39.4[SD 9.2] 38.6 [SD 9.3] 39.3[SD 9.1]
European-American 67.5% 62.9% 74.0%
Hispanic 4.4% 3.6% 3.1%
COGA 57.1% 38.8% 26.6%
FSCD 25.1% 31.9% 29.8%
COGEND 17.8% 29.4% 45.2%

Meet criteriafor DSM-IV dependence  97.3% 100% 0%

Mean number of dependencecriteria  5.95 [SD 1.3] 45[SD 1.3] 0.6 [SD 0.8]

SD - Standard Deviation
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Factor loadings and endorsement prevalence for craving relative to DSM-1V dependence criteria in 3976

subjects from SAGE.

Loading Prevalence (%)

Craving .89 21
DSM-1V criteria

Tolerance .80 47
Withdrawal 91 25
Larger/Longer .87 61
Quit attempts .87 46
Time Spent .89 28
Give up activities .92 29
Use despiteproblems .88 46

The factor loadings are drawn from a confirmatory single factor model fit in MPIlus.
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