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Abstract
Cocaine induced neuroplasticity changes in the mesocorticolimbic dopamine systems are thought to
be involved in the pathophysiology of cocaine dependence. Since neurotrophic factors have been
observed to prevent/reverse and mimic cocaine-induced neurobiological changes in the brain, related
genes are plausible candidates for susceptibility to cocaine dependence. The novel conserved
dopamine neurotrophic factor protein (CDNF) promotes the survival, growth, and function of
dopamine-specific neurons and is expressed in brain regions that undergo cocaine-induced
neuroplasticity. In this study, we hypothesize that polymorphisms in the CDNF gene (CDNF/
ARMETL1) contribute to increased risk for cocaine dependence. Cocaine dependent individuals
(n=351) and unaffected controls (n=257) of African descent were genotyped for four single
nucleotide polymorphisms (SNPs) in the CDNF gene (rs11259365, rs7094179, rs7900873,
rs2278871). We observed no significant differences in allele, genotype, or haplotype frequencies
between cases and controls for any of the tested SNPs. Our study suggests that there is no association
between variants in the CDNF gene and cocaine dependence. However, additional studies using
larger sample sizes, comprehensive SNP coverage, and clinically homogenous populations are
necessary before confidently excluding CDNF as a significant genetic risk factor for cocaine
dependence.
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INTRODUCTION
Cocaine dependence is characterized by compulsive cocaine seeking and continued cocaine
use despite adverse consequences. The profound loss of behavioral control is the hallmark of
cocaine addiction and contributes to the high risk of relapse. Today, there are no FDA approved
pharmacological treatments for cocaine dependence available. While the interplay between
genetic and environmental factors underlying cocaine dependence is not fully understood,
studies have estimated that approximately two-thirds of an individual’s risk for developing
cocaine dependence is heritable [23,24]. Identifying genetic susceptibility factors for cocaine
dependence may provide important insights into pathophysiology and eventually may lead to
better and more effective therapies.

Research over the last several decades indicates that neuronal activity in the mesocorticolimbic
dopamine system is responsible for cocaine reward [39,50] and contributes to relapse [21,
42]. Current hypotheses of cocaine dependence invoke drug induced neuroadaptations in
reward-related learning and memory processes in the mesocorticolimbic dopamine system and
glutamatergic corticolimbic circuitry [12,22,32,51]. Cocaine induced neuroplasticity changes
in certain brain regions, including the striatum and ventral tegmental area (VTA), may underlie
mechanisms of cocaine dependence [5,6,34,43,47,48,52]. Recent evidence suggests that
neurotrophins, such as brain-derived neurotrophic factor (BDNF) and its intracellular signaling
pathways, are involved in neuroadaptive changes in the dopaminergic or glutamate systems
[7,41,45]. Several experiments in rodents for example show that acute and chronic
administration of BDNF has effects on behavioral paradigms, including cocaine self-
administration, cocaine seeking and conditioned responses to cocaine. Taken together, these
studies suggest that neurotrophic factors play an important role in the pathophysiology of
cocaine addiction or addictive behavior in general.

Recently, a novel neurotrophic factor has been discovered. The conserved dopamine
neurotrophic factor (CDNF) is a trophic factor for dopamine neurons that promotes the survival,
growth, and function for dopamine-specific neurons. CDNF is present in various brain regions,
including both the striatum and VTA. A recent study showed that CDNF protein injections
restored dopaminergic function and prevented degeneration of dopaminergic neurons in mouse
models of Parkinson’s disease [26]. No further studies have investigated whether CDNF plays
a role in other neurological, psychiatric or substance use disorders. Given the biological
rationale for studying this gene, we tested the hypothesis that genetic variation in the conserved
dopamine neurotrophic factor gene (CDNF/ARMETL1) might contribute to neuroplasticity
changes in mesocorticolimbic dopamine system and confer susceptibility to cocaine
dependence.

MATERIALS AND METHODS
Sample collection

Blood samples for DNA isolation were collected from cocaine-dependent individuals of
African-American decent (n=351; 72% male, mean age: 43) during clinical studies of cocaine
dependence at the University of Pennsylvania Treatment Research Center. Subjects were at
least 18 years of age. All were assessed with the Structured Clinical Interview for DSM
Disorders (SCID) and urine drug screens were obtained. All patients had a clinical diagnosis
of cocaine dependence as defined by DSM-IV. Patients with drug use that did not fulfill abuse
or dependence criteria were included in the study. Family history was not obtained and ethnicity
was determined by self-report. All psychiatric axis I disorders except alcohol dependence/
abuse and nicotine dependence were used as exclusion criteria. In addition, participants were
excluded if they had a history of a seizure disorder (except cocaine-induced seizures) or a
severe medical illness, including a history of AIDS (but not merely of HIV+ status). Individuals
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currently being treated with psychotropic medications or with psychiatric symptoms, including
psychosis, dementia, suicidal or homicidal ideation, mania or depression requiring
antidepressant therapy were also excluded [27]. Blood samples from control persons of
African-American descent (n=257; 29% male, mean age: 40) were collected at the University
of Pennsylvania, Thomas Jefferson University, and the National Institute of Mental Health
Genetics Initiative (www.nimhgenetics.org). Control individuals were screened for history of
substance use disorders or other psychiatric illness. They were not assessed with a urine drug
screen and ethnicity was determined by self-report. Subjects with a history of substance
dependence or a history of major psychiatric illness were excluded from this study [8]. Patients
and controls were not matched for sex and age in this genetic association study. This could be
a potential confounding factor since epidemiologic data show that the incidence for cocaine
dependence is higher among men; however, autosomal alleles seldom show sex differences in
frequency and SNP frequencies are unlikely to change with age. Furthermore, no clear
relationship has been established between age and genotype in a complex disease with variable
age of onset [13,25]. Genomic DNA was extracted from peripheral leukocytes within obtained
blood samples by standard protocols. All protocols were approved by the Institutional Review
Boards at Thomas Jefferson University and the University of Pennsylvania, and all subjects
provided written informed consent before blood sample collection.

SNP selection and genotyping
The CDNF gene is located on chromosome 10p13. CDNF contains 4 exons and spans 18,732bp
(Ensembl Human Exon View accession ENST00000378441). SNPs for genotyping were
selected using the tagging SNP algorithm based on available HapMap data with a minor allele
frequency > 0.18 in the Yoruban population and a pairwise linkage disequilibrium (LD) r2

cutoff of > 0.8. Only 4 tagging SNPs fulfilled these criteria: SNP1: rs11259365 (intron 1);
SNP2: rs7094179 (intron 1); SNP3: rs7900873 (intron 3); SNP4: rs2278871 (3′UTR). SNP
genotyping was performed using Applied Biosystems Inc. (ABI) (Foster City, CA, USA)
‘Assays-on-demand’ as per manufacturer protocol. Quality control was maintained by
genotyping 10% duplicates for cases and controls.

Statistical analyses
Genotype and allele frequencies were compared between groups using χ2 contingency analysis.
A two-tailed type I error rate of 5% was chosen for the analysis. Linkage disequilibrium (LD)
and haplotype frequencies were estimated using the Haploview software (version 4.1).
Haplotype blocks were identified using the solid spine of LD method in Haploview [4].
Correction for multiple testing was performed using permutation correction by the Haploview
program [4]. This approach corrects for multiple testing but takes into account the correlation
between markers. Permutation correction is thus less conservative than the Bonferroni
correction but is appropriate for independent tests with multiple markers [9]. For the single-
marker analysis, 10,000 permutations were carried out to estimate the significance of the best
results, correcting for the four loci tested. Haplotype analysis was performed using the
Haploview software and P-values were corrected by permutation analysis as described above.

Our sample size had reasonable power to detect a disease association at a P-value less than or
equal to 0.05, assuming an odds ratio of 1.5 and a minor allele frequency of 30% (99% for log-
additive mode of inheritance, 92% for dominant, and 56% for recessive modes of inheritance).
Power analysis was performed using the Quanto program [15].

RESULTS
None of the genotype distributions deviated significantly from those expected by Hardy-
Weinberg equilibrium for cases or controls. LD measures and haplotype blocks across the
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CDNF gene are shown in Fig. 1. We observed moderate LD across the gene with one exception,
specifically in the 3′ region, where weak LD was observed. Single marker analysis did not
yield evidence for association on the genotypic level or allelic level for any of the SNPs (Table
1). After permutation correction, haplotype analysis did not produce any evidence for
association with disease (Table 2). Genotyping success rates were between 98.1% and 99.2%.
The mean concordance rate for all the markers was 97.4 ± 2.8% with respect to the 10% of
samples that were genotyped twice for quality control. Allelic frequencies were consistent with
those reported in the Hapmap database for Yoruba in Ibadan, Nigeria.

DISCUSSION
Dopaminergic brain systems have been implicated to play a major role in drug reward [20],
thus making genes involved in these circuits plausible candidates for influencing susceptibility
to substance use disorders. In fact, several genes coding for the dopaminergic system have been
investigated in cocaine dependence including genes for the dopamine receptor D2 (DRD2)
[16,30,33,36] the dopamine receptor D3 (DRD3) [10,14,30], the dopamine receptor D4
(DRD4) [3], the dopamine transporter (DAT) [17,18,37] and the catechol-O-methy-transferase
(COMT) gene [27]. The results of all these studies have been conflicting with some positive
reports and some negative findings, possibly due to small sample sizes and the complex genetic
nature of cocaine dependence. In this study we investigated whether polymorphisms in the
CDNF gene, another gene involved in dopaminergic neurotransmission, confer risk to cocaine
dependence. Neither single marker analysis nor haplotype analysis produced evidence in
support of an association between the CDNF gene and cocaine dependence among individuals
of African descent. While these results suggest that polymorphisms in CDNF do not play a
major role in cocaine dependence, several limitations in our study must be considered carefully
before excluding CDNF as a susceptibility gene for cocaine dependence.

One of the conceptual strengths, and at the same time a weakness of genetic association studies,
lies in their design. The key concept of DNA population association studies is the use highly
informative genetic markers as surrogates for the block structure of the human genome.
Investigating markers across a gene that are in strong LD, and thus likely to be inherited together
as a block, reduces the amount of tests needed for association analysis. While this approach
has the advantage of detecting major susceptibility factors in LD using only a few selected
markers, it fails to detect rare variants that may be causative and does not take into account the
complex LD patterns that may exist in the tested population. We selected four Hapmap tagging
SNPs in order to provide broad coverage of the CDNF gene. We observed moderate LD values
between markers that spanned the gene with exception, however. The 3′ region of CDNF
between SNP3 (rs7900873) and SNP4 (rs2278871) is approximately 2.5kb. The observed LD
between these two markers was low (D′=0.51) (Figure 1), indicating that our coverage of this
region was weak. Weak LD may be explained by a frequent occurrence of conversions [1] and
homologous recombination in that region of the gene, a phenomenon termed as a
“recombination hotspot”. Recombination hotspots are DNA sites at which recombination
occurs at increased rates due to discrete recombination signaling sequences and interacting
proteins [49]. They occur on average every 200 kilobases across the human genome [29,31].
Given this weak LD, there may be polymorphisms between SNP3 and SNP4 that are associated
with cocaine dependence which our study failed to detect. Additional studies are needed to
genotype more SNPs in that region or conduct large scale sequencing of cases and controls to
comprehensively cover the gene. Such gene coverage is necessary before conclusively
excluding CDNF as a genetic risk factor of cocaine dependence.

Another limitation of this study was the sample size, which had limited statistical power to
detect risk alleles that contribute small effects to the overall disorder. This limited power could
explain our negative results. Additional studies with larger sample sizes should be conducted
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to test for polymorphisms in the CDNF that may contribute small effects to susceptibility to
cocaine dependence. However, it must also be considered that larger sample sizes may increase
genetic heterogeneity and contribute to undetected population stratification, which would
negatively impact the interpretation of association analysis [28]. Unaccounted differences in
population structure can create associations in and of themselves and lead to inaccurate
interpretation of results [40]. The possibility of unaccounted differences in population structure
is especially relevant to analyses involving individuals of African descent since there is
substantial genetic heterogeneity among African Americans [35,38,46,54]. Genomic controls
and/or the utilization of family-based association studies may control for these stratification
issues [2,11,44]. Future studies investigating associations between CDNF and cocaine
dependence with larger samples sizes should utilize genomic controls or family-based
association paradigms to control for stratification issues.

When conducting genetic association studies, the clinical phenotype might add additional
heterogeneity which could obscure an association or lead to a false positive finding. Patients
with co-morbid alcohol dependence/abuse and nicotine dependence were not excluded from
our cocaine dependent population. While all patients were diagnosed with cocaine dependence
in accordance with the DSM-IV criteria, co-morbid alcohol and nicotine use might have
differed between patients. It has been shown that genetic factors play a role in nicotine
dependence [53] and alcoholism [19], thus perhaps shared genetic factors contribute to all
substance use disorders. Hence, unaccounted clinical heterogeneity within a population may
have exacerbated genetic heterogeneity among the cocaine cases and may have led to false
negative or positive findings. Although all patients were diagnosed according to DSM-IV
criteria and the diagnosis of cocaine dependence was supported by urine drug screen data, the
control subjects were assessed using semi-structured interviews but did not undergo urine drug
testing. While drug testing is useful in establishing a diagnosis, it might not be useful for
assessment of controls since it does not rule out past exposure or substance use. Unreported or
minimized substance abuse in the control population is thus an important limitation that needs
to be considered; however, even under the assumption that the control group had 1% of
undetected cocaine dependence cases, assuming the general prevalence rate of cocaine
dependence in the control population, this factor might have only minor impact when
comparing cocaine cases to the group of controls.

In summary, our results do not support an association between polymorphism in the CDNF
gene and cocaine dependence in individuals of African descent. However, additional studies
using larger sample sizes, comprehensive SNP coverage, and independent, homogenous
populations are necessary before excluding CDNF as a contributing genetic risk factor for
cocaine dependence.
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Figure 1.
Linkage disequilibrium measures (D′) across a schematic representation of the CDNF gene.
LD patterns and haplotype blocks were defined by the “solid spine of LD” using the Haploview
software. A standard color scheme is used to display LD pattern, with dark red for very strong
LD, white for no LD, and shades of red for intermediate LD. Increasing intensity of red indicates
increasing degrees of LD. The number inside each block indicates the calculated D′ value.
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