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Abstract
Disulfiram is a cocaine addiction pharmacotherapy that inhibits dopamine β-hydroxylase (DβH)
and reduces norepinephrine production. We examined whether a functional variant of the
ADRA1A gene (Cys to Arg at codon 347 in exon 2, Cys347Arg) may enhance treatment response
through decreased stimulation of this α1A-adrenoceptor, since antagonists of this receptor show
promise in reducing cocaine use. Sixty-nine cocaine and opioid co-dependent (DSM-IV) subjects
were stabilized on methadone for two weeks and subsequently randomized into disulfiram (250
mg/day, N = 32) and placebo groups (N = 37) for 10 weeks. We genotyped the ADRA1A gene
polymorphism (rs1048101) and evaluated its role for increasing cocaine free urines in those
subjects treated with disulfiram using repeated measures analysis of variance, corrected for
population structure. The 47 patients who carried at least one T allele of rs1048101 (TT or TC
genotype) reduced their cocaine positive urines from 84% to 56% on disulfiram (p = .0001), while
the 22 patients with the major allele CC genotype showed no disulfiram effect. This study
indicates that a patient’s ADRA1A genotype could be used to identify a subset of individuals for
which disulfiram and, perhaps, other α1-adrenoceptor blockers may be an effective
pharmacotherapy for cocaine dependence.
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1. Introduction
Cocaine dependence (CD) is widely recognized as a chronic medical illness for which there
is currently no US Food and Drug Administration (FDA) approved pharmacotherapy
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(McLellan et al., 2000). CD frequently co-occurs with opioid dependence, particularly in
methadone maintenance programs, and contributes to worsened psychosocial outcomes
(Kosten et al., 1988). In this population, rates of cocaine use may range from 30% to 80%
(Grella et al., 1997) and contribute to increases in HIV risk behaviors and/or transmission,
continued illicit opioid use, increased number of hospitalizations for drug and alcohol
problems, and increased emergency department utilization (Meandzija et. al., 1994; Magura
et al., 1998; Bovasso and Cacciola, 2003). Cocaine is also a common co-intoxicant in cases
of fatal methadone overdose (Wolf et al., 2004). Various pharmacological approaches have
been evaluated to reduce CD, but with only moderate success (Shorter and Kosten, 2012).

The psychostimulant properties of cocaine stem from its ability to inhibit reuptake at the
dopamine, serotonin, and norepinephrine transporters, producing an increase in synaptic
levels of these neurotransmitters (Rothman and Baumann, 2003). In persons abusing
cocaine, evidence suggests that stimulation of the noradrenergic system contributes to
reward and reinforcement from the drug. Dopamine transporter (DAT) knockout (KO) mice
continue to self-administer cocaine, suggesting that blockage of DAT alone is not sufficient
to account for the reinforcing effects of cocaine and that other neurotransmitter systems
must contribute (Carboni et al., 2001). Additionally, norepinephrine transporter (NET) KO
mice display a reduced response to acute cocaine administration, when compared to wild-
type controls, although behavioral sensitization to cocaine remained unchanged (Mead et al.,
2002). A functional coupling of the noradrenergic system to the dopaminergic system may
be mediated through the activation of α1A-adrenoceptors, contributing to a cocaine-induced
increase in synaptic levels of norepinephrine (NE) and subsequent increase in firing of
dopamine (DA) neurons in the ventral tegmental area and prefrontal cortex (Paladini and
Williams, 2004). In addition to its role in the acute effects of cocaine, the noradrenergic
system underlies the neurobiology for stress-induced reinstatement of drug seeking
behavior. Preclinical evidence has demonstrated that pharmacologic blockade of this system
attenuates reinstatement of cocaine-seeking behavior in rats (Leri et al., 2002). These
findings suggest that decreasing noradrenergic stimulation of α1A-adrenoceptors may
represent an exciting potential pharmacotherapeutic target for treatment of CD.

Disulfiram (Antabuse, Antabus), which acts on multiple enzymes through copper chelation,
inhibits dopamine β-hydroxylase (DβH), the enzyme responsible for transformation of DA
to NE (Gaval-Cruz and Weinshenker, 2009). Disulfiram has shown initial promise in
treating CD among opioid-dependent patients (George et al., 2000; Petrakis et al., 2000;
Carroll et al., 2004; Schroeder et al., 2010) as well as CD in the context of abuse of other
substances (i.e., alcohol) (Carroll et al., 1998). Inhibition of DβH decreases brain NE levels,
leading to a subsequent reduction in stimulation of α1A-adrenoceptors. In a series of recent
studies, our group found that pharmacologic antagonism of α1A-adrenoceptors with prazosin
reduced cocaine-induced reinstatement of cocaine-seeking in rats (Zhang and Kosten, 2005;
Zhang and Kosten, 2007), and doxazosin reduced cocaine use in humans (Shorter et al.,
2013, in press).

The strong genetic basis of CD, estimated at up to 72% (Goldman et al., 2005) encourages a
molecular genetics approach to understanding disulfiram’s mechanism of action in the
treatment of this illness. In a previous study, our group showed that a DBH genetic
polymorphism associated with relatively low DβH levels (rs1611115), (CT/TT) identified
CD patients who do not reduce their cocaine use in response to treatment with disulfiram,
perhaps reflecting the relatively small reduction in NE levels observed in this group and the
subsequently small reduction in noradrenergic stimulation (Kosten et al., 2013). As part of
this larger pharmacogenetics study, and in order to further identify clinical subpopulations in
which the efficacy of disulfiram may be improved, in this present study we examined
selected CD patients based upon ADRA1A genotype. The gene ADRA1A that codes for the
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α1A-adrenoceptor has a functional polymorphism rs1048101 in exon 2 coding for the
substitution of an arginine (ARG) for a cytosine (CYS) at codon 347 of the C-terminus (Lei
et al., 2005), that may alter the activity of this receptor and impact cognition. More
specifically, this polymorphism may impact activation of α1A-adrenoceptors reported to
influence critical functions for prevention of relapse in CD including vigilance, impulsivity,
and working memory (Puumala et al., 1997; Arnstein et al., 1999).

The first aim of this study is to determine whether CD patients who were carriers of the T
allele (TT/TC) which codes for the Cys347 form of the α1A-adrenoceptor have a different
response to disulfiram than patients who are homozygous (CC) for the Arg347 form of the
receptor. We hypothesize that individuals who are T allele carriers (Cys form) will respond
preferentially to disulfiram, displaying a greater reduction in cocaine use when compared to
individuals who are Arg347Arg homozygous. If one of these genotype groups is associated
with a preferential response to disulfiram, a second aim is to examine the impact of this
“preferred” ADRA1A genotype in the context of DBH activity. We hypothesize that patients
with a genotype pattern consisting of those carrying the preferred ADRA1A allele (i.e., the
Cys form) with the DBH -1021C/T CC genotype that is associated with normal DβH levels
will have a better response to disulfiram, in contrast to a poorer response to the medication
in the group of patients with lower DβH levels (CT/TT) or the ADRA1A Arg347Arg CC
genotype.

2. Experimental procedures
Patients

From 2005 to 2006 at Yale University (N =40) and then from 2006 to 2008 at the Baylor
College of Medicine (N= 53), 93 patients entered into a clinical trial to evaluate disulfiram
for cocaine dependence. At the time of screening, patients underwent physical examination
and psychiatric evaluation as well as assessment of laboratory values. During intake, each
participant was interviewed using the Mini International Neuropsychiatric Interview (MINI
(English Version 5.0.0., 1 July 2006); Sheehan et al., 1997) and completed the Addiction
Severity Index (ASI-Lite; McLellan et al., 1992). Initially, patients entered a two-week
screening period during which they were stabilization on methadone maintenance. Patients
were selected based on thrice weekly urine toxicology being positive for both opiates and
cocaine metabolites during this screening and were retained if they had at least one cocaine
positive urine samples leading to 11 patients being excluded. Eight additional patients
dropped out during the screening period (i.e., lost to follow-up). Five additional patients
were excluded from the remaining 74 cocaine and opioid dependent patients due to lack of
genotypic data (Kosten et al. 2013). All patients met DSM-IV criteria for opioid and cocaine
dependence. Other exclusions included a current diagnosis of other drug or alcohol
dependence (other than tobacco), current major medical illness that was not stabilized on
medications, a history of major psychiatric disorder (psychosis, schizophrenia, bipolar),
current suicidality, and an inability to read and understand the consent form. Women of
childbearing age were included provided they had a negative urine pregnancy test, agreed to
use adequate contraception to prevent pregnancy during the study, and agreed to monthly
pregnancy tests. All signed an informed consent approved by Yale University and the
Baylor College of Medicine Institutional Review Boards that gave specific consent for
genetic studies. Ethnicity was based self-report of ethnic/cultural background of the patients.

Study Design and Medications
The remaining 69 patients were stabilized on methadone maintenance at 60 mg daily and
were assigned randomly to placebo or disulfiram 250 mg daily. Methadone dose increased
from an initially 25 mg by 5 mg per day until patients reached a 60 mg maintenance dose.
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Individual manual-driven cognitive behavioral therapy (Carroll, 1997) was provided weekly
to all patients. Supervised urine samples were obtained thrice weekly and tested for the
presence of cocaine metabolite (benzoylecgonine) and other drugs using an Olympus AU
640 Emit system (Olympus America Inc., Melville, NY) with a cut-off concentration of 300
ng/ml. We obtained saliva samples for genotyping.

Genotyping
The DNA was purified as previously described (Kosten et al., 2013). Briefly, DNA was
isolated from pelleted buccal cells that were obtained by centrifugation of 10 ml Scope
mouthwash that was used to rinse the subject’s mouth for 60 second using the Gentra
Puregene Buccal Cell Kit (Qiagen, Valencia, CA) following the manufacturer’s
recommendations.

ADRA1A genotype was determined using a5’-fluorogenic exonuclease assays (TaqMan®,
Applied Biosystems, Foster City, CA). The ADRA1A Cys347Arg genetic variant was
genotyped using the TaqMan® primer-probe set (Applied Biosystems) ADRA1A
rs1048101, Assay ID C_ 2696454_30. Genotyping was conducted using the condition as
described previously (Kosten et al., 2012) All genotype analyses were performed by an
individual unaware of the clinical status of the subjects. Sex was determined using an SRY
rs11575897 (C_32310143_10, Applied Biosystems) TaqMan® assay and ten ancestry
informative markers were genotyped as described (Kosten et al., 2012). All TaqMan®
assays were performed in duplicate.

Statistical Analysis
Our sample size of 69 with at least 32 patients in each treatment group had a power of 0.8
with alpha 0.05 based on effect sizes from three previous Yale studies of disulfiram for
cocaine. We compared baseline differences in demographics and drug use history using chi
squared or t-test. A repeated measures analysis of variance (ANOVA) used the number of
cocaine positive urines over the total number of samples (six) for each two week period to
compare disulfiram to placebo over time and to determine if the effect of disulfiram is
modulated by the ARDA1A genotype using R version 2.9.1 (R_Development_Core_Team,
2009). We compared condition (disulfiram or placebo), ARDA1A genotype (0 = TT/TC
genotype, 1 = CC genotype), time (each two week period), and interactions between
condition and time, and between condition and ARDA1A genotype. We analyzed all
individuals who had complete data (N = 56) and unbalanced repeated measures ANOVA for
all individuals (N = 69). The two analyses yielded similar results.

We used genotype patterns of the ADRA1A and the DBH genes and a similar statistical
approach to analyze disulfiram’s mechanism of action using ADRA1A genotypes by
dividing the cohort in those with both an ADRA1A TT or TC genotype and a DBH CC
genotype and then comparing this group to those with all other genotype patterns combined
to test the hypotheses about the effects of baseline norepinephrine (NE) supply on the
efficacy of disulfiram for cocaine dependence. We expected disulfiram to maintain its
efficacy in the responder ADRA1A group when paired with normal DBH level, but
disulfiram to be ineffective in those patients without this genotype pattern.

To determine population structure, our cohort was compared against CEPH-HGDP samples
(1,035 subjects of 51 populations) as described (Kosten et al., 2013). For all analyses we
corrected for any possible confounding effects, by including the proportion of each subject
from the founder populations as well as gender and site effects as covariates in the model.
The obtained p-values were very similar to those obtained when we did not correct for these
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covariates. Furthermore, analyses were performed with the total group then within the two
ARDA1A subgroups.

3. Results
Baseline characteristics by treatment and ARDA1A genetics

We were unable to genotype five patients for the α1A -adrenergic receptor gene (ARDA1A)
thereby providing a sample of 69 patients who were randomized, 32 patients to disulfiram
and 37 to placebo. Of this group, we found that 14 patients possessed the TT genotype,
while 33 patients carried the CT genotype and 22 patients carried the CC genotype. The
patients were mostly Caucasian males with a mean age of 39 years and 13 years of opiate
abuse. They used cocaine for a mean of 13 years and for 19 days in the month before
entering the study. Forty (54%) patients had been previously treated with methadone
maintenance. Only 29 patients (39%) reported any alcohol abuse history reflecting our
exclusion criteria, and 39 patients (53%) reported marijuana use. As shown in Table 1, we
found no significant baseline differences among the four treatment by genotype groups in
any clinical characteristics (p >.05), with the exception of percentage with a past history of
marijuana abuse (p = 0.05).

Cocaine Treatment Outcomes by ARDA1A Genotype
Similar to our previous report, cocaine positive urine screens showed a significant difference
between treatment groups. The positive cocaine urine rates decreased from 80% during the
baseline two weeks to 59% for disulfiram and to 77% for placebo during the last two weeks
of treatment (F = 13.0; df = 1,550; p <.0005) (Kosten et al., 2013). For the current analyses,
we divided the 69 patients who had been genotyped at the ARDA1A gene into two groups
based upon whether or not they carried the rs1048101 T allele. When separated into these
two genotype groups (CC versus TT/TC), cocaine positive urine rates differed between the
treatment groups for patients carrying the T allele (F = 17.1; df = 1,358; p <.00005), but did
not differ for those with the CC genotype (F = 0.86; df = 1,158; p >.05). As shown in Figure
1, cocaine positive urines for the TT/TC genotype group during the two baseline weeks were
78% for disulfiram and 80% for placebo. These rates dropped during the last two weeks of
treatment to 52% for disulfiram and to 73% for placebo. In comparison, cocaine urines for
the CC genotype group during the two baseline weeks were 86% for disulfiram and 80% for
placebo. These rates were relatively unchanged during the last two weeks of treatment at
81% for disulfiram and to 82% for placebo. When we only included the 56 subjects who
completed the study, the disulfiram treatment effect remained highly significant only among
the TT/TC genotype patients (F = 16.9; df = 1,446; p <.00005).

Genotype pattern of DBH and ARDA1A: Mechanism of Action for Cocaine
Those patients having both the responsive ARDA1A (TT/TC) and the normal DBH (CC)
genotypes (n=23) were compared to the remaining 46 patients not carrying an ADRA1A T
allele (i.e., ADRA1 CC homozygotes) combined with those T carriers without DBH CC
genotype. As shown in Figure 2, those patients with both responsive genotypes (i.e.,
ARDA1A –TT/TC and DBH CC genotypes) (n=23) showed a significant reduction in
cocaine urines from 80% to 35% on disulfiram (n=10) compared to a minimal change from
85% to 80% on placebo (n=13) (F= 24.6; df= 1,550; p = .000003). The remaining 46
patients showed no disulfiram effect compared to placebo (n=22 disulfiram; n=24 placebo).
When we included only the 56 subjects who completed the study, the disulfiram treatment
effect remained highly significant only among the patients with the responsive genotype
pattern (F = 19.9; df = 1,446; p <.00002).
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Opioid Treatment Outcomes by ARDA1A Genotype
Similar to our previous report, opioid positive urine screens decreased over time, but did not
significantly differ between treatment groups (Kosten et al, 2013). When separated into the
two genotype groups, patients in neither group showed a difference between the treatment
regimens.

4. Discussion
We found that disulfiram significantly reduced the percentage of cocaine positive urines
among individuals with the CYS conformation of the ADRA1 receptor, but not in those with
the ARG substitution. Thus, we interpret these findings to be consistent with our hypothesis
that the CYS polymorphism of the alpha-1 adrenergic receptor confers preferential response
to the medication. In regards to the second aim of this study, examination of the combined
effect of the preferred, or responsive, ADRA1 allele (CYS) with the normal DBH
polymorphism (CC), we found that disulfiram significantly reduced cocaine-positive urines
among this group, while the remaining subjects did not demonstrate a treatment effect. This
finding is consistent with our previous finding that disulfiram appears to be most effective in
those individuals with normal, rather than low, DBH levels at baseline.

The underlying neurobiology of the noradrenergic system provides clues as to the
mechanism behind our observations. As stated previously, decreasing noradrenergic
stimulation in those abusing cocaine has several likely downstream effects: (1) attenuation
of cocaine reward (due to NE and DA coupling), (2) decrease in stress-induced
reinstatement (i.e., craving), given the noradrenergic basis of this phenomenon, and (3)
increased ability to resist craving and/or utilize CBT techniques for relapse prevention, since
NE stimulation has been linked to impairment in cognitive function (distractibility,
impulsivity, poor filtering).

Despite disulfiram’s reduction of NE activity, however, there appears to be no observed
clinical benefit in those with the ARG polymorphism. The differential responses of the
receptor subtypes are unlikely to be due to changes in the physical conformation of ADRA1,
since there are no substantial changes to the structure of the protein based on this
polymorphism (Lei et al., 2005). Additionally, there are no statistically significant
differences between the CYS and ARG receptor polymorphisms in regards to binding
affinity for agonists (such as NE or epinephrine) or antagonists (prazosin) (Lei et al., 2005).
Further, other studies found there were no differences between the CYS and ARG
polymorphisms in terms of (a) signal transduction – the potency of NE-stimulated inositol
triphosphate formation, or (b) NE-induced sensitization. Thus, given that NE is likely to
bind and activate both genetic variants of this receptor in an equivalent manner, we cannot
attribute the reduction in cocaine use in the CYS group to the combination of reduced NE
levels (from disulfiram) with an adrenergic receptor that has reduced binding.

One possible explanation of our finding is that the ARG polymorphism of the alpha-1
adrenergic receptor experiences enhanced, or “tight,” coupling with NE, meaning that it
maintains its level of activity, even in the context of reduced NE levels from disulfiram.
Conversely, the CYS polymorphism displays “loose” coupling with NE, which can be
further attenuated with reduction in NE levels from disulfiram. This coupling theory is
supported by the effect of this polymorphism in the cardiovascular system (Snapir et al.,
2003). In Chinese subjects with hypertension, a greater reduction in diastolic blood pressure
(DBP) in response to the anti-hypertensive medication, irbesartan, was observed in the
group with the CYS polymorphism when compared to those with the ARG polymorphism
(Jiang et al., 2005). Irbesartan, an angiotensin-converting enzyme inhibitor, reduces
circulating levels of NE (Remme, 1998). The enhanced response in DBP to irbesartan in
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those with the CYS polymorphism is similar to the reduction in cocaine use seen in our
study, in that, there may be continued elevated activity in the ARG polymorphism ADRA1
receptor despite reduced NE levels (“tight” coupling).

In a separate study, Herlyn et. al. found the CYS to ARG polymorphism results in genetic
predisposition to the development of complex regional pain syndrome (CPRS) type I after
distal radial fracture (Herlyn et al., 2010). CPRS is thought to be due to adrenergic
hypersensitivity, and one treatment is local adrenergic blockade. As in the aforementioned
example, the ARG polymorphism of the receptor appears to be associated with “tight”
coupling, in that it is associated with increased, or persistent, activity (despite presumably
normal NE levels). Ultimately, we believe that persistent activity of the ADRA1 receptor in
those with the ARG polymorphism can account for the continued use of cocaine observed in
this group.

We also found a contribution from the DBH polymorphism to disulfiram response. In a
study conducted in mice, Bourdelat-Parks et al. found the number of DBH alleles was
proportional to the level of DBH protein, and by extension, affected the levels of dopamine
and NE in the prefrontal cortex (PFC) (Bourdelat-Parks et al., 2005). More specifically,
disulfiram increased dopamine and decreased NE levels in the PFC of mice with two normal
alleles; however, in mice with null alleles, disulfiram showed relatively little effect on
neurotransmitter levels. Our findings are consistent with this previous trial, since
participants with high DBH activity demonstrated a favorable response to the medication,
while those with low DBH appeared to be less affected by disulfiram-induced inhibition of
the enzyme.

An alternative mechanism that may explain the efficacy of disulfiram relates to the creation
of aversive symptoms during acute cocaine intoxication as a result of reduced DBH activity.
In previous trials, disulfiram produced increased cocaine-associated negative effects (i.e.,
anxiety, paranoia) and reduced positive subjective effects during acute cocaine
administration in human laboratory studies (McCance-Katz et al. 1998b; Baker et al., 2007).
Additionally, in a recent clinical trial of alcohol-dependent patients treated with disulfiram,
those individuals carrying the low activity DBH polymorphism (T allele) were found to have
an increased risk of disulfiram-related adverse events (Mutschler et al., 2012). Although
none of the participants in our study reported such negative experiences related to cocaine
use, examination of adverse effects in relation to DBH allele may represent an important
area of future study.

It is important to note that there are many examples, independent of disulfiram use, in which
reduced DBH level or activity was associated with acute exacerbation of psychiatric
symptoms and/or development of psychosis (see review, Cubells and Zabetian 2004). For
instance, schizophrenic or depressed patients with low plasma or cerebrospinal fluid levels
of DBH exhibit more positive psychotic symptoms when compared to those with higher
levels of DBH (Sternberg et al. 1983; Mod et al 1986; van Kammen et al. 1994). Moreover,
patients diagnosed with unipolar depression with psychotic features have lower DBH levels
than those without psychotic features (Cubells et al 2002). Further, the genetic
predisposition for lower levels of DBH protein is associated with cocaine-induced paranoia
(Cubells et al., 2000). Thus, although not reported by our participants, a component of
subclinical discomfort and/or reduced euphoria may have contributed to the reduction of
cocaine use in the genetic groups with a preferential response.

This trial has several limitations. First, the sample size is small and makes it difficult to
generalize these results; thus, replication in genetic association studies with a larger number
of participants is needed. Second, the genetic associations reflect only a modest reduction in
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cocaine use (to a mean proportion of 0.56 cocaine positive urines), although it is important
to note that individuals with normal DBH levels (CC genotype) treated with disulfiram alone
experienced a 33% reduction in cocaine use, in comparison to no change with placebo.
Additionally, low DBH patients showed only a 13% reduction in cocaine use, similar to the
13% reduction seen in the placebo group. Thus, we observed a significant increase in
efficacy with this genetic selection. Third, most cocaine abusers are not also opiate
dependent, further limiting the generalizability of our findings. Fourth, alcohol abuse can be
common among cocaine abusers and our rates of alcohol abuse were low, reflecting our
exclusion criteria. Overall, disulfiram may not be the optimal medication for attaining DBH
inhibition and may reduce cocaine use through a combination of mechanisms, including
disinhibition of aldehyde dehydrogenase (Weinshenker, 2010). Another DBH inhibitor,
nepicastat, is currently under investigation and does not inhibit aldehyde dehydrogenase or
produce aversive interactions with alcohol (Stanley et al., 1997). Nepicastat represents a
promising alternative, given its selectivity for the DBH enzyme, and warrants further study
in clinical trials.
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Figure 1.
Percentage of cocaine positive urine toxicology screens for two-week time blocks across the
12-week trial for the placebo (solid line) versus disulfiram (250 mg/day) (dashed line)
treatment groups. Top figure is the TT/TC genotype patients (N=47; disulfiram = 25;
placebo = 22) and bottom figure is the CC genotype patients (N=22; disulfiram = 7; placebo
= 15). Standard error bars are shown at each time point.
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Figure 2. Interaction of the ADRA1 and DBH genotypes with percentage of cocaine positive
urines
Urine toxicology screens are shown for each 2-week time period across the 12-week trial for
the placebo (solid line) versus disulfiram (250mg/day) (dashed line) treatment groups.
Patients with the responsive ADRA1A TT/TC and DBH CC genotype combination (N=23;
disulfiram = 10, placebo = 13) are shown in the top graph. Patients with the ADRA1A CC
genotype and those with DBH CT/TT genotype (N=46; disulfiram = 22; placebo = 24) are
shown in the bottom graph. Standard error bars are shown at each time point.
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