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Abstract

Background: Polysubstance use (PSU) is prevalent among individuals with substance use
disorders, but the vast majority of preclinical substance use research has focused on individual
substances in isolation. Cocaine has been prevalent in the repertoire of persons who use more than
one illicit substance.

Methods: We conducted a meta-analysis combining results from literature searches and
secondary data analyses to estimate the prevalence of simultaneous and concurrent cocaine +
alcohol and cocaine + cannabis use among cocaine users. We next summarized the small body
of literature on behavioral, cognitive and neurobiological consequences of cocaine PSU across
species, with a focus on alcohol and cannabis. Finally, we used systematic literature searches
to assess the extent to which human and animal studies on the neurobiological consequences of
cocaine include PSU subjects.

Results: The estimated prevalence of simultaneous and concurrent alcohol use among human
cocaine users was 74% and 77%, respectively. The estimated prevalence of simultaneous and
concurrent cannabis use among cocaine users was 38% and 64%, respectively. Consumption
of alcohol or cannabis with cocaine enhances subjective responses to cocaine, concomitant
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with changes in cocaine metabolism that increase blood cocaine levels, and, in the case of
alcohol, produce the psychoactive metabolite cocaethylene. There is also consistent evidence for
neurobiological effects of cocaine + alcohol combinations. However, animal PSU research with
cocaine lags behind human research.

Conclusion: Based on the prevalence and known consequences of PSU, consideration of PSU in
both human and animal research is vital for understanding patterns of substance use.

Keywords
Cannabis; Alcohol; Cocaethylene; Neurocognitive; Neuroimage

1. Introduction

Polysubstance use (PSU; the ingestion of morethan one drug of abuse within a defined
period) is the norm rather than the exception for individuals with substance use disorders.
Such behavior no doubt reflects a variety of causes, including the desire for enhanced
psychoactive effects, alleviation of negative side-effects of one substance with another, and
substance accessibility. Most substance use research, however, (including the vast majority
of preclinical research) has focused on individual substances in isolation or treated PSU as a
“nuisance” variable. Limiting research to individual substances risks overlooking potentially
critical interactions among substances, which may influence the patterns, consequences, and
ultimately efficacy of treatment for substance use disorders.

In 2014 the National Survey on Drug Use and Health (NSDUH) reported that approximately
913,000 Americans met DSM-IV criteria for cocaine abuse or dependence in the past
month. An analysis of data collected by the Tennessee Department of Mental Health and
Developmental Disabilities showed that among 36,425 individuals who received treatment
for substance use disorder between 1998 and 2004, 48.7% reported polysubstance use
(Kedia et al., 2007). Of those reporting cocaine use, 77.8% (n = 21,970) were polysubstance
users. The most common two-drug combinations (out of a possible 36 combinations) for
the entire study population was cocaine + alcohol (12% of the population). The same

study found that the third most common drug combination was cocaine + cannabis (3.4%

of the population), while the second most common was alcohol + cannabis (7.4% of the
population). Nicotine use was not recorded. Among participants who reported combining
three drugs, the most common combination was cocaine + alcohol + cannabis (8.9% of the
population).

The goal of this article is to highlight the importance of co-occurring substance use and

to suggest that it should receive greater attention. We focus on cocaine use in combination
with other substances (particularly alcohol and cannabis) because of the prevalence of these
substance combinations, and availability of preclinical data. We begin with epidemiological
evidence concerning the prevalence of cocaine PSU, followed by a discussion of data from
basic research and clinical studies bearing on this topic.
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2. Methods

2.1. Review and meta-analysis of studies with cocaine PSU prevalence

In order to estimate the prevalence of simultaneous and concurrent cocaine + alcohol and
cocaine + cannabis use among cocaine users, we conducted a review combining results from
both secondary data analyses and literature searches. For the purposes of these analyses,
“concurrent use” refers to two or more substances used within a specified period (e.g., past
30 days), whereas “simultaneous use” refers to two or more substances used on the same
occasion with overlapping consumption/effects.

Secondary analyses were conducted using five datasets: the 2014 NSDUH dataset, Women
Teaching Women (WTW), Sisters Teaching Options for Prevention (STOP), Prescription
Drug Misuse, Abuse, and Dependence (Rx), and HealthStreet. All but the NSDUH study
were community-based in defined geographical locations. For the WTW (Ruger et al., 2010)
and Rx (Nattala et al., 2011) studies, participants were recruited by community health
workers through community outreach in the St. Louis, MO area during the study period from
2000 to 2006 and 2008 to 2010, respectively. The STOP study (Cottler et al., 2014) recruited
participants from drug courts in St. Louis from 2005 to 2008. In our ongoing community
engagement program HealthStreet, participants are recruited in north central Florida and
asked about past 30-day substance use.

Literature searches were carried out in PubMed using the search term “cocaine AND (co-
administration OR concomitant OR simultaneous OR concurrent) and with the restriction
of studies conducted in humans and publication dates from January 1990 to June 2017.

A total of 770 articles were identified through these search terms. The title and abstract

of each article were screened using Abstrackr (Wallace et al., 2012); 636 articles were
excluded due to irrelevancy to the topic. The remaining 134 articles went through further
full-text review to determine their eligibility. Fifty-four articles were excluded after full-text
screening because they did not include the drug combinations of interest (i.e., cocaine and
alcohol, or cocaine and cannabis), 24 were excluded because they involved small clinical
samples that could not estimate prevalence in a general population, 17 were excluded
because the studies were not relevant to the prevalence of drug combinations, 18 were
excluded either because the article was not retrievable or it was a case report/post-mortem/
neurological study, 6 were excluded because they were review articles, 3 were excluded
because the prevalence of specific drug combinations was not reported, and 1 was excluded
because it was not published in English. Post-screening, 11 studies remained and first author,
published year, country, sample description, PSU rate, and measurement of PSU information
were extracted (see Table 1). The sample size of included studies ranged from 98 to 36,425.
Two studies (Grant and Harford, 1990; Hedden et al., 2009; Hedden et al., 2010) used the
National Survey on Drug Use and Health (formerly titled National Household Survey on
Drug Abuse) but used different survey cohorts. Seven studies used community samples in
different locations. Only four studies using clinically sampled data were included because
they either had relatively large samples (n > 1000) (Kedia et al., 2007; Lindsay et al., 2009),
included patients from multiple inpatient and outpatient clinics (Guindalini et al., 2006),

or used an emergency department-based sampling scheme which allowed us to estimate
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the PSU prevalence in the general population (Vanek et al., 1996). Four studies reported
only simultaneous use and 6 studies reported only concurrent use; one study reported both
simultaneous and concurrent use.

In addition to the 11 studies from the literature search, we include 5 additional studies

from secondary data analyses as mentioned above. In total, 16 studies with cocaine PSU
prevalence were included. We summarized the geographical location and year of the study,
total sample size of the study and number of cocaine users, demographics of the study
sample (target sample population, gender composition, inclusion of racial/ethical minorities,
mean age and age range), and measurement methods (concurrent or simultaneous, survey/
interview/urine tests).

The meta-analysis was conducted in R, combining the results from 16 studies to estimate
the confidence interval for the PSU rate in each study, the heterogeneity between studies
and pooled estimate of cocaine PSU. Conservatively, if a study reported the prevalence

of concurrent PSU using different time windows, then prevalence using the shorter time
window was used in the analyses (e.g., if both past 30-day and lifetime prevalence were
reported, past 30-day prevalence was used in the analyses). If the study reported PSU
prevalence for both powder cocaine and crack cocaine use, the prevalence of powder
cocaine use was used in the analyses. 12 statistics were calculated for each analysis and the
value larger than 50% was considered substantial heterogeneity between included studies.
Statistical significance of the heterogeneity was assessed by the P-value of the Chi-square
test using a significance level of 0.1 (Higgins et al., 2003). In the case of significant
heterogeneity, random effect models were used; otherwise, fixed effect models were used. A
forest plot was used to illustrate the results of the meta-analysis. In addition, we reviewed
findings regarding the temporal patterns of cocaine + alcohol and cocaine + alcohol PSU.

Review of clinical and preclinical literature on behavioral, cognitive and

neurobiological consequences of cocaine PSU

Few studies in humans or animals have examined the behavioral, cognitive, and
neurobiological consequences of PSU. For example, cocaine self-administration, in which
an experimental animal makes an operant response to earn an intravenous (1V) infusion of
cocaine, is the most common animal model of human cocaine use; however, of more than
3000 articles obtained using the PubMed search terms “cocaine AND self-administration”,
fewer than 20 involve simultaneous or concurrent intake of a second substance. We

limited our review of pre-clinical studies to those in which at least one substance was
self-administered, and focused specifically on cocaine + alcohol and cocaine + cannabis
PSU, as other substance combinations (particularly cocaine + heroin) have been the subject
of previous reviews (Leri et al., 2003). We also excluded studies in which a period of intake
of one substance preceded that of a second Substance (i.e., sequential self-administration
as an investigation of the “gateway” hypothesis). In addition, we examined the relationship
between cocaine PSU and the efficacy of cocaine use treatment.
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2.3. Exploratory analysis of frequency of inclusion of PSU in human or animal cocaine

studies

In order to investigate whether human and animal studies on the neurobiological
consequences of cocaine use differ in the frequency with which PSU is identified and
included, we conducted an exploratory analysis of recent literature on PubMed. For human
studies, we used the search terms “fMRI AND cocaine” and selected the 40 most recent
papers (as of January 1, 2018), in which the independent variable was cocaine use, and the
dependent variable was a neuroimaging/ fMRI measure in human subjects. We recorded
whether alcohol- or cannabis-dependent subjects or users were excluded and if not, how
much of the substance was used and frequency of use. We then conducted a similar search
for animal studies using the term “cocaine” and selected “Other animals” as subjects.

We reviewed the results in reverse chronological order beginning with January 1, 2018,
and selected only papers that utilized /n vivo cocaine administration (in mammals) as an
independent variable and a measure of neurobiology or behavior as a dependent variable
(e.g., excluding toxicology studies).

3. Results

3.1. PSU prevalence and patterns of use

3.1.1. Review of studies including PSU prevalence—Among cocaine users, the
prevalence of simultaneous alcohol use ranged from 24% to 98%; the prevalence of
simultaneous cannabis use ranged from 12% to 76%; the prevalence of concurrent alcohol
use ranged from 37% to 96%; the prevalence of concurrent cannabis use ranged from

43% to 94%. Heterogeneity was observed in study location, year, target population, and
demographic composition (see Table 1). Ten studies were conducted in the US, three in
Canada, two in Brazil and one in Denmark. The study period ranged from 1985 to 2017.
Most studies used community samples recruited from metropolitan or urban areas; only one
study targeted drug users in rural areas of the US (Booth et al., 2006). Three studies were
NSDUH studies but with different study periods. Most studies included male and females
and racial minorities. The average age ranged from 22 to 44. years. One study measured
PSU through medical record review and urine tests (Vanek et al., 1996), while others used
self-report from structured interviews. The target population varied between not-in-treatment
drug users (Booth et al., 2006), treatment-seeking cocaine-dependent individuals (Lindsay
et al., 2009), college students (Barrett et al., 2006), rave attendees (Barrett et al., 2005),
recreational bodybuilders (Schwingel et al., 2014), and individuals who used specific drugs,
such as hallucinogens (Licht et al., 2012), or prescription drugs (Rx study). All of these
heterogeneities could contribute to the differences in the reported cocaine PSU rate.

In addition, the measures of simultaneous and concurrent PSU were not consistent between
studies. For measures of simultaneous use, some studies asked participants to self-report use
of both substances at the same time or within a couple of hours (Grant and Harford, 1990),
some asked if both substances were co-administrated (Barrett et al., 2005); others asked if
participants used alcohol/cannabis to come down from a cocaine high (WTW, STOP). The
time window for concurrent PSU also differed. Most studies defined concurrent use as using
both substances in the past 30 days, while other studies defined this as using both substances
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in the past 6 months (Booth et al., 2006), in the past year (Hedden et al., 2009), in a lifetime
(Guindalini et al., 2006) or having both substances tested positive in a urine test (Vanek et
al., 1996).

3.1.2. Meta-analysis results—The results of the meta-analysis of combining findings
from literature searches and secondary data analyses are shown in Fig. 1. The 12 statistics

in our analyses ranged from 97% to 99% which indicate substance heterogeneity between
included studies. Chi-square test results indicated that the heterogeneity was statistically
significant (p < 0.01) for all four groups of meta-analyses; therefore, a random effects model
was used.

The estimated prevalence of simultaneous alcohol use was 74% (95%CI: 50%, 89%) among
cocaine users, and the prevalence of simultaneous cannabis use was 38% (95%Cl: 20%,
60%). The estimated prevalence of concurrent alcohol use was 77% (95%CI: 62%, 87%)
among cocaine users and the prevalence of concurrent cannabis use was 64% (95%ClI:

47%, 79%). These findings were consistent with our hypothesis that alcohol and cannabis
use are both prevalent among cocaine users and also indicate that the rate of concurrent/
simultaneous alcohol use is higher than the rate of concurrent/simultaneous cannabis use.

3.1.3. Temporal patterns of substance use in cocaine PSU—Despite the
availability of data on the prevalence of cocaine PSU, little is known regarding its temporal
dynamics (e.g., whether cocaine is routinely consumed prior to another substance or vice
versa). We identified only two studies that addressed this issue, both of which focused

on cocaine and alcohol intake. In the first study, of 340 subjects who reported using

cocaine and alcohol within 3 h of one another, subjects were asked to rate the likelihood

of consuming alcohol prior to cocaine or vice versa using a 5-point scale (0 = never; 4 =
practically all the time). Subjects reported a significantly higher prevalence of consuming
alcohol prior to cocaine (mean frequency = 2.47) compared to cocaine prior to alcohol
(mean frequency = 1.77) (MacDonald et al., 2015). The second study (Gossop et al., 2006)
interviewed 102 subjects who reported having used both alcohol and cocaine in the previous
month about the order of cocaine and alcohol use when the two substances were taken
simultaneously. Participants were further characterized as exclusive crack cocaine users (n
= 33) or powdered cocaine users (n = 69). For the participants who reported crack cocaine
use, 21% reported consuming alcohol prior to crack cocaine, 36% reported consuming
alcohol after crack cocaine, and 12% reported using both substances simultaneously. Nearly
all the powdered cocaine users were likely to drink alcohol prior to, during and after
cocaine use (number reporting alcohol prior to cocaine, 96%; alcohol after cocaine, 93%;
simultaneously, 96%) (Gossop et al., 2006). In the same study, cocaine + alcohol users
reported that when alcohol and cocaine are used simultaneously, the amount of each
substance consumed during a typical substance use episode increases significantly compared
to when alcohol or cocaine are used alone (Gossop et al., 2006). Thus, the limited evidence
to date regarding the timing of simultaneous drug intake reveals the presence of a range

of intake patterns. Further characterization of such patterns is particularly important in

the case of simultaneous/concurrent cocaine and alcohol use, as alcohol can alter cocaine
pharmacokinetics and metabolism (discussed in detail below).

Drug Alcohol Depend. Author manuscript; available in PMC 2020 August 27.
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3.2. Review of clinical and preclinical literature on behavioral, cognitive and
neurobiological consequences of cocaine PSU

3.2.1. Rewarding and reinforcing effects of combined cocaine and alcohol
administration—As described above, simultaneous or concurrent administration of
alcohol with cocaine is the most prevalent 2-drug combination. McCance-Katz et al., (1998)
compared subjective effects of cocaine, alcohol, and simultaneous cocaine + alcohol in
patients meeting DSM-IV criteria for both cocaine and alcohol abuse in a double-blind
randomized trial. Greater euphoria and increased perception of well-being were reported in
the cocaine + alcohol condition relative to cocaine alone. In addition to the psychoactive
effects of alcohol itself, two metabolic phenomena may underlie the enhanced subjective
experience in the cocaine + alcohol condition. First, the combination of cocaine and alcohol
increases plasma levels of cocaine, an effect also evident in rodents and caused by a
reduction in the amount of cocaine metabolized to benzoylecgonine (Pan and Hedaya,
1999). Second, cocaethylene (CE), a psychoactive metabolite of cocaine formed only in

the presence of alcohol, is detected in the plasma of subjects following cocaine + alcohol
intake (McCance-Katz et al., 1998). Interestingly, the order in which cocaine and alcohol
are administered appears to be critical for determining cocaine’s metabolite profile: cocaine
administration before alcohol causes an increase in plasma cocaine levels, whereas cocaine
administration after alcohol results in CE formation but no change in plasma cocaine levels
(Perez-Reyes, 1994). These distinct consequences of the temporal sequence of drug intake
support the need for more detailed data regarding the granular patterns of substance use in
humans.

Unlike other cocaine metabolites, CE is a neuropharmacologically active stimulant and is
self-administered by primates (Jatlow et al., 1991) and rodents (Raven et al., 2000). In

rats, CE also produces conditioned place preference in a manner comparable to cocaine
(Knackstedt et al., 2002). Moreover, self-reports indicate that IV and intranasal CE produce
the same euphoric and stimulant effects as cocaine (Hart et al., 2000). These findings
indicate that CE formation and its subsequent pharmacological effects may be reinforcing
to those who co-administer alcohol and cocaine; however, the neurobiological effects of
long-term CE administration have not been assessed. It is possible that CE produces
neurochemical effects that differ from those produced by cocaine alone.

A small body of animal research supports the idea that the combination of cocaine and
alcohol is more reinforcing/rewarding than either drug alone. Rats pre-treated with non-
contingent 1V cocaine immediately prior to access to a sweetened alcohol solution in

the home cage consume greater amounts of alcohol relative to vehicle pre-treated rats
(Knackstedt et al., 2006). Conversely, the effects of alcohol pre-treatment on IV cocaine
self-administration have been investigated in rhesus monkeys with differing results. On
average, alcohol pretreatment with doses in the range of 0.1-1.78 g/kg does not affect
cocaine self-administration when alcohol is administered via a single non-contingent IV
infusion 10 min prior to cocaine availability (Aspen and Winger, 1997). In two of the four
monkeys in this study, however, responding for cocaine was increased after pretreatment
with 1 g/kg of alcohol. In the same monkeys, self-administration of the dopamine reuptake
inhibitor nomifensine was increased after alcohol pretreatment, while self-administration of
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the mu opioid receptor agonist alfentanil was not altered. In a similar study, noncontingent
IV administration of 1 g/kg of alcohol administered immediately prior to a cocaine self-
administration session reduced cocaine intake, whereas lower doses of alcohol had no effect
(Czoty, 2015). In a different phase of the same study, monkeys were provided daily access
to a sweetened alcohol solution beginning 4 h after the conclusion of operant cocaine
self-administration. During this time, five of the six monkeys self-administered doses of
cocaine that had not been reinforcing prior to alcohol experience. Upon discontinuing
daily post-cocaine alcohol access, self-administration of the maintenance dose of cocaine
was not affected; however, lower doses of cocaine, which had been reinforcing during

the period of concurrent alcohol access, were no longer self-administered. Long-term self-
administration of concurrent cocaine and alcohol may also have increased D3 dopamine
receptor sensitivity (Czoty, 2015). Thus, simultaneous cocaine and alcohol administration
increases the reinforcing qualities of dopamine agonists, potentially through enhancements
in dopamine receptor sensitivity.

Both laboratory animals and humans experience post-cocaine anxiety, and humans report
consuming alcohol to reduce the anxiety that remains after cocaine euphoria dissipates
(Margolin et al., 1996). In rats, voluntary consumption of a sweetened alcohol solution after
self-administration of a single cocaine infusion increases mativation to seek IV cocaine on
subsequent days, while reducing anxiogenic behavior produced by cocaine in an operant
runway self-administration task (Knackstedt and Ettenberg, 2005).

These findings, considered together, suggest that combined cocaine and alcohol use can
enhance the respective reinforcing properties of each substance via both affective and
pharmacokinetic interactions. Such interactions can increase intake, as well as the potential
for adverse consequences.

3.2.2. Rewarding and reinforcing effects of combined cocaine and cannabis
administration—Relative to cocaine + alcohol combinations, there is less known
regarding the effects of cocaine + cannabis combinations. Pre-treatment with either of the
major cannabinoid components of cannabis (cannabidiol or tetrahydrocannabinol; THC)
increases blood and brain cocaine levels in mice (Reid and Bornheim, 2001). Similarly,
individuals who smoke a THC cigarette prior to intranasal cocaine ingestion display
increased plasma cocaine levels relative to those who do not ingest THC (Lukas et al.,
1994). Participants in this study reported that the duration of the positive effects of cocaine
was increased and the duration of the negative effects decreased. The latency to cocaine
effects was also reduced. These data suggest that cocaine + cannabis users may combine
these drugs to attain these subjective effects, although there is clearly a need for more
research on this topic.

3.2.3 Neurocognitive correlates of cocaine PSU—A handful of studies in humans
have focused explicitly on neural and cognitive integrity in PSU, and a more detailed review
of such studies can be found in Meyerhoff (2017). The Meyerhoff group has conducted
imaging and cognitive assessments in individuals dependent on cocaine only (cocaine use
disorder; CUD), alcohol (alcohol use disorder; AUD), or AUD and other drugs (PSU) in

a number of studies of the past two decades. In one study, subjects with AUD + CUD or
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CUD alone were assessed for neuronal viability via N-acetylaspartate (NAA) and white
matter metabolite status via MRI and magnetic resonance spectroscopic (MRS) imaging
(Meyerhoff et al., 1999). Subjects were recruited from the community (San Francisco, CA).
Compared to non-dependent controls and CUD alone, CUD + AUD individuals displayed
greater gliosis in the white matter of the frontal lobe that persisted through at least 4-months
of abstinence. Other measures such as a reduction in NAA in the dorsolateral prefrontal
cortex did not differ between CUD and CUD + AUD. A follow-up study from the same
authors and study population assessed metabolite and grey and white matter alterations in
abstinent individuals dependent on cocaine, alcohol, or both cocaine and alcohol. Relative to
drug-naive controls, both CUD and AUD individuals had decreased white matter in cortical
regions, and CUD + AUD individuals had less prefrontal white matter relative to individuals
with either CUD or AUD alone (O’Neill et al., 2001). This deficit in CUD + AUD was
particularly pronounced in the anterior cingulate cortex (ACC). A more recent study by

the same group (Pennington et al., 2015) compared subjects with AUD alone to those with
PSU. PSU subjects had AUD and were also dependent on at least one psychostimulant
(76% cocaine; 24% amphetamine). It should be noted that 10% of subjects were also
dependent on opioids and 21% reported cannabis use. Participants were recruited from
substance abuse treatment programs at the San Francisco VA Medical Center and Kaiser
Permanente and were abstinent for approximately one month. PSU subjects were found to
have thinner ACC than AUD subjects, in agreement with their previous study (O’Neill et
al., 2001). Both AUD alone and PSU subjects displayed smaller left orbitofrontal cortex
(OFC) volume and surface area compared to control subjects. More recently, the same
group assessed 36 subjects with PSU and 69 with AUD alone at one month of abstinence
from all substances except tobacco (Schmidt et al., 2017). Participants were recruited from
substance abuse treatment programs at the San Francisco VA Medical Center and Kaiser
Permanente; all 105 participants met DSM-IV-TR criteria for AUD. The 36 PSU subjects
met DSM-IVV-TR criteria for at least one other substance use disorder: 75% met criteria

for cocaine; 33% for amphetamine; 19% for cannabis; 14% for opioids; 3% for anxiolytics;
and 3% for hallucinogens. The demographics of the PSU group matched the epidemiological
estimates of the prevalence of co-use described above, in that CUD and AUD were the most
frequently co-morbid. Examining brain metabolite and amino acid transmitter levels in a
similar patient population as the studies above, the same group has found that at 1 month of
abstinence, PSU patients display lower choline, creatine, N-acetylaspartate and myo-inositol
concentrations in the dorsolateral prefrontal cortex compared with AUD. Metabolite levels
in the ACC and parieto-occipital cortex did not differ between groups (Abé et al., 2013a).
This study found a trend for a greater decrease in GABA in the ACC of PSU relative to
AUD. Another study (Ke et al., 2004) found decreased GABA concentrations in the left
prefrontal cortex in all cocaine users, regardless of comorbid alcohol use, and a trend for
greater decreases in the CUD + AUD subjects. Finally, (Abé et al., 2013b) found that

PSU subjects had increased myo-inositol concentrations in temporal grey matter relative to
both controls and AUD alone. Thus, relative to alcohol alone, concurrent dependence on
cocaine and alcohol causes greater structural defects in white-matter, primarily in the frontal
cortices, as well as in grey matter in the temporal lobe. Other deficits are similar for AUD
and PSU relative to control subjects, including reduced OFC volume and decreased GABA
levels.

Drug Alcohol Depend. Author manuscript; available in PMC 2020 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 10

Some studies from the Meyerhoff group also assessed cognitive function in AUD and PSU
subjects. Pennington et al. (2015) administered a battery of cognitive tests to subjects in
addition to the MRS scans detailed above. PSU subjects exhibited relationships between
brain morphometry and processing speed, cognitive efficiency, working memory and
inhibitory control that were not observed in controls or patients with AUD. Schmidt et al.
(2017) administered a battery of neurocognitive assessments to all subjects at baseline and
17 PSU subjects were re-tested at four months of abstinence. At the baseline assessment,
PSU subjects performed significantly worse than AUD on auditory—verbal memory and an
inhibitory control measure of impulsivity but showed improvement on these measures at
4-months of abstinence. No group differences were observed in a number of other cognitive
measures (e.g., general intelligence, working memory, fine motor skills). Thus, the presence
of PSU with AUD is accompanied by worse deficits in some but not all cognitive domains.

3.2.4. Cocaine PSU and treatment efficacy—The data reviewed above suggest that
the behavioral, cognitive, and neurobiological consequences of cocaine PSU can differ from
those of individual substances. In light of this evidence, it is perhaps not surprising that the
efficacy of pharmacological or behavioral therapies to attenuate cocaine use may depend on
the concurrent use of other substances. For example, a placebo-controlled study of modafinil
for the treatment of CUD found that modafinil decreased cocaine use only in patients
without comorbid AUD (Anderson et al., 2009). In a sample of 94 patients with CUD,
alcohol use was found to be a predictor of cocaine abstinence 12 months after completion
of a treatment program for CUD (Carroll et al., 1993a). In a smaller sample of 27 patients,
however, those with comorbid CUD + AUD showed similar reductions in substance use

24 weeks after outpatient relapse-prevention treatment compared to those with CUD alone
(Schmitz et al., 1997). In a large cohort (n = 298) of treatment-seeking patients with and
without co-morbid AUD, those with comorbidity displayed a greater number of DSM-I11-R
criteria for SUD and CUD itself, consistent with more severe dependence (Carroll et al.,
1993b). A smaller study, however, (n = 74) found that CUD patients who also met DSM-I11
criteria for alcohol abuse (but not dependence) did not display a greater number of DSM-III
cocaine dependence symptoms than those who did not abuse alcohol (Brady et al., 1995).
Taken together, these studies indicate that there may be a relationship between alcohol

use, as well as the degree of alcohol use, and CUD severity and treatment efficacy of
interventions aiming to reduce cocaine use.

Cannabis use in CUD is associated with more frequent cocaine use (Budney et al., 1996;
Lindsay et al., 2009), and some studies suggest effects on treatment outcomes. A study

of 186 patients treated for CUD found no effect of cannabis use on treatment outcome
(Budney et al., 1996). In a cohort of 250 patients discharged from inpatient SUD treatment,
however, cannabis use reduced the time to first cocaine use and prevented stable remission
(Aharonovich et al., 2005). Finally, concurrent cannabis use attenuated the efficacy of
levodopa treatment to reduce cocaine use (Green et al., 2012). These studies suggest that, as
is the case with alcohol, concurrent cannabis use may impact both cocaine use and treatment
efficacy.
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3.3. Exploratory analysis of the frequency of PSU in human and preclinical studies of
neurobehavioral consequences of cocaine

From the search of recent human studies of neurobehavioral consequences of cocaine use,
we found that no studies excluded users of alcohol or cannabis, although two excluded past
week users of cannabis. It should be noted that for the majority of these studies, alcohol/
cannabis dependence didwarrant exclusion for control subjects. Out of 40 neuroimaging
studies of cocaine users, only 10 excluded alcohol-dependent and only 10 excluded
cannabis-dependent subjects (Table 2), suggesting that a majority of studies on the effects
of cocaine on fMRI measures include PSU subjects, likely influencing dependent measures.
However, a literature search of animal studies reveals that only 2 of 40 studies used both
alcohol and cocaine as independent variables in the same subjects, while the remainder

did not include alcohol or cannabis co-administration. The first study involved alcohol
delivered in utero as a model of fetal alcohol syndrome, and the second examined adolescent
alcohol exposure followed by later cocaine administration (Ledesma et al., 2017; Macht
etal., 2017). As both of these studies involved a developmental or gateway model, their
results are not discussed here. Comparison of the frequency with which PSU subjects are
considered between human and animal subjects indicates that cocaine PSU subjects are
assessed significantly more often in human than animal studies (cocaine + alcohol, 75% and
5%; cocaine + cannabis, 72.5 and 0%; for both comparisons, 2-sided Fisher’s exact test, p

< 0.0001). It should be noted that the point of this analysis is not necessarily that all animal
studies should consider PSU, as there are valid reasons for excluding such subjects for some
experimental questions. Rather, the point is to highlight that PSU has received very little
consideration at the pre-clinical level, given its prevalence in both the general population and
among human research subjects.

4. Discussion

In this review, we report findings demonstrating that PSU is prevalent among cocaine users,
with alcohol and cannabis used most frequently in combination with cocaine. Notably,
despite the common understanding among researchers that many cocaine users engage in
PSU, our review of the literature revealed few studies focused on cocaine PSU patterns.
Indeed, many studies included in the meta-analysis did not directly report PSU rates among
cocaine users; instead, rates had to be calculated from the data available in the articles
(Booth et al., 2006; Hedden et al., 2009; Vanek et al., 1996). Even in those articles

that reported cocaine PSU rates, only one paper (Grant and Harford, 1990) differentiated
concurrent and simultaneous use. There was also a high degree of heterogeneity between
included studies, possibly due to differences in sampling populations and measurements for
PSU. Despite these caveats, even the lowest estimates of cocaine PSU represent a significant
fraction of the cocaine-using population, arguing for additional research that, in particular,
differentiates concurrent and simultaneous use.

The sparse literature that exists on this topic provides evidence that these drug combinations
can alter subjective effects, intake patterns, and neurobiological outcomes relative to cocaine
use alone. Of particular note, the combination of alcohol or cannabis with cocaine can

alter cocaine’s metabolic profile, which could enhance its reinforcing effects. In addition,
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neuroimaging studies indicate the presence of qualitative and quantitative differences in the
brains of individuals dependent on both cocaine and alcohol relative to either drug alone.
Thus, the consequences of substance combinations cannot necessarily be predicted by those
of individual substances. Finally, the comparison of human and animal research on the
neurobiological consequences of cocaine use finds that cocaine + alcohol and cocaine +
cannabis use is assessed at far lower rates in preclinical compared to human studies.

The data discussed in the present review highlight the need to better understand PSU at

all levels of analysis, despite the challenges inherent in PSU research. Such challenges
include matching subjects (both animal and human) for amounts consumed/duration of use
for more than one drug. Preclinical research is hampered by the need to include numerous
control groups that can be costly to employ. Furthermore, the synergistic effects of drug
combinations on neurobiological changes can be difficult to dissect. A detailed discussion
of the challenges inherent in studying neurobiological and behavioral consequences in PSU
subjects can be found in (Meyerhoff, 2017).

We close with a call for future research in three areas. First, given shifting trends in
substance use patterns (e.g., recent increases in opioid and cannabis use), there is an
urgent need to better understand the prevalence and consequences of a broader range of
substance combinations (e.g. (Fultz et al., 2017; Winkler et al., 2016). In addition, it is
important to mention that the combination of nicotine with other substances, particularly
alcohol, may occur with even greater frequency than cocaine + alcohol PSU (Romberger
and Grant, 2004), but is not consistently recorded or considered in human studies that
focus on illicit drug use (e.g. Kedia et al., 2007). Second, there is a need for more
epidemiological data on temporal patterns of substance use combinations. The case of
cocaine + alcohol combinations yielding different metabolites according to the order in
which they are ingested (and the differential consequences of those metabolites) indicates
potentially important differences in outcomes depending upon the temporal patterns with
which these substances are ingested, but very few studies address this level of detail

(e.g., data on daily, hourly, and even minute-to-minute patterns of intake). Third, there is
a need to integrate these granular epidemiological data to establish animal models that
better capture “real-world” human substance use. While the development of such models
will require careful (and in many cases laborious) exploration of the effects of doses

and timing of administration, ignoring PSU “complications” and focusing exclusively on
individual substances impedes a full understanding of the neurobiology of substance use.
The “back-translation” of human substance use patterns into accurate animal models will
provide improved platforms for elucidating the neurobehavioral consequences of PSU, and,
ultimately, development of therapies to decrease substance use and risk of relapse. Recent
efforts such as the formation of the Collaborative Research on Addiction at NIH (CRAN)
should be helpful in working toward these goals.
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Fig. 1.

Forest plots show the prevalence of simultaneous and concurrent alcohol/cannabis use
among cocaine users. Vertical lines in forest plots show the pooled estimates of prevalence
from the random effect models. 12 values greater than 50% indicate substantial heterogeneity
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