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Preface

Drug abuse continues to be a major public health problem worldwide contributing to
extensive morbidity and mortality that have tremendous economic and human costs.
Many Western countries have seen a dramatic increase in the use of opioid drugs
where, for example, in the USA the use of both prescription and illicit opioids have
contributed to the death of over 300,000 people in the past decade (Center for
Disease Control 2018). Many communities are now experiencing a new wave of
cocaine and other stimulant use as well as the emergence of synthetic drugs. While
much attention is given to illegal drugs, the two prominent legal substances, tobacco
and alcohol, continue to exert the biggest threat to human health worldwide with an
estimated 143.7 deaths per 100,000 people per year (Peacock et al. 2018). Another
drug that now straddles the legal and illegal markets is cannabis where dramatic
sociopolitical changes in many countries have led to the legalization of medicinal
and recreational cannabis. The societal and health consequences of these policy
changes are still unknown, but what is clear is that similar to other drugs, cannabis
can lead to a pathological use disorder for which there are limited treatment options.
Disturbingly, there are today still few available treatments for substance use
disorders (SUDs). The growing use of drugs combined with the low-risk perception
of the harm of these substances in society has raised significant alarm and brought
renewed awareness of the critical need for advanced knowledge about the effects of
these psychoactive drugs on the brain that can guide the development of much
needed new treatment strategies to save lives.

The primary problem facing clinicians treating individuals with SUD is relapse
(O’Brien and Anthony 2005). In fact, relapse rates have remained unchanged over
the last 40 years (Dong et al. 2017). It has been noted (Humphreys and Bickel 2018)
that there are common neuroadaptations across SUDs, but there are still significant
gaps of knowledge about how these common neural pathways and circuits contribute
to relapse vulnerability, as well as whether and how they recover during long-term
abstinence. There is also a wide range of individual differences in behavioral and
neurobiological responses to chronic drug abuse; these differences manifest them-
selves during recovery attempts, with some people having a greater ability to
maintain abstinence than others. Clearly, more research is needed to understand
these individual differences in attempts to develop a personalized treatment strategy
for SUDs.
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The goal of this volume is to describe innovative basic science and clinical
research focused on various drugs of abuse given their critical impact in many
communities today. The first three chapters provide overviews of research
techniques: population-based research, molecular techniques, and small-molecule
chemistry. The remaining chapters focus on (1) molecular mechanisms, (2) preclini-
cal behavioral pharmacology, and (3) clinical pharmacology for opioids (mu and
kappa receptor), stimulants (cocaine and amphetamines), marijuana, nicotine, alco-
hol, and newly emerging substances of abuse. Together, these chapters bridge
preclinical and clinical behavioral pharmacology in expanding knowledge about
the current state of the field.

Some highlights from this volume:

• Recent advances in developing novel opioid analgesics from an understanding of
mu receptor structure and function, including the study of biased agonists;

• Drugs acting at mu opioid receptors, including abused opioids, can vary on a
number of dimensions, including pharmacological efficacy, drug-receptor
interactions, receptor selectivity, and pharmacokinetics; these differences impact
the behavioral effects of drugs acting at mu opioid receptors;

• Individual differences are a hallmark of SUD. In fact, most people that try drugs
do not become dependent on them. The neurobiological and genetic
underpinnings of individual differences in vulnerability are discussed;

• In individuals with SUDs, epigenetic molecular adaptations (DNA modification
to increase or decrease the probability of gene expression) underlie persistent
drug-seeking behavior;

• Research on cannabinoids led to the discovery of the endogenous cannabinoid
system. Studies are described showing the benefits, as well as harmful effects of
this neurotransmitter system on human health;

• Clinical trials involving pharmacotherapies for cannabis use disorder highlight
the importance of individual differences and the contribution of concurrent
mental health conditions;

• Research is described involving nicotine’s direct actions in the brain in regard to
specific genes that mitigate the vulnerability to develop nicotine dependence, as
well as the role that other constituents in nicotine and tobacco products have on
maintaining dependence;

• Given the relapse rates with existing Food and Drug Administration (FDA)-
approved medications for smoking cessation, novel pharmacotherapies are
being developed through clinical trials that might hold additional promise;

• Alcohol use disorder (AUD) is prevalent in adolescents and adults; however the
mechanisms mediating AUD may not be the same in these two populations.
Preclinical models of adolescent vulnerability are described focusing on
GABAergic and glutamatergic neurotransmission within regions/circuits that
regulate cognitive function, emotion, and their integration;

• Three medications have been approved in the USA, by the FDA, and in other
countries to treat patients with AUD: disulfiram, naltrexone (oral and long-
acting), and acamprosate. Individual differences in treatment response continued
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to push for the development of other medications that have shown efficacy in
clinical trials;

• The use of synthetic drugs has soared. Epidemiology, chemistry,
pharmacophysiology, clinical effects, laboratory detection, and clinical treatment
are discussed for newly emerging drugs of abuse; the challenge to detect these
drugs are of particular importance for hospital employees, medical examiners,
and law enforcement personnel.

This volume reflects the culmination of significant efforts by many individuals
who wrote, organized, and assembled these chapters. We would like to thank
Dr. James E. Barrett, Editor-in-Chief of the Handbook of Experimental Pharmacol-
ogy series, for inviting us to edit this volume and for his guidance throughout the
process. We also would like to acknowledge the outstanding efforts of Susanne
Dathe, Coral Zhou, Anand Ventakachalam, and Gerit Rother. Finally, we would like
to thank the contributors to this volume. Their insight and vision should guide
clinicians and researchers into innovative treatment strategies for substance use
disorders.

Winston-Salem, NC, USA Michael A. Nader
New York, NY, USA Yasmin L. Hurd
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the level of a population. We then describe the major categories of data collection
methods used in population research, including surveys, ecological momentary
assessment, administrative data, audit methods, and unobtrusive assessment of
substance use. Two categories of measures are then discussed: measures of an
individual’s use of substances and related problems and measures of harm to
others caused by one’s use. We then review factors that may be considered causes
or correlates of substance use and consequences, including both individual and
environmental factors. We close with a few thoughts on the accumulation of
knowledge and its translation to policy and practice.

Keywords
Alcohol · Drugs · Population health · Public health · Research · Tobacco

1 Introduction

This chapter reviews the array of methods used in contemporary research on
population-level research on substance use and its consequences. These include
methods that have been utilized for decades (such as population-based surveys and
administrative data), as well as methods of more recent vintage (such as response-
driven sampling and a variety of audit methods).

A useful starting point is to ask the question, “why is it important to examine
substance use at the population level?”After all, there is an abundance of research on
the dynamics of substance use in individuals and small, handpicked samples, as
evidenced by many of the chapters in this volume. This research is extraordinarily
useful for answering a number of key questions related to human drug-seeking,
drug-taking, and physiological and psychological responses. However, there are also
critical questions that can best – or in some cases, only – be addressed at the level of
a population (we discuss alternative definitions of “populations,” below). These
include:

1. What is the incidence and prevalence of substance use in a population? Answer-
ing this question is not only important from a scientific standpoint but also
important for informing public policy at local, state, national, and cross-national
levels.

2. What are the relationships between population-level patterns of substance use and
rates of negative consequences of use? From both scientific and policy
standpoints, it is important to understand how rates of substance use translate
into rates of problems.

3. What individual and environmental factors underlie rates of substance use and
consequences in populations? Individual factors (as discussed below) may
include age, race and ethnicity, gender, sexual identity, sexual orientation, socio-
economic status, genetic makeup, personality, beliefs and attitudes, and life
experiences. Environmental or contextual factors may include the availability
of drugs with abuse potential, neighborhood factors (e.g., housing, socioeco-
nomic status, crime rates), the presence or absence of relevant policies, and
enforcement practices, among others.

2 M. Wolfson et al.



It is also important to define what we mean by substance use. We define
substance use as the intentional consumption of psychoactive drugs, which conven-
tionally include alcohol, tobacco, marijuana, illicit drugs (such as cocaine,
hallucinogens, heroin), inhalants, and prescription drugs that are either not used as
prescribed or used by someone for whom they were not prescribed. We define
consequences of substance use to include individual or group changes in health,
behavior, family situation, economic status, educational status, legal status, or other
outcomes which may be attributed, at least in part, to use of one or more substances.

Finally, it is important to define what we mean by a “population.” As in all areas
of science, the definition of a population is the subject of contention and debate (see
Krieger 2012 for a recent summary of the issues). We use here a conventional (and
conservative) definition of a population as the “inhabitants of an area” (see Krieger
2012), although we briefly reference other definitions, such as a geographically
dispersed aggregation of people who are united by some other characteristic or
feature, such as sexual identity.

In the following sections of this chapter, we review methods for population
research on substance use and its consequences, focusing on data collection methods
(including surveys, ecological momentary assessment, administrative data, elec-
tronic health records, audits, and unobtrusive methods) for producing data on
(1) substance use, (2) consequences of use, and (3) contexts of use and environmen-
tal factors. We follow this with a discussion of future directions in methods.

2 Population Research on Substance Use and Consequences

2.1 Data Collection Methods

Below we review methods for population research on substance use and its
consequences, focusing on data collection methods, including surveys, ecological
momentary assessment, administrative data, electronic health records, audits, and
unobtrusive methods.

2.1.1 Surveys
Dating back at least to the 1970s, there is a long history of national surveys on
substance use. For example, the National Survey on Drug Use and Health (originally
known as the National Household Survey on Drug Abuse), sponsored by what is
now known as the Substance Abuse and Mental Health Services Administration
(SAMHSA), was first fielded in 1971. Monitoring the Future, which includes annual
national surveys of high school students and periodic follow-up surveys of
subsamples of these students, was launched in 1974 (Bachman et al. 2001).

Table 1 displays information on basic characteristics of major survey datasets that
include extensive data on substance use.

This table does not include surveys that are no longer active, such as the Harvard
College Alcohol Study, conducted in a sample of over 100 college campuses in
1993, 1997, 1999, and 2001 (Wechsler and Nelson 2008).

Methods for Population Research on Substance Use and Consequences 3
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The sponsoring agency or the organization that implements each of these surveys
issues periodic reports on major findings from the surveys, usually related to
prevalence of use of various substances, and changes in prevalence over time (e.g.,
Johnston et al. 2019; Mack et al. 2017). In addition, raw data (stripped of any
personal identifiers) from these surveys are available to the research community.
These datasets are widely used by researchers, who sometimes use them to contest
the “official” findings (e.g., Borders 2018), as well as for a wide variety of studies
examining such topics as the association of state recreational marijuana laws and
adolescent marijuana use (Cerdá et al. 2017 using Monitoring the Future data),
rankings of states on the prevalence of adolescent substance use (Moss et al. 2018
using National Survey on Drug Use and Health and Youth Risk Behavior Surveil-
lance System data), and the relationship of initiation of e-cigarette use and smoking
reduction and cessation (Berry et al. 2019 using Population Assessment of Tobacco
and Health data).

In addition to these widely used national datasets, many states and local
organizations (e.g., health departments) implement their own surveys to document
more local conditions. In addition, researchers field their own, specially designed
surveys, based on a need for a sample that is defined in different ways or that
asks different questions than included in the existing national or state surveys. For
example, a researcher may have an interest in alcohol use among LGBT youth
(Newcomb et al. 2012), associations between the experience of racial discrimination
and substance use (Gibbons et al. 2010), or ask about contexts or behaviors insuffi-
ciently addressed in standard surveys (e.g., adolescent alcohol and drug use at own
home or someone else’s (Egan et al. 2019)).

A fundamental question faced by organizations fielding surveys as well as
individual researchers or research teams is how to draw a sample to be surveyed.
A comprehensive review of sampling strategies for substance abuse research is
beyond the scope of this chapter (see Gfroerer et al. 2017 for such a review).
Major categories of these strategies include general population surveys (such as
the National Survey on Drug Use and Health), student surveys (such as Monitoring
the Future and the Youth Risk Behavior Survey), and “special population” surveys,
such as surveys of individuals housed in prisons or jails (such as the National Inmate
Survey; see Bronson et al. 2017; Gfroerer et al. 2017).

In addition to sampling strategy, survey mode is also an important decision.
Surveys may be conducted by in-person interviews, telephone interviews, Internet
surveys, and paper-and-pencil questionnaires, among others (Johnson and VanGeest
2017). Choice of mode involves consideration of important feasibility and coverage
issues (e.g., some households will lack a landline phone or cell phone coverage; see
Livingston et al. 2013). In addition, researchers need to consider the potential
influence of survey mode on responses to questions, especially questions involving
sensitive behaviors such as illicit or underage drug use and harms caused to others.
There is evidence that modes of data collection that require direct interaction with
another individual (such as in-person or telephone interviewer) are associated with
lower rates of self-reported drug use (especially illicit drug use; see Johnson and
VanGeest 2017) and one’s own drug use resulting in harms to others. Alternatively,
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methods such as audio computer-assisted self-interviews (ACASI) appear to pro-
duce the highest rates of endorsement of substance use (McNeely et al. 2016).

The sampling approaches described above all have the potential of drawing what
is known as a “probability sample” – that is, the likelihood of any individual being
selected is known, which allows statistical inference to characterize the population as
a whole. In addition, there are a variety of nonprobability samples that are used in
research on substance use.

An approach known as respondent-driven sampling (RDS) is particularly useful
for research on substance use. While probability sampling is the gold standard for
ensuring generalizability of the sample to the larger population (Shadish et al. 2001),
random selection is not feasible or efficient for many studies that focus on “hidden
populations” with relatively rare behaviors (Heckathorn 1997). RDS is a non-
probability, chain-referral approach to sampling in which participants recruit their
peers, who often share some behaviors, from their own social networks. It provides a
basis to calculate unbiased estimates of population parameters (Heckathorn 1997;
Heckathorn et al. 2002). RDS relies on respondents (known as “seeds”) who then
recruit a limited number of subsequent respondents who are members of their social
networks. RDS has been extensively used in research on people who inject drugs
(McKnight et al. 2006) and other relatively rare or “hidden” populations, such as
methamphetamine smokers (Kimani et al. 2014; see Leon et al. 2016 for an in-depth
review of the theory and application of RDS).

Another approach to gathering data from populations that might not be ade-
quately represented in standard probability samples is time-space sampling, which
is a systematic approach to generating representative samples of populations defined
by locations (Parsons et al. 2008). It has been used to gather data on the use of
“club drugs” (e.g., MDMA, ketamine, GHB, cocaine, methamphetamine, and LSD)
among young adults who frequent dance clubs (Ramo et al. 2010).

2.1.2 Ecological Momentary Assessment
While conventional surveys can be powerful tools for assessing substance use in
populations, they are typically limited in their frequency, with many taking place
annually. This makes assessment of alcohol and/or drug use in shorter time periods
problematic, especially given the difficulties of accurate recall. In addition, it may be
challenging in conventional surveys to accurately measure the settings in which
alcohol and/or drug use takes place. An approach known as ecological momentary
assessment (EMA) “is particularly suitable for studying substance use, because use
is episodic and thought to be related to mood and context” (Shiffman 2009). EMA is
a mobile health (mHealth) method that typically uses smartphones or other portable
devices to collect data from individuals over short time periods (Linas et al. 2016).

2.1.3 Administrative Data
In addition to survey data, there are many administrative datasets – data routinely
compiled by units of government or other organizations, such as hospitals and health
systems – that are frequently used in research on substance use and consequences in
populations (see Table 2).
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Table 2 Major administrative datasets that include extensive data on alcohol, tobacco, and other
drug use or consequences

Dataset name

Sample

Years Sponsor Website
Age
range

Other sample
characteristics

Treatment
Episode Data
Set

Aged
12 or
older

Tracks annual
admissions and
discharges to
public and private
substance abuse
treatment facilities
receiving federal
funding

1992–
present

Substance
Abuse and
Mental Health
Services
Administration

https://
wwwdasis.
samhsa.gov/
dasis2/teds.htm

Fatality
Analysis
Reporting
System

Fatal injuries
suffered in motor
vehicle traffic
crashes

1975–
present

National
Highway
Traffic Safety
Administration

https://www.
nhtsa.gov/
research-data/
fatality-analysis-
reporting-
system-fars

Fatal injury
data

Injury-related
mortality data

1981–
present

Centers for
Disease
Control and
Prevention

https://www.
cdc.gov/injury/
wisqars/fatal.
html

Public drug
treatment and
Medicaid
systems

Drug treatment,
deaths,
hospitalization

1991–
present

Centers for
Medicare and
Medicaid
Services

https://www.
medicaid.gov/
medicaid/
prescription-
drugs/index.
html

Health
maintenance
organization

Drug treatment Health
Maintenance
Organization

Social Security
Administration

Social Security
benefits

US Social
Security
Administration

https://www.ssa.
gov/

Child welfare
and public
drug treatment
system

Drug treatment National
Center on
Substance
Abuse and
Child Welfare

https://ncsacw.
samhsa.gov/
default.aspx

Mental Health
Systems

Mental health and
drug and alcohol
recovery services

1978–
present

Mental Health
Systems

https://www.
mhsinc.org/

Uniform
Crime
Reporting
Program

Law enforcement
administration,
operation, and
management

1930–
present

US
Department of
Justice, FBI

https://www.fbi.
gov/services/
cjis/ucr
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For example, the Fatality Analysis Reporting System (FARS) has been exten-
sively used to assess alcohol and other drug involvement in fatal motor vehicle
crashes. It has been a central resource for research on the effects of state and national
laws (e.g., the minimum legal drinking age, state “per se” laws, and administrative
license revocation laws) on alcohol-involved fatal motor vehicle crashes (Voas et al.
2000; Fell et al. 2016). Other administrative databases that have been used exten-
sively in population research on substance use include the Treatment Episode Data
Set (TEDS), which tracks annual admissions and discharges to public and private
substance abuse facilities. For example, TEDS has been used to estimate the
percentage of individuals in need of substance abuse treatment who actually received
it (the percentage was 8.3%; see Batts et al. 2014).

Finally, there has been substantial research using patients’ electronic health
records (EHRs) in recent years. These are records on patients that include informa-
tion on medical diagnoses and treatments that are maintained by individual
healthcare delivery organizations (Wu et al. 2016). For example, a number of
researchers have used EHR to investigate the relationship between patients
experiencing chronic pain and the development of opioid use disorder (Hser et al.
2017).

2.1.4 Audit Methods
An audit study is “a specific type of field experiment that permits researchers to
examine difficult to detect behavior . . . and decision-making in real-world
scenarios” (Gaddis 2017).

The earliest audit studies focused on racial and gender discrimination in real-
world settings, such as situations involving home rental or home buying (e.g., Wienk
Ronald et al. 1979). Audit studies have been used in substance abuse research since
the late 1980s. Examples include assessment of the willingness of retail outlets to sell
or serve tobacco products, alcoholic beverages, or (in states where recreational use of
marijuana is legal) cannabis products to underage individuals (e.g., DiFranza et al.
1987; Forster et al. 1996, 1997; Buller et al. 2016) or serve alcohol to intoxicated
individuals (Toomey et al. 2016). With the rise of new products in alcohol and
tobacco as well as the changing marijuana landscape, audits are not only conducted
in these physical locations but are increasingly being conducted online as well
(Williams et al. 2015). In addition to purchase attempts, audit studies often involve
an assessment of the availability and marketing of a product, including the retail
outlet density and proximity of retailers to specific locations, such as schools,
daycares, and parks. These retail assessments may be conducted using a variety of
methods. Data can be collected via paper-and-pencil forms or electronically using
mobile technology like iPads or cellular phones. Sometimes, photographic docu-
mentation is needed so that a post-assessment content analysis of product advertising
can be conducted, as analysis cannot reliably be completed during real-time data
collection (i.e., while in the store) (Riffe et al. 2005). To do this, electronic devices or
wearable imaging technology, such as glasses with built-in cameras, is needed
(Cantrell et al. 2013; Widome et al. 2013; Wagoner et al. 2014, 2018). Wearable
imaging technology allows advertisements to be photographically documented at
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timed increments, making this method more efficient and less obtrusive than taking
photos with tablets or mobile phones.

2.1.5 Unobtrusive Assessment of Substance Use
In addition to the methods described above, there are emerging methods that do not
involve direct interaction with individuals or retail environments. One example is
what is sometimes referred to as “sewage” or “wastewater” epidemiology, which
involves laboratory assessment of excreted drug residues in wastewater to monitor
community-level use of drugs of abuse in near real time (Zuccato et al. 2008; Tillett
2008). A recent wastewater measure of cannabis consumption provided evidence
that there was a substantial increase in marijuana consumption in Washington state
following legalization (Burgard et al. 2019).

A second unobtrusive approach to population health research involves the analy-
sis of social media data, using “big data” approaches (Kim et al. 2017). For example,
researchers have examined Twitter posts about JUUL, a popular brand of e-cigarette,
and documented that adolescents were following the company’s official Twitter
account and sharing the messages with others (Chu et al. 2018).

3 Measures

There is an extensive literature on measurement of substance use and its correlates
and consequences (see, e.g., Grigsby et al. 2018), of which we can only touch the
surface here. Below we present a brief overview of the assessment of an individual’s
own use, proxy reports on someone else’s use, and harm caused to others. We then
touch on a few critical points related to measurement of correlates of use and
problems, emphasizing the importance of research looking at both endogenous
(intraindividual) and exogenous (extra-individual) factors associated with use and
problems.

3.1 Measures of Own Use

One of two methods is typically used to measure an individual’s use of substances:
self-reports or biological measures (sometimes these are both used in the same
study). Self-reports, as the name suggests, involve an individual reporting on his
or her own substance use behaviors. There is a substantial empirical literature on the
reliability and validity of self-reports, as substance use, settings, and consequences
may be sensitive topics, with self-reports subject to social desirability as well as
recall issues common to self-reported behaviors. A variety of methods have been
developed in response to concerns about both social desirability and inaccurate
reporting. These include survey methods minimizing or eliminating direct interac-
tion with research staff (e.g., ACASI, described above), triangulation with biological
measures, “bogus pipeline” methods, and “randomized response” methods.
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Biological measures (sometimes known as “biomarkers”) involve the collection
of specimens from individuals followed by lab testing to detect the presence and
concentration of drugs with abuse potential. Biomarkers from urine, hair, oral fluid,
blood, sweat, and breath have been used in substance abuse research (Fendrich et al.
2017; Peterson 2004; Dick 2017; Sharma et al. 2016).

3.1.1 Type of Substance
Researchers almost always find it useful to try to ascertain the type of substance
being used. That said, there is considerable variation in the granularity that is sought.
For example, a researcher may include survey questions simply on alcohol use, with
alcohol including any type. Or they may be interested in the type of alcohol used
(e.g., beer, wine, or distilled spirits). For example, some researchers have examined
the relationship between the type of alcohol used and the probability of negative
consequences (Maldonado-Molina et al. 2010). Some recent work has gone beyond
assessing type of alcohol used to actually ascertaining the brand of alcohol,
motivated in part by an interest in understanding the connections between alcohol
marketing and underage and adult alcohol use (Padon et al. 2018; for similar
research on tobacco, see Perks et al. 2018). Researchers studying cannabis use
face a host of challenges due to wide variation in strains, which are associated
with differences in the concentration of active substances (e.g., THC, CBD) and the
presence of contaminants or adulterants (National Academies of Sciences, Engineer-
ing, and Medicine 2017). These challenges are often present when assessing the type
of illicit drug being used (Napper et al. 2010).

3.1.2 Mode of Consumption
While national surveys often ask about the use of different categories of drugs, many
drugs can be consumed in different ways, with important implications for use
patterns, progression to addiction, and other consequences of use (Novak and Kral
2011). Examples of modes of consumption include injection, inhalation, and smok-
ing. Even within any one of these categories, there may be important variations – for
example, injection directly into a vein (“mainlining”) or injection under the skin
(“skin-popping”). A further complication is the use of clean needles or reusing
needles when injection drugs. For example, a 2015 HIV outbreak in Indiana that
stemmed from reuse of needles while injecting the opioid analgesic oxymorphone
drew national attention (Conrad et al. 2015). Large increases in rates of acute
hepatitis C infection over the past decade in the United States have been linked to
injection of heroin and prescription opioid analgesics using contaminated needles
(Zibbell et al. 2018). Efforts to identify the mode of consumption are reflected in
recent research on heroin, methamphetamine, cocaine (Novak and Kral 2011), and
marijuana use (Johnson et al. 2016).

3.1.3 Quantity and Frequency of Use
Quantity and frequency of drug use are typically assessed in research, given their
association with impairment and downstream consequences (Grigsby et al. 2018).
That said, assessing each of these features of substance use can pose a number of
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challenges. For example, the quantity of alcohol use is typically measured by asking
questions about the number of drinks that a respondent has consumed during a given
time period or drinking occasion. This is sometimes accompanied by definitions of a
“standard drink”: 12 fluid ounces of beer, 8–9 fluid ounces of malt liquor, 5 fluid
ounces of wine, and 1.5 fluid ounces of distilled spirits (National Institute on Alcohol
Abuse and Alcoholism 2019). However, individuals typically have little idea of the
actual size of the drink they have consumed (Greenfield and Kerr 2008). There are
continuing efforts to improve upon and standardize assessment of quantity, using
particular sequences of questions that have been shown to elicit more accurate
estimates of the quantity of alcohol consumed (such as the quantity-frequency
instrument and the beverage-specific quantity-frequency instrument (see Greenfield
and Kerr 2008; Nugawela et al. 2016; Vichitkunakorn et al. 2018)).

In the United States, there has been a long history of using a measure of “binge
drinking” as a marker of a heavy drinking occasion (the National Institute on
Alcohol Abuse and Alcoholism definition of binge drinking is four or more drinks
for females and five or more drinks for males in a 2 h period; this level of
consumption typically elevates blood alcohol levels to 0.08 g/dl (NIAAA 2015)).
Recent research has demonstrated that use of an additional, higher threshold for
“high-intensity drinking” – eight or more drinks for females and ten or more for
males – is useful for identifying particularly risky drinking occasions (Patrick 2016;
Cox et al. 2019).

The emergence of new tobacco products (e.g., e-cigarettes) presents unresolved
challenges for measurement. As noted by Wong et al. (2019), the reliability and
validity (as well as comparability across studies) of quantity measures such as the
number of puffs, vaping episodes, cartridges, and quantity of e-liquid consumed has
not been established and may make more or less sense depending on the particular
features of the product (also see Cooper et al. 2016).

Similarly, a variety of methods have been used to assess the history or frequency
of substance use (often using combined measures of quantity and frequency).
This is motivated by researchers’ interests in specifying, and understanding the
consequences associated with, different patterns of substance use over time. As
mentioned earlier, social desirability, as well as recall issues, can pose challenges
to accurate measurement of use patterns over a period of time. One often-used
method for increasing the accuracy of retrospective self-reports of substance use is
the timeline followback method (TLFB; Robinson et al. 2014). The TLFB approach
uses a calendar to assist individuals in providing retrospective estimates of their
drinking over a specified time period, which can range from a week to 12 months
preceding the time of the survey or interview. There are continuing debates about the
optimal period of time to measure use using TLFB (e.g., 30-day versus 7-day
periods; Hoeppner et al. 2010).

3.1.4 Setting
National surveys often ask questions about substance use without consideration of
the context or setting of use. This may provide an incomplete and inadequate
understanding of use, since (1) patterns of use may vary considerably across settings
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and (2) different settings may be associated with variation in the types and likelihood
of consequences. An example of the former is cigarette smoking by young adults in
public settings, such as bars, which tends to be more episodic than smoking in
private settings, such as in homes (Guillory et al. 2017). An example of the latter is
research on underage alcohol use in party settings. Alcohol use by young people at
parties is associated with higher rates of negative consequences, including sexual
assaults, subsequent drinking and driving, and violence, than drinking in many other
settings (Wagoner et al. 2012). Moreover, heightened risk of negative consequences
is associated with characteristics of parties, such as whether there is adult presence or
supervision, the number of individuals at the party, and whether illicit drugs, such as
marijuana, are also being used (Egan et al. 2019; Cox et al. 2019). In recognition of
the importance of understanding setting, many studies now try to assess the setting or
context in which substance use takes place and analyze the relationship of various
settings to patterns of consumption and problems (Grüne et al. 2017; Dunbar et al.
2010; Padilla et al. 2015).

3.1.5 Source
Historically, up until about the 1990s, the source from which a substance with abuse
potential was obtained was not an important focus of research. However, in the late
1980s and the 1990s, studies showing the ease with which youth could obtain
cigarettes (DiFranza et al. 1987; Forster et al. 1997) and alcohol (Forster et al.
1995) from retail outlets led to an important focus on source that has continued to
this day. For example, recent work has focused on the sources of opioid analgesics
used without a prescription (Daniulaityte et al. 2014). Research on sources of drugs
has the potential to inform effective prevention efforts, such as efforts to restrict
youth access to tobacco and alcohol and efforts to reduce inappropriate prescribing
of opioid analgesics (Forster and Wolfson 1998; Barglow 2018).

3.1.6 Problems Associated with Use
Problems stemming from substance use are, of course, a critical focus of research. It
is important to document the prevalence and extent of such problems and to analyze
relationships between patterns of use, individual characteristics, environmental
characteristics, and the occurrence of problems.

Many substances have the potential for users to become addicted, so, appropri-
ately, addiction or dependence is an important problem to be measured. If assess-
ment takes place in an interview format, validated instruments commonly used to
assess alcohol and drug misuse include the Substance Dependence Severity Scale,
the Addiction Severity Index, the Comprehensive Addiction Severity Index for
Adolescents, and DSM 5 SCID (see Grigsby et al. 2018 for a review). If an
assessment is to be self-administered (e.g., a self-administered survey), validated
brief instruments used to assess misuse include the CAGE, CRAFFT, Michigan
Alcohol Screening Test (MAST), the Drug Abuse Screening Test (DAST), and the
Alcohol Use Disorders Identification Test (AUDIT), among others (see Grigsby
et al. 2018). Choices of the particular instrument to be used typically depend on the
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population being assessed, the logistics of assessment (e.g., interviewer- or self-
administered), and the particular interests of the researchers.

The introduction of new products can present challenges for researchers.
For example, efforts are ongoing to adapt existing, validated tools, such as the
Fagerström Test for Nicotine Dependence (FTND) and the Nicotine Dependence
Syndrome Scale (NDSS) for assessing dependence on e-cigarettes (González et al.
2017) and water pipe tobacco smoking (Myers et al. 2016).

Of course, researchers may be interested in a variety of consequences of sub-
stance use that may not be adequately assessed in existing tools, including particular
health, educational, social, and legal outcomes. Administrative data sources are also
an important tool for examining such outcomes. To cite just one example, the
Fatality Analysis Reporting System has been a critical resource for understanding
the nature, extent, and societal impact of alcohol-impaired driving (Fell et al. 2009).

3.2 Harming Others

An individual’s use of substances can result in a variety of harms to others, ranging
from minor annoyances to serious injury and death (Giesbrecht et al. 2010). This is
another topic that, until recent years, has been underemphasized in population
research on substance use and consequences (Rossow 2016). One line of research
that has emerged is the examination of individuals providing substances to others, by
way of sharing, gift, or sale. For example, Wolfson et al. (1997) found that more than
two-thirds of adolescent smokers had provided tobacco to another adolescent in the
previous 30 days, underscoring the importance of social as well as commercial
availability of tobacco products.

More generally, in recent years, there has been a proliferation of efforts to assess
the harms associated with alcohol and other drugs in college populations (Rhodes
et al. 2009a, b) and a number of nation-states, including Australia (Laslett et al.
2014), New Zealand (Casswell et al. 2011), and the United States (Greenfield et al.
2009).

4 Causal Factors and Correlates of Substance Use
and Consequences

Accurate and comprehensive description of patterns of use and consequences is
critical. But in order to advance the development and implementation of effective
prevention, harm reduction, and treatment strategies, population research must also
identify causes or correlates of substance use and consequences. This, of course, is a
broad topic and has been the focus of 1,000s of scientific articles and books. For the
purposes of this chapter, we provide an overview of the kinds of variables that have
been examined for the potential role they may play in understanding patterns of
substance use and associated problems. We group these factors into two categories,
(1) individual and (2) environmental, and, for each, provide some examples of the
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ways in which the factors have been conceptualized and measured in population
research on substance use.

4.1 Individual Causal Factors and Correlates

In this section, we discuss individual-level factors – usually characteristics or
attributes of individuals.

4.1.1 Sociodemographic Factors
Sociodemographic factors, including age, race and ethnicity, gender, and socioeco-
nomic status, are typically assessed in population research on substance use and
problems. This enables researchers to examine differences in the incidence and
prevalence of use and the associations of use with problems across categories of
age (e.g., young adolescents, older adolescents, young adults, and older adults),
race and ethnicity, and gender. Of particular concern are disparities in exposure to
prevention, harm reduction, and treatment by race, ethnicity, and income (e.g.,
Melnick 2011), as well as disproportionate legal sanctioning of African Americans
for drug offenses (Mooney et al. 2018).

4.1.2 Sexual Orientation and Identity
Increasingly, research on substance use and problems includes assessment of sexual
orientation and examination of differences in substance use and problems by this
attribute (Kerr and Oglesby 2017; Rhodes et al. 2009a, b). Several studies suggest
that LGBT populations are at higher risk for substance use and substance use
disorders (Marshal et al. 2008; Azagba et al. 2019).

4.1.3 Personality and Attitudinal Factors
A wide variety of personality factors has been assessed and analyzed in population
research on substance use and problems. For example, the five-factor model of
personality (the factors are neuroticism, extraversion, openness to experience,
agreeableness, and conscientiousness) has been applied in research on community
samples (Terracciano et al. 2008). Other factors that have been extensively examined
in population research on substance use include time attitudes, self-efficacy, and
sensation seeking (McKay et al. 2016). Finally, favorable attitudes about specific
substances have been found to predict later use of those substances (Guo et al. 2001).

4.1.4 Personality and Attitudinal Factors
Religiosity, as defined by religious beliefs and attendance at religious services, has
been found to be negatively associated with substance use in a large number of
studies (Edlund et al. 2010), although there is variation in this relationship by
denomination (Michalak et al. 2007).
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4.1.5 Mental Health
The co-occurrence of mental health problems and substance misuse has been a
mainstay of population research. It is estimated that as many as half of individuals
who experience a mental health episode will also experience substance misuse.
Santucci (2012) suggests that the substantial overlap between mental health
problems and substance abuse may involve some combination of four reasons:
risk factors common to both disorders, substance use precipitating mental disorder,
self-medication hypothesis, and the presence of either mental illness or SUD
contributing to the development of the other.

4.2 Environmental Causal Factors and Correlates

In this section, we examine extra-individual or “environmental” factors that have
been the subject of population research on substance use and problems. Many of
these factors are of particular interest because they are potentially modifiable.

4.2.1 Situational Factors
Situational factors refer to characteristics of a particular drinking event. These may
include the physical location, the social occasion, the day of the week and the time of
day, and the presence of, and relationship to, other individuals participating in or
observing the event (Jackson et al. 2016). Situational factors are usually measured by
survey respondent self-reports, for example, using some variant of the TLFB method
described earlier, or ecological momentary assessment (Freisthler et al. 2014).

4.2.2 Family Factors
As one might expect, parenting practices and family dynamics have been the focus
of a considerable amount of research on substance use and problems among youth
and young adults. For example, high family conflict and low family bonding have
been found to increase the risk of initiation of illicit drugs as a child moves through
adolescence into young adulthood (Guo et al. 2001). Parental use of drugs is also a
risk factor for initiation by youth. Most often, scales of parenting practices and
family dynamics are based on self-reports of youth. However, some studies incor-
porate direct parental reports, which are then linked with data on the child, into
measurement of parenting style and family climate and functioning (Rusby et al.
2018). In recent years, researchers have examined how drinking with parents,
parents hosting parties, and parents providing alcohol to their adolescents are
associated with adolescents’ drinking practices and alcohol-related problems
(Foley et al. 2004; Reboussin et al. 2012; Cox et al. 2019).

4.2.3 Peer Networks
Having peers who use alcohol, drugs, and tobacco products is also associated with
adolescent use (Trucco et al. 2011). This is most often assessed by asking questions
about parental behavior on surveys or interviews. However, in some cases,
researchers have used social network analysis (SNA) methods to directly ascertain
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alcohol, tobacco, and drug use within an individual’s social networks. For example,
Fujimoto and Valente (2012) used data on social networks from the national Add
Health survey. The In-School Survey had students nominate their five best male and
five best female friends from a school roster, who were also participants in the
survey. Thus, the investigators were able to examine the characteristics of social
networks and the association of these characteristics and a youth’s position in the
network with his or her substance use behaviors.

4.2.4 Availability of Substances
Availability of substances, to both youth and adults, has been extensively examined,
using a variety of methods, in recent years. One dimension of this is availability in
the home. Broman (2016) used subjective questions to assess this among youth: “Is
alcohol easily available to you in your home?” “Are illegal drugs easily available to
you in your home?”

Availability of drugs with abuse potential from commercial outlets is also an
important focus of research. This can also be assessed using a measure of perceived
availability, for example, youth perceptions of the availability of alcohol from bars,
grocery stores, or package stores (Foley et al. 2004). But researchers have also used
other, objective, measures to assess availability. One is the density or proximity of
stores that sell alcohol, tobacco, or marijuana products (in states where medical
and/or recreational marijuana can be legally sold) (Mair et al. 2015). In states that
require licensing of such stores, density can be computed by geocoding the location
of licensed outlets. In states that do not have such a licensing requirement,
researchers may generate their own lists of outlets, using a combination of online
business listing services (Lee et al. 2016) or physical inspection (“ground-truthing”)
(Feld et al. 2016). The Centers for Disease Control and Prevention have published a
guide on methods for measuring alcohol outlet density (Centers for Disease Control
and Prevention 2017).

Using audit methods described earlier in this chapter, researchers have assessed
alcohol, tobacco, and marijuana outlets’ propensity to sell or serve alcohol, tobacco,
or marijuana products to youth, using the outcomes from these audits as a measure of
availability (Forster et al. 1997). In addition, they have assessed retailer attitudes and
practices (e.g., server or seller training) by conducting systematic observations or
surveys of store owners or managers (Wolfson et al. 1996).

Availability of prescription drugs with abuse potential, such as prescription
opioid analgesics, has become an important focus of research coinciding with the
advent of the opioid crisis in the United States. Availability has been measured by
calculating the number of prescriptions of a drug of interest (e.g., an opioid analge-
sic) divided by the population of a geopolitical unit (e.g., a state), as well as by the
rate of high-dose prescribing (defined as a daily dose of 90 morphine milligram
equivalents or higher) per capita (Schuchat et al. 2017). County-level data on rates of
prescribing are published by many states, based on their prescription drug monitor-
ing program. State-level and national data are published by the CDC (Schuchat
et al. 2017).
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4.2.5 Price
The price of legal and illicit drugs, which is sometimes considered to be an aspect of
availability, is another “environmental” factor that has received substantial attention.
Increasing the price of legal substances, often by way of tax increases, is a key tool in
efforts to reduce use and harms from alcohol and tobacco use (Sharma et al. 2017).
For both alcohol and tobacco research, there are debates about the best kind of data
to use to measure price (Ruhm et al. 2012). Data can be person-level survey data
(i.e., asking people the price they pay for products), aggregate data from secondary
data sources available at the state or national level, or local retail “scanner” data from
supermarkets (Adhikari et al. 2012). For illicit drugs, there is not a nationwide
consistent and sustained source of reliable data on price, which creates challenges
for researchers interested in this dimension of the environment for illicit drugs
(Johnson and Golub 2007).

4.2.6 Marketing
Industry marketing, including advertising and promotions by manufacturers and
retailers, is an important influence on alcohol and tobacco use, including initiation
of use by individuals under the legal age to purchase and use these products (Tanski
et al. 2015). With the advent of legal medical and recreational cannabis in some
states, researchers have begun to document similar patterns for marijuana (D’Amico
et al. 2018). Exposure to marketing is typically measured using self-reports in
surveys, which can either be cued (by showing part of an ad but without brand
information) or un-cued (simply asking individuals whether they have seen ads).
While conventional television and magazine advertising has been most often
assessed, recent work focused on marketing via channels involving the Internet
(McClure et al. 2016). Recent work has also used EMA (described earlier) to
measure exposure to marketing using real-time self-reports (Roberts et al. 2019).

4.2.7 Policy
Federal, state, and local public policy, as well as institutional policy (i.e., policy
instituted by nongovernmental organizations, such as healthcare systems, alcohol
and tobacco manufacturers and retailers, and social service organizations), are
important topics for substance abuse research. There is now a considerable literature
on methods for assessing and characterizing policy related to substance use and
problems (e.g., see Wagenaar and Burris 2013). In some cases, there are existing
databases that indicate which states or localities have a particular policy of interest.
For example, NIAAA’s Alcohol Policy Information System (APIS) contains exten-
sive information about federal and state alcohol policies, as well as recreational
cannabis policies. If an existing database is not used, researchers may rely on online
federal, state, or local codes or statutes, although sometimes responsible officials
(such as city clerks) are simply asked in surveys about the existence of particular
policies (e.g., Forster et al. 1996). Often researchers are interested in assessing
whether or not a policy achieved its intended impact; however, it is also important
to investigate potential unintended consequences of policy (Wolfson and Hourigan
1997).
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4.2.8 Enforcement Practices
Once policies are put in place, they may or may not be enforced. Moreover, there
may be considerable variation across jurisdictions in the ways in which policies,
such as the minimum legal drinking age, are enforced. Researchers have used both
observational and survey methods to collect data on law enforcement agencies
regarding their policies, priorities, and practices with respect to enforcement of
laws related to illicit substance use, possession, and other behaviors, such as driving
while impaired by alcohol or drugs (Montgomery et al. 2006; Bernat et al. 2014).

4.2.9 Community Characteristics
Researchers may have interests in more general features of communities and their
relationship to substance use and related problems. These may include whether
communities are rural or urban; the composition of the population with respect to
race, ethnicity, and income; the presence of concentrated poverty; and the age
distribution of a community, among others. The US Census and American Commu-
nity Survey data are often used for studies exploring these questions. States, cities, or
more granular units, such as census tracts, may be used as a unit of aggregation (see
Song et al. 2009; Reboussin et al. 2010). There has also been a long-standing interest
in exploring the relationship between social determinants of health and substance use
and related problems; this interest has intensified with the now widespread attention
to the opioid crisis and awareness that certain areas, such as rural communities and
Appalachia, have been particularly hard hit (Dasgupta et al. 2018).

5 Summary and Conclusion

5.1 Accumulation of Knowledge

Population research on substance use and related problems has a long history as a
vibrant, interdisciplinary field of inquiry. However, it is fair to ask how successful it
has been in integrating and accumulating knowledge. One potential obstacle to
knowledge accumulation and integration is the use of a multiplicity of measures,
which can constitute an obstacle to the development of generalizable knowledge.
Recently, federal funders of substance abuse research and others have examined the
extent to which common or commensurate measures are used across research
studies. One examination of the commonality of shared measurement, based on a
sample of applications for funded grants involving human subjects research
supported by the National Institute on Drug Abuse (NIDA) and the National Institute
on Alcohol Abuse and Alcoholism (NIAAA), found that commonality of measures
was generally low, although research on prevention and treatment had somewhat
greater commonality than research involving epidemiology and services (Conway
et al. 2014). This raises concerns about the generalizability of findings and the
cumulative nature of research. A couple of different strategies have emerged in
response to this concern. One response is intentional curating measures into
compendia, whose use is subsequently promoted by funding agencies. A prominent
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example of this is NIDA’s support for the development and promotion of the PhenX
Toolkit (Hendershot et al. 2015; also see https://www.drugabuse.gov/researchers/
research-resources/data-harmonization-projects). A second response to the problem
of non-common measures is “data harmonization.” This term describes efforts to
combine data from different surveys or data sources, where questions may not be
exactly the same or difference in methods (sometimes also referred to as “integrative
data analysis”; Mun et al. 2015). In addition, in recent years, there has been a
movement toward publishing more meta-analyses and systematic reviews (e.g.,
Hulme et al. 2018; Duke et al. 2018), which can promote accumulation and integra-
tion of knowledge.

5.2 Translation of Knowledge

A second important macro question is the extent to which research in a field of study
gets translated into policy and practice. Some have argued that substance misuse
research is not optimally aligned with the needs of treatment, harm reduction
and prevention policymakers and practitioners. One potential, partial remedy that
has been suggested is establishing a closer connection between policymakers,
practitioners, and researchers in all stages of research – i.e., in the formulation of
research problems, implementation of the research, and interpretation and dissemi-
nation of results (Dick 2017; Wolfson et al. 2017).

5.3 Limitations

In this chapter, we have attempted to survey a large, complex field within the
relatively brief compass of a single chapter. Inevitably, the first limitation is that
we were of necessity selective and may have neglected some areas of particular
interest to readers. Specific limitations worth acknowledging are that we have for the
most part drawn on literature based on research conducted in the United States. We
also have mainly discussed observational research. However, throughout the chap-
ter, we refer the reader to other volumes that explore the wide variety of research
designs, including large-scale experiments (e.g., community trials and natural
experiments), which can be powerful vehicles of knowledge generation in popula-
tion research on substance use and related problems. Despite these shortcomings, we
hope the reader will find some facts, references, or opinions of value in this chapter.
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Abstract
Excessive abuse of psychoactive substances is one of the leading contributors to
morbidity and mortality worldwide. In this book chapter, we review translational
research strategies that are applied in the pursuit of new and more effective
therapeutics for substance use disorder (SUD). The complex, multidimensional
nature of psychiatric disorders like SUD presents difficult challenges to
investigators. While animal models are critical for outlining the mechanistic
relationships between defined behaviors and genetic and/or molecular changes,
the heterogeneous pathophysiology of brain diseases is uniquely human,
necessitating the use of human studies and translational research schemes. Trans-
lational research describes a cross-species approach in which findings from
human patient-based data can be used to guide molecular genetic investigations
in preclinical animal models in order to delineate the mechanisms of reward
circuitry changes in the addicted state. Results from animal studies can then
inform clinical investigations toward the development of novel treatments for
SUD. Here we describe the strategies that are used to identify and functionally
validate genetic variants in the human genome which may contribute to increased
risk for SUD, starting from early candidate gene approaches to more recent
genome-wide association studies. We will next examine studies aimed at under-
standing how transcriptional and epigenetic dysregulation in SUD can persis-
tently alter cellular function in the disease state. In our discussion, we then focus
on examples from the literature illustrating molecular genetic methodologies that
have been applied to studies of different substances of abuse – from alcohol and
nicotine to stimulants and opioids – in order to exemplify how these approaches
can both delineate the underlying molecular systems driving drug addiction and
provide insights into the genetic basis of SUD.

Keywords
Epigenetics · Genetics · Molecular approaches · Substance use disorder ·
Translational research

1 Introduction

Excessive abuse of psychoactive substances is one of the leading contributors to
morbidity and mortality worldwide, affecting a population of nearly half a billion
(Degenhardt and Hall 2012). In the United States, 11.3% of Americans smoked
cigarettes daily, 5.9% abused alcohol, and 2.9% had an illicit drug use disorder in the
past year – an estimated 30.2 million people in total (Abuse and Administration
2016). Effective treatments for substance use disorder (SUD) are lacking, and
recovery rates are often very low – for example, while 68% of US smokers stated
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they wanted to quit, only 7% have ceased using tobacco (Babb 2017). SUD is a
chronic relapsing disease driven by neuroadaptations in the brain’s reward circuitry.
Persistent changes in these systems trigger compulsive drug-seeking behaviors
despite negative consequences, though the precise mechanisms that underlie the
progression from drug exposures to drug abuse are not well understood. Given the
present shortage of treatment possibilities and prevention options, it is critical that
new advances in translational research be leveraged and integrated with current
methods in order to parse the neurobiological mechanisms underlying SUD.

In this book chapter, we review translational research strategies that are applied
in the pursuit of new and more effective therapeutics for SUD. The complex,
multidimensional nature of psychiatric disorders presents difficult challenges to
investigators. While animal models are critical for outlining the mechanistic
relationships between defined behaviors and genetic and/or molecular changes, the
heterogeneous pathophysiology of brain diseases is uniquely human. Many of the
cortical brain regions involved in psychiatric disorders have weak conservation with
nonhuman species, including other primates (Konopka et al. 2012), necessitating the
use of human studies and translational research schemes. Translational research
describes a cross-species approach in which findings from human patient-based
data can be used to guide molecular genetic investigations in preclinical animal
models in order to delineate the mechanisms of reward circuitry changes in the
addicted state. Results from animal studies in turn can inform clinical trials for the
development of novel treatments for substance abuse.

In the following sections, we will begin by describing strategies that are used to
identify and functionally validate genetic variants in the human genome which may
contribute to increased risk for SUD, starting from early candidate gene approaches
to more recent genome-wide association studies. We will next examine studies
aimed at understanding how transcriptional and epigenetic dysregulation in SUD
can persistently alter cellular function in the disease state. In our discussion, we then
focus on examples from the literature illustrating molecular genetic methodologies
that have been applied to studies of different substances of abuse – from alcohol and
nicotine to stimulants and opioids – in order to exemplify how these approaches can
both delineate the underlying molecular systems driving drug addiction and provide
insights into the genetic basis of SUD. Our emphasis will be on developments that
have markedly advanced our mechanistic understanding of SUD, as well as those
that have identified novel biomarkers and promising new therapeutic targets for
improved pharmacogenomics-based treatments.

2 The Neurobiology of Substance Use Disorder

SUD is a chronic relapsing disorder characterized by aberrant plasticity in reward
and learning-related processing systems. The three major stages of SUD have been
conceptualized in a heuristic framework that is defined by disturbances in three
major neurocircuits (Koob and Volkow 2016). In the initial binge/intoxication stage,
the acutely reinforcing use of psychoactive substances works through their primary
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sites of action to influence dopamine and opioid signaling in the basal ganglia,
including the ventral tegmental area (VTA) and nucleus accumbens (NAc), which
integrates dopaminergic and glutamatergic input from the midbrain and cortex to
modulate emotion, motivation, reward, and goal-directed behavior (Nestler 2005;
Lüscher and Malenka 2011). Maladaptations in these regions can cause drug use
to escalate to compulsive use and dependence. During the withdrawal/negative
affective stage, there is a marked increase in anxiety, depression, amotivational
symptoms, and physiological states that involves a reduction in dopaminergic
signaling and concomitant increases in stress-related neurotransmitters in the
extended amygdala. Such negative withdrawal symptoms in turn precipitate craving
and cognitive deficits in the preoccupation/anticipation stage, which recruits pre-
frontal cortex and insular afferents back to the basal ganglia and amygdala, often
leading to relapse (D’Souza 2015; Scofield et al. 2016). This recurring pattern can
repeat in cycles and is associated with enormous medical, social, and occupational
consequences. The ultimate aim of addiction research is to identify and characterize
both the environmental and genetic molecular drivers of these functional alterations
in reward circuitries in order to better leverage for targeted SUD therapeutics.

3 Substance Use Disorder Heritability

SUD is a highly complex, multifactorial psychiatric disorder driven by both genetic
and environmental influences. Importantly, not all people who use addictive
substances develop SUD; individual genetic differences influence susceptibility to
the disease. Establishing evidence for heritable vulnerability to substance abuse
across specific drug classes has emerged based on large-scale family-based genetic
studies, including family pedigree analyses, adoption, and twin linkage studies (Uhl
et al. 1995; Merikangas et al. 1998; Kendler et al. 2000). Early family-based studies
examined risks for SUD in first-degree relatives of individuals with and without the
disorder. For example, in a study of individuals with alcohol dependence and their
siblings, it was found that, relative to controls, siblings of alcohol-dependent cases
had increased rates of alcohol dependence themselves – up to 50% for men and 25%
for women (Bierut et al. 1998). In a similar study surveying first-degree relatives of
addicted individuals, an eightfold increase in risk was reported for developing SUD
for a range of addictive substances (including opioids, cocaine, cannabis, and
alcohol) (Merikangas et al. 1998), implicating familial influences as a non-specific
risk factor for drug dependence. While these types of family studies revealed that
SUD clusters in related individuals, pedigree-based designs cannot separate the
specific contributions of genetics vs. environment to a given disease.

In adoption studies, concordance between offspring and biological parents
indicates genetic influences on behavior, while similarity between offspring and
adoptive parents suggests environmental influences. This type of research scheme is
based on comparing the correlation between addiction status of offspring and the
characteristics of both biological and adoptive parents. By isolating the influence of
environmental exposures from potential genetic confounds on risks for addiction,
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Cadoret et al. determined that alcohol dependence in biological parents predicted
increased drug abuse in adopted individuals, which held across both males and
females (Cadoret et al. 1986, 1996). Limitations of adoption studies include the
fact that adoptive children and their biological parents are not necessarily a repre-
sentative sample of the population as a whole; biological parents of adopted children
are more likely to have higher rates of drug addiction, while adoptive parents are less
likely. In addition, prenatal environmental influences, including drug exposure in
utero, cannot be ruled out.

Classical twin studies, on the other hand, have used data from monozygotic
(MZ) and dizygotic (DZ) twin pairs, raised together, in order to deconstruct roles
of genetic vs. environmental influences on variation measured within a given
phenotype. Twin studies yield insights into the mode of inheritance for a given
disease state. A polygenic disease is determined by the combination of many genetic
variants, all of which individually contribute to a small percentage of genetic
vulnerability. When inherited together, however, these variants can drive expression
of a disease phenotype. MZ/DZ twin concordance ratios provide some insights into
this issue, since MZ twins share 100% of genetic variants, where DZ twins do not. A
high MZ/DZ ratio for a disease (as in, e.g., schizophrenia) indicates that a disease
may be polygenic. For SUD, the MZ/DZ twin concordance ratios hover between 2:1
for hallucinogens and 4:1 for cocaine, indicating moderate polygenic effects (Swan
et al. 1997). Other factors that are not captured in twin studies include epigenetic
modifications and stochastic DNA changes that may occur in one twin and not in the
other. For alcohol, opioids, cocaine, and cannabis, multiple groups have reported
that a genetic contribution to drug disorders constitutes increased risk ranging from
0.2–0.3 (for hallucinogens and cannabis) to around 0.6–0.8 (for opiates and cocaine)
and varies depending on the specific substance examined (Tsuang et al. 2001;
Agrawal and Lynskey 2008). Again, these studies indicate that some risk factors
for SUD genetically segregate across different substances, while others are
substance-specific (Goldman and Bergen 1998).

Although these early findings support a strong heritable component associated
with vulnerability to SUD, these designs are not able to identify the specific genes
that drive susceptibility to the disease. In order to classify the particular genes
involved in SUD risk and progression, researchers within recent years utilize
genome-wide sequencing methods and molecular profiling techniques, as discussed
below.

4 Genetic Components of SUD

4.1 Consideration of SUD Phenotypes in Human Clinical
Populations

A forward genetic approach begins with a phenotype of interest and aims to reveal
genetic variants or genotypes that may contribute to that phenotype. Precise pheno-
typic definitions of case vs. control individuals (e.g., subjects exposed vs. unexposed
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to psychoactive substances) is a central issue in the analysis of complex traits and
is an essential component of forward genetics. Quantitative phenotypes or endo-
phenotypes may afford greater reliability and reproducibility compared to an overt
addiction diagnosis by providing researchers with a more clinically or biologically
homogenous case population. For example, for nicotine use, the Fagerstrom Test of
Nicotine Dependence (FTND), a validated, expert-recommended, low-burden ques-
tionnaire of six items used to assess severity of physiological nicotine dependence
symptoms among cigarette smokers (Breslau and Johnson 2000; Thorgeirsson et al.
2010), is the most widely used measure of nicotine dependence. Other examples of
quantitative phenotypes for nicotine use include number of cigarettes per day and
urine levels of nicotine metabolites or other equivalents, such as cotinine, which act
as specific biomarkers of nicotine update and tobacco exposure (Scherer et al. 2007;
Wang et al. 2011).

While quantitative phenotypes help researchers standardize domains of a
diagnosed disease, endophenotypes define phenotypes that may emerge before a
disease is clinically diagnosed. Endophenotypes are biological or psychological
phenomena of a disorder that may be intermediates in the causal chain between
genetic contributions to a disorder and diagnosable symptoms of a psychopathology.
For SUD, examples include novelty seeking, reward sensitivity, and risk taking.
When considering results from forward genetic approaches, careful consideration
should be taken into how these measures map onto phenotypic outcomes of drug
addiction (e.g., DSM-IV vs. DSM-V criteria or other validated and heritable out-
come measures).

4.2 Genome-Wide Associations and Functional Validation
Studies Reveal Genetic Susceptibility and Neurobiological
Mechanisms of Substance Use Disorder

Given the high heritability of SUD, enormous efforts have been taken to resolve
genetic variations that may cause vulnerability to the disease. In addition, it has been
shown that treatment response is highly dependent on genetic variation in genes
that regulate the synthesis, metabolism, and transport of major neurotransmitters
involved in reward behaviors and drug use. Exploring the mechanisms of the strong
link between treatment responsiveness and genetic profile may thereby improve the
efficacy of pharmacotherapies for SUD (Heilig et al. 2011).

Genome-wide association studies (GWAS) measure and analyze DNA sequence
variation across the entire genome to identify genetic risk factors for complex
diseases. In large genetic association studies, several important factors determine
the power of this approach to detect important risk variants. The number of subjects
examined, number of genetic markers compared between subjects, the specificity
and definition of case vs. control subjects, etc. are all critical to the impact of these
studies. Ultimately, the goal of GWAS is to exploit such results to improve
predictions about individuals and populations at higher risk for developing a given
disease. From GWAS datasets, researchers can also establish which molecular
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systems are critical to disease susceptibility and progression. These data in turn can
be used in the development of prevention and treatment strategies – including those
based on tailoring specific treatments to individuals based upon genotype. Several
classes of genes have been elucidated as being important to the genetic component of
SUD through GWAS (Table 1). Overall, genes identified in GWAS as being related
to SUD tend to cluster around components of drug mechanisms of action, as well as
factors associated with neuroplasticity: gene components of extracellular proteins,
cytoskeleton/cell adhesion, cell signaling, and gene expression regulation. In the
next section, we will examine an example of a genetic risk variant for SUD identified
with GWAS and the series of studies that applied molecular genetic techniques to
validate and characterize this polymorphism in vitro and in animal models.

4.3 GWAS Identified a nAChR Subunit Risk Variant Associated
with Nicotine Dependence

The first addiction GWAS reports focused on nicotine dependence (Bierut et al.
2006; Saccone et al. 2006). Comparing 1,050 cases defined by FTND scores for
nicotine dependence vs. 879 controls, these studies identified significant associations
for variants in a region on human chromosome 15 encoding the α3, α5, and β4
subunits of the nicotinic acetylcholine receptor (nAChR). Nicotine acts as a potent
agonist for these nAChR ligand-gated ion channels, which are distributed in specific
reward-related brain regions in varying combinations of subunits, each with diverse
functional characteristics. The risk polymorphisms in these genes were found to
increase probabilities for nicotine dependence (Bierut et al. 2006; Sherva et al.
2008). One of the identified variants, the non-synonymous SNP rs16969968 found
in exon 5 of the α5 gene (α5SNP), causes an amino acid change (D398N). This
SNP is fairly frequent in the general population, found in approximately 35% of
Europeans and 50% of Middle Eastern populations (Saccone et al. 2006). In meta-
analyses of human clinical populations, it has been associated with an increased risk
for nicotine dependence, lung cancer, lower aversive experience to smoking, and
increased cognitive enhancement after nicotine exposure (Saccone et al. 2006; Chen
et al. 2015). Moreover, the haplotype carrying the rs16969968 risk allele has
implications for cessation treatment success, with smokers at highest nicotine
dependence risk being less likely to quit smoking overall but responding most
effectively to pharmacologic treatments (Chen et al. 2015). These findings highlight
the potential for personalized cessation treatments based upon genetic risk variants
for nicotine dependence. However, the exact structural changes and resulting func-
tional differences caused by this SNP could not be determined from simple genome
associations. In the years following the discovery of this SNP, the connection
between nicotine dependence and genetic variation at this locus has become the
most widely replicated GWAS finding in the psychiatric disease literature, providing
a particularly illustrative example of the variety of molecular genetic techniques that
are applied to investigate genetic variants identified by human GWAS.
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4.4 Molecular and Pharmacological Approaches Have Defined
Roles for Genetic Polymorphisms in Substance Use Disorder
Physiology

Candidate loci identified by GWAS provide valuable targets for mechanistic
dissections in preclinical models. Once a genetic variant has been identified through
GWAS, it is critical to determine if the polymorphism has an effect on the gene
product’s expression or function. Once a definitive effect is identified, researchers
can then use molecular genetic and pharmacological approaches to determine its
specific role in the drug’s mechanism of action.

In vitro studies are those performed using molecules, cells, or organisms outside
of their biological context and can be powerful tools for examining the ultimate
effect of a SNP on a protein’s structure and function before investigations in more
complex animal models. In the case of the CHRNA5 polymorphism, early in vitro
studies utilized HEK cells to validate the effects of the rs16969968:G>A SNP and
found that the amino acid variant confers a partial loss of function to the nAChR by
reducing Ca2+ influx after nicotine-mediated activation, implying that the variant
receptor desensitizes more quickly vs. its wild-type counterpart (Saccone et al. 2006;
Kuryatov et al. 2011). While these studies provided critical validation of CHRNA5’s
effect on receptor function, HEK cell lines are derived from human embryonic
kidney cells grown in tissue culture and cannot recapitulate the cell-type-specific
genetic architectures and proteomes of differentiated human neurons.

A more biologically relevant in vitro system has been made available with recent
advances in induced pluripotent stem cells (hiPSCs), which have allowed
researchers to create differentiated cell types with skin fibroblasts collected from a
human patient. Differentiated cells from hiPSCs have the exact genome as the donor
patient and thus can be utilized as a model cellular system. Recently, Deflorio et al.
generated hiPSCs from individuals with and without polymorphisms in the nAChR
α5 subunit and then differentiated them into midbrain dopaminergic (DA) neurons.
By measuring the functional electrophysiological properties of wild-type (WT) vs.
variant nAChRs expressed in these human DA neurons, the authors discovered that
with this SNP, more nicotine and/or acetylcholine chloride is necessary to obtain the
same downstream calcium influx in comparison to the wild-type receptor (Deflorio
et al. 2016). Moving forward, this hiPSC system can be used in drug discovery
approaches to further dissect dependence-related phenotypes and screen for
compounds that interact specifically with human wild-type vs. polymorphic nAChRs
(Collo et al. 2018). While in vitro studies are indispensable for probing the functional
consequences of genetic variation identified in GWAS, they are performed in
artificial systems isolated from the complexity of a biological context. Moreover,
in disease modeling, the most valuable translational insights inform how a gene or
gene variant impacts behavior. For this purpose, genetically engineered rodents are
one of the most important means used to tease out functional roles for specific genes.
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4.5 Animals: Behavioral Models of Substance Use Disorder

Animal models are critical for use in genetic manipulation experiments aimed at
mechanistic investigation, which are currently impossible to perform in human
subjects. Achieving face and construct validity for an animal model of psychiatric
disease is one of the primary concerns when designing behavioral paradigms of
SUD. However, the models for SUD described here are some of the most reproduc-
ible and useful for studying distinct aspects of the addiction cycle. Because the vast
majority of animal studies for SUD have been conducted in rodents (i.e., mice and
rats), we will focus on paradigms utilizing these species. It should be noted,
however, that there are examples of investigations performed in nonhuman primates
to analyze more complex behaviors, as well as research that has utilized more basic
models, such as Drosophila, to examine conserved mechanisms of drug-taking
behaviors (often with alcohol or cocaine). Drugs that have positive reinforcing
effects in rodents and primates mirror closely with those that have high abuse
potential in humans, including alcohol, cocaine, and heroin. Below, we will briefly
describe a couple of the behavioral paradigms used to investigate SUD in rodents.

Conditioned Place Preference (CPP) The basic characteristics of this task involve
the association of a particular environment with drug treatment, followed by the
association of a different environment with the absence of said drug (i.e., the drug’s
vehicle). In a simple version of the CPP paradigm, animals are first exposed to two
distinct environments, each of which is paired with either a drug or nondrug state –
note that in these assays, the drug is often passively administered, which should be
considered in the evaluation of studies utilizing CPP. During the testing phase, the
animal is then given the choice to enter and explore both environments, with the time
spent in either the drug-paired vs. vehicle-paired environments (e.g., the animal’s
place preference) used as an index of the reinforcing value of the drug. Animals will
often spend more time in a drug-associated environment and will avoid
environments paired with aversive states, such as drug withdrawal, which can be
applied in a variation of CPP called conditioned place aversion.

Self-Administration (SA) The intravenous drug self-administration animal model is
a powerful tool for investigating the addictive cycle of rewarding drugs. An intrave-
nous catheter is implanted in the animal, such that upon completion of a task (often a
lever press or nose poke), the drug of interest is delivered directly to the bloodstream.
Intravenous cocaine and heroin self-administration in rodents thus recapitulates the
voluntary pattern of behavior of the human addiction cycle, including preoccupation/
anticipation, drug seeking, escalation of drug taking, withdrawal, extinction, and
cue-induced seeking or relapse. Experimental manipulations that increase the rate of
self-administration, such as administering a drug that counteracts the effects of the
drug of abuse, may be interpreted as decreasing the reinforcing potency of the drug.
Once an animal is tested with a particular experimental drug, additional pharmaco-
logical manipulations can be done with standard reference compounds, using the
same animals to validate the effects.
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These paradigms can be carried out to study the effects of acute (or short-term)
vs. chronic (long-term) drug taking, with the desired behavioral or molecular
readouts assessed immediately after drug taking or after extended periods of absti-
nence to mimic long-term adaptations that develop during withdrawal and/or
relapse.

4.6 Use of Animal Models to Explore Genetic Polymorphisms
Associated with Substance Use Disorder

In the case of nicotinic receptor variants identified in human GWAS studies,
manipulation of these receptor subunit genes in rodents has greatly expanded our
understanding of the neurobiology of nicotine addiction. One of the earliest genetic
editing studies conducted for the CHRNA5 risk variant was the generation of a
Chrna5 subunit knockout (KO) mouse, in which the gene for Chrna5 was silenced or
excised from the germline. A KO mouse can give researchers clues into the overall
function of a gene of interest and the effects of disrupting its protein product. A series
of these studies showed that mice lacking the α5 subunit escalate their nicotine self-
administration at high doses in comparison to normal control mice (Fowler et al.
2011; Morel et al. 2014), while wild-type animals appear to titrate the amount of
nicotine self-administered to maintain a consistent dosage. Several brain regions
involved in nicotine dependence have been evaluated for potential changes in
function after disruption of the Chrna5 gene. Fowler et al. reported increased
nicotine intake in mice with a null mutation in Chrna5. This effect was “rescued”
in knockout mice by re-expressing wild-type α5 subunits in the medial habenula
(MHb), a brain region associated with inhibition of rewarding signals during an
aversive experience. Interestingly, knocking down the α5 subunit in the MHb did not
change reinforcing effects of nicotine but did eliminate the MHb’s inhibitory brake
on nicotine taking at high doses, which would otherwise be aversive.

Such KO and rescue studies yield invaluable insights into the overall function of a
gene of interest and the role that it might play in producing a given phenotype.
However, they cannot precisely address the consequences of constitutive expression
of a specific SNP throughout development. Until recently, the available toolbox of
rat genetics lacked the ability to easily introduce site-directed, heritable mutations
into the genome to create KO or knock in (KI) rats. To this end, programmable
molecular gene-editing systems have been developed in progressively accessible
iterations, including zinc finger nucleases (ZFNs), transcription activator-like effec-
tor nucleases (TALENs), and CRISPR (clustered regularly interspaced short palin-
dromic repeat)-associated protein 9 (Cas9) RNA-guided engineered nucleases
(RGENs) (Kim and Kim 2014). These gene-editing machineries can be injected
into single-cell rat embryos to induce sequence-specific double-strand breaks and the
subsequent insertion of a transgene through homologous recombination. Recently,
researchers were able to utilize the ZFN system to KO the WT nCHR5 subunit and
replace it with the rs16969968:G>A SNP in rat germline, creating animals consti-
tutively expressing the variant form of this subunit during development (Forget et al.
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2018). The authors then ran WT vs. KO vs. α5SNP rats through a self-administration
paradigm in order to determine the differential effects of manipulating this gene on
nicotine taking behavior. Unlike the WT animals, the nCHR5 KO rats did not
acquire self-administration of nicotine at the dose used in this study, which is
consistent with previous reports in mice showing that KO animals require higher
doses of nicotine to develop a learned response – suggesting the nCHR5 subunit is
important for sensitivity to nicotine. At high nicotine doses, however, KO mice do
show increased nicotine taking over WT mice. Interestingly in this study, the α5SNP
rats were able to acquire nicotine taking at the lower dose of nicotine similarly to the
WT rats, but unlike the WT condition, the α5SNP did not reduce their nicotine intake
at high doses and were willing to exert more energy to obtain a nicotine infusion.
These results demonstrate how different the resulting phenotype can be when a gene
is knocked out vs. when the same gene with disease-relevant mutations is edited in.

These gene-editing strategies can be used to gain even more specific control of
transgene expression by using systems like Cre recombinase in order to create cell-
type-specific or inducible expression of the editing molecule in a certain brain region
or cell type of interest. Cre recombinase is a protein that recognizes and mediates
site-specific recombination between loxP site sequences. This unique property can
be harnessed by inserting these loxP sites around a transgene of interest. When Cre
recombinase is expressed in a cell containing these loxP sites, researchers can elicit
gene deletion, insertion, translocation, and inversion depending on the location and
orientation of the sites. The Cre/loxP recombination system has become an ideal tool
for genetic manipulation in mammalian cells and genetically modified animal
models. For example, Morel et al. utilized a Cre recombinase approach in order to
investigate the role of the mutant nCHR5 subunit specifically in dopaminergic
neurons in the mouse ventral tegmental area (VTA) (Morel et al. 2014). In this
paper, the authors utilized the Cre recombinase system to re-express the α5SNP
version of the subunit under control of the dopamine transporter (DAT), which
resulted in a partial loss of nicotine-evoked receptor function and yielded intermedi-
ate behavioral and electrophysiological phenotypes compared with those of the α5
KO mice, suggesting that the α5 subunit has a critical role in defining the sensitivity
of the VTA DA system to nicotine through its effects on raising the threshold for
dopaminergic release in this brain region.

Taken together, these functional validation studies have helped to form a more
complete picture of nAChRs subunit genetic variants and their role in nicotine
addiction. In the case of smoking cessation, there are now three FDA-approved
medications in existence: nicotine replacement therapy; varenicline – a partial
agonist of the α4β2 nicotine receptors that produces less effects on dopamine release
in comparison to nicotine; and bupropion, an atypical norepinephrine-dopamine
reuptake inhibitor (NDRI) antidepressant and nicotinic receptor antagonist.
Emerging evidence suggests that stratifying patients based on CHRNA5 genetic
biomarkers may improve responsiveness to nicotine replacement therapy (Chen
et al. 2015). For example, Chen et al. described two randomized cessation trials in
which the efficacy of nicotine replacement therapy varied with rs16969968 genotype
but not for varenicline treatment. This variant also contributes to increased risk for
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lung cancer and chronic obstructive pulmonary disease (Hung et al. 2008;
Timofeeva et al. 2012), highlighting its association with heavier smoking and a
lower likelihood of quitting. While there is equivocal evidence of an interaction
between genotype and treatment efficacy, the CHRNA5 SNP is a known biomarker
for difficulty in quitting smoking, and genotyping can help to identify individuals
with CHRNA5 high-risk alleles, as they typically have an increased need for
pharmacological cessation aids (Chen et al. 2015).

Finally, the α5-containing nAChRs impacted by CHRNA5 variation may repre-
sent an important target for medication development. Considering that CHRNA5 risk
variants result in hypofunction of α5 nAChRs, novel pharmacological agents that
enhance the activity of a5 nAChRs may decrease nicotine use by restoring appropri-
ate cholinergic signals that mediate the aversive properties of nicotine. Moving
forward, advances in methodological approaches will allow studies to leverage our
current knowledge of CHRNA5 and other variants in order to better characterize
their downstream effects toward improved treatments.

4.7 Transcriptomics and Substance Use Disorder

Persistent changes in gene expression drive neuroplastic maladaptations in the
reward circuitry that underlie craving, drug-seeking, and relapse during SUD pro-
gression (Lüscher and Malenka 2011). For this reason, researchers have sought to
outline the coordinated alterations in transcriptional programs that may precipitate
aberrant synaptic plasticity in these cells. Moreover, GWAS results can be integrated
and overlaid with transcriptomic data to reveal where SNPS and CNVs might be
associated with gene expression changes in key brain regions implicated in reward
learning. Much of the early work interrogating gene expression in clinical SUD and
in animal models of addiction utilized real-time polymerase chain reaction or in situ
hybridization in a priori, hypothesis-driven approaches to measure amounts of
candidate genes in controls vs. cases – studies that corroborated the idea of tran-
scriptional dysregulation in the reward system (Nikoshkov et al. 2005; Bach et al.
2014). More recently, transcriptomic analysis of the full complement of mRNA in a
given tissue with next-generation sequencing techniques, such as RNA-seq, has
provided researchers with greater insights into the coordinated networks of gene
expression changes that may underlie SUD progression (Wolf 2010; Robison and
Nestler 2011; Egervari et al. 2017).

In order to illustrate how profiling studies can validate and extend our under-
standing of genetic association findings, we will use the example of the OPRM1
gene, which encodes the human G-protein coupled mu opioid receptor (MOR). The
MOR is responsible for mediating the rewarding effects of opioids. Numerous SNPs
in the ORPM1 gene have been identified as associated with heroin addiction in
candidate genome association studies (Nelson et al. 2014). Several years of work
have used in vitro studies and mouse genetics to demonstrate that MOR represents
the primary in vivo molecular target for both the most clinically useful (morphine)
and most largely abused (heroin) opiates (Bond et al. 1998; Befort et al. 2001; Wang
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et al. 2001). MOR KO in mice abolishes both heroin and morphine CPP and self-
administration (Becker et al. 2000; Contet et al. 2004). Targeted expression studies
have shown that one of the most common SNPs in this locus, A118G, is a functional
variant with deleterious effects on both mRNA and protein levels (Zhang et al.
2005). However, the transcriptional events downstream of reduced ORPM1 expres-
sion associated with this SNP were not well characterized. Sillivan et al. thus
performed transcriptional microarray analyses on NAc from human patients depen-
dent on heroin, a brain region involved in goal-directed behavior and reward
processing (Sillivan et al. 2013), whereby they revealed evidence of dysregulated
MOR signaling pathways in heroin abusers compared to controls. The authors then
analyzed differentially expressed genes using pathway analyses and identified the
ELK1 transcription factor as an important regulator of these genes. ELK1 is a known
target of the ERK signaling pathway, which itself has been widely studied in
cocaine-related dopaminergic signaling. Interestingly, ELK1 expression was found
to also correlate with risk variants of ORPM1 in a dose-dependent manner,
suggesting a link between ELK1-associated transcriptional programs and reduced
expression of ORPM1. Furthermore, ELK1 expression correlates with the severity of
heroin use in both human subjects and rat self-administration models of heroin
abuse. ELK1 has also been implicated in the mechanisms of drug addiction to
other substances besides heroin, including synthetic opioids, THC, and cocaine
(Valjent et al. 2001). Several other studies have identified ELK1-regulated genes
as being differentially expressed after drug exposures. For example, after ELK1 was
identified in mechanistic and transcriptional studies of cocaine administration,
Besnard et al. used a cell-penetrating peptide, named TAT-DEF-Elk-1 (TDE), to
specifically inhibit ELK1 phosphorylation and the subsequent induction of
plasticity-related genes. In doing so, they found that such inhibition reverses
cocaine-induced increases in dendritic spine density and delays CPP for cocaine
(Besnard et al. 2011). Together, these findings indicate ELK1 as a potential molecu-
lar target mediating cellular phenotypes in opioid addiction and highlight
transcriptomics as a powerful tool in probing the mechanisms of SUD.

4.8 Cell-Type Specificity: Single-Cell and FACS-Based Approaches

The extreme cellular heterogeneity of the brain is maintained by transcriptional and
epigenetic signatures that are unique to given cell types of interest. For this reason,
detecting important differences in gene expression in bulk tissue preparations may
be occluded by inclusion of many different heterogeneous profiles. In addition,
several lines of research have demonstrated the importance of non-neuronal cells
in the etiology of SUD, including astrocytes, microglia, oligodendrocytes, and
neuroimmune cells (Knapp and Hauser 1996; Slezak et al. 2013). For example, it
has been well documented that heroin users have deficits in white matter integrity
and myelination, processes that are mediated by oligodendrocytes (Bora et al. 2012;
Li et al. 2016). Advances in microfluidics and sequencing technology have made it
feasible to analyze thousands of single-cell transcriptomes in a single experiment.
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Single-cell RNA sequencing (scRNA-seq) platforms have been developed (Klein
et al. 2015; Zheng et al. 2017), enabling the characterization of dozens of molecu-
larly distinct CNS cell types from multiple regions. To investigate cell-type-specific
transcription response to opioid administration, Avey et al. performed single-cell
RNA sequencing (scRNA-seq) of mouse NAc following acute morphine treatments,
where they identified unique morphine-dependent transcriptional responses in both
oligodendrocytes and astrocytes (Avey et al. 2018). While not a model of addiction
per se, these types of studies allow researchers to further narrow the biological
response to abused substances. Further analyses using RNA-seq of FACS-purified
oligodendrocytes revealed a large gene set regulated by morphine that were highly
enriched for roles in oligodendrocyte maturation and myelination, including the
unfolded protein response, confirming the hypothesis that aberrant oligodendrocyte
function may contribute to white matter deficits in heroin addiction. These data
demonstrate that single-cell and cell-type-specific techniques can illuminate mecha-
nistic insights into the etiology of SUD and that, going forward, it will be critical that
addiction studies take into consideration cell-type-specific contributions to SUD
phenotypes.

5 Epigenetic Components of SUD

Over a decade of GWAS, studies have indicated that the majority of SNPs that
contribute to risk for SUD reside in noncoding regions of DNA or the regulatory
sequences that determine how a gene is expressed, termed gene regulatory elements
(GREs). How and when these GREs are made available for transcription factor
binding is determined by chromatin-based (so-called epigenetic) influences, such as
posttranslational covalent modifications to DNA or histone proteins, which ulti-
mately function to alter the accessibility of GREs and/or gene coding loci in order
to allow trans-regulatory factors to bind and increase/decrease the probability of
transcription events occurring at a given locus. Dynamic restructuring of nucleo-
some organization in order to allow for transcription machinery access to regulatory
DNA sequences is the basis of epigenetic regulation of gene expression. In the
following section, we will briefly turn our attention to epigenetic profiling and
validation methods (see Fig. 1 for overview of methods) – with a focus on histone
and DNA modifications – that are commonly used to reveal both the stable and
dynamic properties of chromatin that modify the transcriptomes in SUD.

5.1 Histone Modifications

The basic unit of transcription (i.e., the nucleosome) is comprised of a protein/DNA
complex composed of ~147 base pairs of double-stranded DNA wrapped around a
core histone octamer containing two copies each of the histone proteins H2A,
H2B, H3, and H4. Histones are small, highly alkaline proteins containing both
globular domains and more flexible N- and C-terminal “tails” that can undergo
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posttranslational modifications in order to alter their structure and change the nature
of their interactions with neighboring DNA. These tails are heavily modified by the
covalent addition of acetyl, methyl, phospho, ubiquitin, and other chemical groups
that affect their charge and/or how they interact with DNA-binding proteins. These
modifications are placed by specialized enzymes termed “writers” that have highly
specific motifs that recognize a combination of DNA sequence/amino acid position/
histone modifications, and they are removed by equally specific “eraser” enzymes.
Complex combinatorial “histone codes” are thus hypothesized to dictate which
regions of DNA will be accessible to transcription factors, enhancers, silencers,
and other regulatory factors. These histone marks provide a reversible, labile sub-
strate for the aberrant neural plasticity observed in drug addiction. As SUD is
expressed as an aberrant form of neural plasticity (Hyman et al. 2006), there has
been much focus on examining potential epigenetic sources of gene regulation in
drug addiction (LaPlant and Nestler 2011; Walker et al. 2015).

Over the past 10 years, many studies have demonstrated alterations in global,
temporally defined histone modification states in the human and rodent brain in
response to cocaine administration (Kumar et al. 2005; Maze et al. 2010; LaPlant and
Nestler 2011). Similar phenomena have been observed for other drugs of abuse,
including methamphetamine (Schmidt et al. 2012; Jayanthi et al. 2014) and mor-
phine (Mashayekhi et al. 2012). Global levels of histone modifications can be
evaluated using chromatin immunoprecipitation-sequencing (ChIP-seq) methods.
ChIP-seq begins by cross-linking the DNA from a given cell population to all
associated DNA-bound proteins and then using antibodies specific to a protein of
interest to immunoprecipitate and sequence the stretches of DNA associated with
that protein. These types of studies in animal models of SUD suggest that the
presence of distinct histone modification marks at gene promoters (e.g., on H4
vs. H3) can encode the temporal progression of drug taking in the form of chromatin
structural changes from acute to chronic exposures through relapse.

Manipulation of the enzymatic machineries responsible for depositing/removing
these marks can yield insights into the regulatory mechanics of histone modification
changes. For example, Maze et al. identified persistent decreases in levels of classical
repressive H3 lysine methylation, as well as in the expression of the G9a K-methyl
transferase, 24 h after cocaine administration, events that correlated with increased
synaptic plasticity and the upregulation of a subset of plasticity-related genes (Maze
et al. 2010). We subsequently used a series of regional-specific conditional
manipulations of G9a in the mouse NAc to selectively knock down G9a in this
brain region to directly determine its role in cocaine-induced neuronal plasticity and
CPP behaviors. In doing so, we found that G9a downregulation increased dendritic
spine plasticity of NAc neurons and enhanced preferences for cocaine, thereby
establishing a crucial role for histone methylation in the long-term actions of cocaine
(Maze et al. 2010). Interestingly, the example of G9a manipulation in animal models
of cocaine taking also offers a demonstration of the complexities of interpreting
different drug-related behavioral paradigms. Recently, it was shown that even
though artificially reducing G9a in the NAc enhances cocaine CPP and over-
expression reduces cocaine CPP, overexpression of G9a actually increased
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cocaine-seeking behavior in a different experimental paradigm, self-administration
(Anderson et al. 2018). The authors also revealed the anxiogenic effect of G9a
overexpression during the self-administration training, and overall these data high-
light the importance of carefully defining the drug-related behavioral phenotype
in question. These and many other studies have cemented a role of histone
modifications in neural plasticity and SUD. However, many of the approaches
used above measure and manipulate overall levels of a given histone modification
across the genome but do not necessarily address the downstream effects of individ-
ual histone modification located at specific gene loci. Below, we discuss examples of
new approaches that can be used to further examine the role of gene-specific
deposition of histone modifications in the precipitation of molecular and behavioral
effects caused by drug exposures.

Recent advances in gene targeting have allowed a more specific dissection of the
role of histone modifications related to given phenotypes using engineered transcrip-
tion factors, zinc finger proteins (ZFPs) (Snowden et al. 2002), and/or transcription
activator-like effectors (TALEs) (Sanjana et al. 2012) that can be designed to
recognize and bind to specific loci throughout the genome in order to deliver histone
modifications directly to genes of interest in vivo. This gene-targeted approach
makes it possible to directly examine the behavioral and biochemical consequences
of various epigenetic marks in the context of drug exposures (Heller et al. 2014).

Recently, Heller et al. utilized this technique to investigate the role of a transcrip-
tionally permissive modification, histone H3 lysine 9/14 acetylation (H3K9/14 ac),
vs. a repressive mark, histone H3 lysine 9 dimethylation (H3K9me2), targeted
specifically to the Cdk5 locus in NAc, a gene implicated in reward-related behaviors
in this brain region. In doing so, they demonstrated increased cocaine-induced
locomotor behaviors, as well as resilience to social stress, following activation of
Cdk5 (Heller et al. 2016). Conversely, Cdk5 repression by H3K9me2 was found to
attenuate both cocaine-induced locomotor behaviors and conditioned place prefer-
ence (Heller et al. 2016). These data are especially compelling given that previous
work has identified different behavioral responses upon Cdk5 overexpression
vs. knockdown, demonstrating the importance of targeted epigenetic remodeling
tools in studies of tunable molecular changes occurring in disease states.

5.2 DNA Methylation

Another important epigenetic modification that contributes to chromatin structure
and accessibility is DNA methylation, which occurs when a methyl group is
covalently added to a cytosine nucleotide (Jaenisch and Bird 2003). This modifica-
tion is catalyzed by a family of enzymes called DNA methyltransferases (DNMTs).
DNA methylation is often associated with targeted genomic silencing and closed
heterochromatic genome regions. Methylation patterns are established and modified
throughout development in tissue- and cell-type-specific configurations. In the
past decade, accumulating evidence has implicated DNA methylation in learning,
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cognition, and neural plasticity in response to environmental cues, making it a key
mechanism of interest in epigenetic regulation of SUD-related plasticity.

A range of studies have investigated levels of DNMTs in self-administration
animal models of SUD, finding global changes in DNMT expression over tempo-
rally defined stages of self-administration. For example, immediately following the
last session of cocaine taking, Dnmt3a was upregulated at an early time point of
withdrawal (4 h after the last cocaine dose), followed by downregulation after 24 h
(LaPlant et al. 2010). However, after 28 days of withdrawal following either cocaine
IP injections or cocaine self-administration, Dnmt3a was upregulated in NAc,
demonstrating long-lasting inductions of Dmnt3a expression and regulation of
genes downstream of Dnmt3a activity. Furthermore, artificially manipulating levels
of Dnmts – and/or associated methyl-binding proteins – via knockdown or
overexpression in key reward-related brain regions have been found to affect
addiction-related behaviors in rodent models. For example, MeCP2 is a reader
protein for DNA methylation and is thought to act primarily as a transcriptional
repressor through recruitment of histone deacetylases to methylated DNA (Bird
2002). MeCP2 is broadly implicated in addiction, as extended cocaine self-
administration increases its expression in the dorsal striatum and other limbic
regions, and genetic manipulations of (Im et al. 2010) MeCP2 levels alter
addiction-related behaviors in rodents. Given that the machinery involved in placing
and recognizing DNA methylation seems to be involved in the molecular changes
related to addiction behaviors, efforts have been undertaken to use genome-wide
approaches to examine genetic loci where DNA methylation is gained or lost during
chronic exposures to psychoactive substances.

Recently, Kozlenkov et al. performed genome-wide bisulfite sequencing on
orbitofrontal cortex (OFC) of heroin addicts who died of overdose. Importantly,
this profiling study was performed on FACS-purified neuronal nuclei separated from
glial cells, allowing the authors to determine cell-type-specific effects of heroin
abuse on methylation (Kozlenkov et al. 2017). Using this approach, they identified
hypermethylated regions in exons of synaptic plasticity genes enriched in
glutamatergic, but not GABAergic, neuronal subtypes. Hypomethylated regions
were preferentially found in promoter and enhancer regions of genes related to
transcription factor activity and gene expression regulation. Altogether, these results
concur with previous reports of reduced glutamatergic transmission in the frontal
cortex observed in rodent models following drug exposures, and they highlight that
DNA methylation changes in neurons are specific to targeted gene regions. These
observations also suggest that DNA methylation may be recruited to different genic
features or regulatory domains in the context of heroin use to influence aspects of
transcription.

5.3 Chromatin Structure

Chromatin conformation is the ultimate determinant of DNA accessibility, which
regulates gene expression. Histone modifications and DNAmethylation converge on
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the regulation of chromatin structure. Both nicotine and cocaine induce global
nucleosome repositioning, suggesting that chromatin accessibility represents an
initial dynamic genome-wide alteration of the transcriptional landscape preceding
more selective downstream transcriptional reprogramming, which characterizes cell-
and tissue-specific responses to drugs of abuse (Brown et al. 2015). Advances in
sequencing technology have led to new methods that allow chromatin accessibility
to be analyzed using whole genome approaches, such as Hi-C, which allows for
capture of the three-dimensional interactions between chromatin structure, and the
Assay for Transposase-Accessible Chromatin-Sequencing (ATAC-seq), which
makes use of transposase enzymes to label and amplify open chromatin regions
for subsequent sequencing. Egervari et al. recently used ATAC-seq in an integrated
transcriptomic and epigenetic approach to investigate molecular changes in the
striatum of human heroin abusers and rat SA models (Egervari et al. 2017). The
authors performed microarray analyses and ATAC-seq on case vs. controls and
identified striatal transcriptional dysregulation for genes related to glutamatergic
neurotransmission. Moreover, at key striatal glutamatergic gene loci, both human
heroin addicts and heroin SA rats displayed increased levels of a specific histone
modification, H3K27ac that mapped precisely onto regions of increased chromatin
accessibility, suggesting a mechanistic link between this mark and chromatin
remodeling. Most interestingly, the authors found that by administering a pharma-
cological agent that specifically targets the enzymatic machinery that reads
H3K27ac, JQ1 – an inhibitor of select bromodomain containing acetyl reader
proteins – in a rodent SA model, they could alter cocaine- and fear-associated
memories. This study demonstrates the power of translational approaches that
combine chromatin-based genome-wide sequencing and targeted epigenetic
investigations in human and rodent models.

6 Conclusions and Future Directions

Together, the studies described in this chapter exemplify the basic scheme of a
translational research approach to investigating SUD mechanisms involving both
genetic and epigenetic contributors to the disease. Extended focus should be given to
promising new areas of genetic and epigenetic SUD research not reviewed here,
such as miRNAs, alternative splicing mechanisms, exosome signaling, and immune-
response pathologies. Moving forward, an emergent theme in SUD research will be
the importance of integrating large-scale studies and genome-wide datasets across
experimental modalities, drugs of abuse, and species of interest in order to optimize
identification of important genes, pathways, and regulatory mechanisms in SUD.
Toward this aim, it is critical that researchers continue to expand currently available
large-scale datasets in the study of clinical and nonhuman models of SUD with
methods like ATAC-seq and Hi-C to probe chromatin structures, Chip-seq and
bisulfite sequencing to examine epigenetic modifications, screening for peripheral
biomarkers, and improved GWAS designs to probe genetic vulnerability – strategies
that have already been successfully applied in other diseases and neuropsychiatric
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disorders. In addition, future mechanistic investigations into gene targets using
model systems should take into consideration environmental contributors to the
molecular neurobiology of SUD – stress, enriched environment, and early life
experiences (aberrant or otherwise). Given the vast diversity and heterogeneity of
the neural systems involved, targeted approaches will need to pay special attention to
the spatial specificity of manipulations using recently developed tools like FACS
and the cell-type-specific expression of genetic constructs and gene-editing systems
that allow for precise targeting of brain regions, circuits, and cell types of interest.
Finer temporal specificity can also be achieved using inducible manipulations that
allow researchers to turn on or off a transgene of interest at a specific time point in
the development of addictive-like states to investigate risk factors that may precipi-
tate SUD or during the addiction cycle to further delineate the progression of SUD
(including withdrawal periods to examine long-term changes after drug use and/or
during treatment). Together, these approaches promise to accelerate our understand-
ing of SUD neurobiology and will aid in the search for more effective therapeutics
for addiction.
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Abstract
There is a vital need for novel approaches and biological targets for drug
discovery and development. Treatment strategies for substance use disorders
(SUDs) to date have been mostly ineffective other than substitution-like thera-
peutics. Two such targets are the peptide G-protein-coupled receptors neuropep-
tide S (NPS) and melanocortin 4 (MC4). Preclinical evidence suggests that
antagonists, inverse agonists, or negative allosteric modulators of these receptors
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might be novel therapeutics for SUDs. NPS is a relatively unexplored receptor
with high potential for treating SUD. MC4 has a strong link to early-onset
obesity, and emerging evidence suggests significant overlap between food-
maintained and drug-maintained behaviors making MC4 an intriguing target for
SUD. This chapter provides an overview of the literature in relation to the roles of
NPS and MC4 in drug-seeking behaviors and then provides a medicinal
chemistry-based survey of the small molecule ligands for each receptor.

Keywords
Drug abuse · Medicinal chemistry · Melanocortin 4 · Neuropeptide S · Peptide
GPCR

1 SUDs Medications Development

Treatments for substance use disorders (SUDs) remain an unmet clinical need
despite several decades of efforts to find suitable solutions. Strategies targeting the
receptor systems with drugs have worked in some cases, such as the discovery of
varenicline for smoking cessation which targets the nicotinic receptors activated by
nicotine (Beard et al. 2016), but in general these strategies have not been very
successful. Significant efforts were made to repurpose existing medications as
well, but, to date, successful treatments for SUDs remain elusive. There is a signifi-
cant need for novel targets for SUD therapeutic drug discovery and development.
There are many biological targets that have undergone significant medicinal chem-
istry and show promise in initial efficacy testing, but which need further preclinical
study in order to justify additional drug development for SUDs. This chapter
describes two such targets: neuropeptide S (NPS) and melanocortin 4 (MC4).
While limited, the preclinical data supporting their roles in drug abuse are clear
and both appear to be legitimate targets for SUD treatment discovery. A short
description of their significance in relation to drug-seeking behavior is provided,
followed by an overview of the small molecule ligands developed to date, including
agonists and antagonists. In both cases, inhibition of these receptors appears to be the
medications development strategy; therefore, antagonists, inverse agonists, and
negative allosteric modulators may be effective at reducing drug-seeking behaviors,
but additional investigations are needed. Partial agonists may be effective as well, as
was the case with varenicline. The potential abuse liability of agonists has not been
fully vetted, so agonist scaffolds are also of interest. Both of these receptors are
peptide G-protein-coupled receptors (GPCRs) with substantial peptide ligand devel-
opment, but the focus here is on small molecules since they are more likely to be
developed as drugs for treating SUDs and the medicinal chemistry development of
peptidomimetic ligands being more difficult.
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2 Neuropeptide S (NPS)

NPS is a 20-amino acid peptide which has been identified as the endogenous ligand
(subnanomolar Kd) for formerly orphan GPCR, GPR154, which is now referred to as
the NPS receptor (NPSR). This NPS/NPSR neuropeptide system was originally
identified in 2002 by Sato et al. (2002), but Xu and co-workers delineated the
in vivo roles of NPS in 2004 (Xu et al. 2004). The name of the peptide is due to the
presence of a serine (S) residue in the N-terminal position of the molecule (primary
sequence in Homo sapiens: SFRNGVGTGMKKTSFQRAKS). NPS is encoded as a
prepropeptide, and its expression is limited to a few discrete brain areas, such as in
isolated cells of the amygdala and the dorsomedial hypothalamic nucleus, and
particularly confined to specific regions of the brainstem, including the area proximal
to the locus coeruleus (LC) region, the principal sensory trigeminal nucleus, and the
lateral parabrachial nucleus (Liu et al. 2011; Xu et al. 2004, 2007). The NPSR, on the
other hand, is widely distributed in the brain particularly in regions that are associated
with regulation of stress response, memory, the olfactory system, and regulation of
arousal (Leonard and Ring 2011; Xu et al. 2007). It has been demonstrated that NPS
stimulates intracellular calcium levels as well as cAMP accumulation in cells
expressing the recombinant NPSR. This indicates that the NPSR can signal via
both Gq and Gs to increase cellular excitability (Xu et al. 2004). NPS regulates
several biological functions including wakefulness (Xu et al. 2004), stress and
anxiety (Leonard et al. 2008; Rizzi et al. 2008; Xu et al. 2004), locomotor activity
(Leonard et al. 2008; Xu et al. 2004), food intake (Beck et al. 2005; Smith et al. 2006),
and, importantly, drug abuse (Badia-Elder et al. 2008; Cannella et al. 2009; Li et al.
2009; Paneda et al. 2009).

Earlier reports have shown that the most commonly used or abused
psychostimulants, such as caffeine and nicotine, modulate NPS and NPSR mRNA
expression, which suggests a potential role for NPS in the effects of these drugs as
well (Lage et al. 2006, 2007). Patient relapse into drug-seeking and use is a key
component of the SUD. Several reports in the literature support the possibility that
increased NPS activity may play a role in shaping vulnerability to addiction,
especially to relapse. NPSR activation has been shown to modulate reward circuits
and is expressed in brain areas associated with reward processing such as the ventral
tegmental area (VTA), amygdala, and substantia nigra (Clark et al. 2011).
Intracerebroventricular (ICV) administration of NPS stimulates dopamine release
in the medial prefrontal cortex (Si et al. 2010). Local intra-VTA microinjections of
NPS enhance dopamine release in the nucleus accumbens (Mochizuki et al. 2010),
linking NPS to the mesolimbic dopamine system, which is presumed to be a major
neuronal pathway modulating reward. When rats were injected ICV with NPS,
cocaine self-administration under a fixed-ratio schedule of reinforcement was not
affected by the NPS treatment, indicating that it does not play a role in cocaine
reward (Kallupi et al. 2010); however, NPS involvement in reinstatement of cocaine-
seeking and relapse has been reported (Paneda et al. 2009). Further, ICV injections
of NPS appear to have reward-like effects, facilitating seeking and enhance rein-
forcement (Cao et al. 2011). It has been demonstrated that ICV injection of NPS
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(0.45 nmol) reinstated previously extinguished lever pressing for cocaine in mice
(Paneda et al. 2009). It has also been demonstrated that rats increased lever presses
leading to intraventricular administration of a low dose of NPS (3.4–34 pmol per
infusion), in a dose-dependent manner, suggesting that NPS itself may have
reinforcing properties (Cao et al. 2011). This increase in cocaine self-administration
caused by NPS injection is mediated by activation of the corticotropin-releasing
factor (CRF) system (Cao et al. 2011; Paneda et al. 2009). Further, NPS also potently
reinstated cocaine-seeking behavior following ICV or intra-lateral hypothalamus
(LH) microinfusion (Kallupi et al. 2010). In addition, NPS has also been linked to
alcohol intoxication and withdrawal (Ruggeri et al. 2010). Activation of NPS
receptors in the LH has been shown to facilitate relapse to ethanol-seeking induced
by environmental conditioning factors (Cannella et al. 2009).

Due to these finding, the NPS/NPSR neuropeptide system has been targeted by
various research groups as a potential treatment for SUD. Structure activity relation-
ship (SAR) studies on peptide as well as non-peptide ligands have been carried out in
order to understand the structural requirements for blockade of the NPSR. In the case
of peptide ligands, studies on various analogs of the NPS peptide have been
published resulting in partial agonist or antagonist profiles. It has been demonstrated
that the 5-position of NPS is a key point for structural modification for NPSR
antagonism (Camarda et al. 2008; Cifani et al. 2011; Guerrini et al. 2009, 2010;
Nepomuceno et al. 2010; Peng et al. 2010; Tancredi et al. 2007). On the other hand,
Clark et al. recently identified a truncated peptide as a potent NPSR agonist
exhibiting bias for the calcium mobilization assay over cAMP production (Clark
et al. 2017). This compound shows profoundly decreased effect on the locomotor
component of the NPS system and provides indication that NPS-mediated anxio-
lytic-like effects are separable from the effects on locomotion, which may also lead
to novel direction in the addiction field. This review, however, is focused on the
various classes of non-peptide ligands as NPSR antagonists that have been identified
over last 15 years. In humans, multiple single-nucleotide polymorphisms (SNPs), as
well as splice variants of the NPSR, have been identified (Reinscheid et al. 2005).
One of these polymorphisms produces an Asn-Ile exchange (N107I) in the first
extracellular loop of the receptor protein, and the 107I variant displays higher
agonist efficacy for both calcium mobilization and cAMP accumulation with no
difference in binding affinity. Hence compounds are typically evaluated using both
NPSR 107N and NPSR 107I variants. Eight classes of novel antagonists have been
reported. Continued development of such novel molecules with potent and selective
NPSR antagonist activity and with improved drug-like properties will help further
understand the NPS/NPSR system as an emerging target for the treatment of drug
abuse.

2.1 Oxazolo[3,4-a]pyrazin-3-ones

The hexahydro-oxazolo[3,4-a]pyrazine scaffold was first described in a patent from
Takeda Pharmaceuticals in 2005, but no pharmacological or biological data were
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presented (Fukatsu et al. 2005). Substitution at the 1-position with methyl,
cyclopropyl, cyclohexyl, and benzyl moieties or (substituted) phenyl rings has
been disclosed in the patent (Fig. 1). Compounds with 1,1-diphenyl substituents
were reported to be the most potent NPSR antagonists; hence, most reports thereafter
have been focused on the 1,1-diphenyl substituents. The chemical space around the
piperazine nitrogen N7 has been explored to a much larger extent, with the introduc-
tion of a wide range of substituents. Two compounds (Fig. 1), SHA-66 (1) and
SHA-68 (2), with N0-(substituted)benzylurea at the 7-position, were synthesized and
tested by Okamura et al. and were found to be potent and selective competitive
antagonists of both the Asn107 and Ile107 variants of the NPSR with IC50 values in
the two-digit nanomolar range (Okamura et al. 2008). Pharmacological evaluation of
the enantiomers of 2 revealed that the R enantiomer of 2 is the active enantiomer in
the racemic mixture and is much more potent than the S enantiomer (Trapella et al.
2011). Various 7-position substituents in hexahydro-oxazolo[3,4-a]pyrazin-3-one
series of compounds were explored by Zhang et al. to understand the structural
requirements for NPSR antagonistic activity (Zhang et al. 2008). This study
highlighted the importance of NH residue of the urea moiety for antagonistic activity
as alkylation of the urea nitrogen or replacement with a carbon or oxygen resulted in
reduced potency. This observation has been corroborated by molecular docking
studies on 2 in the NPSR binding pocket, in which it was observed that the NH
residue of the urea moiety acts as a potential hydrogen bond donor in an interaction
with the side chain of Asp297 of the NPSR (Dal Ben et al. 2010). It also appears that
1,1-diphenyl substituent of 2 would engage in π-stacking interactions (non-covalent
attractive interactions between two aromatic rings), with a pocket formed by aro-
matic residues (Phe 177, Tyr 290, Phe 293) (Dal Ben et al. 2010). Zhang et al.
observed that the alkyl substituent on the methylene spacer between the urea
function and the 4-fluorophenyl group or the elongation of the spacer resulted in
reduced potency indicating a limited tolerance for the 7-position substituents (Zhang
et al. 2008). RTI-118 (3), a racemic mixture (Fig. 1) reported by Zhang et al. (2008),

Fig. 1 Oxazolo[3,4-a]pyrazin-3-one SAR
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with an ethylpiperidine substituent at the 7-position, and an improved solubility
compared with 2, was further evaluated in in vivo studies (Schmoutz et al. 2012). In
a rat model, 3 was able to reduce cocaine self-administration at 10–20 mg/kg,
i.p. (much lower doses compared to 2), in a dose-dependent manner without
affecting food-maintained responding (Schmoutz et al. 2012). In this study,
3 (10–20 mg/kg, i.p.) also blocked cocaine-, cue-, and stress-induced reinstatement
of extinguished cocaine-seeking behavior. In a rat intracranial self-stimulation
(ICSS) model, 3 (3.2–32 mg/kg) exhibited dose-dependent blockade of cocaine-
induced facilitation at doses that produced no effect on ICSS when 3 was
administered alone (Bonano et al. 2014). Hassler et al. reported a study to improve
pharmacokinetic properties of 2, as well as potency of 3 (Hassler et al. 2014).
Replacement of the benzyl moiety of 2 with ionizable 2-anilino moiety afforded a
compound with similar potency as 2, while other substituents such as various pyridyl
analogs resulted in reduced potency. On the other hand, any attempt to further
modify 3 resulted in a substantial loss of activity. As was observed in the case of
2, the R enantiomer of 3 was the active compound and was about four-fold more
potent than the racemic mixture in CHOK1 cells expressing human NPSR 107I,
while the (S)-3 was inactive up to high micromolar concentrations (Hassler et al.
2014). In addition, (R)-3 exhibited superior pharmacokinetic properties with rapid
systemic absorption with an apparent half-life of 34 min and satisfactory brain
penetration.

2.2 Pyranopyrimidine Derivatives

Using a novel homogeneous time-resolved fluorescence (HTRF) assay that
measures cAMP responses, McCoy et al. identified a novel substituted
napthopyranopyrimidine lead 4 (Fig. 2) with antagonistic activity against NPS in
the low micromolar range for both the cAMP and calcium pathways (McCoy et al.
2010). Several analogs were synthesized to understand the SAR and were evaluated
in both cAMP and calcium assays. The ability of a particular substituent to increase
the antagonistic activity with respect to cAMP did not always correspond with an
equivalent effect on calcium signaling. It was found that the replacement of the
morpholinoethyl moiety at the 10-position with an aromatic ring increased the
potency of the molecule. Disubstitution on the aromatic ring at 12-position leads to
improved potency in calcium assay, with compound 5 having a 2,3-dihydrobenzo[b]
[1,4]dioxin-6-yl substituent being the most potent while compound 6, with a phenyl
group at 12-position, exhibiting superior activity in cAMP assay (Fig. 2). Substitution
at the 8 or 9 position of the lead compound resulted in loss of potency in both assays.
Similarly, replacement of the naphthyl moiety with substituted aromatic rings or
variation in the orientation of the naphthyl group is detrimental for activity. Insertion
of an alkyl spacer between the phenyl and the pyrimidine rings leads to retention of
the potency in the cAMP assay while loss of potency in the calcium assay. Introduc-
tion of small substituents on the 10-phenyl ring leads to reduction in potency in cAMP
assay while retaining the potency in calcium assay. Further development of these
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selective analogs may lead to interesting probes to study the involvement of different
G coupling pathways in the neurobiology of the NPSR. Recently Batran et al.
developed another series of compounds designed by replacing the naphthalene
moiety of the lead naphthopyranopyrimidine scaffold by the bioisosteric coumarin
moiety (Batran et al. 2017). The rationale was to increase the H-bonding interactions
with the NPSR active site. A limited number of analogs with hybridized substitutions
such as Schiff’s bases and isosteric heterocyclic rings as triazole and tetrazole
moieties at the 10- and 11-positions were synthesized. The compounds exhibited
antagonistic activity at single-digit micromolar concentration in the calcium assay
with 7 being the most potent analog (Fig. 2). The authors further rationalized the
activity of these ligands using molecular docking studies, which may be utilized for
designing other ligands active at NPSR (Batran et al. 2017).

2.3 Furo[3,4-c]pyridine Derivatives

Runyon et al. disclosed a series of 4,5,6,7-tetrahydrofuro[3,4-c]pyridine-1(3H)-one
derivatives as NPSR antagonists (Runyon et al. 2013). Substituents at the C3 and N5

positions have been explored. Efficacy curves of three representative compounds
8–10 (Fig. 3) have been disclosed. Compound 10 exhibits Ke of 30 nM against
NPSR 107I. This novel scaffold appears to mimic the oxazolo[3,4-a]pyrazine-3-one
core described earlier, and one of the phenyl rings in the oxazolo[3,4-a]pyrazine-3-
ones can be replaced with an isobutyl group.

Fig. 2 Pyranopyrimidine SAR
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2.4 Imidazopyridines

Using a HTRF assay that measures the formation of cAMP upon binding of NPS to
NPSR using CHO cells stably expressing NPSR, Marugan et al. disclosed a struc-
turally novel lead 3-(diphenylphosphorothioyl)-1,2-dimethylimidazo[1,2-a]pyridin-
1-ium iodide 11 (Fig. 4), as an antagonist to the NPS/NPSR neurocircuitry (Marugan
et al. 2011). Although this lead is a quaternary ammonium salt and with a diphenyl
phosphorothionyl moiety, it was found to be quite stable in buffered media (Patnaik
et al. 2013). In the SAR study published by Patnaik et al., it was observed that the
2-methyl and the diphenyl phosphorothionyl moiety were important for their activity
(Patnaik et al. 2013). From the molecular modeling studies, it was determined that a
hydrophobic substituent at the N1 position may improve the activity. In line with this
prediction, the best compound was 12 with a cinnamyl group at the N1 position
(Fig. 4). This compound exhibited an IC50 values of 45 nM and 0.96 nM in the
cAMP assay and calcium assay, respectively. It also inhibited activation of ERK at
1.3 nM concentration. Further substitution at the pendant phenyl moiety did not
afford any improvement in potency, probably underlining the capacity of the
hydrophobic pocket at the binding site. In spite of this, it appears that compound
12 may not be selective as it exhibited >90% inhibition of control in seven targets
(out of 55 tested), including the μ-opioid receptor. In in vivo studies, when
administered via ICV route, in rats, a single 10 μg dose of 12 was able to reverse
the suppression of food intake induced by NPS. It has also been reported that in mice
(10 mg/kg; i.p.), 12 crosses the blood-brain barrier (Patnaik et al. 2013).

Fig. 3 Furo[3,4-c]pyridine analogs

Fig. 4 Imidazopyridines SAR
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2.5 Quinolinone Derivatives

Anovel quinolinone-based lead, 13 (Fig. 5), was identified as a potent (IC50¼ 18 nM)
NPSR antagonist by Melamed et al. using a dual sequence fluorometric imaging
plate reader (FLIPR) calcium mobilization assay (Melamed et al. 2010). Unfortu-
nately, this compound is a substrate for P-glycoprotein (P-gp), thus with a lower
chance for crossing the blood-brain barrier. Hence the aim of this study was to
reduce the P-gp susceptibility while retaining the NPSR antagonistic potency. The
authors claim that the SAR at the cycloheximide moiety is very narrow and wouldn’t
afford any improvement in the desired properties. Several analogs at the
piperazinylcyclohexyl moiety were incorporated based on computational algorithm.
The first iteration of SAR identified the 1,3-propanediamine substructure as a viable
replacement for the piperazinecyclohexyl moiety, which was probably responsible
for the undesired P-gp activity. Cyclic amine such as piperidine at the end of the
propyl linker resulted in improved potency. Reducing the basicity of the piperidine
nitrogen by the addition of fluorine substituents resulted in reduced P-gp substrate
activity, but increased plasma protein binding. Similarly, a gem-dimethyl group as
well as an ethyl-methyl substituent at 1-position of the propyl linker provided a
significant boost in potency compared with monomethyl-substituted compounds;
however, it resulted in a significant increase in plasma protein binding. In this study,
compound rac-14 (Fig. 5), with a morpholine substituent at the end of the propyl
linker with an ethyl, methyl substituent at the 1-position afforded a better combina-
tion of potency and P-gp susceptibility. Resolution of the rac-14 resulted in the
potent antipode NPSR-QA1 (undisclosed enantiomer), which exhibited desired
physicochemical properties with improved potency at NPSR compared with the
other enantiomer as well as the rac-14. Further evaluation of NPSR-QA1 has been
done by Melamed et al. to demonstrate its ability to achieve acceptable CNS
concentrations after IP administration in rats. On the other hand, Camarda et al.
found that NPSR-QA1 was poorly active in in vivo assays sensitive to NPS effects.
In this study, IP administration of NPSR-QA1 (30 mg/kg) resulted only in partial

Fig. 5 Quinolinone SAR
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reversal of arousal promoting effect caused by NPS in the righting reflex assay,
while it was ineffective in blocking the stimulant effect of NPS in the locomotor
activity test (Camarda et al. 2013). This lack of effectiveness in mice may be
attributed to the interspecies differences in the pharmacokinetic properties.

2.6 Tricyclic Imidazole Derivatives

A novel high-throughput screening-derived tricyclic imidazole scaffold 15 (Fig. 6) was
reported by Trotter et al. (2010). Given to its high lipophilicity, most effort was focused
on improving its polarity and potency. Replacement of the benzyl moiety with a
tetrahydropyran moiety resulted in improved potency, but with rapid plasma clearance
in rat. Various substituents on the 4-bromophenyl group did not afford much improve-
ment in potency, while replacement with a 4-cyanophenyl group resulted in improved
pharmacokinetic profile of the compound while retaining its potency. Various
combinations of the substituents at the benzyl and 4-bromophenyl moieties afforded
compounds with slightly improved potency, but no significant improvements in phar-
macokinetic properties. In another series in the tricyclic imidazole scaffold containing a
piperidine amide group (instead of benzylmoiety), it was observed that the length of the
linker between the amide and the tricyclic scaffold played an important role in
improving potency as well as P-gp activity, with a propionamide linker providing the
optimum activity. Further SAR on the amide functionality led to the observation that
small cyclic and acyclic amides were potent NPSR antagonists. Reducing the basicity
of the nitrogen resulted in P-gp non-substrates, but with slight loss in potency. On the
other hand, a compound with a diethylamide moiety resulted in optimum activity, with
IC50 of 90 nM against NPSR and low P-gp susceptibility, but with low CNS exposure
in rats. Addition of a methoxy group at the 7-position on the tricyclic scaffold resulted
in identification of NPSR-PI1 (16), with excellent potency and pharmacokinetic
properties (Fig. 6). Intriguingly, Camarda et al. found that 16 was inactive in
mouse models of righting reflex and locomotor activity tests at 30 mg/kg in rats
(Camarda et al. 2013).

Fig. 6 Tricyclic imidazole SAR
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2.7 Indan-1,3-dione and Indan-1-one Derivatives

Recently, Fretz et al. disclosed a series of substituted indan-1,3-diones and indan-1-
ones 17 (Fig. 7) as potent NPSR antagonists (Fretz et al. 2013). Several analogs have
been synthesized and evaluated in calcium assay for NPSR activity leading to the
SAR. Any substitution on the indan-1,3-dione aryl ring leads to lower antagonistic
effects. Small, electron-donating substituents on the benzyl ring attached to the
piperazine moiety lead to improvement of potency, while bulkier and electron-
withdrawing substituents were detrimental for activity. Increasing the length of the
linker between the phenyl ring and piperazine moiety leads to reduced potency. On
the other hand, various substituents on the 2-phenyl ring are tolerated, with small,
electron-donating substituents at the meta-position improving potency against
NPSR. Substitution of the 2-phenyl ring with various heteroaryl rings was detrimen-
tal to the activity. Finally, while a piperazine ring can be substituted with a piperidine
moiety, a six-membered cyclic linker was the ideal linker between the indan-1,3-
dione and the benzyl group. Any larger or smaller ring linkers resulted in lower
potency. Corresponding indan-1-ones (X ¼ H2) appear to retain potency, probably
indicating that this carbonyl may not be involved in any interaction at the receptor
site. The compounds reported in this patent appear to be very potent, with IC50

values in the nanomolar range against hNPSRAsn107.

2.8 Pyrroloimidazole Derivatives

Micheli et al. described a design strategy based on a screening hit compound 18
(Fig. 8) as a competitive NPSR antagonist (Micheli et al. 2010). The 1HNMR of 18
and molecular modeling studies of this compound indicated a presence of an
intramolecular hydrogen bond interaction between the amino group and the furyl
oxygen. Based on this information, conformationally locked analogs of 18 were
designed by replacing the furyl ring with a pyrrole moiety and then inserting an alkyl
bridge between the amine and pyrrole nitrogen atoms. This resulted in a potent novel

Fig. 7 Indan-1,3-dione SAR
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derivative 19 (Fig. 8), with pIC50 of 8.0 against NPSR in calcium assay with
improved selectivity profile (Micheli et al. 2010).

In summary, literature evidence shows that increased NPS activity may play a
role in shaping vulnerability to addiction, especially to relapse. Hence selective
ligands have been successfully designed that target the NPS/NPSR neuropeptide
system as treatments for drug abuse. Several preclinical development studies have
also been focused to improve the pharmacokinetic properties and improve bioavail-
ability of these compounds. However, at this stage, none of the NPSR ligands have
entered clinical trials. The NPS/NPSR system is still an emerging target in the drug
abuse field and further medicinal chemistry campaigns will help identify novel
therapeutics for SUDs.

3 Melanocortin 4 (MC4)

The melanocortin system consists of five GPCRs, with the melanocortin 3 receptor
(MC3R) and melanocortin 4 receptor (MC4R) being expressed primarily in the brain
(Caruso et al. 2014; Tao 2010). MC4R plays a role in a variety of biological
functions, including energy homeostasis (Cui and Lutter 2013), food intake (Cabeza
de Vaca et al. 2002), pain (Kalange et al. 2007; Starowicz et al. 2005), learning and
memory (Caruso et al. 2014; Giuliani et al. 2017), neuroinflammation (Lasaga et al.
2008), and neuroprotection (Giuliani et al. 2014). MC4R gene mutations have been
strongly linked to early-onset obesity (Tao 2010), and these findings have made
MC4R a target for anti-obesity drug discovery (Emmerson et al. 2007). The devel-
opment of weight loss medications remains a significant unmet clinical need, so
interest in MC4R ligands has been strong.

Increasing evidence suggests that dopaminergic (DAergic) neurons and forebrain
circuitry drive both food- and drug-maintained behaviors (Wise 2013); therefore, the
role of MC4R in food-seeking behavior makes it a potential target for modifying
drug-seeking behavior (Navarro 2017). Indeed, the melanocortin and dopaminergic
systems appear to have significant overlap (Lindblom et al. 2002). MC4R mRNA
expression is enriched in the nucleus accumbens, an area of the striatum known to be

Fig. 8 Conformationally locked pyrroloimidazole
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involved with drug reinforcement (Alvaro et al. 1996, 1997). Expression of MC4Rs
in D1-like receptor-containing neurons appears to regulate food intake and locomo-
tor sensitization to cocaine (Cui and Lutter 2013). D2-like receptors and MC4Rs are
co-expressed in neurons associated with food reward (Yoon and Baik 2015). The
melanocortin and dopaminergic systems can also affect each other. MC4R ligands,
including the melanocortin peptides and small molecule agonists, can affect the
activity of DAergic neurons (Navarro 2017). Chronic cocaine exposure increased
MC4R mRNA expression in the striatum and hippocampus (Alvaro et al. 2003;
Cabeza de Vaca et al. 2002; Hsu et al. 2005). There appears to be a strong connection
between the melanocortin and dopaminergic systems.

Despite these strong connections, MC4R ligands have not been thoroughly vetted
as potential treatments for drug abuse. Research has been somewhat sporadic. The
selective MC4R antagonist peptides HS014 and HS024 have been shown to prevent
nicotine-induced reinstatement (Qi et al. 2015). The MC4R antagonist peptide
SHU-9119 blocked the reinforcing, motivational, and locomotor sensitization effects
of cocaine (Alserda et al. 2013; Hsu et al. 2005). Melanotan II (MTII), a nonselective
melanocortin peptide agonist, enhanced the rewarding effects of amphetamine
(Cabeza de Vaca et al. 2002). The MC4R antagonist HS014 enhanced the analgesic
effects of opioids while delaying the development of tolerance and preventing
withdrawal hyperalgesia (Ercil et al. 2005; Kalange et al. 2007). The MC4R
antagonist peptide JKC-363 also delayed the development of opioid tolerance
when co-administered with morphine (Starowicz et al. 2005). While a more system-
atic study of MC4R ligands is lacking, it is clear that the melanocortin system, in
particular MC4R, can affect drug-seeking behaviors.

MC4R also plays a role in other related comorbid conditions to chronic drug use,
including depression and anxiety, making it even more intriguing as a target for SUD
mediations development. Repeated administration of MCL0129, a selective small
molecule MC4R antagonist, increased social interactions in an open field test
suggesting it has anxiolytic-like effects (Shimazaki and Chaki 2005). The selective
MC4R antagonist MCL0042 produced anxiolytic- and antidepressant-like effects in
rodent models (Chaki et al. 2005). MC4R antagonists MCL0020 and MCL0129
lowered anxiety in a light/dark test (Chaki and Okuyama 2005); MCL0129 showed
antidepressant-like effects in a forced swim test (Chaki and Okuyama 2005). Col-
lectively, the evidence suggests MC4R antagonists, inverse agonists, and/or negative
allosteric modulators may be effective therapeutics for treating SUDs.

While the development of MC4R antagonists for drug abuse looks promising based
on existing evidence, the wide range of clinical effects observed with MC4R ligands
has caused many to remain skeptical. As noted, MC4R ligands affect fundamental
processes including weight, energy homeostasis, and sexual function. MC4R deletion
in rodents appears to have altered glucose metabolism, lowered energy utilization, and
gain weight in certain circumstances (Krashes et al. 2016). These effects would be
detrimental for a drug abuse treatment. But these issues remain unresolved and not well
understood. The human geneticmutations do not appear to have any deleterious effects,
other than the propensity to cause early-onset obesity (Yeo et al. 1998). MC4R
knockout animals appear normal as well (Krashes et al. 2016). The effects of a
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pharmacological intervention are difficult to predict. In addition, the signaling cascade
is quite complex. MC4R can signal through Gs, Gi/o, and Gq, as well as several G-
protein-independent mechanisms including β-arrestins and inwardly rectifying potas-
sium channels (Buch et al. 2009;Gantz and Fong 2003; Newman et al. 2006; Rodrigues
et al. 2015). Little is known about how each of these pathways relate to the plethora of
effects caused by MC4R ligands. It seems that MC4R could be an ideal system for the
development of signaling pathway biased ligands.

3.1 Spiropiperidines

The first small molecule ligands described for MC4R were agonists reported by
Merck in 2002 (Sebhat et al. 2002) (Fig. 9). The Merck group had noticed a
similarity between the pharmacophores of the growth hormone secretagogue peptide
GHRP-6 and melanocortin peptides ACTH and a-MSH (Trp-Ala-DTrp-His vs
Trp-Arg-DPhe-His). Modeling on that project had suggested a spiroindanyl piperi-
dine moiety as an Ala-Trp mimetic which was used to develop peptidomimetic small
molecule ligands leading to the development of compounds such as MK-0677
(Nargund et al. 1998), so the same approach was applied in the development of
MC4R ligands (Fig. 9). An initial core scaffold was developed, which used the
same spiroindanyl piperidine moiety linked to a dipeptide comprised of a
p-chlorophenylalanine and a Tic group (Fig. 9). The spiro moiety was then explored
eventually leading to the discovery of a potent and selective agonist THIQ, with an
EC50 ¼ 2.1 nM.

3.2 Piperazinebenzylamine

Neurocrine Biosciences began to report on the development of the piperazine-
benzylamine MC4R ligands in 2003 (Fig. 10). The scaffold was originally identified
and developed as an MC4R agonist (Dyck et al. 2003; Pontillo et al. 2004) following
the development of THIQ at Merck. Chemists at Neurocrine reasoned that the

Fig. 9 Spiropiperidine development
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spiropiperidine moiety was a GPCR privileged structure, so they decided to place it
with another GPCR privileged structure: a 2-substituted phenylpiperazine group.
These changes eventually produced selective and potent MC4R agonists, such as 20
(Fig. 10), which had an EC50 of 3.8 nM in a cAMP assay and a binding Ki of 6.4 nM.

To get antagonists, a combination of mutagenesis, peptide SAR, small molecule
MC4R SAR, and receptor modeling was employed (Chen et al. 2004). Modeling
suggested an interaction between Asp122 of MC4R and polar functionalities off the
phenyl group. This prompted the synthesis of a benzylamine analog to enhance this
interaction. Modeling suggested that there were lipophilic areas close by, so the
benzylamine was alkylated which greatly increased the binding to a Ki ¼ 10.8 nM
(35-fold) without substantially increasing agonist efficacy to an EC50 of 290 nM
(three-fold). The group believed the R-Tic residue was important for receptor activa-
tion, so it was replaced with a series of other acyl groups. A β-alanine group was
found to have good binding properties, but reduced agonist efficacy. Finally, the
p-chlorophenyl group was replaced with a more lipophilic 2,4-dichlorophenyl group
because it had been known that the agonist activity of theMC4R peptide MT-II could
be switched off by replacing the phenyl group with a more lipophilic 20-naphthyl
group. Indeed, this resulted in the first good antagonist lead 21 (Fig. 10) with a
Ki ¼ 1.8 nM and which had no agonist activity (cAMP) at 10 μM.

Fig. 10 Piperazinebenzylamine agonists and antagonists
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Neurocrine then spent several years optimizing the antagonist. Many strategies
were employed, most centered around the piperazinebenzylamine core. The phenyl
group could be replaced with a pyridine (Tran et al. 2006, 2007a) or a cyclohexyl
group (Tucci et al. 2005), the thionyl group could be replaced with a 1-methoxy-2-
propyl group (Pontillo et al. 2005), and the dipeptide was placed with various acyl
functionalities (Jiang et al. 2006). A substantial amount of SAR has been done
around the core structure, leading MC4R antagonists such as 22 (Fig. 10), which is
highly selective for MC4R with a Ki ¼ 2.8 nM, an IC50 of 35 nM, good bioavail-
ability (43%), and good pharmacokinetic properties (Chen et al. 2006, 2007a; Tran
et al. 2007b). Compound 22 was studied in a tumor model of cachexia (Chen et al.
2007a). Both 5 and 20 mg/kg doses significantly increased food intake compared to
vehicle.

3.3 Arylpiperazinylpiperazines

The arylpiperazinylpiperazine class of MC4R antagonists was published in 2003 by
Amgen (Arasasingham et al. 2003) (Fig. 11). The scaffold was identified by high-
throughput screening starting with a compound active with an IC50 of 2.8 μM. Their
goal was to find antagonists that blocked the binding of agouti-related protein
compared to other melanocortin peptides like α-MSH. While unsuccessful,
suggesting that the two binding domains overlap, general MC4R antagonists were
developed from the scaffold. A small study of both phenyl substituents showed that
halogens were preferred and in the para position. The original compounds also had a
ketone adjacent to the phenyl ring which was required for binding. Smaller alkyl
groups in the piperazine ring were also preferred. Later, Taisho Pharmaceuticals
found that the original phenylketone moiety could be replaced with a naphthyl group
or biphenyl group, the linker extended from three carbons to four carbons (n ¼ 2),
and the ketone removed (Nozawa et al. 2007a, b, c). Their work identified MCL0129
(Fig. 11), the first antagonist with an IC50 value in the low nanomolar range
(8.13 nM).

Fig. 11 Arylpiperazinylpiperazines
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3.4 Imidazoles

The imidazole class of MC4R antagonists was first described in 2004 by Millennium
Pharmaceuticals (Marsilje et al. 2004; Vos et al. 2004) (Fig. 12). The scaffold was
identified by a high-throughput screening campaign and then optimized which
resulted in the identification of ML00253764 (Fig. 12), with an IC50 of 103 nM.
The initial optimization effort identified the 5-bromo-2-methoxyphenyl group which
was two orders of magnitude more potent than the screening hit. The sulfur group
was replaced with a methylene without a loss of activity, but the carbon linker was
more metabolically stable. Later, the same group replaced the amidine with an acyl
guanidine and was able to optimize that scaffold to about the same potency as
ML00253764 (Vos et al. 2006). Interestingly, several of those analogs had IC50

values in the 100 nM range, but with subnanomolar binding affinities.

3.5 Pyridazinones

The pyridazinone class of MC4R agonist was first reported in 2003 (Ujjainwalla
et al. 2003, 2005) (Fig. 13). The origin of the lead structure 25was not described and
may have come from a high-throughput screening effort. Most of the medicinal
chemistry effort focused on the 1,3,4,5-tetrahydro-2H-1-benzazepin-2-one moiety.
The linker to the pyridazinone could be extended, the entire group could be replaced
with other phenyl containing cyclic amines including piperidines and pyrrolidines,

Fig. 12 Imidazole SAR

Fig. 13 Pyridazinone SAR
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and the pyridazinone could be reduced. A survey of aromatic substituents on the
phenylpyrrolidines found that a p-fluoro group provided the best binding and agonist
efficacy, resulting in agonist 26 with an EC50 of 66 nM (cAMP) and a binding IC50

of 18 nM.

3.6 2,4-Difluorophenylpyrrolidines

The 2,4-difluorophenylpyrrolidines class of MC4R agonists evolved from work on
the pyridazinones at Merck where the agonist 27 was reported (Guo et al. 2008;
Hong et al. 2010) (Fig. 14). The medicinal chemistry strategy here was to use the
2,4-difluorophenylpyrrolidine core as a substitute for the MC4R dipeptide (Fig. 14)
and then link it to various phenyl amines, which could be loosely considered to be
GPCR “privileged structures” and Ala-Trp mimics. Chemists began to link every
phenylamine core structure they could find, resulting in analogs like 28 (Chen et al.
2007b, 2008) and 4-phenylpiperidinols like 29 (Lansdell et al. 2010) (Fig. 14). This
class was thoroughly explored by Merck (Guo et al. 2010; He et al. 2010a, c), which
eventually developed the highly selective, potent, orally bioavailable MC4R agonist
MK-0489 (He et al. 2010b). MK-0489 has an EC50 of 4.9 nM (cAMP) and a binding
IC50 of 13 nM, with a 33% bioavailability in rat (53% in monkey). MK-0489 is
erectogenic in rats and shows mechanism-based food intake reduction in diet-
induced obesity rats (He et al. 2010b, c).

Fig. 14 2,4-Difluorophenylpyrrolidine development

78 B. Blough and O. Namjoshi



3.7 2-Oxopiperazines

In 2005, Procter & Gamble began to report a series of proline- and piperazine-based
MC4R ligands based on a piperazine-2-carboxamide scaffold (Fig. 15) designed to
capture key recognition elements from the melanocortin peptides. They observed that
aromatic side chains at the 2,4-positions of a carboxypiperazine linked to an arginine
were common to compounds with binding affinities to MC4Rs. While the binding
affinities were weak (Ki ¼ 376 nM), they began to probe the scaffold to develop
selective MC4R agonists (Tian et al. 2005, 2006a). They found the
carboxypiperazine core could be replaced with a proline, but while activity was
good in the low nanomolar range at MC4R, the compounds lacked selectivity.
Eventually, Procter & Gamble developed the oxopiperazines, culminating in the
discovery of compounds such as 30 (Fig. 15), with an EC50 of 1.2 nM and a Ki of
9.0 nM (Tian et al. 2006b, 2008). Oxopiperazine 30 was orally bioavailable in dog
(20.6%) and showed activity in a diet-induced obesity rat model at 30 mg/kg.

In summary, literature evidence shows that MC4R plays a role in modulating
drug-maintained behaviors, as well as comorbid conditions including depression and
anxiety. MC4R antagonists have shown efficacy in preclinical studies targeting
nicotine, cocaine, amphetamine, and opioid use, but this work is limited in scope
and needs to be significantly expanded. The role of MC4R in early-onset obesity
made it an attractive biological target for the pharmaceutical industry resulting in a
significant amount of medicinal chemistry and drug development, including the
development of clinical candidates. On-target side effects have limited enthusiasm
for the therapeutic development, but it may be possible to remove unwanted side
effects through the development of biased ligands or allosteric modulators. The
MC4R system is still an emerging target in the drug abuse field, and further
assessment of existing compounds in assays targeting drug-seeking behaviors will
help drive the validation of MC4R as a biological target for SUD.

Fig. 15 2-Oxopiperazine SAR
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Abstract
Opioid analgesics, most of which act through mu opioid receptors, have long
represented valuable therapeutic agents to treat severe pain. Concerted drug
development efforts for over a 100 years have resulted in a large variety of opioid
analgesics used in the clinic, but all of them continue to exhibit the side effects,
especially respiratory depression, that have long plagued the use of morphine.
The recent explosion in fatalities resulting from overdose of prescription and
synthetic opioids has dramatically increased the need for safer analgesics, but
recent developments in mu receptor research have provided new strategies to
develop such drugs. This chapter reviews recent advances in developing novel
opioid analgesics from an understanding of mu receptor structure and function.
This includes a summary of the mechanism of agonist binding deduced from the
crystal structure of mu receptors. It will also highlight the development of novel
agonist mechanisms, including biased agonists, bivalent ligands, and allosteric
modulators of mu receptor function, and describe how receptor phosphorylation
modulates these pathways. Finally, it will summarize research on the alternative
pre-mRNA splicing mechanisms that produces a multiplicity of mu receptor
isoforms. Many of these isoforms exhibit different pharmacological specificities
and brain circuitry localization, thus providing an opportunity to develop novel
drugs with increased therapeutic windows.

Keywords
Allosteric ligands · Analgesics · Biased agonists · Bivalent ligands ·
Heterodimers · Splice variants

1 Introduction: Mu Opioids and the Opioid Epidemic

When multiple types of opioid receptors were first suggested (Lord et al. 1977;
Martin et al. 1976), it was clear that most of the therapeutic and side effects of
clinically relevant opioid analgesics were mediated by mu opioid receptors (MOR).
These drugs not only included the classical morphine-like analgesics like morphine
but also synthetic derivatives like methadone and fentanyl (Armenian et al. 2018).
Since then, numerous genetic studies have confirmed the role of MOR in analgesic
actions, with genetic knockouts of the MOR gene eliminating behavioral and
analgesic effects of mu agonists (Matthes et al. 1996; Raehal and Bohn 2014). But
few researchers at the time could have foreseen the unprecedented onslaught of
misuse and overuse of mu opioid analgesics that created the current opioid epidemic
(Baumann et al. 2018).
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In the USA, the death rate from opioid analgesics nearly quadrupled from 1999 to
2011 (Rudd et al. 2016). In 2016 alone, over 40,000 people in the USA died from
opioid overdose (Seth et al. 2018). The course of the opioid epidemic over the past
10 years has occurred in distinct stages, documented in Fig. 1, each stage illustrating
various pharmacological properties of mu opioid agonists (Jalal et al. 2018). The first
stage was highlighted by overuse of prescription opioids, including codeine, oxyco-
done, hydrocodone, and oxymorphone. These drugs, widely used clinically for their
oral availability as analgesics, as well as their lower DEA schedules compared to
morphine, were abused not only by pain patients but also by diversion to the general
non-patient population. When prescription opioids became more difficult to obtain,
many chronic opioid users turned to heroin, ironically a cheaper option. Because of
its rapid uptake into the brain and conversion into morphine, heroin has long been
the drug of choice among opioid users, and the availability of cheap heroin on the
street made it easy for users to switch from prescription drugs. An even more deadly
phase of the epidemic occurred with the widespread availability of illicit fentanyl,
whose high potency in vivo (up to 100 times more potent than morphine) makes it
easy for clandestine laboratories to synthesize and ship across borders. Now, with
the availability on the street of even more potent fentanyl analogs like carfentanil,
novel illicit fentanyl analogs like alpha-methyl fentanyl and methyl fentanyl, and

Fig. 1 Mortality rates from
drugs of abuse in the USA
from 1999 to 2016. Note how
the precipitous rise in
mortality rates from
prescription opioids preceded
those from heroin, which then
was followed by an alarming
increase in mortality rates
from synthetic opioids (e.g.,
fentanyl). From Jalal et al.
(2018)
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potent synthetic opioids like U-47700 and MT-45, opioid overdose fatalities are
occurring at unprecedented rates (Armenian et al. 2018). Because of their high
affinities at MOR, antagonism of the effects of these highly potent agonists require
larger doses of classical mu antagonists like naloxone, as well as longer-acting
antagonists like naltrexone (Baumann et al. 2018).

100 years ago, Sir William Osler described morphine as “God’s own medicine.”
Despite the alarming progression of fatalities from the current opioid epidemic, mu
opioid analgesics remain the best options for treating severe pain. The challenge of
researchers has always been to identify novel opioid analgesics that retain analgesic
efficacy without the debilitating side effects of traditional opioid agonists, especially
the respiratory depression that leads to overdose. For the past 100 years, this has
been an elusive goal, with many unfulfilled promises. For example, in 1895,
diacetylmorphine (more commonly known as heroin) was introduced as a “non-
addicting morphine substitute.”However, new research on the structure and function
of MOR has provided novel pathways that not only help understand MOR agonist
signaling but also devise new strategies for drug development that could improve
treatment of pain while decreasing overdose (Valentino and Volkow 2018). In this
chapter, we review some of the MOR mechanisms that have catalyzed these novel
strategies, including the detailed structure of agonist binding sites on mu receptors,
biased and unbiased agonist signaling pathways, allosteric activators, bivalent
ligands acting at MOR heteromers, and regulation of MOR signaling by phosphory-
lation. The first half of the chapter focuses on the traditional MOR isoform, while in
the second half of this chapter, we focus on alternative splicing of mu opioid receptor
gene, OPRM1, and resulting splice variants or isoforms that mediate different
agonist effects of mu opioid analgesics and provide more alternative strategies for
drug development.

2 MOR Tertiary Structure

From the early radioligand binding studies (Blume 1978; Childers and Snyder
1980), it was clear that MOR belongs to the superfamily of G-protein-coupled
receptors (GPCR) (Satoh and Minami 1995), specifically the γ subfamily of Class
A (rhodopsin-like) GPCRs (Manglik et al. 2016). As in any GPCR, MOR has seven
transmembrane (TM) α-helices, with an extracellular N-terminal tail and an intracel-
lular C-terminal tail, connected with three intracellular and three extracellular loops.
The first crystal structure of MOR (Manglik et al. 2012) was obtained using a
lysozyme fusion protein strategy that had been successful in determining structures
of other GPCRs (Rosenbaum et al. 2007). In this first report of MOR structure, data
were obtained from receptor protein bound to β-FNA, a mu-selective irreversible
antagonist. Because these findings were obtained from the antagonist binding
conformation of the receptor, these results are often described as the inactive state
of the receptor. These data revealed that mu receptors were arranged in dimers
tightly associated through TM5 and TM6. The binding pocket for β-FNA was
relatively wide and exposed to the extracellular environment. This structure of the
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antagonist binding site may explain why potent mu antagonists have relatively fast
dissociation kinetics, a characteristic highly relevant in the treatment of opioid
overdose victims with antagonists like naloxone. The problem with studies of
receptor tertiary structure using antagonists like β-FNA is that GPCRs exist in
different states when bound to agonists or antagonists (Nygaard et al. 2013).
Therefore, data from the antagonist (or inactive) state of MOR (Manglik et al.
2012) may not accurately define MOR structure when the receptor is activated by
agonists (Manglik et al. 2016). The agonist/antagonist states of MOR were first
recognized by early radioligand binding experiments showing that sodium allosteri-
cally inhibited agonist, but not antagonist, binding to MOR (Pert et al. 1973). Using
this information, along with single-domain antibody fragments (nanobodies) that
mimic the structure of Gα subunits to stabilize the active conformation of MOR, an
agonist-activated structure for MOR was reported (Fig. 2) using the potent mu
agonist BU72 (Huang et al. 2015; Manglik et al. 2017). These data revealed
similarities between the inactive and active forms of MOR, with subtle differences
in binding pockets for agonist and antagonist. However, in both studies, the opioids
used for binding were closely related to morphinan structures (i.e., closely related to
the classical structure of morphine and related opioids). More recent studies (Koehl
et al. 2018; Maeda et al. 2018) used high-resolution cryo-electron microscopy to

Fig. 2 Structure of the
agonist binding site of the
active state of MOR, showing
the binding of the mu agonist
BU72 along with the single-
domain antibody fragment
(nanobody) Nb39 that mimics
Gi/o. From Huang et al.
(2015)
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examine MOR structure when the receptor was bound to the Gi heterotrimer along
with the mu-selective peptide agonist DAMGO. These results showed that the
peptide bound within the morphinan binding site, suggesting that MOR recognizes
structurally different agonists in a similar manner. Models derived from all of these
studies provide explanations for many of the observed pharmacological
characteristics of opioid agonists, for example, the high potency of a series of
cyclized enkephalins (Koehl et al. 2018). One novel way in which peptide and
non-peptide agonists exert their actions through MOR is via different subcellular
activity of the receptors. Studies using a genetically encoded biosensor (Stoeber et al.
2018) showed that while peptide agonists produce an activation pattern in neurons
beginning in the plasma membrane and propagating to endosomes, non-peptide
agonists produce a different activation pattern beginning in the somatic Golgi
apparatus and proceeding through dendrites.

An important rationale for conducting these complex structure identifications of
MOR is to provide a scaffold for predicting binding affinities for known and novel
opioid ligands. One study performed an in silico analysis of over three million
compounds in docking to the antagonist binding site of MOR (Manglik et al.
2016). From a series of novel compounds with significant affinity for MOR binding,
specific stereoisomers identified one compound, PZM21, with high affinity and full
agonist efficacy in activating Gi/o. Further studies (described below) show that
PZM21 exhibits biased agonist activity, while more recent studies (Ma et al. 2019)
have identified even more potent and selective analogs of PZM21.

The crystalized MOR had the truncated N- and C-termini of MOR and also
inserted the T4 lysozyme to facilitate crystallization, raising the questions how the
N- and C-terminal sequences influence MOR structures associated with different
signaling. This is particularly important for OPRM1 splice variants with alternative
N- and C-terminal sequences (see below).

3 Signaling Pathways: Biased and Unbiased Agonists

The early discovery that mu receptor agonists inhibit adenylyl cyclase (Sharma et al.
1975), inhibit Ca+2 channel activity (Schroeder et al. 1991; Seward et al. 1991), and
activate inwardly rectifying K+ channels (North and Williams 1985) firmly
established that MOR intracellular signaling is mediated by Gi/o-dependent signal-
ing pathways. A feature of GPCRs, in general, is that chronic occupation of receptors
by agonists produces receptor internalization in a multistep process that begins with
phosphorylation of intracellular amino acid residues by G-protein receptor kinase
(GRK) and binding to the intracellular trafficking proteins arrestins, particularly the
β-arrestins (Lohse et al. 1990). In some cases, this internalization is followed by
degradation of receptors via clathrin-dependent endocytosis (Claing et al. 2002). But
in addition to its role in mediating GPCR internalization, β-arrestin also mediates
receptor signaling in G-protein independent pathways (Raehal and Bohn 2014).
A biased agonist can preferentially activate either the G-protein pathway or a
G-protein independent pathway (see Fig. 2 in Williams et al. 2013), and if side
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effects of mu agonists are preferentially mediated by either of these pathways,
development of biased agonists has the potential for production of safer analgesics.
Numerous recent reviews of MOR-biased agonists have been published (Kelly 2013;
Raehal and Bohn 2014; Siuda et al. 2017; Urits et al. 2019), and the history of biased
agonist for GPCRs, in general, is summarized by Madariaga-Mazon et al. (2017).
The first description of β-arrestin-mediated signaling mechanisms for mu analgesics
came from β-arrestin-2 knockout (KO) studies in mice (Bohn et al. 1999, 2000;
Raehal et al. 2005). These studies showed β-arrestin KO mice developed less
analgesic tolerance to chronic morphine treatment, as well as less physical depen-
dence and constipation and, most importantly, less respiratory depression. These
findings suggest that mu agonists selectively biased toward Gi/o pathways, and not
activating β-arrestin mediated pathways, may provide enhanced analgesic efficacy
with diminished side effects, including lethality due to respiratory depression
(Raehal and Bohn 2014). The development of specific β-arrestin recruitment assays
to complement direct assays of Gi/o activation (e.g., Manglik et al. 2016) allows
researchers to directly calculate a bias ratio that indicates the preferred selectivity of
an agonist for one pathway compared to the other (Kenakin 2014; Schmid et al.
2017). A study that calculated bias ratios for a number of compounds at the human
MOR (Schmid et al. 2017) showed a strong correlation between the bias ratio and the
therapeutic window between analgesic potency and respiratory depression.

One of the first mu-biased agonists to be reported was herkinorin, a compound
derived from the potent selective kappa opioid Salvinorin A (Groer et al. 2007). This
compound activated Gi/o signaling in cell culture but did not recruit β-arrestin-1 or
β-arrestin-2. Not only was herkinorin active at similar doses as morphine in the
formalin rat paw withdrawal test, a model of peripheral antinociception in inflam-
matory pain, but it did not produce significant tolerance after 5 days of chronic
treatment (Lamb et al. 2012). Unfortunately, the ADME properties of herkinorin
itself, including low solubility and poor CNS penetration, limit its clinical develop-
ment as a systemic analgesic (Groer et al. 2007), and efforts are underway to identify
analogs with improved bioavailability.

Another promising biased agonist is TRV130, which also activates Gi/o signaling
without recruiting β-arrestin (DeWire et al. 2013). While TRV130 was five times
more potent than morphine in antinociception tests, it produced less constipation and
respiratory depression than morphine at equianalgesic doses (DeWire et al. 2013);
the effects of TRV130 on constipation were, however, complicated (Altarifi et al.
2017). Currently, TRV130 (oliceridine) is undergoing clinical trials for treatment of
moderate to severe pain. In Phase IIb trials that evaluated preliminary safety and
efficacy of IV TRV130 in selected pain patients (Singla et al. 2017), TRV130
exhibited similar analgesic efficacy compared to morphine but fewer adverse effects
including nausea, vomiting, and respiratory depression. A follow-up Phase III study
in a different set of pain patients (Viscusi et al. 2019) revealed similar results. The
status of the safety and efficacy of TRV130 has been recently reviewed (Urits et al.
2019): both respiratory depression and sedation from administration of TRV130
appear to be markedly reduced compared to morphine, and the effects of TRV130
are readily reversed by naloxone, suggesting that potential overdoses from this drug
could be reversed with mu antagonists.
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Another potentially promising biased mu agonist is PZM21, identified
(as described above) from in silico predictions from docking studies of the antago-
nist binding site of MOR (Manglik et al. 2012). Although PZM21 exhibited 70% of
full efficacy in Gi/o activation, it produced little significant recruitment of β-arrestin
(Manglik et al. 2016). It produced full analgesic efficacy in several antinociception
assays in mice, produced less constipation than morphine, and showed no significant
respiratory depression.

What are the structural features of MOR that mediate Gi/o-dependent signaling
compared to β-arrestin recruitment? The general features of three GPCRs (adenosine
A2A, opsin, and MOR) that contribute to these two separate signaling pathways
have been reviewed in detail (Carpenter and Tate 2017). In comparing the binding of
TRV130 and morphine to MOR, results showed that binding of TRV130 allowed
communication between the binding pocket and the intracellular end of TM3, while
morphine allowed communication with both TM3 and TM6 (Altarifi et al. 2017).
Single-site mutation studies revealed that residues W320 and Y328, both situated
within the MOR binding pocket, were critical in regulating β-arrestin recruitment
(Hothersall et al. 2017).

While biased mu agonists may hold potential as analgesics with reduced liability
for respiratory depression and constipation, an important question is whether they
also exhibit similar abuse potential compared to traditional mu agonists (Negus and
Freeman 2018). Opioid conditioned place preference tests performed in β-arrestin
KO mice demonstrated that rewarding effects of morphine were not mediated by
β-arrestin-2 signaling (Bohn et al. 2003), thus suggesting that reward mechanisms
were likely mediated by Gi/o signaling. In support of this concept, several detailed
reinforcement studies in rats using TRV130 and PZM21, including opioid self-
administration, revealed that these biased agonists produced abuse potential similar
to that of traditional mu agonists (Altarifi et al. 2017; Schwienteck et al. 2019; Siuda
et al. 2017). At this stage, studies in humans with biased mu agonists are just
beginning, but one study comparing subjective effects of TRV130 with morphine
in humans suggested that the two drugs exhibited similar abuse potential (Soergel
et al. 2014).

While studying the single MOR isoform revealed different biased and unbiased
agonists (Williams et al. 2013), the identification of many OPRM1 alternatively
spliced C-terminal variants open questions regarding biased signaling of a single
agonist at the level of multiple MOR C-terminal variants. Specifically, differences in
C-terminal sequences encoded by alternative coding exons may have significant
impact on agonist-induced signaling. Increasing evidence from both in vitro and
in vivo studies strongly supports this hypothesis (see below).

4 Allosteric Agonists

Classical mu agonists, whether they are biased or unbiased, are regarded as
orthosteric agonists; i.e., they bind to the orthosteric ligand-binding pocket of
MOR where the endogenous agonist binds, as described in both antagonist and
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agonist-bound forms of MOR (Huang et al. 2015; Manglik et al. 2012, 2017). In
contrast, allosteric ligands bind to sites on MOR that are spatially distinct from
orthosteric sites. Allosteric ligands have the capability to modulate the effects of
orthosteric agonists. Negative allosteric modulators (NAMs) can inhibit binding of
orthosteric agonists or decrease efficacy of their signal transduction. Positive allo-
steric modulators (PAMs) activate receptors in the presence of an orthosteric agonist.
Lastly, silent allosteric activators (SAMs) do not affect binding or efficacy of the
orthosteric agonist directly but instead block the allosteric binding site to inhibit
activity of NAMs or PAMs. These allosteric sites are often located within the
non-conserved regions of a receptor (Remesic et al. 2017); this potentially allows
for selectivity among GPCR subtypes that is not feasible for orthosteric agonists.
Development of allosteric modulators potentially has advantages over that of
orthosteric modulators, allowing for more subtle activation of agonist effects in
target tissues by increasing the efficacy of endogenous opioids while at the same
time reducing potential negative side effects (Burford et al. 2015; Livingston and
Traynor 2018).

Although most interest in this area has focused on PAMs of MOR, at least two
NAMs have been identified. The non-intoxicating cannabinoid cannabidiol acts as a
NAM at MOR by increasing dissociation of orthosteric agonist binding (Kathmann
et al. 2006), but this effect occurs at high concentrations of cannabidiol. The highly
selective kappa opioid receptor agonist Salvinorin A also decreases MOR agonist
binding and acts as an uncompetitive inhibitor of mu-stimulated [35S]GTPγS bind-
ing, albeit at much higher concentrations than its affinity at kappa receptors
(Rothman et al. 2007).

Because of their potential as novel analgesics, there has been significant interest
in developing mu PAMs. Two ligands, BMS-986121 and BNS-986122, were shown
to increase mu orthosteric agonist activation of G-proteins, increasing agonist
efficacy at both Gi/o and β-arrestin signaling pathways (Burford et al. 2013). The
proposed mechanism of BMS-98612’s PAM action is to decrease the ability of
sodium to inhibit agonist binding (Livingston and Traynor 2014). Unfortunately, the
complexity of the synthesis of these compounds may make them impractical for
further drug development (Burford et al. 2013). Another mu PAM, MS1, also
increased the efficacy of orthosteric mu agonists, but it had a biased action, showing
preferential recruitment of β-arrestin signaling as opposed to Gi/o pathways
(Bisignano et al. 2015).

5 MOR Heteromers and Bivalent Ligands

The idea that agonists and/or antagonists of other receptors can modulate the effects
of mu agonists is not new. For example, it has long been known that delta opioid
receptor (DOR) antagonists can block analgesic tolerance and dependence produced
by chronic administration of morphine (Abdelhamid et al. 1991), and DOR KOmice
show reduced tolerance to chronic morphine treatment (Nitsche et al. 2002; Zhu
et al. 1999). There are several potential explanations for such findings, but a number
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of laboratories have focused on opioid receptor dimerization as a mechanism
for modulating mu receptor function. For example, formation of mu/delta
heteromers has been demonstrated in the cell culture and brain (Fujita et al. 2015).
Mu/delta heteromers have different pharmacological properties compared to mu
receptor monomers, with the former having increased affinity for opioid peptides
compared to the latter (George et al. 2000). In addition, a series of studies suggested
that disruption of mu/delta heteromers prevented development of antinociceptive
tolerance from chronic treatment with morphine (He et al. 2011). Together, these
findings are consistent with the idea that interactions between mu and delta receptors
as heteromers mediate development of tolerance to mu agonists. For this reason,
several laboratories have synthesized bifunctional ligands that act as MOR agonists/
DOR antagonists (Cunningham et al. 2019). For example, in one study, an analog of
a cyclic tetrapeptide, modified to produce increased bioavailability, produced
antinociception with no apparent acute tolerance (Mosberg et al. 2014). However,
this study did not explore potential chronic tolerance produced by this analog. A
more recent study with another bivalent compound, UFP-505, showed that although
UFP-505 was active in antinociception tests, it also produced tolerance like mor-
phine after chronic administration (Dietis et al. 2018). These findings illustrate the
point that bivalent ligands are complicated and often produce results that are difficult
to interpret (Cunningham et al. 2019).

The dimerization of MORs with other GPCRs suggests that several different
signaling pathways with distinct pharmacological properties can be identified using
specific bivalent ligands that bind to both receptors. Perhaps the best studied of these
systems are the potential heteromers composed of MOR and nociception/orphanin
FQ peptide (NOP) receptors (Cunningham et al. 2019; Toll et al. 2016). The NOP
receptor is often called the fourth opioid receptor since it exhibits significant
homology with mu, delta, and kappa receptors, despite the fact that it doesn’t bind
most traditional opioid ligands with high affinity (Toll et al. 2016). NOP receptor
activation can modulate the function of mu agonists; for example, prolonged treat-
ment with NOP in neuroblastoma cells reduced mu agonist inhibited cAMP
(Thakker and Standifer 2002), and MOR/NOP receptor heterodimers have been
identified by co-immunoprecipitation and immunofluorescence (Evans et al. 2010;
Pan et al. 2002). A number of groups have synthesized novel MOR/NOP receptor
bivalent ligands to identify potential analgesics with fewer side effects, with a special
focus on using partial mu agonists as part of the ligand design (Cunningham et al.
2019; Toll et al. 2016). One strategy utilized analogs of buprenorphine, a partial
agonist activity at both MOR and NOP receptors, to produce BU08028, a compound
that exhibits high affinity at all three opioid receptor types as well as NOP receptors
(Khroyan et al. 2011). Results in monkeys (Ding et al. 2016) revealed that BU08028
produced potent antinociceptive effects with less reinforcement compared to tradi-
tional mu agonists and no signs of physical dependence. Another bifunctional
MOR/NOP receptor agonist is AT-121, a partial agonist at both MOR and NOP
receptors. This compound produced potent analgesia with low levels of respiratory
depression and physical dependence in monkeys (Ding et al. 2018). Finally,
cebranopadol (GRT-6005) is a bifunctional ligand with full agonist effects at
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MOR, DOR, and NOP receptors (Raffa et al. 2017). It is more potent than morphine
in several acute and chronic models of pain in rodents, and it displays little respira-
tory depression, along with delayed tolerance. It has completed several Phase II
clinical trials and is currently in Phase III clinical trials for acute and chronic pain.

6 MOR Regulation by Receptor Phosphorylation

GPCRs undergo desensitization after chronic agonist exposure by uncoupling from
G-proteins in a process mediated by phosphorylation of specific residues on the
C-terminal tail and third intracellular loop. The phosphorylated receptor can then
bind to β-arrestins, thus leading to a complex series of events that include activation
of intracellular signaling mechanisms as well as clathrin-induced internalization.
A complete review of the large literature of MOR phosphorylation, desensitization,
and internalization, as these processes relate to opioid tolerance (Williams et al.
2013), is beyond the scope of this chapter. Instead, we focus on the role of receptor
phosphorylation in mediating various aspects of agonist signaling relevant to the
ligand development summarized in the previous sections.

Chronic agonist exposure with a variety of drugs uncouples mu receptors from
Gi/o proteins both in cell culture and in brain (Breivogel et al. 1997; Sim-Selley et al.
2000); this process of G-protein uncoupling is mediated by agonist-dependent
phosphorylation of specific intracellular serine and threonine residues (Williams
et al. 2013). The C-terminal tail of MOR contains 11 ser and thr residues capable
of being phosphorylated (Kliewer et al. 2019). Morphine (which has low efficacy in
stimulating phosphorylation and G-protein uncoupling) stimulates phosphorylation
of S375, while higher efficacy agonists like DAMGO stimulate phosphorylation not
only of S375 but also residues T370, T376, and T379, all mediated by activation of
GRK2 and GRK3 (Gluck et al. 2014; Just et al. 2013; Miess et al. 2018). These
phosphorylation events in turn stimulate recruitment of β-arrestin and receptor
internalization (Just et al. 2013; Miess et al. 2018), with phosphorylation of S375
crucial for β-arrestin recruitment. The phosphorylation of these different residues by
the higher efficacy agonists is a stepwise process, with S375 phosphorylated more
rapidly than T370 (Doll et al. 2011).

The role of specific phosphorylated residues in mediating different effects of mu
agonists can be studied by genetic mouse models in which specific ser or thr residues
on MOR are replaced by ala, thus preventing phosphorylation. Where phosphoryla-
tion of S375 is eliminated with the S375A mutation (Grecksch et al. 2011), efficacies
of antinociceptive response by morphine were increased, while development of
tolerance was unchanged. In contrast, the S375A mutation decreased tolerance to
the higher efficacy agonists like DAMGO. These results suggest that tolerance to the
antinociceptive effects of mu agonists with different efficacies in stimulating phos-
phorylation occur through different pathways.

A recent study (Kliewer et al. 2019) used this genetic strategy to examine the
roles of different ser and thr residues on MOR to mediate opioid analgesia and side
effects. Eliminating phosphorylation of S375 increased fentanyl-induced analgesia
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and had no effect on morphine-induced analgesia; there was no effect on the
potency of morphine or fentanyl to produce respiratory depression or constipation.
Since phosphorylation of S375 is critical for β-arrestin recruitment but has little
effect on G-protein signaling, these results question the concept that these undesir-
able opioid effects are mediated by β-arrestin signaling pathways. Therefore, it is
possible that the increase in the safety profile of biased mu agonists may be caused
by pharmacological factors other than pure agonist bias (Kliewer et al. 2019). At any
rate, such findings emphasize the difficulty in interpreting results in a system where
multiple signaling pathways exert different effects through complex mechanisms.

7 Alternative Splicing of the Mu Opioid Receptor Gene,
OPRM1

Molecular cloning of the mu opioid receptor cDNA (MOR-1) led to isolation and
characterization of its gene structure, OPRM1, from mouse to human (Belknap et al.
1995; Giros et al. 1995; Kozak et al. 1994; Wang et al. 1994). However, only a single
copy of the OPRM1 gene was identified, which was hard to reconcile with mu
subtypes suggested by the early pharmacological studies (Cherny et al. 2001; Chou
et al. 2009; Inturrisi 2002; Pasternak 2001). Over 90% of human and mouse genes
have alternative pre-mRNA splicing, creating great diversity at mRNA and protein
levels. One obvious hypothesis is that the OPRM1 gene alternative splicing
generates multiple mu opioid receptors. Driven by this hypothesis, many efforts
have been made by several laboratories to successfully identify an array of OPRM1
alternatively spliced variants or isoforms from mouse and rat to human. Although it
is still challenging to correlate these splice variants to the subtypes, such as mu1 and
mu2, defined by early pharmacological studies, growing evidence suggests that some
of these splice variants play important roles in mu opioid pharmacology, particularly
providing new insights into biased signaling at multiple mu receptor levels and
leading to development of novel opioid analgesics potentially lacking many side
effects commonly associated with traditional opiates.

Common patterns of alternative splicing include exon skipping, alternative 50 and
30 splicing, intron retention, mutually exclusive exons, and alternative promoter and
poly(A) (Black 2003). The OPRM1 gene adopts all these patterns to create multiple
and diverse splice variants. OPRM1 alternative splicing is conserved from rodent to
human in terms of their splicing patterns, location of alternative exons, and types of
splice variants, as well as sequences in some variants (see detailed OPRM1 gene
structures and alternative splicing in reviews: Pan 2005; Pasternak and Pan 2013).
Based on the predicted structures, the OPRM1 splice variants can be categorized into
three main types: full-length 7TM C-terminal splice variants, truncated 6TM
variants, and single TM variants (Table 1 and Fig. 3).
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Table 1 List of alternatively spliced variants of mu opioid receptor gene, OPRM1

Species 7TM Variant 6TM Variant 1TM Variant

Mouse mMOR-1 mMOR-1G mMOR-1Q

mMOR-1A mMOR-1K mMOR-1R

mMOR-1B1 mMOR-1L mMOR-1S

mMOR-1B2 mMOR-1M mMOR-1T

mMOR-1B3 mMOR-1N mMOR-1Z

mMOR-1B4

mMOR-1B5

mMOR-1C

mMOR-1D

mMOR-1E

mMOR-1Eii/Eiii/Eiv

mMOR-1F

mMOR-1H

mMOR-1i

mMOR-1J

mMOR-1O

mMOR-1P

mMOR-1V-Vii

mMOR-1U

mMOR-1W

mMOR-1T

Rat rMOR-1 rMOR-1G1 rMOR-1S

rMOR-1A rMOR-1G2 rMOR-1Z

rMOR-1B1

rMOR-1B2

rMOR-1C1

rMOR-1C2

rMOR-1D

rMOR-1H1/H2

rMOR-1i1/i2/i3

rMOR-1P

Human hMOR-1 hMOR-1G1 hMOR-1S

hMOR-1A hMOR-1G2 hMOR-1Z

hMOR-1B1 hMOR-1K SV1

hMOR-1B2 SV2

hMOR-1B3

hMOR-1B4

hMOR-1B5

hMOR-1O

hMOR-1X

hMOR-1Y

hMOR-1i
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7.1 Full-Length 7TM C-Terminal Variants and 30 Splicing

All the OPRM1 full-length 7TM C-terminal variants contain exons 1/2/3 that encode
major parts of the receptor, including the N-terminus, 7-TM domains, three intracel-
lular and three extracellular loops, and part of C-terminus. However, they have a
distinct C-terminal tail that is generated through 30 splicing from exon 3 to an

Classes of Oprm1 splice variants

Mouse Oprm1 gene

E11 Promoter
E1 Promoter

Exon

OPRM1 Variants C-terminal 7TM Truncated 1TM Truncated 6TM
Promoter E1 E1 E11

Mouse variants(n) 22 5 5
Rat variants (n) 13 2 2

Human variants(n) 12 4 4

Knockout model C-terminal 7TM Truncated 1TM Truncated 6TM
E1-KO Lost Lost Retained
E11-KO Retained Retained Lost

E1/E11-KO Lost Lost Lost
Triple KO 

(E1+DOR-1+KOR-1)
Lost Lost Retained

Fig. 3 Schematic of the Oprm1 gene structure, classes of Oprm1 splice variants and related
knockout mouse models. The mouse Oprm1 gene structure reported in the literature is shown on
the top; adapted from Pasternak and Pan (2013). Exons and introns are indicated by colored boxes
and horizontal lines, respectively. Promoters are shown by arrows. Intron sizes are indicated as
kilobases (kb). Exons are numbered based on the published data. The exon and intron distances are
not drawn to scale. Three classes of the variants based on predicted structure, C-terminal 7TM,
truncated 1TM, and 6TM, are shown in the middle; adapted from Lu et al. (2018). The associated
promoter and number of the variants from mouse, rat and human in each class are provided in the
table under the predicted structures. Knockout mouse models targeting these variants are shown in
the lower panel of the table
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alternative exon downstream of exon 3. Extensive OPRM1 30 splicing generates
22 full-length 7TM C-terminal variants in mouse, 13 in rat, and 12 in human.

The first two C-terminal variants, hMOR-1A (Bare et al. 1994) and rMOR-1B
(Zimprich et al. 1995), were identified in the human and rat Oprm1 genes, respec-
tively. Further 30 RACE and PCR cloning have isolated many 30 exons and their
associated C-terminal variants in mouse, rat and human (Doyle et al. 2007a, b; Kvam
et al. 2004; Pan et al. 1999a, 2000, 2003, 2005a, b; Pasternak et al. 2004). Currently,
22 C-terminal variants in the mouse Oprm1 gene, 13 in the rat Oprm1 gene, and
12 in the human OPRM1 gene have been isolated (Fig. 3). The predicted sequences
and lengths of the amino acids of the C-terminal tail are unique for each of these
C-terminal variants. Several potential phosphorylation sites, such as protein
kinase C, GRKs, cAMP- and cGMP-dependent protein kinase, and Casein kinase
II, were identified in these C-terminal tails. In vitro studies in cell models suggested
the functional relevance of these C-terminal variants in mu agonist-induced receptor
phosphorylation, internalization, post-endocytic sorting, and G-protein coupling
(see below). Gene targeting mouse models further demonstrated that these alter-
natively spliced C-termini play important roles in morphine actions (see below).

Among the C-terminal variants, mMOR-1A, rMOR-1A, hMOR-1A, and mMOR-
1O were intron retention variants. Loss of splicing from exon 3a to the downstream
exons produces MOR-1A. Exon 3b, an intron region in the other variants, is
maintained to encode four amino acids, which are identical in mMOR-1A and
hMOR-1A. An alternative poly(A) was identified in both mouse and human exon
3b (Lu et al. 2014), which may contribute to the intron retention. Silencing of exon
7a donor site leads to extension from exon 7a to exon 7b, which predicts 30 amino
acids from exon 7a and immediately terminates in exon 7b. hMOR-1O has a 30 exon,
exon O that is the homolog of mouse exon 7a, and predicts 30 amino acids, which
share 67% identity with those from the mouse exon 7a (Pan et al. 2003). Human
exon O has potential donor site which is like that seen in the splice joint of the mouse
exons 7a/7b. However, no additional exons downstream of exon O have been
identified so far.

Alternative 30 splicing is a type of splicing that selects different splice acceptor
sites along the exon from a common upstream donor site. The MOR-1B series in the
mouse, human, and rat OPRM1 genes are the products from this type of splicing.
Splicing from exons 1/2/3 to different splice acceptor sites within exon 5 (exons 5a,
5b, 5c, 5d, and 5e) generates five C-terminal variants (mMOR-1B1–mMOR-1B5
and hMOR-1B1–hMOR-1B5) in mouse and human, and two (rMOR-1B1 and
rMOR-1B2) in rat (Pan et al. 2005a, b; Pasternak et al. 2004; Pasternak and Pan
2013). The predicted five amino acids from exon 5a in mMOR-1B1 and rMOR-1B1
are identical. Although the first five amino acids from exon 5a in hMOR-1B1 are the
same as those from mMOR-1B1 and rMOR-1B1, hMOR-1B1 had an additional
13 amino acids from the exon 5a (Pan et al. 2005a). Predicted amino acid sequences
from the mouse exons 5b, 5c, 5d, and 5e had no homology with those from the
corresponding human exons. mMOR-1V and mMOR-1W are another two mouse
variants that have alternative 30 splicing within exon 18 (Doyle et al. 2007a).
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Using exon inclusion or skipping, OPRM1 produces eight variants of the mouse
Oprm1 gene, mMOR-1C, mMOR-1D, mMOR-1E, mMOR-1F, mMOR-1P,
mMOR-1U, mMOR-1V, and mMOR-1W; four variants of the rat Oprm1 gene,
rMOR-1C1, rMOR-1C2, rMOR-1D, and rMOR-1P; and three variants of the human
OPRM1 gene, hMOR-1O, hMOR-1X, and mMOR-1Y. Exon inclusion/skipping
also generates several variants containing a premature termination codon, which
can be targeted by nonsense-mediated mRNA degradation (NMD). NMD degrades a
mRNA with a premature termination codon located more than 50 nt upstream of the
last exon-exon junction (Chang et al. 2007; Lejeune and Maquat 2005). Thus,
mMOR-1E, mMOR-1F, mMOR-1V, mMOR-1W, rMOR-1D, and hMOR-1Y are
considered as the NMD target.

Two alternative splicing patterns can be seen in several OPRM1 C-terminal
variants. For example, hMOR-1Y is generated by both exon inclusion of exon Y
and alternative 30 splicing at exon 5c (Pan et al. 2005a). mMOR-1O has both exon
skipping and intron retention.

7.2 Truncated 6TM Variants, Alternative Exon 11 Promoter,
and 50 Splicing

Exon 11 was originally identified ~30 kb upstream of exon 1 in the mouse Oprm1
gene using a modified 50 RACE approach (Pan et al. 2001). Subsequent cloning
isolated eight exon 11-associated splice variants that are generated through 50

splicing defined by splicing from exon 11 to different downstream exons (Pan
et al. 2001). An exon 11 promoter that controls the expression of these exon
11-associated variants was identified and characterized soon after exon
11-associated variants were isolated (Pan 2002). The exon 11 homolog and its
associated splice variants were isolated from rat and human OPRM1 genes
(Xu et al. 2009, 2011), indicating the conservation of the 50 splicing.

The mouse exon 11 promoter contains a functional TATA box and its associated
cis-acting elements, favoring a eukaryote class II promoter, which is distinguished
from the exon 1 promoter without the TATA box, copying a “housekeeping” gene
mode commonly for constitutive genes. Exon 11 promoter activity starts at mouse
embryonic day 13.5 (E13.5), 4 days later than the exon 1 promoter activity 9.5 (E9.5)
(Xu et al. 2006). Exon 11 promoter and exon 1 promoter were shown to have
differential expression in brain regions such as hippocampus and substantia nigra
in a transgenic mouse model, suggesting region-specific promoter activity (Xu et al.
2006). More importantly, each promoter controls the expression of a unique set of
splice variants. The exon 11 promoter drives the transcription of all truncated 6TM
variants, while the exon 1 promoter controls the transcription of all full-length 7TM
C-terminal variants and single TM variants. A similar exon 11 promoter activity is
found in the rat and human OPRM1 genes (unpublished observation).

There are five truncated 6TM variants in mouse, all of which are produced by
exon inclusion/skipping. Splicing from exon 11 to exon 2 by skipping exon
1 generates mMOR-1G, mMOR-1M and mMOR-1N in mouse (Pan et al. 2001),
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rMOR-1G1 and rMOR-1G2 in rat (Xu et al. 2011), and hMOR-1G1 and hMOR-1G2
in human (Xu et al. 2009), while splicing from exon 11 to exon 13 or exon 14 in
mouse produced mMOR-1K and mMOR-1L (Pan et al. 2001). All these 6TM
variants have exons 2 and 3 that encode TM2–TM7 but exclude exon 1 that encodes
TM1. Since exons 11, 13, and 14, as well as exons downstream of exon 3, do not
predict any TM domains, these variants have a similar receptor core structure with
six TM domains, adjoining different C-terminal tails generated through 30 splicing
from exon 3 to downstream exons. These variants are designated as truncated 6TM
variants.

The mouse exon 11 predicts 27 amino acids in mMOR-1G, mMOR-1M, and
mMOR-1N, whereas the rat and human exon 11a encodes 7 and 16 amino acids in
rMOR-1G2 and hMOR-1G2, respectively. These sequences are translated in frame
with exons 2, 3, and 4 or 7/8/9 or 8/9 in these variants. Translation using exon
11 AUG in mMOR-1K and mMOR-1L predicts a short peptide with less than
10 kDa due to early translation termination within exon 13 and exon 14, respectively.
However, translation from an AUG codon at the beginning of the exon 2 still
predicts a truncated 6TM receptor in mMOR-1K and mMOR-1L. Similar scenarios
are seen in rMOR-1G1 and hMOR-1G1.

Two human variants, hMOR-1K (Shabalina et al. 2009) and mu3 (Cadet et al.
2003), were isolated as a truncated 6TM variant that uses the exon 2 AUG as the
translational start codon. hMOR-1K was identified by homologous PCR cloning
based on identification of human exon 13, a mouse exon 13 homolog in the human
OPRM1 gene. Although it does not have predicted coding sequence, human exon
13 predicts an internal ribosome entry site that can controls translation of hMOR-1K.
hMOR-1K is implicated in morphine-induced excitatory cellular effects, such as the
increase of intracellular Ca2+ and nitric oxide release (Gris et al. 2010). Mu3 has an
exon composition of 2/3 new exon (149 bases)/partial exon 4 (202 bases). The
function of the mu variant3 was suggested to involve the nitric oxide regulatory
pathway (Cadet et al. 2007; Stefano et al. 1995; Zhu et al. 2004). No upstream exon
was identified in hMOR-1K and mu3, raising the possibility that they have their own
promoter, probably located in their upstream regions.

Exon 11-associated variants also contain several full-length 7TM MOR-1
variants, including three in mouse, mMOR-1H, mMOR-1I, and mMOR-1J (Pan
et al. 2001); four in rat, rMOR-1H1, rMOR-1I1, rMOR-1I2, and rMOR-1I3
(Xu et al. 2011); and one in human, hMOR-1H (Xu et al. 2009). They all have the
same coding exons 1/2/3/4 and predict the same receptor sequences as the original
MOR-1 but comprise different 50 untranslated regions derived from alternative
splicing from exon 11 to downstream exons. Therefore, the MOR-1 receptor protein
can be generated by multiple transcripts controlled by two distinct promoters, raising
the question how these variant mRNAs are distributed and expressed. Although
these variants can predict a short peptide due to early termination of translation when
the exon 11 AUG is used, it remains unknown if these short peptides are expressed
in vivo.
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7.3 Truncated Single TM Variants and Exon Skipping
and Insertion

Exon skipping or insertion creates another set of splice variants that predict a
truncated protein containing a single TM domain. All these variants contain exon
1 that encodes the first TM. However, exon skipping or insertion in these transcripts
causes reading-frame shifting and terminates translation early, generating a truncated
protein having N-terminus and the first TM identical to MOR-1, but with a different
C-terminal tail due to different splicing patterns.

The first two single TM variants, hMOR-1S and hMOR-1Z, were isolated from
the human OPRM1 gene (Du et al. 1997; Pan 2005). Direct splicing from exon 1 to
exon 4 by skipping exons 2/3 produces hMOR-1S that encodes a protein containing
the first TM by exon 1 with only one serine residue translated from exon 4 due to
reading-frame shift. The human hMOR-1S homologs, mMOR-1S and rMOR-1S,
were also isolated in mouse and rat Oprm1 genes, respectively (Xu et al. 2013).
hMOR-1Z is generated by skipping exon 2 with exon composition of 1/3/4. Skip-
ping exon 2 shifts the reading frame in exon 3, predicting 90 amino acids in exon
3 that are entirely different from the original 173 amino acids encoded by exon 3 in
hMOR-1, and do not contain any transmembrane domains. Thus, hMOR-1Z
encodes a single TM protein with a long C-terminal tail. However, hMOR-1Z is
considered a target for NMD due to the stop codon located more than 50 nt from
exons 3/4 junction. The human hMOR-1Z homologs, mMOR-1Z and rMOR-1Z,
were also identified in mouse and rat, respectively (Xu et al. 2013), suggesting
conservation of exon 2 skipping. Exon 3 in mMOR-1Z and rMOR-1Z predicts even
longer C-terminal tails with128 amino acids containing no transmembrane domain.

There are three additional single TM variants, mMOR-1Q, mMOR-1R, and
mMOR-1T, in the mouse Oprm1 gene. Both mMOR-1Q and mMOR-1R are exon
2 skipping variants and predict the same single TM protein as mMOR-1Z. However,
they have different 30 UTRs due to alternative 30 splicing that is identical to those
seen in mMOR-1O and mMOR-1D. mMOR-1T is an exon 11-associated variant
with an exon composition of 11/1a/16/2. Translation from the exon 1 AUG generates
a single TM protein with a unique C-terminal tail containing 20 amino acids
predicted from exon 16. Two additional human single TM variants, SV1 and SV2,
were isolated from human neuroblastoma NMB cells (Choi et al. 2006). Both SV1
and SV2 are exon insertion or alternative 30 splicing variants. Translation in exon B
or A/B from exon 1 predicts a single TM protein with a C-terminal tail of 32 amino
acids in SV1 or 5 amino acids in SV2. All these additional single TM variants are
potential targets for NMD due to the presence of the premature termination codon.
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8 Expression and Function of OPRM1 Splice Variants

8.1 mRNA and Protein Expression

Initial Northern blot analysis to detect RNA levels using individual exon or com-
bined exon probes and total RNAs from whole brain or human neuroblastoma cell
line showed multiple bands with different sizes and intensities, suggesting different
lengths of the splice variants associated with the probed exon or exons (Pan et al.
1999b, 2001, 2005a, b; Raynor et al. 1995; Thompson et al. 1993). Further real-time
(RT)-PCR showed differential expression of some variant mRNAs among the brain
regions, suggesting region-specific alternative splicing (Pan et al. 1999b, 2000,
2001; Xu et al. 2009, 2011, 2013). Leveraging real-time quantitative PCR (qPCR)
which provides a more accurate measurement of mRNAs, recent results analyzing
Oprm1 splice variant mRNA expression in ten different brain regions of four
different inbred mouse strains suggested that the Oprm1 alternative splicing is not
only region-specific but also strain-specific (Xu et al. 2014) (Fig. 4). This provided
insights into the role of genetic background on the regulation of the Oprm1 gene and
mu opioid pharmacology. Furthermore, dramatic alternation of the Oprm1 variant
mRNAs was associated with stabilization of morphine tolerance in a mouse model,
raising the possibility that the expression levels of the Oprm1 splice variants
contribute to morphine tolerance stabilization (Xu et al. 2015).

Since most individual exons are shared by more than one variant, it is difficult to
develop an antibody against a specific variant. However, several exon-specific
antisera were produced to investigate the distribution of the related variants at the
protein level in brain. For instance, antisera against an exon 7/8 epitope distinctively
labeled several regions, such as the medial eminence and nucleus ambiguous, which
were different from those labeled by antisera against the exon 4 epitope (Abbadie
et al. 2000a, b). Antisera against an exon 8 epitope specifically hybridized in the
dentate gyrus, the mossy fibers of the hippocampal formation, and the nucleus of the
solitary tract (Abbadie et al. 2000b). These results suggested region-specific
processing of the Oprm1 variant mRNAs and/or proteins. Yet, the interpretation of
these data should consider what types of the variants are involved. For instance,
seven variants, including four 7TM variants, mMOR-1, mMOR-1H, mMOR-1I, and
mMOR-1J, and three 6TM variants, mMOR-1K, mMOR-1L, and mMOR-1G, have
same exon 4 coding sequence and can be labeled by the same antisera against the
exon 4 epitope. Similarly, the antisera against the exon 7/8 epitope can label both
7TM variant mMOR-1C and 6TM variant mMOR-1M. Intriguingly, labeling by the
antisera against the exon 7/8 epitope was mainly seen at presynaptic membrane,
where the antisera against the exon 4 epitope equally labeled both presynaptic and
postsynaptic membranes (Abbadie et al. 2001), suggesting differential regulation of
variant expression at synapse via mRNA and protein trafficking and local protein
synthesis.
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8.2 Functions of OPRM1 Full-Length 7TM C-Terminal Variants

8.2.1 In Vitro Studies Using Cell Models: Radioligand Binding,
Signaling, Phosphorylation

CHO cell lines stably expressing each individual full-length C-terminal variant were
initially established to examine their opioid binding profiles. All the C-terminal
variants showed high affinity toward [3H] DAMGO, a full mu agonist, while
competition studies further confirmed their mu binding selectivity. These results
were not surprising since all the full-length C-terminal variants have the same
receptor binding pocket. However, competition studies revealed some subtle but
significant differences, particularly in the binding affinities for the endogenous
opioid peptides such as β-endorphin and dynorphin A among some variants.
For instance, mMOR-1D showed higher affinities for β-endorphin and dynorphin
A than mMOR-1 (Pan et al. 1999a). These results raised the possibility that different
C-terminal tails may modulate the receptor configuration, contributing to the altered
binding affinities.

Intracellular location of alternatively spliced C-terminal tails raises questions
regarding their role in influencing signaling molecules such as G-protein activation
and adenylyl cyclase inhibition. [35S] GTPγS binding assays are commonly used for
assessing overall receptor-G-protein coupling. [35S]GTPγS binding using the same
stable CHO cell membranes revealed dramatic differences of mu agonist-induced
G-protein activation in both potency and efficacy among the C-terminal variants
(Bolan et al. 2004; Pan et al. 2005a, b; Pasternak et al. 2004). Different agonists
displayed various efficacies toward different C-terminal variants. For instance,
morphine and morphine-6-glucuronide (M6G), a major active metabolite of mor-
phine, are full agonists for hMOR-1A, but partial agonists for other C-terminal
variants, such as hMOR-1B1, hMOR-1B3, and hMOR-1B5 (Pan et al. 2005a). On
the other hand, β-endorphin is a full agonist for hMOR-1B5 and a partial agonist for
hMOR-1A (Pan et al. 2005a). Also, different C-terminal variants showed various
intrinsic activities toward the agonists, as indicated by complete lack of correlation
between the mu opioid binding affinities and the potency in [35S]GTPγS binding
assay (Pan et al. 2005a; Pasternak et al. 2004). Similarly, C-terminal variants showed
remarkable differences in both potency and efficacy of mu agonists in inhibiting mu
agonist-induced forskolin-stimulated cAMP accumulation among the human
C-terminal variants (Pan et al. 2005a). However, there was no correlation between
changes in G-protein coupling and adenylyl cyclase inhibition. These results
suggested that the C-terminal tails can greatly influence mu agonist-induced G-pro-
tein coupling and adenylyl cyclase inhibition.

Mu agonist-induced receptor phosphorylation, desensitization, and internaliza-
tion have been considered to be involved in mu opioid tolerance and physical
dependence (Deng et al. 2000; Koch et al. 1998; Law et al. 2000; Von Zastrow
et al. 2003; Waldhoer et al. 2004). A number of consensus phosphorylation sites for
GRKs, protein kinase C, casein kinase, tyrosine kinase, and cAMP- and cGMP-
dependent protein kinases are predicted from different C-terminal tails, providing
potential mechanisms for mu agonist-induced receptor desensitization and
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internalization. For instance, morphine induced different levels of receptor phos-
phorylation of mMOR-1, mMOR-1C, mMOR-1D, and mMOR-1E, which
correlated with various degrees of morphine-induced receptor internalization
among these variants (Koch et al. 1998). The threonine 394 within exon
4-encoded C-terminal tail was crucial for DAMGO-induced receptor phosphoryla-
tion in rMOR-1 (Deng et al. 2000). Intracerebroventricular administration of mor-
phine induced robust internalization of mMOR-1C, but not mMOR-1, in the mouse
lateral septum (Abbadie and Pasternak 2001). The C-terminal tail encoded by exon
4 contains a MOR1-derived recycling sequence (MRS) that promotes internalized
mMOR-1 recycling back to the plasma membrane and plays an important role on mu
agonist-induced receptor post-endocytic sorting process (Tanowitz and von Zastrow
2003). Lacking MRS in mMOR-1B, mMOR-1D, and mMOR-1E led to their
lysosomal sorting and subsequent degradation (Tanowitz et al. 2008).

8.2.2 In Vivo Studies Using Animal Models

Antisense Oligonucleotides
In vivo administration of antisense oligonucleotides is a commonly used approach to
downregulate gene expression. Although these agents produce only a partial knock-
down for a short period of time, they provide a means of selectively targeting
different exons or exon/exon junctions for studying in vivo function of splice
variants. Initially, the function of C-terminal variants in mu opioid analgesia was
examined using antisense approaches with short oligonucleotides targeting individ-
ual exons in mice (Pasternak and Pan 2000). An antisense oligonucleotide targeting
exon 1 eliminated morphine-induced analgesia (Rossi et al. 1994). Antisense
oligonucleotides targeting exons 6, 7, 8, 9, and 10 also reduced supraspinal mor-
phine analgesia (Pan et al. 1999a, 2000). These antisense studies suggested that the
C-terminal variants are important for morphine analgesia. Antisense mapping stud-
ies with oligonucleotides targeting four individual exons in mMOR-1 revealed the
divergent role of each exons in morphine and M6G analgesia, implying existence of
alternatively spliced variants (Rossi et al. 1995).

C-Terminal Truncation Mouse Models
Several C-terminal truncation mouse models were generated to further explore
in vivo functions of alternatively spliced C-termini in opioid pharmacology
(Xu et al. 2017). A stop codon strategy was used to create these C-terminal
truncation models. Unlike knocking out an exon at the genomic DNA level, this
strategy truncates a designated coding exon at the translational level with limited
complementary effects on overall Oprm1 transcription and alternative splicing.

Three C-terminal truncation models were made in two different inbred mouse
strains, C57BL/6J (B6) and 129/SvEv (129), because these two strains of mice
displayed significant differences in responses to mu opioids (Kest et al. 2002a, b;
Klein et al. 2008). The first mouse model truncated all C-termini downstream of
exon 3 (mE3M), while the other two selectively truncated the C-terminal tails
encoded by either exon 4 (mE4M) or exon 7 (mE7M). These mice revealed
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divergent roles for the C-termini in various morphine-induced behaviors,
highlighting the importance of C-terminal variants in complex morphine actions.
For instance, the E7-encoded C-terminal truncation in B6 mice (mE7M-B6) dimin-
ished morphine tolerance and reward without altering physical dependence, whereas
the E4-encoded C-terminal truncation (mE4M-B6) facilitated morphine tolerance
and reduced morphine dependence without affecting morphine reward (Fig. 5).
Furthermore, the loss of morphine-induced receptor desensitization in the hypothal-
amus and brain stem of mE7M-B6 mutant mice implicated the involvement of
E7-associated variants in morphine-induced receptor desensitization and tolerance.

Intriguingly, several morphine-induced responses in β-arrestin-2 KO mice were
similar to those in mE7M-B6 mutant mice, such as reduced morphine tolerance
(Bohn et al. 2000, 2002), no change of physical dependence (Bohn et al. 2000;
Raehal and Bohn 2011) and GI transit inhibition (Raehal et al. 2005), and loss of
receptor desensitization in the brain stem (Bohn et al. 2000). Although some
different responses were also seen between these two models, the similarities that
were noted suggest a physical and functional interaction of the E7-encoded C-termi-
nal tails with β-arrestin-2 in producing morphine-induced receptor desensitization in
specific regions and morphine tolerance. This hypothesis was further supported by
in vitro cell-based studies indicating that several mu agonists displayed greater
β-arrestin bias against E7-associated variants than against the E4-associated
mMOR-1 (Xu et al. 2017) (Fig. 6). The E7-encoded sequences contain a predicted
phosphorylation code, PxPxxE/D or PxxPxxE/D, for high-affinity β-arrestin binding
that interacts with positively charged residues at the N-terminus of β-arrestin based
on homology modeling with the crystal structure of GPCR-arrestin complex (Zhou
et al. 2017) (Fig. 6). It will be interesting to determine if the predicted code is critical
for β-arrestin-2 binding to the E7-associated C-terminal variants. Together, the
differential effects of C-terminal truncation illustrate the pharmacological signifi-
cance of OPRM1 C-terminal splice variants.

8.3 Functions of OPRM1 Truncated 6TM Variants

8.3.1 Loss of Function Studies: Exon 11 KO Mouse Model
When expressed in CHO or HEK293 cells, the truncated 6TM variants do not bind
any available radiolabeled opioids, raising the concerns about their functional
relevance in opioid pharmacology despite the differential expression of their
mRNAs among brain regions (Pan et al. 2001). The functions of these truncated
6TM variants were detected only when an exon 11 KO (mE11-KO) mouse model
was established (Pan et al. 2009). In mE11-KO mice, morphine and methadone
analgesia was normal, but the analgesic actions of heroin, M6G, and fentanyl were
greatly diminished. Although the mE11-KO model targeted all exon 11-associated
variants, including three full-length 7TM variants – five 6TM variants and one single
TM variant – the reduced analgesia toward heroin and M6G was most likely
mediated by loss of the 6TM variants because heroin and M6G were still active in
E1-KO mice. These results strongly suggested that the E11-associated 6TM variants
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Fig. 5 Oprm1 C-terminal truncation mouse models; adapted from Xu et al. (2017). (a) Schematic of
generating C-terminal truncation strategy. Three targeted mouse models, mE3M, mE4M, and mE7M,
were generated by inserting a stop codon at an appropriate site within indicated exons shown by colored
boxes. Inserted and original stop codons are indicated by yellow and pink bars, respectively. In mE3M, a
stop codon was inserted at the end of exon 3 to eliminate every C-terminal tails of all 7TM and 6TM
variants, as well as 1TMmMOR-1S. In mE4M andmE7M, a stop codon was created at the beginning of
exon 4 or exon 7 to eliminate individual C-terminal tails encoded by exon 4 or exon 7 of indicated
variants, respectively. (b) Morphine tolerance in the mutant mice on C57BL/6J (B6) background was
induced by twice daily injections with morphine (10 mg/kg, s.c.) for 5 days. Morphine analgesia was
determined 30 min after s.c. injection using a radiant-heat tail-flick assay. Results are shown as the
percentage of maximum possible effect (% MPE). WT, wildtype mice; Mut, homozygous mice. (c)
Morphine physical dependencewas assessed on day 5 of chronicmorphine treatmentwith naloxone (s.c.,
1.0mg/kg) injection 3 h after the last morphine treatment to precipitate withdrawal. The number of jumps
within 15 min was used for the measurement of withdrawal. (d) Morphine reward was assessed using a
6-day conditioned place preference protocol

112 G. W. Pasternak et al.



are important in mediating the actions of a subset of mu opioids, such as heroin,
M6G, and fentanyl.

The functional significance of the truncated 6TM variants has been further
defined using a new opioid ligand, 3-iodobenzoylnaltrexamide (IBNtxA) derived
from naltrexone (Majumdar et al. 2011, 2012). IBNtxA represents a novel class of
opioid analgesics that is potent against thermal, inflammatory, and neuropathic pain
but lacks many side effects associated with traditional opiates, including respiratory
depression, physical dependence, and reward (Majumdar et al. 2011; Wieskopf et al.

E4 variant E7 variantA

B

Fig. 6 Biased signaling of Oprm1 C-terminal splice variants; adapted from Xu et al. (2017).
(a) Heatmap of biased factors. Biased factors were calculated from β-arrestin-2 recruitment assay
(PathHunter enzyme complementation assay) and [35S]GTPγS binding assay using the Black and
Leff operational model (Kenakin et al. 2012; van der Westhuizen et al. 2014) and normalized with
respect to DAMGO at mMOR-1 for a comparison across variants or drugs. (b) Predicted amino acid
sequences of different C-terminal tails. Red letter: predicted phosphorylated site. The underlined
sequences: phosphorylation code, PxPxxE/D or PxxPxxE/D, predicted from GPCR-arrestin crystal
structure for high-affinity β-arrestin binding (Zhou et al. 2017)
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2014) (Table 2). IBNtxA analgesia was active in a triple KO mouse from the Pintar
lab, in which DOR-1, KOR-1, and all E1-associated 7TM MOR variants were
disrupted except for the truncated 6TM variants, suggesting that DOR-1, KOR-1,
and 7TM MOR variants are not involved in IBNtxA analgesia. Moreover, IBNtxA
analgesia was lost in mE11-KO mice. Together, these observations imply that
E11-associated 6TM variants are the targets for IBNtxA analgesia.

Opioid receptor binding studies with 125I-labeled IBNtxA identifies an opioid
binding site in the triple KO mice that is lost in both the E11-KO and E2-KO mice
(Majumdar et al. 2011), consistent with its analgesic action in these mouse models.
Competition studies revealed that the selectivity of the binding site is unique. Many
traditional mu opioid receptor drugs, such as morphine and DAMGO, delta opioid
receptor drugs such as DPDPE, and kappa opioid receptor drugs, such as U50,488H,
had very poor affinity for the site. However, a large number of established opioid
analgesics, such as ketocyclazocine and NalBzoH, showed high affinity toward
this site.

8.3.2 Gain of Function Studies: Lentiviral Rescue of IBNtxA Analgesia
To confirm the role of truncated 6TM variants in IBNtxA analgesia, a gain of
function study using a lentivirus expressing a 6TM variant mMOR-1G was
conducted in a double E1-/E11-KO mouse that did not express any of the Oprm1
splice variants and had no analgesic responses to all the mu receptor agonists such as
morphine and fentanyl, as well as IBNtxA (Lu et al. 2015). Intrathecal administra-
tion of the lentivirus expressing mMOR-1G (Lenti-M1G) restored IBNtxA analge-
sia, which was consistent with lentivirus expression and increased 125I-IBNtxA
binding in the spinal cord of E1-/E11-KO mice (Lu et al. 2015). Lenti-M1G also

Table 2 Comparison of
pharmacological profiles of
a 7TM agonist (morphine)
and a 6TM agonist
(IBNtxA)

Morphine (7TM) IBNtxA (6TM)

Analgesia ++++ ++++

Thermal ++++ ++++

Inflammatory ++ ++++

Neuropathic + ++++

Respiratory depression ++++ –

Constipation ++++ +

Sedation ++++ +

Reward ++++ –

Physical dependence ++++ –

Straub tail ++ –

In vivo pharmacological properties of morphine, an agonist working
through 7TM variants (7TM) and IBNtxA, an agonist working
through 6TM variants, are compared. The number of + signs
indicates the degree of analgesic potency or the severity of side
effects. The more + signs, the more potent or severe the effect –
not observed

114 G. W. Pasternak et al.



restored ketocyclazocine analgesia. However, Lenti-M1G was unable to restore high
doses of the other opioids, such as morphine, fentanyl, and buprenorphine. These
results suggest that the 6TM variant mMOR-1G is both necessary and sufficient for
IBNtxA analgesia. The mouse Oprm1 gene has five 6TM variants: mMOR-1G,
mMOR-1M, mMOR-1N, mMOR-1K, and mMOR-1L. Further studies using lenti-
virus expressing individual 6TM variants demonstrated that each of individual 6TM
variants rescued IBNtxA analgesia, but not morphine analgesia, confirming the role
of 6TM variants in IBNtxA analgesia (Lu et al. 2018). Thus, 6TM variants provide
potential therapeutic targets for a distinct type of analgesics that are potent against
broad-spectrum pain models without many of the side effects associated with
traditional opiates.

8.3.3 Classification of Opioids Based on the Oprm1 Variant Targets
Studies using gene targeting mouse models and lentiviral rescue provide useful
information to classify opioids into three categories based on their receptor targets
(Table 3). The first category of opioids is 7TM-dependent or E1-dependent, such as
morphine and methadone. Both morphine and methadone analgesia were active
in E11-KO mice (Pan et al. 2009) but lost in the E1-KO (Schuller et al. 1999) and
E1-/E11-KO mice (Lu et al. 2015). Lentivirus expressing 6TM variants did not
restore their analgesia in E1-/E11-KO mice (Lu et al. 2015). These results suggest
that these opioid agonists work through 7TM variants, not 6TM variants. The second
category is 6TM-dependent or E11-dependent, such as IBNtxA and levorphanol.
Although IBNtxA analgesia was eliminated in E11-KO (Majumdar et al. 2011) and
E1-/E11-KO mice (Lu et al. 2015), IBNtxA was still active in E1-KO and triple KO
mice in which 6TM variants are present (Majumdar et al. 2011). 6TM variants alone
were able to restore IBNtxA analgesia in E1-/E11-KO mice (Lu et al. 2015), further
confirming that IBNtxA targets 6TM variants. The third category is both 7TM- and
6TM-dependent and E1- and E11-dependent. Buprenorphine and levorphanol
belong to this category. Buprenorphine and levorphanol were inactive in both
E11-KO (Grinnell et al. 2016) and E1-/E11-KO mice (Lu et al. 2015). Lentivirus
expressing 6TM variants rescued buprenorphine and levorphanol analgesia in
E11-KO mice that still express 7TM variants (Grinnell et al. 2016) but failed to
rescue their analgesia in E1-/E11-KO mice (Lu et al. 2015), suggesting that their
analgesia rely on both 7TM and 6TM variants.

Table 3 Classification of
mu opioid agonists based
on their Oprm1 variant
targets

Group Variants required for analgesia Drug

Group 1 7TM-dependent Morphine
Methadone
DAMGO

Group 2 6TM-dependent IBNtxA

Group 3 Both 7TM- and 6TM-dependent Buprenorphine
Levorphanol
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8.3.4 The Role of 6TM Variants in Morphine Actions
Truncation of 6TM variants in E11-KO mice did not alter morphine analgesia
(Marrone et al. 2017; Pan et al. 2009). However, E11-KO mice failed to develop
morphine-induced hyperalgesia (Marrone et al. 2017). In contrast, a triple KOmouse
is generated by crossing an E1-KO (Schuller et al. 1999) with delta and kappa
receptor KO lost morphine analgesia but retained morphine hyperalgesia (Juni et al.
2007). These results suggest that morphine hyperalgesia requires only 6TM
mechanisms, while morphine analgesia is mediated by 7TM receptors. Involvement
of a 6TM variant MOR-1K in morphine hyperalgesia was also demonstrated in
CXB7/ByJ mice. Downregulating MOR-1K mRNA using chronic intrathecal
administration of a siRNA prevented the morphine-induced hyperalgesia (Oladosu
et al. 2015). This effect was hypothesized to be mediated through Gs mechanism
(Gris et al. 2010).

Truncation of 6TM variants in E11-KO mice also failed to produce morphine-
induced hyperlocomotion and developed morphine tolerance more slowly than WT
mice, while morphine reward and respiratory depression were not affected (Marrone
et al. 2017). These results further illustrate that different morphine actions are
mediated through distinct mechanisms.

8.3.5 The Functions of OPRM1 Truncated Single TM Splice Variants
The abundance of the human single TM variant mRNA was quite high when
compared to 7TM MOR-1 in neuroblastoma cells where they were initially isolated
(Du et al. 1996), raising questions regarding their function. Using a TET-Off system
in CHO cells, the single TM variants have been shown to function as a molecular
chaperone for the full-length 7TM MOR-1 through heterodimerization in the ER to
facilitate the proper conformation or folding of MOR-1, allowing its escape from the
ERAD pathway and thereby increasing its overall expression (Xu et al. 2013).
Downregulating a single TM variant mMOR-1S using a specific antisense oligonu-
cleotide reduced both MOR-1 mRNA and receptor protein and also diminished
morphine analgesia, suggesting the relevance of this variant in vivo (Xu et al. 2013).

9 Overall Conclusions

The challenge of mu opioid pharmacology today is no different than 100 years ago:
develop mu agonists that retain analgesic efficacy but lack the serious side effects of
traditional mu agonists. However, the current opioid overdose epidemic makes this
goal more imperative than ever. Recent advances in our understanding of mu opioid
pharmacology, including the tertiary structure of mu receptors and their ligand
binding sites, the identification of biased and unbiased agonists, the heteromeric
interaction of mu receptors with other GPCRs, and the discovery that different
opioid agonists act through multiple splice variants of the mu receptors that do not
mediate some of the side effects of traditional mu opioids, provide for the first time
serious opportunities to achieve that goal.
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to individuals as well as society and have contributed to the ongoing opioid crisis.
The dramatic escalation in overdose deaths over the last 15 years was initially
driven by abuse of prescription opioids, although abuse of heroin, fentanyl, and
fentanyl analogs has been increasing, largely due to increased availability and
lower cost compared with prescription opioids. All of these opioids share phar-
macological properties, acting as agonists at mu opioid receptors, and produce
similar behavioral effects, including abuse-related, pain-relieving, dependence-
producing, and respiratory-depressant effects. Despite their similarities, opioids
are not pharmacologically identical. In fact, drugs that act at mu opioid receptors,
including abused opioids, can vary on a number of dimensions, including phar-
macological efficacy, drug-receptor interactions, receptor selectivity, and phar-
macokinetics. Overall, these differences impact behavioral effects of drugs acting
at mu opioid receptors, and this chapter describes variations in those behavioral
effects and how these differences continue to provide new strategies that can be
developed to address the ongoing opioid epidemic.

Keywords
Behavioral pharmacology · Drug-receptor interactions · Efficacy · Mu opioid
receptors · Opioid abuse · Treatments

1 Introduction

Opioids have been used therapeutically (e.g., to relieve pain) and recreationally for
centuries. In fact, widespread overuse of prescription opioids for pain relief has
contributed to the current opioid crisis in the USA (Volkow and McLellan 2016).
The common feature of opioids that are used therapeutically for pain and abused is
that they act as agonists at mu opioid receptors. This shared mechanism of action
results in qualitatively similar behavioral effects, although the effects of opioids are
not identical. Since morphine was first isolated from opium in 1805, many other
opioids have been synthesized and the pharmacology of these drugs can vary on a
number of dimensions. These differences among drugs acting at opioid receptors
impact their behavioral effects and have been exploited to improve treatment, to
reduce adverse effects, and for recreational use. This chapter describes several
dimensions on which opioids can vary, such as pharmacological efficacy, selectivity
for mu over other opioid receptors, and the nature of the interaction between these
drugs and their receptors. In addition to these pharmacodynamic differences, opioids
can vary pharmacokinetically, which can alter their behavioral effects and impact
their clinical and recreational use.

2 Pharmacodynamics and Pharmacokinetics of Drugs Acting
at Opioid Receptors

While drugs acting at opioid receptors have been used for a long time, the opioid
receptors themselves were identified and cloned much more recently (Chen et al.
1993; Gioannini et al. 1985; Pert et al. 1973; Simon et al. 1973; Terenius 1973).
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Mu opioid receptors belong to the superfamily of G-protein-coupled receptors
(GPCR), which is characterized by seven transmembrane-spanning regions and
G-protein coupling; mu opioid receptors couple to Gi/Go proteins. Receptor activa-
tion results in inhibition of adenylate cyclase and decreased levels of intracellular
cAMP along with inhibition of voltage-gated Ca+2 channels, greater phosphoryla-
tion of mitogen-activated protein kinase (MAPK), and increased activity of inwardly
rectifying K+ channels and phospholipase C beta (Waldhoer et al. 2004). More
recently, it has been shown that opioid receptors can interact with other second
messenger systems in addition to G-proteins. For example, opioid receptor agonists
can recruit β-arrestin signaling pathways, which can uncouple the receptor from
G-proteins; the relative contribution of these and likely other second messenger
systems depends on the agonist (e.g., Filizola 2019; Suida et al. 2017). This
phenomenon by which agonists can bind to one receptor and differentially activate
second messenger systems is called biased agonism and might account for some
differences in the behavioral effects of agonists acting at mu opioid receptors,
including abuse-related, pain-relieving, dependence-producing, and respiratory-
depressant effects.

Although pharmacodynamic properties of mu opioid receptor agonists, including
pharmacological efficacy, selectivity, and drug-receptor interactions, are primarily
responsible for the behavioral effects of these drugs, pharmacokinetic properties can
also play a role. For example, route of administration can affect the potency,
effectiveness, and onset of action of drugs. Heroin and buprenorphine are self-
administered by and produce positive subjective effects in humans, although the
potency of heroin and the effectiveness of buprenorphine are significantly greater
when the drugs are used intravenously (i.v.) compared with intranasally (i.n.; Comer
et al. 1999; Jones et al. 2014). Moreover, route of administration can alter the time to
peak plasma concentration, which can impact onset of action and lead to greater
abuse. For example, peak plasma concentrations are achieved quicker when heroin
and cocaine are smoked or taken i.v. compared with i.n. administration (Cone 1998).
Another pharmacokinetic factor that can impact the behavioral effects of drugs,
including abuse liability, is duration of action (Farré and Camí 1991; Vocci 1991);
although fentanyl and remifentanil produce similar subjective and physiologic
effects in humans, the very short duration of action of remifentanil makes it less
appealing to drug abusers, who consistently report that they prefer to take drugs that
last longer than remifentanil (Baylon et al. 2000). Duration of action can also affect
the development of physical dependence. Other things being equal, drugs with long
durations of action tend to produce physical dependence that is more robust than that
produced by drugs with shorter durations of action, thereby resulting in the emer-
gence of more severe withdrawal symptoms upon discontinuation of treatment.
Paradoxically, however, discontinuation of treatment with drugs that have excep-
tionally long durations of action can result in a more mild withdrawal syndrome
because the slow offset of these drugs prevents the abrupt changes in drug-receptor
binding that are responsible for the emergence of severe withdrawal (e.g., Wolf
and Griffiths 1991). Thus, pharmacokinetic factors can impact the behavioral effects
of drugs, including abuse and physical dependence liability.
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3 Pharmacological Efficacy

Efficacy is a property of a drug that indicates the level of effect that the drug can
impart on the biological system once it is bound to the receptor. Drugs, including
opioids, can vary along a continuum of efficacy, which means that the effects of
drugs with affinity for a particular receptor can vary dramatically. For example,
commonly used opioids, including heroin, oxycodone, and fentanyl, have high
pharmacological efficacy at mu opioid receptors and are abused by humans, relieve
moderate to severe pain, and decrease respiration. In contrast, other drugs used in the
clinic have affinity at mu opioid receptors but no efficacy; these drugs, including
naloxone and naltrexone, antagonize the effects of opioid receptor agonists and are
used to block the effects of abused opioids and to reverse respiratory depression,
thereby reducing the number of overdose deaths. Finally, some drugs that bind to mu
opioid receptors have low efficacy, and these drugs can produce some, but not all, of
the effects of the high-efficacy mu opioid receptor agonists. For example, the
low-efficacy mu opioid receptor agonist buprenorphine is abused and can relieve
pain; however, its effects on respiration are much more limited than those of high-
efficacy agonists.

3.1 Preclinical Assessment of Efficacy Differences

Currently, there are three pharmacotherapies for opioid use disorder, methadone,
buprenorphine, and naltrexone, and the primary difference among these drug
treatments is efficacy. These differences are evident preclinically using behavioral
procedures that model drug abuse, pain relief, and respiratory depression. For
example, drug self-administration has been used to model aspects of drug abuse,
providing face and predictive validity of human drug taking as well as informing
on the molecular and neurobiological mechanisms of abuse-related behaviors
(Spanagel 2017). Under a variety of conditions, mu opioid receptor agonists,
including heroin, methadone, and buprenorphine, are self-administered by a variety
of species, including humans and monkeys (Comer et al. 2005; Gerak et al. 2009;
Jones et al. 2014; Maguire and France 2016; Mello et al. 1981a, b). In contrast,
mu opioid receptor antagonists, like naltrexone, are not self-administered although
they attenuate heroin self-administration (Maguire et al. 2019; Mello et al. 1981b).
Thus, self-administration procedures can reveal efficacy differences between mu
opioid receptor agonists and antagonists when these drugs are given alone or in
combination, with the drug interactions predicted accurately by receptor theory (e.g.,
Kenakin 2008).

While opioid receptor antagonists can be differentiated from agonists using self-
administration procedures, the efficacy requirements of many self-administration
procedures are relatively low meaning that, under some experimental conditions,
opioid receptor agonists with low efficacy are self-administered in a manner that is
indistinguishable from high-efficacy agonists. However, variations in efficacy can be
detected among mu opioid receptor agonists by changing the experimental
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conditions. For example, in monkey self-administration procedures, when the
number of lever presses needed for delivery of an infusion of drug is relatively
small, the low-efficacy mu opioid receptor agonist buprenorphine maintains high
response rates, similar to those produced by opioids with higher efficacy; however,
when a larger number of lever presses are required, buprenorphine differs from
higher-efficacy drugs and maintains much lower responses rates, reflecting the
higher-efficacy requirements of the assay and the low efficacy of buprenorphine
(Balster and Lukas 1985). In those studies, the number of lever presses required for
delivery of an infusion remained constant throughout the session (i.e., a fixed-ratio
schedule). Another way to increase the efficacy requirements of self-administration
procedures is to use a progressive-ratio schedule of reinforcement such that the
number of lever presses required for delivery of an infusion increases across the
session; under this schedule, the dependent variable is often reported as the largest
ratio completed before subjects stop responding, or breakpoint. In monkeys, the
largest ratio completed when buprenorphine is available for self-administration is
two- to threefold lower than the largest ratio completed when heroin is available for
self-administration (Mello et al. 1988). Efficacy requirements of self-administration
procedures can also change as a result of chronic treatment with a mu opioid receptor
agonist. In addition to the development of physical dependence, chronic treatment
can also result in the development of tolerance (Young et al. 1991). With small
treatment doses, self-administration of low-efficacy drugs like buprenorphine would
be expected to decrease to a greater extent than self-administration of higher-efficacy
drugs. Larger treatment doses would be needed to alter self-administration of drugs
with higher efficacy, including heroin and fentanyl. Thus, the parameters of self-
administration procedures, as well as the treatment conditions under which self-
administration procedures are conducted, can be varied to examine efficacy
differences among mu opioid agonists, although other factors, such as pharmacoki-
netics, can make interpretation more challenging for results of self-administration
studies. Methadone was also examined in the progressive-ratio procedure with
buprenorphine and heroin, and the largest ratio completed was similar to that of
buprenorphine and lower than that of heroin (Mello et al. 1988). While one possibil-
ity is that methadone has less pharmacological efficacy than heroin, another possi-
bility is that pharmacokinetics (e.g., delayed onset) might contribute to the reduced
reinforcing effects of methadone compared with heroin. In cases where the results of
self-administration studies suggest differences, other studies are needed to distin-
guish among factors that can influence drug self-administration.

Drug discrimination is another procedure that has contributed to the assessment
of abuse and physical dependence liability of psychoactive substances, including
opioids, and it can be helpful in identifying efficacy differences. In these procedures,
subjects are trained to detect the presence of a particular drug with responding on one
lever reinforced after administration of the training drug and responding on a second
lever reinforced after administration of vehicle; thereafter, other drugs can be tested
to determine whether they share discriminative stimulus effects with the training
drug (i.e., produce responding on the training drug-associated lever). Discriminative
stimulus effects measure a different aspect of abuse liability, compared with the
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reinforcing effects, and drug discrimination procedures have some important
advantages over self-administration procedures. For example, drug discrimination
experiments can be designed to distinguish between pharmacodynamic and pharma-
cokinetic differences. Like self-administration procedures, some drug discrimination
procedures have low-efficacy requirements. In rats discriminating 3.2 mg/kg mor-
phine, mu opioid receptor agonists that vary in efficacy, including fentanyl, metha-
done, and buprenorphine, produce maximal morphine-lever responding (Walker
et al. 1994; Young et al. 1992). Increasing the efficacy requirements of the drug
discrimination assay, for example by increasing the training dose, changes the ability
of some mu opioid receptor agonists to produce drug-lever responding. Under these
conditions, there is no change in maximal effect produced by opioids with high
efficacy (e.g., morphine, methadone) whereas opioids with low efficacy (e.g.,
buprenorphine, nalbuphine) no longer produce a maximal effect (Young et al.
1992; Zhang et al. 2000). These studies are consistent with buprenorphine and
nalbuphine having lower efficacy than other mu opioid receptor agonists, including
morphine, fentanyl, and methadone.

Other behavioral procedures that can detect efficacy differences among mu opioid
receptor agonists are antinociception procedures that use thermal stimuli. These
effects are related to one of the most important clinical effects of opioids: pain relief.
For these procedures, changing the intensity of the stimulus can determine the
capacity of drugs acting at opioid receptors to produce antinociceptive effects. One
procedure that is used frequently is the warm water tail withdrawal procedure, which
measures the latency for an animal to remove its tail from warm water. Efficacy
differences across agonists can be detected by examining latencies from water
maintained at different temperatures. When the tails of monkeys are placed in
water maintained at 50�C, many mu opioid receptor agonists, including nalbuphine,
dose-dependently increase tail-withdrawal latency to more than 80% of the maxi-
mum possible effect; however, when the water temperature is increased to 54�C,
latencies for monkeys to remove their tails are still increased after administration of
fentanyl and morphine but are no longer increased by administration of the
low-efficacy agonist nalbuphine (Maguire and France 2014). In another study in
monkeys, buprenorphine increased tail-withdrawal latencies from water maintained
at 48�C and not water at 55�C (Walker et al. 1995). These results are consistent with
nalbuphine and buprenorphine having low efficacy at mu opioid receptors. Further
evidence that these effects of nalbuphine and buprenorphine are due to low efficacy
at mu opioid receptors can be obtained by showing that these low-efficacy drugs
attenuate the antinociceptive effects of drugs with higher efficacy. Indeed, under
conditions where nalbuphine and buprenorphine do not increase tail-withdrawal
latency, they antagonize the antinociceptive effects of mu opioid receptor agonists
with higher efficacy such as fentanyl and morphine (Gerak et al. 1994; Walker et al.
1995), thereby demonstrating that nalbuphine and buprenorphine are acting at mu
receptors and their inability to produce a maximal effect is due to limited efficacy. In
antinociception procedures, the potency and effectiveness of mu opioid receptor
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agonists are affected by the sex of the subject with the relative efficacy of opioids
appearing to be greater in males compared with females (Barrett et al. 2001; Cook
et al. 2000).

The ability to vary stimulus intensity (e.g., water temperature) in these
antinociception studies has provided evidence of a direct relationship between
stimulus intensity and the efficacy needed to produce an antinociceptive effect.
Another way to detect efficacy differences among mu opioid receptor agonists is
to examine respiratory-depressant effects. The consequences of decreased respira-
tion produced by opioids have been well documented with more than 42,000
Americans dying from an overdose involving opioids in 2016 and the rate of
fatalities involving an opioid increasing by 19% per year between 2013 and 2017
(CDC 2018). When given alone, most mu opioid receptor agonists can decrease
respiration; however, only those with high efficacy can eliminate respiration. Thus,
comparing changes in respiration provides another indication of agonist efficacy.
Morphine, fentanyl, and heroin markedly and steadily decrease minute volume (VE)
in rhesus monkeys; in contrast, buprenorphine decreases VE to only 60% of control,
and this effect asymptotes such that a 100-fold larger dose of buprenorphine does
not further change VE (Gerak et al. 1998; Kishioka et al. 2000; Vivian et al. 1998).
Under these conditions, buprenorphine antagonizes the respiratory-depressant
effects of morphine and heroin, further indicating that buprenorphine is acting at
mu opioid receptors and its limited effects on respiration are due to its lower
pharmacological efficacy compared with morphine, fentanyl, and heroin. Impor-
tantly, the effects of a drug in one assay predict those in other assays, with
buprenorphine and nalbuphine consistently shown to have less efficacy than mor-
phine, methadone, and fentanyl. This reliability across drug discrimination,
antinociception, and respiratory depression assays strengthens the supposition
about the findings with methadone in the progressive-ratio self-administration pro-
cedure. Under those conditions, the reinforcing effects of methadone were more
similar to those of buprenorphine than to the reinforcing effects of heroin (Mello
et al. 1988), and these apparent limited reinforcing effects of methadone are thought
to be due to pharmacokinetic, rather than pharmacodynamic, differences between
methadone and heroin.

3.2 Therapeutic Considerations for Drugs that Vary in Efficacy

The primary difference among drugs that are currently used to treat opioid use
disorder is efficacy at mu opioid receptors. One treatment strategy is to replace
abused opioids with a therapeutic drug that mimics some effects of the drug
used illicitly. Methadone has high efficacy at mu opioid receptors, shares behavioral
effects with abused opioids, including reinforcing, antinociceptive, and respiratory-
depressant effects, and has been used for many years as a replacement therapy. The
primary advantage of methadone is that it mimics the effects of abused opioids,
which includes its ability to prevent the emergence of withdrawal regardless of the
level of physical dependence. However, the disadvantages of using methadone to
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treat opioid use disorder are also related to its ability to mimic the effects of abused
opioids. Methadone is abused and diverted; consequently, it is regulated to limit
diversion with methadone dispensed only by certified opioid treatment programs.
Because of this regulation, patients are required to report to the clinic every day to
receive their daily dose, which can be burdensome to many and virtually impossible
to those living in rural areas. Another disadvantage is the ability of methadone to
decrease markedly respiration. Overdose can occur if large doses are used or if
methadone is combined with other drugs that decrease respiration, including other
mu opioid receptor agonists as well as drugs like alcohol and benzodiazepines.
These limitations impact the clinical usefulness of this treatment.

A second treatment option is the opioid receptor antagonist naltrexone. It works
by blocking the effects of mu opioid receptor agonists, including the reinforcing
effects of abused opioids, and can be effective in reducing opioid use. The primary
advantage of naltrexone is that it does not have the same adverse effects as metha-
done, making naltrexone a much safer option. Because it has no pharmacological
efficacy, naltrexone does not have reinforcing effects, it is not abused or diverted,
and it does not decrease respiration when it is given alone or with other drugs.
Moreover, naltrexone can be prescribed by any licensed provider, which makes it
more accessible than methadone. On the other hand, naltrexone has its own
limitations. For example, naltrexone precipitates withdrawal in patients who are
physically dependent on opioids; consequently, treatment with naltrexone does not
begin for 7–10 days after patients discontinue opioid use. Compliance can be a
problem with patients not taking their medication to avoid withdrawal or so that the
reinforcing effects of abused opioids are not attenuated. An extended-release
injectable formulation of naltrexone (Vivitrol®) can be used to reduce some compli-
ance issues and extend the duration of action of naltrexone, although some patients
who intend to initiate treatment with this formulation never begin and many who
start discontinue treatment prematurely (Jarvis et al. 2018). Nevertheless, this for-
mulation provides an advantage by extending the duration of action of naltrexone,
which is rather short and would require administration multiple times each day to
maintain a constant therapeutic effect. While some limitations of naltrexone use can
be overcome using a special formulation and beginning treatment only after opioid
use is discontinued, one concern that persists is that the antagonist effects of
naltrexone are surmountable, which means that the reinforcing and respiratory-
depressant effects of opioids can emerge even in the presence of naltrexone after
taking additional opioids. Another opioid receptor antagonist, naloxone, is used
clinically to reverse opioid overdose; its effects are very similar to those of naltrex-
one, including its short duration of action and surmountability. While it can be
effective in reversing the respiratory-depressant effects of opioids and it is safe, its
antagonist effects can wane sooner than those of the opioid that produced the
overdose, and respiratory depression can reemerge after rescue with naloxone
(Dahan et al. 2010). Because its effects are surmountable, the blockade produced
by naloxone can be overcome if patients continue to take opioids. In addition,
naloxone will precipitate withdrawal in patients who are dependent on opioids.
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Naltrexone and naloxone have similar pharmacological profiles and are effective in
treating opioid abuse and overdose, respectively; however, treatment might be
improved with opioid receptor antagonists that are not surmountable.

The third treatment option, buprenorphine, acts as a low-efficacy mu opioid
receptor agonist and this property makes it an attractive treatment option for drug
abuse because it has advantages of both methadone and naltrexone. Like methadone,
some effects of buprenorphine mimic those of abused opioids, including reinforcing
effects; however, the lower efficacy of buprenorphine limits its effects and
buprenorphine is less likely than methadone to produce euphoric effects. Not only
does the low efficacy of buprenorphine reduce the likelihood of diversion and abuse;
it also increases safety compared with methadone by producing only modest
respiratory-depressant effects when taken alone. Thus, buprenorphine has enough
efficacy to serve as a replacement therapy by mimicking some effects of abused
opioids but is much less likely to result in overdose. In addition to these agonist
effects of buprenorphine that are similar to those of methadone, the low efficacy of
buprenorphine means that it also shares some effects with naltrexone. For example,
buprenorphine can block the severe respiratory-depressant effects of higher-efficacy
mu opioid receptor agonists that are abused, thereby providing protection against
overdose. While buprenorphine has some clear advantages over methadone and
naltrexone, there are some limitations. For example, the modest decreases in respi-
ration produced by buprenorphine can be exacerbated by drugs acting at sites other
than opioid receptors. Deaths attributed to buprenorphine overdose remain relatively
low, compared with deaths from overdose of abused opioids, although the number of
buprenorphine fatalities has been steadily increasing, largely due to the concurrent
use of other drugs, including alcohol and benzodiazepines, (Kintz 2001; Martin
2011; Pelissier-Alicot et al. 2010; Pirnay et al. 2004; Reynaud et al. 1998). Because
of its mu opioid receptor agonist effects, prescribing of buprenorphine is regulated
with special training required, and each medical provider can treat a limited number
of patients (Jarvis et al. 2018). Extended-release formulations of buprenorphine are
available, which eliminates the need for frequent office visits; however, these
formulations must be surgically implanted and explanted, which requires even
more training and further limits the number of providers willing to prescribe
buprenorphine. Other limitations associated with the therapeutic use of
buprenorphine are similar to those of naltrexone. Because buprenorphine has rela-
tively low efficacy at mu opioid receptors, it can precipitate withdrawal in patients
who are highly dependent on opioids, and treatment guidelines recommend that
buprenorphine therapy be initiated only after withdrawal signs have begun to
emerge. Buprenorphine has enough efficacy to prevent the emergence of severe
signs of opioid withdrawal; while treatment with naltrexone should begin only after
patients are completely detoxified (i.e., 7–10 days after discontinuing opioid use),
treatment with buprenorphine can start within 1–3 days of discontinuing opioid use,
thereby avoiding severe opioid withdrawal. Thus, buprenorphine shares some
advantages with methadone and some with naltrexone, making it more effective
than naltrexone and safer than methadone.
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Efficacy differences among drugs acting at mu opioid receptors have been
exploited to provide several options for treating opioid use disorder with each
pharmacotherapy having benefits and limitations; however, these drugs also vary
on dimensions other than pharmacological efficacy. For example, one reason that
methadone is used as a replacement therapy, as opposed to any other mu opioid
receptor agonist with high efficacy, is that it has a duration of action that is long
enough to allow for once daily dosing. Similarly, buprenorphine is not the only mu
opioid receptor agonist with limited efficacy; it is used to treat opioid use disorder
because it dissociates very slowly from mu opioid receptors (Hambrook and Rance
1976) resulting in a long duration of action (Bullingham et al. 1982; Dykstra 1983;
France et al. 1984; Walsh et al. 1994). This slow dissociation has been termed
pseudoirreversible and suggests that factors involving the kinetics of the drug-
receptor interaction also contribute to the pharmacological profile and clinical effects
of drugs acting at opioid receptors.

4 Drug-Receptor Interactions

The primary differences among the pharmacotherapies currently approved for opioid
use disorder are pharmacological efficacy and duration of action, and while these
drugs are effective, each has limitations. In addition to pharmacological efficacy,
drugs can vary on other dimensions, and ongoing research is investigating the
possibility of improving treatment by exploiting some of the other differences
among drugs acting at mu opioid receptors. Evidence of these differences is only
beginning to emerge as the complexity of opioid receptor structure, signaling, and
interaction with drugs becomes better understood. Thus, several strategies are
currently being employed to identify drugs with novel pharmacological profiles
that could be developed to improve treatment of opioid use disorder and opioid
overdose. One approach is to start with a drug that is effective, such as
buprenorphine for opioid use disorder and naloxone for overdose, and find novel
compounds that retain their advantages while reducing some of the limitations. For
example, a drug that is safer than buprenorphine, especially when combined with
other drugs like alcohol, might provide a novel approach for treating opioid abuse
whereas an antagonist whose effects cannot be surmounted by taking more opioids
might be useful in patients who have overdosed. A second strategy for identifying
novel pharmacotherapies is to develop drugs based on the emerging understanding
of opioid receptor function, which might take advantage of allosteric sites on opioid
receptors or drugs that selectively activate some signaling cascades.

4.1 Reversible Interactions and Surmountability

Most opioids that are used clinically produce their effects by binding reversibly to
the orthosteric site on mu opioid receptors. The orthosteric site is the site to which
endogenous opioids bind, and reversible interactions at this site occur when the
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dissociation rate of the drug is similar to its association rate. For reversible drugs,
including methadone, naltrexone, and naloxone, their duration of action is governed
by their pharmacokinetics (e.g., metabolism and elimination). In contrast, the inter-
action between some drugs and mu opioid receptors is irreversible; these drugs form
a covalent bond with receptors such that the dissociation rate of the drug is zero.
Drugs that bind irreversibly to mu opioid receptors, such as β-FNA, have a long
duration of antagonist action, insurmountably blocking the behavioral effects of mu
opioid receptor agonists until those receptors are replaced with newly synthesized
ones (Gmerek and Woods 1985; Hayes et al. 1986). These drugs have not been
developed for clinical use, in part due to their effects at other types of opioid
receptors (i.e., kappa and delta), including unwanted effects that could impact the
clinical usefulness of these drugs.

In addition to differences in efficacy, buprenorphine also differs from the other
drugs used to treat opioid use disorder in the way that it binds to mu opioid receptors.
The interaction between buprenorphine and mu opioid receptors has been termed
pseudoirreversible, meaning that, while buprenorphine does not form a covalent
bond with mu opioid receptors, its rate of offset is so slow that it is functionally
irreversible. Because of this type of interaction with mu opioid receptors,
buprenorphine has a long duration of action that is not governed by pharmacokinet-
ics. Under conditions where buprenorphine produces agonist effects, such as
antinociception and modest respiratory depression, its agonist effects are evident
for at least 2 days. Similarly, when buprenorphine is combined with more efficacious
mu opioid receptor agonists under conditions where it does not produce a maximal
agonist effect (e.g., when a higher water temperature is used in antinociception
studies), buprenorphine produces a long-lasting and often insurmountable
(depending on the mu opioid receptor agonist) antagonism (Kishioka et al. 2000;
Walker et al. 1995). These persistent effects of buprenorphine provide a clinical
benefit because it does not need to be given daily to maintain its therapeutic effect. In
addition, buprenorphine will block insurmountably the respiratory-depressant
effects of abused opioids, providing protection against overdose if patients continue
to abuse opioids during treatment. However, the pseudoirreversible nature of the
interaction between buprenorphine and mu opioid receptors can also be a limitation.
Specifically, buprenorphine is insensitive to reversal by naloxone and other mu
opioid receptor antagonists. For drugs like buprenorphine with wide safety margins,
inability to reverse effects is generally not a concern; however, when combined with
other drugs such as alcohol or benzodiazepines, buprenorphine can markedly
decrease respiration, and this effect is not reversed by naloxone (Kintz 2001;
Sansone and Sansone 2015).

Given the advantages of buprenorphine as a treatment for opioid use disorder,
additional compounds related to buprenorphine were synthesized in an attempt to
reduce its adverse effects (Broadbear et al. 2000). These efforts resulted in the
discovery of the mu opioid receptor antagonist methocinnamox (MCAM). Like
buprenorphine, MCAM binds pseudoirreversibly to mu opioid receptors; however,
it does not appear to produce agonist effects at mu opioid receptors under any
conditions. Instead, MCAM produces long-lasting antagonism at mu opioid
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receptors, as evidenced by attenuation of the antinociceptive effects of morphine in
rodents, with the morphine dose-effect curve shifted up to hundredfold rightward
(Peckham et al. 2005) and antagonist effects evident for at least 2 days after
administration (Broadbear et al. 2000). Because of its pharmacological profile,
MCAM might improve upon currently available treatments. It is expected to be
safer than buprenorphine because it does not have agonist effects (i.e., no pharma-
cological efficacy), and there would be no interaction with nonopioids like alcohol or
benzodiazepines. Moreover, MCAM would also have advantages over the currently
available opioid receptor antagonists naltrexone and naloxone; its pseudoirreversible
interaction with mu opioid receptors would be expected to provide long-lasting and
insurmountable protection from both the abuse-related and respiratory-depressant
effects of opioid receptor agonists. Like naltrexone, MCAM decreased responding
for heroin and choice of remifentanil over food in monkeys; however, in contrast to
the antagonist effects of naltrexone, which were gone in less than 1 day, this
antagonism of opioid self-administration by an acute injection of MCAM lasted
several days (Maguire et al. 2019). Similarly, while both naloxone and MCAM
reversed heroin-induced respiratory depression in monkeys, the antagonist effects of
naloxone were gone by the next day whereas MCAM continued to provide protec-
tion against heroin-induced respiratory depression for at least 4 days after MCAM
administration; a single dose of MCAM shifted the heroin dose-effect curve at least
tenfold rightward and made normally toxic doses of heroin safe (Gerak et al. 2019).
These persistent effects of MCAM would be expected to block the reinforcing
effects of abused opioids and to protect patients from respiratory depression pro-
duced by use of very large doses of abused opioids, including those taken subsequent
to rescue, for a much longer period than naltrexone and naloxone.

These proof-of-principle studies demonstrate the potential clinical utility of
MCAM; however, relatively little is known about MCAM, and there are potentially
important issues that need to be investigated. For example, although minute volume
(VE) recovers slightly within 15 min, it is not restored to control values until 30 min
after MCAM administration (Gerak et al. 2019). Full reversal of the respiratory-
depressant effects of abused opioids might not be required to protect patients from
lethal overdose, and the much longer duration of action of MCAM would likely
provide a distinct clinical advantage over naloxone. In fact, the short duration of
action of naloxone is its primary clinical limitation because the opioid causing the
overdose often lasts longer than naloxone (e.g., Dahan et al. 2010; Gatewood et al.
2016; Tomassoni et al. 2017), resulting in the reemergence of respiratory depression
after rescue. Although rapid reversal of the lethal effects of abused opioids would be
needed to save lives, it does not necessarily mean that respiration must be fully
restored to control values to provide adequate protection. Partial reversal might be
sufficient to protect patients from fatal respiratory depression and the slower onset of
action of MCAM would provide an additional benefit. In patients who receive an
opioid receptor antagonist as an antidote for overdose, withdrawal symptoms often
emerge (Avetian et al. 2018); a slower onset of recovery from overdose appears to
reduce withdrawal symptoms (Wermeling 2015). Thus, MCAM might effectively
reverse overdose in a manner that minimizes the emergence of withdrawal.
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While MCAM can precipitate withdrawal in morphine-dependent rats, withdrawal is
no more severe or prolonged than withdrawal precipitated by naloxone (Gerak et al.
under review), suggesting that MCAM could be used to treat opioid overdose or
opioid use disorder in a manner that is not different from the current clinical use of
naloxone or naltrexone, although with a much longer period of protection.

4.2 Allosteric Modulation of Mu Opioid Receptors

Opioids that are used clinically and/or abused act at the orthosteric site on mu opioid
receptors; however, increasing evidence suggests that there are other binding sites on
G-protein-coupled receptors, including mu opioid receptors. Drugs acting at these
distinct sites would modulate the actions of opioids by changing the affinity of
agonists acting at the orthosteric site or the responsiveness of the receptor to these
agonists. Consequently, allosteric modulators are only effective when an orthosteric
agonist is present and effects produced by allosteric modulators reach an asymptote
when all allosteric sites are occupied. These features of allosterism are appealing for
the treatment of opioid use disorder because, for example, the effects of these drugs
would be limited, possibly reducing the likelihood of overdose. Moreover, there is
speculation that adverse effects, particularly the development of tolerance and
physical dependence, would be less likely to occur for an allosteric, compared
with an orthosteric, modulator (Burford et al. 2013). Allosterism at mu opioid
receptors has been documented previously. Salvinorin A has been shown to act as
a positive allosteric modulator of mu opioid receptors (Rothman et al. 2007);
however, its actions at kappa opioid receptors limit its usefulness as a pharmacolog-
ical tool to elucidate the effects of drugs acting at this unique binding site on mu
opioid receptors or as a possible pharmacotherapy for opioid use disorder. In
addition, high-throughput screening was used to identify two positive allosteric
modulators of mu opioid receptors, providing proof-of-principle that could lead to
the development of novel therapeutics targeting this site (Burford et al. 2013).
Finally, there has been some speculation that the persistent and insurmountable
effects of MCAMmight be due to actions at an allosteric site on mu opioid receptors,
where it would negatively modulate the receptor (W Clarke, personal communica-
tion). Development of additional allosteric modulators that act at mu opioid
receptors has been slow; however, additional methods are being utilized to aid in
the identification and evaluation of these drugs (Valentino and Volkow 2018).

4.3 Biased Agonism

It is well established that mu opioid receptors can interact with multiple signaling
pathways, recruiting G-proteins and/or β-arrestin, depending on the agonist that
initiates the signaling cascade (Filizola 2019; Suida et al. 2017). This differential
activation of second messenger systems results in different cellular responses and
ultimately in different behavioral effects. For example, the antinociceptive effects of
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mu opioid receptor agonists are believed to be mediated through G-protein-
dependent pathways, whereas other effects, such as respiratory depression, consti-
pation, and tolerance, are believed to be mediated through recruitment of β-arrestin
(Bohn et al. 1999, 2000; Maguma et al. 2012; Raehal et al. 2005). Not surprisingly, a
proposed strategy for improving the treatment of pain has been to identify and
develop biased agonists that activate mu opioid receptors and selectively recruit
G-protein, and not β-arrestin, signaling pathways. One drug, TRV130, shows a
strong bias for Gi coupling and is currently in clinical trials for moderate to severe
pain; however, it has also been shown to produce reinforcing effects similar to those
of oxycodone in terms of potency and effectiveness along with other abuse-related
effects (Negus and Freeman 2018; Zamarripa et al. 2018). An agonist with a bias
toward Gi coupling might not reduce its abuse liability, which would likely limit its
therapeutic utility for treating pain, although it might be effective in treating opioid
use disorder with fewer adverse effects, such as respiratory depression (Negus and
Freeman 2018). The usefulness of biased agonists in treating opioid use disorder
remains to be determined, although the possibility of having a pharmacotherapy that
selectively produces a therapeutic effect warrants further investigation. Regardless
of whether these drugs provide a clinical advantage in reducing opioid abuse, biased
agonists might impact the opioid epidemic indirectly by relieving pain without the
development of tolerance or the possibility of overdose.

5 Selectivity for Opioid Receptor Types

Mu opioid receptors are the primary target for therapeutic and abused opioids,
although they are not the only type of opioid receptor. Two other distinct receptors
(kappa and delta) have been cloned (Knapp et al. 1994; Meng et al. 1993). Mu,
kappa, and delta opioid receptors bind differentially to the three endogenous opioid
peptides, which are encoded by different genes. Some behavioral effects mediated
by these three receptor types are similar, such as the antinociceptive effects of mu
and kappa opioid receptor agonists. In contrast, some effects are completely oppo-
site, like euphoria or dysphoria produced by activation of mu or kappa receptors,
respectively. Although selective kappa opioid receptor agonists produce
antinociception that, in many cases, is equivalent to antinociception produced by
mu opioid receptor agonists, the dysphoria that accompanies the pain-relieving
effects of agonists acting at kappa receptors precludes their clinical use. While
kappa and delta receptors are not the primary target for drugs that are currently
available clinically or abused, some pharmacotherapies act at these receptors. For
example, buprenorphine has low-efficacy actions at mu receptors and antagonist
actions at kappa receptors (Hambrook and Rance 1976). In addition, the opioid
antagonists naltrexone and naloxone are only modestly selective and likely bind to
other opioid receptors even at therapeutic doses. In contrast, the long-lasting effects
of MCAM, which might be useful for treating opioid use disorder and opioid
overdose, are selective for mu opioid receptors (Broadbear et al. 2000), and although
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the consequences of long-term blockade of kappa and delta receptors is not known,
the selectivity of MCAMmight provide another advantage for this novel compound.

6 Conclusions

Drugs acting at mu opioid receptors have long been used therapeutically and
recreationally, although the increasing use of opioids over the last 20 years has
resulted in the current national crisis. This ongoing opioid epidemic is a complicated
challenge because of the magnitude of the problem as well as the many dimensions
on which opioids can vary. In addition, a wide variety of opioids are currently used
and abused, including prescription opioids, heroin, fentanyl, and ultra-potent
analogs of fentanyl. These drugs are qualitatively the same, activating mu opioid
receptors to produce their behavioral effects. Despite the similarities, drugs that act at
opioid receptors can vary on a number of pharmacodynamic and pharmacokinetic
dimensions. These differences among drugs can be exploited to improve treatment
of opioid use disorder and opioid overdose while simultaneously reducing adverse
effects. Pharmacological efficacy, unique drug-receptor interactions, allosterism,
biased agonism, and selectivity for mu over other opioid receptors pharmacology
are being investigated to identify novel treatment options to decrease opioid abuse
and overdose deaths.
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Abstract
Substance use disorders represent a global public health issue. This mental health
disorder is hypothesized to result from neurobiological changes as a result of
chronic drug exposure and clinically manifests as inappropriate behavioral allo-
cation toward the procurement and use of the abused substance and away from
other behaviors maintained by more adaptive nondrug reinforcers (e.g., social
relationships, work). The dynorphin/kappa-opioid receptor (KOR) is one receptor
system that has been altered following chronic exposure to drugs of abuse (e.g.,
cocaine, opioids, alcohol) in both laboratory animals and humans, implicating the
dynorphin/KOR system in the expression, mechanisms, and treatment of sub-
stance use disorders. KOR antagonists have reduced drug self-administration in
laboratory animals under certain experimental conditions, but not others.
Recently, several human laboratory and clinical trials have evaluated the effec-
tiveness of KOR antagonists as candidate pharmacotherapies for cocaine or
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tobacco use disorder to test hypotheses generated from preclinical studies. KOR
antagonists failed to significantly alter drug use metrics in humans suggesting
translational discordance between some preclinical drug self-administration stud-
ies and consistent with other preclinical drug self-administration studies that
provide concurrent access to an alternative nondrug reinforcer (e.g., food). The
implications of this translational discordance and future directions for examining
the therapeutic potential of KOR agonists or antagonists as candidate substance
use disorder pharmacotherapies are discussed.

Keywords
Cocaine · Ethanol · Kappa opioid receptor · Medication development · Nicotine ·
Opioid

1 Preclinical Evaluation of Candidate Substance Use
Disorder Treatments

Substance use disorders (SUDs; i.e., drug addiction) are an insidious and global
public health issue. This complex and multifaceted mental health disorder is most
commonly modeled in the laboratory using a drug self-administration (SA) procedure
to provide an opportunity to measure volitional drug intake. Both preclinical and
human laboratory drug SA procedures have made significant contributions to improv-
ing our understanding of psychoactive compounds for more than 50 years. In general,
preclinical drug SA procedures are used to address two main categories of scientific
questions. One category is for abuse liability assessment of psychoactive compounds
for potential scheduling as controlled substances by the Drug Enforcement Agency,
and there are already excellent reviews on the utility of drug SA procedures for this
purpose (Ator and Griffiths 2003; Carter and Griffiths 2009). The other category is for
understanding the expression, mechanisms, and treatment of drug-taking behavior as
a model of SUDs. This chapter will focus on the use of drug SA procedures to address
this latter scientific category.

Although there are infinite iterations of drug SA procedures, all use the classic
3-term contingency of operant conditioning to investigate the stimulus properties of
drugs (Skinner 1938). This 3-term contingency can be diagrammed as follows in
Eq. (1):

SD ! R ! SC ð1Þ
where SD designates a discriminative stimulus, R designates a response on the part of
the organism, and SC designates a consequent stimulus. The arrows specify the
contingency that, in the presence of the discriminative stimulus SD, performance of
response R will deliver the consequent stimulus SC. As a simple example, a rat
implanted with a chronic indwelling venous catheter might be connected to an
infusion pump containing a dose of a psychoactive drug and placed into an experi-
mental chamber that contains a stimulus light and a response lever. Contingencies
can be programmed such that if the stimulus light is illuminated (the discriminative
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stimulus), then depression of the response lever (the response) will result in delivery
of a drug injection (the consequent stimulus). Conversely, if the stimulus light is not
illuminated, then responding does not result in the delivery of the drug injection.
Under these conditions, subjects typically learn to respond when the discriminative
stimulus is present. Consequent stimuli that increase responding leading to their
delivery are operationally defined as reinforcers, whereas stimuli that decrease
responding leading to their delivery are defined as punishers. The contingencies
that relate discriminative stimuli, responses, and consequent stimuli are defined by
the schedule of reinforcement (Ferster and Skinner 1957).

Although there are Food and Drug Administration (FDA)-approved
pharmacotherapies for some SUDs (e.g., opioid, nicotine, and ethanol),
FDA-approved pharmacotherapies are absent for many other classes of abused
drugs (e.g., cocaine, methamphetamine, and cannabis). Moreover, the development
of safer and more efficacious medications to treat SUDs remains a priority for both
preclinical and human laboratory/clinical drug abuse research. Preclinical evaluation
of candidate medication treatment effects on drug SA has demonstrated good, but
not perfect, concordance with both medication effects in human laboratory drug SA
studies and metrics of drug abuse in clinical trials (Comer et al. 2008; Haney and
Spealman 2008a; Mello and Negus 1996).

2 Rationale for Kappa-Opioid Receptors as Candidate SUD
Treatments

This chapter will focus on kappa-opioid receptor (KOR) agonist and antagonist
effects on preclinical drug SA endpoints. The KOR is a seven transmembrane Gi/o-
protein coupled receptor that is ubiquitously expressed in the central and peripheral
nervous system and is hypothesized to be involved in mental health disorders
including stress, anxiety, depression, and SUD (for review, see Chavkin and Koob
2015; Crowley and Kash 2015; Tejeda and Bonci 2019; Wee and Koob 2010b). In
general, KOR activation results in inhibition of neuronal function and can occur
following either endogenous release of the dynorphin peptide (Chavkin et al. 1982;
Oka et al. 1982) or synthetic KOR agonist administration. For example, administra-
tion of synthetic KOR agonists (e.g., U69,593, U50,488, or salvinorin A) decreases
extracellular dopamine levels in the nucleus accumbens (Carlezon et al. 2006; Di
Chiara and Imperato 1988; Leitl et al. 2014).

Table 1 lists the most prominent KOR agonists and antagonists used in preclinical
and clinical research along with the relative selectivity for the KOR over other
similar homology receptors such as the mu-opioid (MOR) and delta-opioid (DOR)
receptors. In general, the greater the selectivity for KOR over MOR and DOR, the
more confidence the result is due to KOR activation or inhibition and not due to an
off-target receptor. In addition, the availability of both selective KOR agonists and
antagonists allows for sufficient and necessary experimentation in the role of KOR
for a specific pharmacological effect. For example, if you were interested in whether
activation of KOR receptors by dynorphin was sufficient to decrease mesolimbic
dopamine levels, then you could administer a KOR agonist (e.g., salvinorin A) and
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measure mesolimbic dopamine levels. As mentioned above, this is a reported effect
of KOR agonists. However, if you were interested in whether KOR were necessary
for salvinorin A to decrease mesolimbic dopamine levels, then you would administer
a KOR antagonist before salvinorin A to determine whether salvinorin A decreases
mesolimbic dopamine levels. The availability of selective agonists and antagonists
allows for rigorous experimentation into the mechanisms associated with or involved
in SUDs.

Repeated exposure to several drugs of abuse (e.g., cocaine, methamphetamine,
mu-opioid receptor agonists) has been shown to activate or sensitize the endogenous
dynorphin/KOR system. This engagement of the dynorphin/KOR system by drugs
of abuse has been theorized to contribute to the development of compulsive drug use
and SUD (Chavkin and Koob 2015; Shippenberg et al. 2007). For example,

Table 1 Kappa-opioid receptor (KOR) agonists and antagonists that have been most commonly
used in preclinical studies examining the potential of KOR ligands as candidate substance use
disorder medications

Ligand
KOR (Ki

nM)
MOR (Ki

nM)
DOR (Ki

nM)
NOPR (Ki

nM) Reference

KOR agonists

Dynorphin A 0.5 32 >1,000 Not
determined

(Raynor et al.
1994)

U-50,488 0.12 >1,000 >1,000 Not
determined

(Raynor et al.
1994)

U-69,593 0.59 >1,000 >1,000 Not
determined

(Raynor et al.
1994)

Salvinorin A 16 >10,000 >10,000 Not
determined

(Roth et al. 2002)

Nalfurafine
(TRK-820)

0.2 0.6 96.5 Not
determined

(Nagase et al.
2012)

Enadoline (CI-977) 0.11 99 1 Not
determined

(Hunter et al.
1990)

Spiradoline 0.036 21 >1,000 Not
determined

(Raynor et al.
1994)

Bremazocine 0.09 0.75 2.3 Not
determined

(Raynor et al.
1994)

KOR antagonists

Nor-binaltorphimine 4 41 20 4,400 (Munro et al.
2013)

JDTic 1 3 44 12 (Munro et al.
2013)

60-guanidonaltrindole 3 54 58 2,500 (Munro et al.
2013)

CERC-501
(LY2456302)

0.8 24 155 Not
determined

(Rorick-Kehn
et al. 2014)

Columns show the affinity (Ki nM) for the ligand at the KOR and three potential off-target receptor
affinities mu-opioid receptor (MOR), delta-opioid receptor (DOR), and nociceptin opioid peptide
receptor (NOPR). Together, these results provide one index of KOR selectivity
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polymorphisms of prodynorphin have been correlated with increased diagnosis of
opioid use disorder (Clarke et al. 2012). In addition, both increased dynorphin
expression and KOR density have been observed in cocaine overdose patients
(Hurd and Herkenham 1993; Staley et al. 1997). Furthermore, cocaine SA leads to
a reduction in KOR availability in humans as measured using positron-emission
tomography (Martinez et al. 2019). Consistent with these clinical data, a history of
either heroin or cocaine SA under extended access conditions increases
prodynorphin expression in the nucleus accumbens shell of rats or monkeys
(Daunais et al. 1993; Fagergren et al. 2003; Schlosburg et al. 2013; Solecki et al.
2009). These results have been interpreted to suggest that chronic KOR activation is
one key neurobiological system mediating the progression from drug abuse to severe
SUD (Koob and Moal 2008; Wee and Koob 2010a). Table 2 summarizes the
34 publications that have examined either acute or chronic (i.e., repeated adminis-
tration for at least 3 days) treatment effects of KOR agonists or antagonists in
preclinical drug SA procedures. The predominant drugs of abuse examined have
been cocaine (44%), ethanol (35%), and opioids (24%). The predominant research
subjects have been rats (74%) and rhesus monkeys (26%); most studies only
involved male subjects (~76%). The results and implication of this literature will
be reviewed in more detail below.

3 KOR Agonist Effects on Preclinical Drug SA

KOR agonists and drugs of abuse appear to produce opposing effects on both abuse-
related neurochemical and behavioral endpoints. For example, KOR agonists
decrease mesolimbic dopamine levels in rats (Devine et al. 1993; Donzanti et al.
1992; Leitl et al. 2014; Spanagel et al. 1990), produce dysphoric subjective effects in
humans (Pfeiffer et al. 1986; Walsh et al. 2001), and fail to function as positive
reinforcers in rodent and nonhuman primate drug SA procedures (Marinelli et al.
1998; Negus et al. 2008; Tang and Collins 1985; Townsend et al. 2017; Woods and
Gmerek 1985). This line of research led to the hypothesis that KOR agonists may
have clinical utility as candidate SUD pharmacotherapies by either punishing drug-
taking behavior if the KOR agonist and the drug of abuse were combined or
antagonizing the abuse-related effects of central nervous system-active drugs if the
KOR agonist was administered as an acute or repeated pretreatment to subsequent
drug-taking behavior. Two general types of experiments have been conducted
examining the effects of KOR agonists on drug SA.

3.1 Preclinical SA of KOR Agonists and Drug of Abuse
Combinations

One type of experiment involves combining a KOR agonist and the drug of abuse in
the same syringe for SA to determine whether the KOR agonist would function as a
punisher (i.e., presentation of the stimulus (KOR agonist) decreases the probability
of the preceding behavior). Thus, the research animal would self-administer a
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mixture of KOR agonist and drug of abuse. Based on the literature cited above, the
hypothesis for these studies would be that the KOR agonist mixed with the drug of
abuse would lead to a decrease in rates of drug SA. Three studies (#1–3 in Table 2)
have examined combining a KOR agonist and cocaine (Freeman et al. 2014) or a
MOR agonist (Negus et al. 2008; Townsend et al. 2017). All three studies reported
that mixtures of the abused drug and KOR agonist were less reinforcing (i.e.,
maintained lower rates of operant responding) than the abused drug alone. These
results have been interpreted to suggest that clinical combinations of MOR agonists
and KOR agonists might retain the therapeutic desirable effects (e.g., analgesia) of
MOR agonists with reduced undesirable effects (e.g., abuse liability). However,
illicit drug manufacturers or dealers are unlikely to adulterate their product with
something that would deter abuse liability.

3.2 KOR Agonists as Pretreatments to Preclinical Drug
of Abuse SA

A second type of experiment has examined either acute KOR agonist pretreatment to
a single drug SA or repeated KOR agonist treatment effects across multiple days of
drug SA. The studies that employed a repeated dosing procedure were modeling
aspects of repeated candidate medication administration utilized in human laboratory
studies, clinical trials, and clinical prescribing patterns for current FDA-approved
treatments for SUDs (e.g., buprenorphine, methadone, varenicline, and naltrexone).
Thirteen studies (#4–16 in Table 2) have examined the effects of either acute or
repeated KOR agonist treatment on drug SA in mice, rats, and rhesus monkeys.
Acute administration of U50,488 (Glick et al. 1995), U69,593 (Schenk et al. 1999;
Schenk et al. 2001), cyclazocine (Glick et al. 1998), spiradoline (Glick et al. 1995),
and enadoline (Bowen et al. 2003; Hölter et al. 2000) has been reported to decrease
rates of cocaine, morphine, and ethanol SA in both rats and rhesus monkeys. These
results were interpreted as evidence that KOR agonists may have clinical utility as
candidate medications for SUD treatment.

However, when KOR agonist effects on drug SA were examined under repeated
dosing conditions, a more complicated profile of effects emerged compared to the
acute KOR agonist pretreatment studies described above. For example, repeated
ethylketocyclazine, U50,488, enadoline, spiradoline, PD117302, bremazocine, and
cyclazocine treatments all produced sustained decreases in rates of cocaine and
ethanol SA in rhesus monkeys (Cosgrove and Carroll 2002; Mello and Negus
1998; Negus et al. 1997). Repeated bremazocine, but not U50,488, produced
sustained decreases in rates of ethanol SA in rats (Nestby et al. 1999). Repeated
U50,488 treatment significantly decreased rates of nicotine SA in rats on the third
day of treatment and without altering food-maintained responding (Ismayilova and
Shoaib 2010). However, the KOR agonist doses that decreased drug SA also
decreased rates of food-maintained responding when food-maintained responding

156 M. L. Banks



was assessed (Cosgrove and Carroll 2002; Mello and Negus 1998; Negus et al.
1997). Thus, repeated KOR agonist treatment effects were not behaviorally selective
for drug vs. nondrug reinforcers and suggestive of overall depression of behavior. In
contrast to these results, repeated enadoline treatment increased rates of ethanol SA
in rats (Hölter et al. 2000) and repeated U50,488 treatment shifted both cocaine and
morphine SA dose-effect functions to the left in rats (Kuzmin et al. 1997). Further-
more, when repeated U50,488 treatment effects were examined on cocaine SA in
rhesus monkeys under conditions where there was an alternative nondrug food
reinforcer available concurrently to intravenous cocaine injections, repeated
U50,488 increased cocaine “choice” and decreased food “choice” (Negus 2004).
Consistent with these later results, repeated enadoline treatment failed to attenuate
cocaine vs. money choice in humans, and there was a trend for increased cocaine
choice at the largest enadoline dose examined (Walsh et al. 2001). No double-blind,
placebo-controlled clinical trials examining KOR agonists as candidate
pharmacotherapies for SUD treatment have been published.

In summary, the effects of KOR agonists on preclinical drug SA studies and the
single human laboratory drug SA study have thus far generated three main findings.
First, when KOR agonists are mixed with the abuse drug and co-administered, KOR
agonists can function as punishers and decrease SA of the abused drug. Second,
acute pretreatment with a KOR agonist decreased rates of drug SA across a broad
range of abused drug classes (e.g. cocaine, ethanol, morphine). Lastly, repeated
KOR agonist treatment either decreased rates of abused drug SA typically at doses
that also decreased rates of food-maintained responding or increases rates of drug SA
including under a drug vs. food choice procedure. Overall, this body of preclinical
literature does not support the clinical utility of KOR agonists as candidate SUD
treatments.

4 KOR Antagonist Effects on Preclinical Drug Self-
Administration

One prominent and emerging SUD theory is that chronic exposure to drugs of abuse
and withdrawal produces a “motivational withdrawal syndrome” that increases the
magnitude and alters the mechanisms of drug reinforcement and serves as “one of
the driving factors of compulsivity in addiction” (Koob and Mason 2016). Chronic
exposure to drugs of abuse is hypothesized to alter the state of the patient or research
subject and thereby alter the mechanisms of and increase the magnitude of drug
reinforcement. For example, opioid abuse often leads to physical dependence, and
opioid withdrawal in dependent subjects increases the reinforcing effects of opioids,
decreases the reinforcing efficacy of nondrug reinforcers like food, and promotes a
maladaptive allocation of behavior toward further drug use at the expense of
behaviors maintained by more adaptive behaviors. Specifically, chronic drug expo-
sure has been shown to (1) decrease basal activity of dopamine and/or opioid reward
systems and (2) recruit activation of other neural systems, sometimes described as
“stress” or “anti-reward” systems, that involve neurotransmitters including
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corticotropic releasing factor (CRF) and dynorphin (Koob and Mason 2016; Koob
and Moal 2008; Koob and Volkow 2009). Overall, consumption of any abused drug
dose is hypothesized to produce an initial increase in dopamine/opioid signaling as
drug levels rise and peak, followed by a longer period of depressed dopamine/opioid
signaling and enhanced stress hormone signaling that together mediate negative
affective states of drug withdrawal. Increasingly intensive regimens of abused drug
exposure are hypothesized to produce a cumulative increase in the later effects and
increasingly intense aversive subjective states. Under these circumstances, drug-
induced reinforcing effects are often described as “negative,” because the drug is
now hypothesized to produce its reinforcing effects not by increasing dopamine/
opioid signaling from a normal basal level but rather by alleviating the aversive state
produced by a depressed reward system and activated stress system; however, this
interpretation is not consistent with the operational definition of negative reinforce-
ment (i.e., response requirement completion results in removal of SC proposed by
Skinner (1938)). The subject in a drug SA procedure is responding to receive the
drug injection (SC) which is positive reinforcement and not the removal of some
hypothesized internal state (Negus and Banks 2018).

Evidence to support this hypothesized transition comes in part from preclinical rat
drug SA studies that have used single-operant drug SA procedures in which the
primary dependent measure is the rate of drug SA. Two observations have been
seminal in support of this hypothesized transition. First, the recruitment of negative
reinforcement processes that occurs with extended drug SA is hypothesized to not
only modify the mechanisms of drug reinforcement but also to increase its magni-
tude (i.e., by summing positive and negative reinforcement mechanisms). In support
of this hypothesis, regiments of “extended access” (produced by increasing the
number of hours per day that subjects can self-administer drug) have been shown
to increase rates of SA, a phenomenon referred to as “escalation” (Koob and Kreek
2007). Second, the recruitment of these negative reinforcement processes is also
hypothesized to render drug SA sensitive to experimental manipulations that attenu-
ate the KOR/stress system signaling. For example, dynorphin acting at KOR is one
stress-related neurotransmitter implicated in “negative reinforcement” processes,
and KOR antagonists such as nor-binaltorphimine (nor-BNI) and CERC-501 have
been reported to block escalated rates of cocaine, methamphetamine, heroin, and
ethanol SA in rats (Domi et al. 2018; Schlosburg et al. 2013; Walker et al. 2011; Wee
et al. 2009; Wee et al. 2012; Whitfield et al. 2015). Furthermore, KOR antagonists do
not attenuate cocaine, methamphetamine, or heroin SA under more limited (~1–2 h)
drug access conditions in both rats (Deehan et al. 2012; Doyon et al. 2006; Glick
et al. 1995; Hölter et al. 2000; Liu and Jernigan 2011; Negus et al. 1993) and rhesus
monkeys (Negus 2004; Negus et al. 1997) suggesting that the recruitment of the
dynorphin/KOR system only occurs during extended drug access conditions.
Although the effectiveness of KOR antagonists to alter drug SA appears to be
dependent on the length of the drug SA session for MOR agonists and monoamine
transporter ligands (cocaine and methamphetamine; Table 2), the literature suggests
the same principle does not necessarily hold true for ethanol. For example, under
limited ethanol access conditions, KOR antagonists have been shown to increase
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(Mitchell et al. 2005), have no effect (Deehan et al. 2012; Doyon et al. 2006), or
decrease (Cashman and Azar 2014; Rorick-Kehn et al. 2014; Schank et al. 2012)
ethanol SA in rats. Overall, one implication of this literature is that different classes
of abused drugs might recruit the dynorphin/KOR system in different manners.

4.1 KOR Antagonist Effects on Preclinical Drug Choice SA

However, these KOR antagonist treatment effects on preclinical drug SA endpoints
have not translated when evaluated in nonhuman primates or humans. For example,
in opioid-dependent rhesus monkeys, the KOR antagonist 50-guanidinaltrindole
(GNTI) failed to attenuate opioid withdrawal-associated increases in opioid
vs. food choice (Negus and Rice 2009). In addition, nor-BNI failed to attenuate
both rates of cocaine SA during extended cocaine access sessions and cocaine
vs. food choice in rhesus monkeys self-administering cocaine 22-h per day (Hutsell
et al. 2016). Whether these differences in KOR antagonist effects are due to species
differences between rats and rhesus monkeys or procedural differences in the drug
SA schedule or reinforcement remain unexplored scientific space.

4.2 KOR Antagonist Effects on Human Drug SA Metrics

In humans, buprenorphine plus naloxone and naltrexone maintenance, combined to
produce a KOR antagonist effect, failed to attenuate cocaine use in a double-blind,
placebo-controlled, multi-centered clinical trial (Ling et al. 2016). Repeated
LY2456302 treatment also failed to attenuate cocaine craving in humans (Reed
et al. 2017). Furthermore, CERC-501 (i.e., LY2456301) failed to attenuate cigarette
smoking, craving, or nicotine withdrawal in humans (Jones et al. 2019). Moreover, a
recent positron-emission tomography study examining KOR binding in healthy
controls and cocaine abusers reported no significant differences in KOR binding in
any brain region examined (Martinez et al. 2019). These results suggest that a history
of repeated cocaine exposure and a diagnosis of cocaine use disorder were not
sufficient to alter KOR binding in humans and are in contrast to previous results in
cocaine overdose patients using autoradiography methods (Hurd and Herkenham
1993; Staley et al. 1997). Reasons for differences between the in vivo positron-
emission tomography study and the postmortem mRNA and autoradiography study
are not presently clear but could be related to the affinity of the ligands for different
KOR subtypes or states (i.e., high vs. low affinity). In summary, the promising
results of KOR antagonists in preclinical rodent models of cocaine use disorder have
so far failed to translate when evaluated in higher-order species such as nonhuman
primates or humans and on endpoints that focus on behavioral allocation between
drug and nondrug reinforcers instead of rates of drug-taking behavior.
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5 Conclusions and Future Directions

Over the past two decades, preclinical research has improved our understanding of
the role of KOR in the expression, mechanisms, and treatment of SUD. Converging
lines of evidence from both preclinical and human studies support the conclusion
that chronic abused drug exposure changes the dynorphin/KOR system. Further-
more, mixtures of MOR and KOR agonists (Freeman et al. 2014; Negus et al. 2008;
Townsend et al. 2017) or mixed-action MOR/KOR agonists such as pentazocine
(Hoffmeister 1979) appear to have reduced abuse-related effects compared to MOR
agonists. However, both KOR agonist and KOR antagonist treatments have thus far
failed to significantly alter metrics of cocaine use in humans. Unfortunately, there are
no published human laboratory drug SA studies or clinical trials evaluating KOR
agonist or antagonist effects on other SUDs, such as methamphetamine, opioids,
ethanol, or tobacco. CERC-501 is currently being evaluated in clinical trials as a
candidate medication for tobacco smoking and smoking relapse (Helal et al. 2017).
The evaluation of candidate medication effects in SUD patients provides critical
reverse translational feedback to improve the predictive validity of preclinical SUD
models. However, the results of KOR agonists and antagonists in cocaine use
disorder and tobacco use disorder patients thus far fail to support the continued
development and evaluation of novel chemical entities targeting the dynorphin/KOR
system as candidate SUD pharmacotherapies. There are presently no published
clinical data on the effectiveness of KOR antagonists for alcohol or opioid use
disorder.

In the broader preclinical drug abuse literature, there are two experimental
features that appear to promote accurate translation of preclinical-to-clinical results.
First, repeated treatment with the candidate medication to match the subchronic-to-
chronic treatment regimens commonly employed in clinical SUD treatment (Czoty
et al. 2016; Haney and Spealman 2008b; Mello and Negus 1996). The effects of
acute vs. repeated KOR agonists on preclinical drug SA endpoints reviewed above
are consistent with this conclusion. However, the examination of repeated KOR
antagonist effects on drug SA endpoints has been problematic because most cur-
rently available KOR antagonists are irreversible or receptor-inactivating antagonists
(Butelman et al. 1993, 1998; Schmid et al. 2013). The long duration of action of
irreversible KOR antagonists complicates dose titration and potentially increases the
risk of off-target undesirable effects. The development of short-acting KOR
antagonists CERC-501 (i.e., LY2456302) (Helal et al. 2017; Reed et al. 2017) has
facilitated clinical SUD research to provide necessary feedback regarding
hypotheses developed using preclinical drug SA procedures. Second, assessment
of candidate medication effects in preclinical drug SA procedures that use behavioral
allocation between the target drug of abuse and an alternative nondrug reinforcer
(e.g., food or social) rather than rates of drug SA behavior has shown strong
translational concordance with clinical results (for review, see Banks et al. 2015;
Banks and Negus 2012, 2017). A critical step in efficiently evaluating candidate
SUD medications is the utilization of preclinical testing procedures that are both
sensitive to FDA-approved medications (if available) and selective for those positive
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controls in comparison to active negative controls known to be clinically ineffective
(Banks et al. 2019). Given the human laboratory and clinical literature cited above in
Sects. 3 and 4, both KOR agonists and KOR antagonists could function as active
negative controls, but should not continued to be evaluated as candidate OUD
medications (Rasmussen et al. 2019).
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Abstract
This chapter describes recent clinical trials for opioid use disorder (OUD), an area
that has rapidly accelerated in response to the opioid overdose crisis in the USA
and newly appropriated funding. Trials involve a wide range of compounds
including cannabinoids and psychedelics, new and existing compounds targeting
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domains emerging from addiction neuroscience, agents repurposed from other
indications, and novel strategies including vaccines, enzymes, and other
biologicals. In parallel, new formulations of existing compounds offer immediate
promise, as do a variety of web-based interventions and smartphone-delivered
apps. Trials focused on implementing existing effective interventions in main-
stream healthcare settings, and others focused on special populations, e.g.,
adolescents, criminal justice, pregnant women, native Americans, etc., have the
potential to vastly expand treatment in the near term. Given the range of ongoing
and recent trials, this chapter is not intended to be an exhaustive review but rather
to present an overview of approaches within the framework of the opioid treat-
ment cascade and the context of current OUD pharmacotherapies.

Keywords
Addiction · Clinical trial · Opioid · Opioid use disorder

1 Background

Well before modern pharmacology, and even pharmacology itself, opioids were
widely used, and it is likely that the ancients had an intuitive grasp of concepts now
described as tolerance, dependence, withdrawal, and craving, which now form the
underpinnings of our understanding of addiction and its treatment. More deliberate,
empirical behavioral and pharmacological approaches to understanding and treating
opioid addiction began with work in the early part of the past century led largely by
the Addiction Research Center in Lexington, KY, and work done in the middle of the
past century at The Rockefeller University in NY (Kreek et al. 2002; Kreek and
Vocci 2002; Stimmel and Kreek 2000; Kreek 2000). Much of the current impetus
and funding for treatment development stems from the present opioid crisis, which is
not the first in the USA and, while devastating, of lesser magnitude than that in China
in the early to mid-nineteenth century which led to the opium wars.

The present opioid crisis in the USA is really a combination of an urban minority
heroin epidemic dating back to the mid-1900s and a more recent epidemic affecting
all sociodemographic groups and rural and suburban communities, largely attribut-
able to opioid painkiller overprescribing. Recent widespread availability of excep-
tionally potent fentanyl(s), which currently contributes to more than 80% of deaths
in some regions of the country, has greatly increased overdose fatalities. This is also
a global problem: the World Health Organization reported that roughly 450,000
people died worldwide as a result of drug use in 2015, and of those deaths, about
160,000 were directly associated with drug use disorders and about 118,000 with
opioid use disorders (WHO 2019).

Currently, drug overdoses (most of them opioid-related) are killing more
Americans each year than died at the peak of the HIV epidemic or during the entire
20-year duration of the Vietnam conflict. Geographic hotspots include northern New
England, Appalachia and the Ohio Valley, Florida and the Gulf Coast, the South-
west, Northern California and the Pacific Northwest, and the Canadian border, but
virtually every state has pockets of high use and high morbidity. Over the past
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decade, painkiller prescribing and related overdose fatalities have declined as its
causative role has become more widely recognized; however prescription opioids
continue to play a role in initiation. Many of those starting on pills now switch to
heroin and fentanyl(s), largely because of the scarcity and high “street” cost of the
former and the increased availability and lower cost of the latter (heroin prices are
nearly an order of magnitude lower than a decade ago).

This led to the launch of a broad effort supported by federal, state, and local
agencies and by industry, philanthropy, and public-private partnerships to develop
new molecular entities working via opioid and non-opioid mechanisms; to develop
new formulations of existing effective pharmacotherapies; to develop behavioral
interventions, devices, and mHealth applications; and to vastly expand access to
effective interventions by expanding their implementation from addiction specialty
settings to mainstream healthcare settings such as primary care, HIV clinics, and
emergency departments and also to criminal justice and other community settings.
While this chapter will focus primarily on pharmaceutical clinical trials, we will
touch on all of these areas insofar as other approaches may have equal or greater
public health impact.

This chapter will first review currently used OUD treatments to contextualize
recent and current clinical trials. The latter encompass a diverse suite of
interventions, reviewed in the following order: novel pharmacotherapies, including
new compounds and repurposing of drugs approved for other indications; vaccines
and other biologicals; new formulations of existing compounds aimed to improve
drug delivery; trials to expand use of existing marketed agents and new models of
care; the National Institutes of Health (NIH) Helping to End Addiction Long-term
(HEAL) initiative; trials aimed at special risk populations; and devices, apps, and
behavioral interventions intended to expand and improve treatment. This is not an
exhaustive review of all OUD clinical trials but rather is intended to include the
major and, in our opinion, most promising drugs and interventions. Throughout,
current and developing OUD treatments are contextualized in terms of molecular
targets (e.g., opioid receptors, dopamine receptors, transporters, etc.), clinical targets
(e.g., craving, withdrawal, relapse, etc.), and targets defined by the “opioid treatment
cascade” (Williams et al. 2018) (e.g., treatment engagement, initiation, retention,
re-engagement, etc.). For novel drugs, findings are included that are relevant to how
these agents impact neurobiological addiction domains such as negative affect or
cognitive and emotional regulation (Koob and Volkow 2016; Volkow et al. 2018).
A summary then discusses the scope of current treatments and clinical trials and
highlights limitations and areas for further development.

2 Current OUD Pharmacotherapies

Current OUD pharmacotherapies are nearly all opioid based, i.e., their efficacy
depends on actions at the mu opioid receptor. These include methadone, a full mu
receptor agonist; buprenorphine (BUP), a partial mu receptor agonist; and naltrexone
(NTX) and naloxone (NX), full mu receptor antagonists. Methadone and BUP are
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the cornerstones of opioid maintenance therapy. In contrast, NTX, particularly in its
extended-release formulation, is approved for relapse prevention. NX, a short-acting
mu antagonist, is used primarily for acute overdose reversal. Beyond these, there are
a handful of non-opioid medications that are often used to mitigate the aversive
symptoms of opioid withdrawal and to facilitate detoxification. These include
clonidine and lofexidine, both alpha-2 agonists, muscle relaxants, and sleep
medications. Methadone, BUP, and NTX are sometimes referred to as “MAT” for
“medication-assisted therapy”. This terminology is rejected by some who believe
that medication is therapy in and of itself, instead preferring to rebrand MAT as
“medication addiction therapy”; this term then evolved to “MOUD” for “medication
for opioid use disorder”. We will also use the term “addiction pharmacotherapy.”

Although all three of the opioid addiction pharmacotherapies owe their efficacy to
actions at the mu receptor, there are striking pharmacological, philosophical, logisti-
cal, economic, and societal differences between them. Agonists (methadone and
BUP) replace opioids at the receptor, thereby preventing craving, withdrawal, and
other effects of addiction while at the same time maintaining tolerance and depen-
dence and leading to withdrawal on discontinuation. At high doses, methadone, due
to its full agonist properties, blocks the effects of all but extremely high doses of
heroin or other opioids and blunts the “rush” even from high doses (Kreek et al.
2002; Kreek and Vocci 2002; Stimmel and Kreek 2000; Kreek 2000). BUP
accomplishes the same due to its high mu receptor affinity and its partial mu agonist
and kappa antagonist properties (Gowing et al. 2017; Nielsen et al. 2016; Mattick
et al. 2014). In contrast, naltrexone, a full mu receptor antagonist with no agonist
properties, is devoid of opioid-like effects and does not maintain tolerance or
dependence, i.e., in contrast to agonists, there are no subjective consequences
upon discontinuation (Krupitsky et al. 2011).

There are striking and important differences in transitioning from opioid misuse
to treatment with each of these medications (“induction”). Because it is a full
receptor agonist, patients misusing opioids can simply begin taking methadone at
a low dose and begin to increase toward a “blocking” dose, usually considered to be
in the 80–100 mg/day range. BUP, a partial agonist, has a very high affinity for the
mu receptor and will displace most full agonists, precipitating withdrawal
symptoms; hence BUP shouldn’t be started until a patient has abstained from opioid
use for hours to a day or so (depending on the half-life of the opioid being used) and
is experiencing at least mild to moderate withdrawal symptoms, at which point BUP
can be administered and escalated to an effective dose, usually considered to be in
the 8–24 mg/day range. At the other extreme is NTX which should not be
administered until all or nearly all opioid is washed out, usually requiring several
days to several weeks of detoxification. The need for full or nearly full detoxification
adds costs (frequently including inpatient care), and because many patients don’t
tolerate detoxification and walk away, a substantial proportion of patients intending
to start naltrexone are lost before they get a first dose. Fortunately, there are recent
and ongoing clinical trials aimed at facilitating and hastening NTX induction.
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Because agonists can be abused, there are diversion risks and controlled
substance restrictions (in some cases quite burdensome); neither is the case for
antagonists. From a societal and a family perspective, it is sometimes perceived to
be important to be “drug-free” meaning “opioid agonist-free” which precludes
methadone and BUP and which can only be achieved via “abstinence-based” or
“drug-free” programs or with a full antagonist (i.e., naltrexone). Some countries
(e.g., Russia) and some systems (e.g., criminal justice systems (CJS) in some
jurisdictions) discourage or absolutely prohibit agonist therapy.

These pharmacological and societal differences have led to regulatory restrictions
that limit widespread treatment. Methadone is typically administered only in tightly
controlled settings that don’t and likely won’t exist in many parts of the USA and the
Russian Federation and, even where they do, are often off-putting to patients. In the
USA, BUP can only be prescribed by providers who complete intensive training and
obtain a special waiver, a significant barrier, particularly for busy primary care
providers. Extended-release NTX (XR-NTX) can be prescribed by any provider
and therefore provides a way around this barrier. However, because of the induction
hurdle, the absence (until recently) of comparative effectiveness data and high cost,
XR-NTX has only infrequently been prescribed. It should come as no surprise that
there are long-standing controversies in the field – fueled in part by the absence of
data – as to whether pharmacologically and conceptually quite opposite agonist or
antagonist approaches are preferable or even acceptable. This is one of many lenses
through which clinical trials, development, marketing, and regulation of these three
pharmacotherapies should be viewed and the foundation upon which new opioid and
non-opioid medications, behavioral therapies, and devices and applications will be
built.

Methadone was initially developed in Germany in 1937 by Hoechst chemists
seeking synthetic opioids to address Germany’s opium shortage. It was marketed
shortly thereafter and used widely during the World War II. Following the war, the
patent was confiscated by the US Department of Commerce Intelligence and brought
to the USA. In 1947 Eli Lilly (and subsequently Roxane Laboratories and
Mallinckrodt Pharmaceuticals) began manufacturing methadone as an analgesic
under the trade name Dolophine. Yet it was not until the heroin crisis of the 1960s
that it was developed as a treatment for opioid addiction, largely by Drs. Vincent
Dole, Marie Nyswander, and Mary Jeanne Kreek at The Rockefeller University,
often in collaboration with Robert Newman and others at Beth Israel Hospital in NY
City (Kreek et al. 2002; Kreek and Vocci 2002; Stimmel and Kreek 2000; Kreek
2000). Methadone is by far the best-studied OUD pharmacotherapy and is the gold
standard for treatment. It is used both for short-term detoxification, usually 3–5 days
in inpatient or outpatient settings, and for long-term, sometimes lifetime, opioid
maintenance therapy in methadone maintenance treatment programs (MMTPs).
Methadone maintenance is associated with reduced illicit opioid use, reduced crimi-
nality, reduced HIV transmission, reduced morbidity and mortality, and improved
physiological and health outcomes, societal functioning, and employment. In the
USA and in many other parts of the world, methadone can only be dispensed through
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highly regulated MMTPs which limits access geographically and which is perceived
by some as being overly controlling and stigmatizing.

Buprenorphine (BUP) was synthesized by Reckitt and Colman (now Reckitt
Benckiser) in 1969. It was initially developed as an analgesic lacking some of the
undesirable properties of full mu agonists. Clinical trials began in 1971 leading to
approval in the UK in 1978 of an injectable formulation and in 1982 for sublingual
use. BUP is a partial mu receptor agonist and an antagonist at kappa and delta
receptors. Development to treat OUD was begun in the 1990s, initially as a
monotherapy (Subutex) and later in combination with naloxone (Suboxone) to
prevent diversion. Many of the clinical trials were supported by NIDA in partnership
with Reckitt Benckiser and the Department of Veterans Affairs Cooperative Studies
Program, through VA CSP trials CS-999, CS-1008, and CS-1018, leading to
approval for the present OUD indication in 2002. A specific goal was to develop
BUP for “office-based” treatment (in contrast to MMTP clinic-type treatment with
all its associated constraints) made possible by its partial agonist properties and the
formulation including naloxone, both of which were expected to reduce overdose
risk and diversion risk. Current labeling in the USA reflects involvement from the
FDA, Drug Enforcement Administration (DEA), Substance Abuse and Mental
Health Services Administration (SAMHSA), and other federal and local agencies
and, while permitting office-based use, imposes regulatory burdens that are hurdles
to more widespread use. In contrast, France (and other countries) allows widespread
essentially unrestricted prescribing which had a rapid and dramatic impact on
OUD-associated overdose fatalities (Auriacombe et al. 1994; Dupouy et al. 2017).
Like methadone, BUP is used both for detoxification (several days) and for long-
term maintenance. A focus of much ongoing and planned work is to expand BUP
treatment in the community.

Methadone and BUP are classified as Schedule II and III drugs, respectively.
While methadone is available by prescription as a pain medication, and commonly
used for brief inpatient medical supervised withdrawal in hospital settings, it can be
dispensed only at an outpatient opioid treatment program certified by SAMHSA and
registered with the DEA or to a hospitalized patient in an emergency. BUP on the
other hand is relatively less restricted and is available for outpatient use, and refills
can also be provided.

Naltrexone (NTX) was first synthesized in 1963, and although it received FDA
approval for opioid dependence in 1984 and for alcohol dependence in 1994, its use
and effectiveness in the form of once-a-day tablets for oral administration have been
sharply limited by poor adherence. To address this, a longer-acting formulation
consisting of NTX embedded in polylactide-co-glycolide microspheres for once-
monthly injection (extended-release NTX, XR-NTX) was developed in the 1990s
and tested in clinical trials in the USA leading to approval for alcoholism in 2006
(Garbutt et al. 2005). A single trial in Russia led to US approval for opioid addiction
in 2010 (Krupitsky et al. 2011). XR-NTX (Vivitrol) is administered by deep
intramuscular injection following which naltrexone plasma concentrations rise to a
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transient initial peak in a few hours, followed 2–3 days later with a second peak.
Plasma concentrations then gradually decrease but usually maintain therapeutic
levels for about 4 weeks. It is important to recognize that XR-NTX’s FDA labeling
is for “relapse prevention,” a contrast to BUP’s labeling for “maintenance treatment
of opioid dependence.” There is good efficacy and effectiveness data from across a
number of trials conducted in the CJS (Lee et al. 2016; McDonald et al. 2016;
Murphy et al. 2017; Lee et al. 2015) which largely rejects agonist interventions, from
a large NIDA Clinical Trials Network (NIDA CTN) trial comparing XR-NTX to
buprenorphine/naloxone (Lee et al. 2018) and from a smaller parallel Norwegian
trial (Tanum et al. 2017) with a similar design. Current clinical trials focus on
improving and accelerating induction so as not to lose patients before a first injection
and improving retention rates following initial treatment. Additional challenges
remain around detoxification costs, XR-NTX costs, and providers’ interest and
perceived competence in treating OUD.

Naloxone (NX) is a rapidly acting and short-acting opioid receptor antagonist
developed in 1961 and approved for use in treating opioid overdose in 1971
(Chou et al. 2017; Robinson and Wermeling 2014; Kim and Nelson 2015; Strang
et al. 2016). Until recently it was available primarily in injectable form and used
primarily in emergency department settings. Naloxone administration rapidly
reverses the effects of opioid agonists and precipitates an acute withdrawal syn-
drome. As its effects wear off, signs and symptoms of overdose – most importantly
respiratory depression, which can be fatal – re-emerge, sometimes requiring repeated
administration or constant slow infusion, particularly in the case of overdose from
long-acting opioids. More recently, NX has been reformulated for administration via
intranasal spray and widely distributed to opioid users (including both addicts and
those prescribed potent opioids), families, first responders (fire, police, EMS), and
others in affected communities. Ongoing studies including clinical trials are focused
on how best to distribute and educate the community to optimize outcomes, i.e.,
overdose reversals and overall reduction in overdose fatalities. Naloxone in usual
doses may not be sufficient in reversing overdose from fentanyl and even higher-
potency fentanyl derivatives, and the effects of NX also wear off rapidly. In highly
affected regions of the USA, this has strained the budgets of first responder agencies.
Wristwatch-like devices in development use biosensors to detect changes in heart
rate and respiration and use algorithms to ascertain overdose and activate naloxone
auto-injection. These have the potential to save lives in cases of unobserved over-
dose, yet fear of accidental auto-injection and precipitated withdrawal may sharply
limit use.

Clonidine and Lofexidine are alpha-2 adrenergic receptor agonists used to modu-
late symptoms of opioid withdrawal. Clonidine has been marketed as an antihyper-
tensive agent in the USA since 1966. Clonidine is not approved for opioid
withdrawal but has been widely used off-label for this indication since the early
1980s (Gold et al. 1979, 1980a, b; Gold 1993), particularly in settings where opioid
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detoxification (methadone or BUP) is not available. Lofexidine (Gorodetzky et al.
2017; Cox and Alcorn 1995; Gowing et al. 2009) was also developed and initially
used as an antihypertensive but received FDA approval in 2018 for “mitigation of
withdrawal symptoms to facilitate abrupt discontinuation of opioids.” Lofexidine
was developed for this indication by US WorldMeds and is the first non-opioid
approved for use in treating withdrawal symptoms of OUD. Both agents are used for
periods of a few days to two weeks. Lofexidine may be less sedating and produce
less orthostasis than clonidine, but otherwise there is little difference except in cost.

3 Novel Pharmacotherapies Under Study

3.1 Opioid Receptor Modulators

Nalmefene is a mu opioid receptor antagonist which contrasts with naloxone in also
being a delta opioid receptor antagonist and partial kappa opioid receptor agonist.
Intravenous (IV) nalmefene was FDA approved in 1995 to treat opioid overdose and
then withdrawn from the market in 2008 due to low sales, with no significant safety
issues. Nalmefene is also currently approved to treat alcohol use disorder (AUD) in
France and the UK. Given nalmefene’s longer half-life (6–8 h) and ~5� higher
affinity at mu opioid receptors compared with NX (Krieter et al. 2019), it has the
potential to address the important goal of developing stronger and longer-acting
opioid antagonists (Volkow and Collins 2017) – this need stems fromNX’s relatively
short half-life, necessitating repeated doses in overdose rescue situations. Evidence
for the potential of nalmefene in treating opioid overdose in humans is currently
limited to IV formulations. A double-blind study in patients reporting to the emer-
gency department with suspected narcotic overdose compared IV nalmefene (1 or
2 mg) with naloxone (2 mg), given every 5 min as needed for up to 4 doses.
Nalmefene and NX treatment led to a similar reduction in opioid withdrawal scale
scores and improvement in respiratory depression and more nonfatal adverse events
in the nalmefene 2 mg group (Kaplan et al. 1999). Toward intranasal (IN) nalmefene
formulations, a recent Phase I study (NCT03129347) compared the pharmacokinetic
properties of IN nalmefene (3 mg) in the presence of an absorption enhancer dodecyl
maltoside to intramuscular nalmefene (1.5 mg) (Krieter et al. 2019). Results showed
IN nalmefene with the enhancer had a relatively long half-life compared to NX and a
comparable time to peak plasma level, making it suitable for reversing overdose.
Studies are also underway to develop a much longer-acting (>28 days) nalmefene
prodrug (NRS-033) for OUD treatment as (opposed to overdose reversal) (Grant
number UG3DA048234).

3.2 Cannabidiol, THC, and Cannabis

Cannabidiol (CBD) is a phytocannabinoid present in Cannabis sativa that is
non-psychotomimetic and nonintoxicating and pharmacologically distinct from
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tetrahydrocannabinol (THC), the major psychoactive constituent in cannabis. CBD
has broad-spectrum pharmacological actions that are not yet fully understood
(Zuardi 2008). Those linked to anti-addictive or anxiolytic actions relevant to its
potential for treating OUD are detailed below. Several pharma companies have
developed purified formulations of CBD with negligible THC content for oral or
transdermal delivery; synthetic forms also exist. Epidiolex (pure oral CBD
manufactured by GW Pharmaceuticals) was recently FDA approved for the treat-
ment of childhood seizures.

CBD has been evaluated in Phase II and III trials for diverse medical and
neuropsychiatric disorders, including nicotine (Morgan et al. 2013) and alcohol
addiction (NCT03252756), and showed anxiolytic effects in human laboratory
studies (Blessing et al. 2015). Completed clinical trials confirmed CBD’s lack of
psychotomimetic, intoxicating, and other adverse effects (apart from possible mild
sedation and diarrhea) up to high (1,200 mg) repeated doses (Iffland and
Grotenhermen 2017). Animal model, human laboratory and clinical trial evidence
suggests potential for multiple therapeutic effects, including anti-addictive, anticon-
vulsive, anxiolytic, antipsychotic, anti-inflammatory, and neuroprotective (Fasinu
et al. 2016; Crippa et al. 2018). CBD did not exhibit abuse liability in cannabis users
(Babalonis et al. 2017).

CBD has not yet been evaluated for reducing substance use in OUD clinical trials,
but has shown promising effects for reducing heroin craving and anxiety in abstinent
heroin users. Hurd et al. recently assessed the acute (1, 2, and 24 h), short-term
(3 consecutive days), and protracted (7 days after the last of three consecutive daily
administrations) effects of oral CBD (400 or 800 mg, once daily for 3 consecutive
days) on drug cue-induced craving and anxiety in drug-abstinent individuals with
heroin use disorder in a double-blind randomized placebo-controlled trial (Hurd
et al. 2019): CBD (vs placebo) substantially and significantly reduced both craving
and anxiety induced by the presentation of drug cues, with protracted effects.
This study replicated results from a smaller pilot study with a similar design (Hurd
et al. 2015).

The human laboratory studies add to highly promising rodent model evidence
showing CBD’s potential to reduce behavioral vulnerabilities that drive relapse. Ren
et al. demonstrated that CBD inhibited cue-induced heroin drug-seeking and rein-
statement of this behavior in rats, with long-lasting effects (2 weeks) (Ren et al.
2009). In another study, CBD reduced cocaine and ethanol reinstatement with long-
lasting effects (months) beyond drug action and also reduced context- and stress-
induced ethanol seeking, anxiety, and impulsivity (Gonzalez-Cuevas et al. 2018).
Receptor mechanisms linked to CBD’s anxiolytic and pro-fear extinction effects
include 5-HT1a receptor agonist and indirect cannabinoid 1 receptor (CB1R) agonist
actions in the extended amygdala, hippocampus, and medial prefrontal cortex
(Blessing et al. 2015). Mechanisms underlying anti-addictive actions are less well
studied; however one study showed correction of dependence-related neuroplasticity
involved in normalization of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) GluR1 and CB1Rs in the nucleus accumbens (Ren et al. 2009).
More broadly, CBD has multiple actions within the endocannabinoid system,
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which plays a central role in activity-dependent neuroplasticity and closely interacts
with the opioid system (Scavone et al. 2013); CBD is also an allosteric modulator of
the mu and delta opioid receptors (Kathmann et al. 2006).

Overall, CBD seems to offer promise for reducing relapse and anxiety in OUD, as
will likely be explored in further clinical trials. Potential challenges include CBD’s
capacity, demonstrated in vitro, to inhibit cytochrome P450 enzymes that metabolize
several prescribed and recreational opioids including fentanyl (CYP2D6 and
CYP34A and others) (Yamaori et al. 2011a, b). Given the genetic variation in
these enzymes, rigorous Phase I trials would be necessary to investigate the potential
for CBD to increase opioid levels. Clinical trials to address these issues are in
planning.

THC (Dronabinol) has also been investigated in humans for treating withdrawal
in OUD, based upon findings in animal models showing that CB1 receptor
agonists reduce opioid withdrawal symptoms. THC is a partial agonist at the
CB1 receptor and, like CBD, is also an allosteric modulator of the mu and delta
opioid receptors. Synthetic forms of THC or its analogues (dronabinol) are
approved for neuropathic pain and treating nausea and vomiting associated with
chemotherapy. In a study of opioid-dependent participants, dronabinol (30 mg/day
for 5 weeks) was found to be superior to placebo in reducing withdrawal
symptoms during detoxification but did not increase rates of induction onto
XR-NTX or treatment retention relative to placebo (Bisaga et al. 2015). In another
study of physically dependent opioid users, moderate-to-high doses of dronabinol
were associated with elevated heart rate, anxiety, and panic raising safety concerns
(Jicha et al. 2015; Lofwall et al. 2016).

Whole Cannabis Pharmacologically, cannabis includes the actions of CBD, THC,
and other cannabinoids present in lower amounts. Most recreational cannabis (mari-
juana) contains minimal CBD and high levels of THC, whereas other cannabis
varieties such as hemp (classified as cannabis containing less than 0.3% of THC
according to the Agriculture Improvement Act of 2018) can contain upward of 50%
CBD. Medical use of cannabis from a designated dispensary for a specified range of
conditions is legal in 33 states. Very few or no clinical trials have been conducted
with medical cannabis, and limited data are available on the potential therapeutic
effects of recreational marijuana use. One clinical trial in 63 opioid-dependent users
reported that intermittent marijuana use was associated with greater adherence with
naltrexone treatment compared to no use or consistent use (Raby et al. 2009). Several
epidemiological studies have suggested that overdose rates and opioid use may be
lower in states where cannabis is legalized (Bachhuber et al. 2014; Liang et al.
2018); however, a recent prospective study in the USA showed that cannabis use
(according to National Epidemiological Survey on Alcohol and Related Conditions
data) was associated with a substantial increase in opioid use 3 years later (Olfson
et al. 2018). Ongoing clinical trials are exploring subjective and safety interactions
between cannabis and opioid use (NCT03705559); medical marijuana for reducing
opioid analgesic use in HIV patients (NCT03268551), and the effects of naltrexone
on cannabis use (NCT00403117).
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3.3 Psychedelics

Ketamine and Other NMDA Antagonists Ketamine is a nonselective
noncompetitive NMDA receptor antagonist (Zorumski et al. 2016) that is approved
for use in general anesthesia. Long-lasting (post-drug) therapeutic effects that are
observed in treating depression and other disorders suggest disease-modifying
effects that are not currently understood (Strong and Kabbaj 2018). Three published
studies have evaluated the efficacy of ketamine for OUD-related measures.
Krupitsky et al. (Krupitsky et al. 2002) conducted a randomized controlled trial of
ketamine-assisted psychotherapy in heroin-dependent participants. They compared
the efficacy of high (2 mg/kg IM)- vs low (0.2 mg/kg IM)-dose ketamine with
psychotherapy for maintaining abstinence from heroin, delivered at intervals over
24 months. The higher dose was associated with higher rates of abstinence (85%)
compared to the lower dose (55%) and a greater reduction in craving. The same
authors conducted a follow-up study in which they evaluated single vs repeated
sessions of ketamine-assisted psychotherapy for maintaining heroin abstinence
(Krupitsky et al. 2007). Repeated treatments were associated with 50% abstinence
at 1-year follow-up, compared to 22% of single treatments, and a greater reduction in
craving. In 58 opiate-dependent patients, Jovaisa et al. (2006) studied the effects of
ketamine (0.5 mg/kg/h infusion) vs placebo on withdrawal symptoms following
rapid opiate antagonist induction under general anesthesia, assessed immediately, at
48 h, and at 4 months. Ketamine was associated with reduced immediate and 48 h
withdrawal symptoms. At 4 months, there was no difference from placebo. A trial is
near completion for CI-581, an NMDA receptor antagonist, to facilitate induction
into naltrexone (NCT02437344).

Ibogaine is a psychedelic alkaloid extracted from the root bark of Tabernanthe
iboga or bark of Voacanga africana that has been in tribal ritual use for many
centuries. Interest in ibogaine as a treatment for addiction including OUD is long-
standing (>50 years), and it was marketed in France (Lambrene) until ~1970, but
has never been approved in Europe or the USA for clinical trials, in part because of
neuro- and cardiotoxic effects, especially QTc prolongation (Litjens and Brunt 2016;
C Mash 2018). It has multiple pharmacological actions that are not fully
characterized, including serotonergic, dopaminergic, and glutamatergic, and
CYP2D6-mediated drug-drug interactions (Litjens and Brunt 2016). A considerable
number of small, uncontrolled, open-label retrospective clinical studies as well as
observational studies conducted in countries outside the USA have evaluated the
efficacy of ibogaine for reducing withdrawal symptoms and drug use in OUD
patients following detoxification. These studies reported promising results: adminis-
tration of a single ibogaine dose between 10 and 30 mg/kg was associated with
substantially reduced withdrawal symptoms including physiological measures –

Clinical Opioid Withdrawal Scale (COWS) and Subjective Opioid Withdrawal
Scale (SOWS) – craving, and drug use, with long-lasting effects (Malcolm et al.
2018; Brown and Alper 2018; Noller et al. 2018). Ibogaine’s complex pharmacoki-
netics and high inter-individual variability in metabolism (Litjens and Brunt 2016;
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C Mash 2018) as well as its neuro- and cardiotoxicity remain challenges to further
development. Based on preclinical evidence, there is now new focus on
18-methoxycoronaridine (18-MC), an ibogaine analogue specifically developed to
be devoid of neuro- and cardiotoxicity. It is an orally active and relatively specific
α3β4 nicotinic cholinergic receptor antagonist which indirectly modulates the dopa-
minergic mesolimbic pathway via actions in the habenulo-interpeduncular pathway
and the basolateral amygdala. There are no clinical trials as yet for 18-MC in OUD.

Lysergic Acid Diethylamide (LSD) is a recreationally used classic hallucinogen,
the psychoactive effects of which have been linked to serotonergic 2A agonist
actions (Preller et al. 2017). One controlled clinical trial of LSD assisted psycho-
therapy was conducted in OUD patients in the early 1970s (Savage and McCabe
1973). The study was conducted in an outpatient clinic for paroled heroin addicts.
Volunteer inmates with heroin addiction were discharged following release from
prison and randomized to either an outpatient abstinence-based treatment program of
4–6 weeks of residential treatment in conjunction with high-dose LSD and psyche-
delic therapy (37 completers), or a control outpatient abstinence-based treatment-as-
usual program with group therapy (37 completers). In both groups urine was
monitored daily for opioid use. Results were promising: 25% of the treatment
group were continuously abstinent during the 12-month follow-up, compared with
5% of the control group.

3.4 Neuropeptides and Neuropeptide Receptor Modulators

Dynorphin is an endogenous ligand for the kappa opioid receptor (KOR), which is
widely distributed in the central nervous system. The dynorphin-KOR system plays
a central role in modulation of nociception and the stress response, among other
diverse physiological roles (Bruchas et al. 2010). Activation of this system is
proposed to drive the addiction cycle by increasing stress and negative valence
(Koob and Volkow 2016; Koob 2013; Koob et al. 2014). This hypothesis is
consistent with findings that KOR activation consequent to dynorphin release
increases corticotropin release in the extended amygdala and increases behaviors
consistent with averse, dysphoric states; in addition, KOR activation reduces dopa-
mine release in the VTA and glutamate release in the nucleus accumbens (Bruchas
et al. 2010). Accordingly, KOR antagonists have been proposed to potentially
combat addiction by reducing hyperactivation of the KOR system associated with
stress surfeit in withdrawal states or stress-related psychiatric disorders (Butelman
et al. 2012). A study evaluating the efficacy of a single dose of IV dynorphin
(porcine fragment A 1-13) for reducing craving and other measures during acute
withdrawal is near completion (NCT00000244). The rationale for using a partial
agonist of the KOR (porcine dynorphin fragment) may be to block activation by
endogenous dynorphin and thereby maintain a more constant tone in the dynorphin-
KOR system; this hypothesis is based on the understanding that this system is
upregulated and sensitized in addiction states (Bruchas et al. 2010; Butelman et al.
2012; Wee and Koob 2010).

178 E. Blessing et al.



Oxytocin is a neuropeptide that is synthesized in the magnocellular neurons of the
paraventricular, supraoptic, and accessory magnocellular nuclei of the hypothalamus
and released into the bloodstream from the posterior pituitary. Oxytocin regulates a
variety of physiological functions and behaviors related to social bonding via
dopaminergic interactions, which may contribute to its anti-addictive effects
(Kovacs et al. 1998). Results from several clinical trials of oxytocin in AUD and
cocaine use disorder have been published but thus far only one study in OUD. In a
randomized, double-blind, placebo-controlled crossover study, the efficacy of intra-
nasal oxytocin (40 international units) was evaluated for reducing cue-induced
craving and improving measures of social cognition in 36 abstinent heroin-addicted
patients who were stable on buprenorphine BUP or methadone (Woolley et al.
2016). Oxytocin did not reduce craving relative to placebo and had mixed effects
on social cognition (Woolley et al. 2016). In rodent models of OUD, oxytocin
reduced opioid tolerance and stress- and cue-induced drug seeking in dependent
animals (Kovacs et al. 1998; Leong et al. 2018). Clinical trials evaluating oxytocin
for several OUD indications including craving and withdrawal with concurrent
assessment of social cognition are underway (NCT02548728, NCT02028533,
NCT03016598, NCT02052258).

Aprepitant is a neurokinin 1 receptor (NK1R) antagonist that is clinically approved
as an antiemetic. The NK1R is expressed throughout the reward system and auto-
nomic midbrain and brainstem nuclei (Hargreaves 2002). Aprepitant blocks NK1R
activation by the endogenous agonist substance P, which, in addition to reducing the
vomiting reflex, modulates nociception (De Felipe et al. 1998), stress responsivity
(Commons 2010), and reward behavior (Mannangatti et al. 2017), in part via
interactions with opioid, dopaminergic, and serotonergic systems (Sandweiss and
Vanderah 2015). Two preliminary human laboratory studies did not support the
efficacy of aprepitant for OUD: Walsh et al. assessed subjective and physiologic
responses to the mu agonist oxycodone in eight healthy adults who reported pre-
scription opioid misuse, but were not physically dependent, and found that
aprepitant (0, 40, and 200 mg, p.o. given as a 2-h pretreatment) substantially
increased euphoria and liking and physiological effects (Walsh et al. 2013). Jones
et al. reported that aprepitant 80 mg p.o. daily over 4 weeks was associated with a
trend toward reduction in withdrawal symptoms, but increased methadone liking in
15 OUD subjects maintained on methadone (Jones et al. 2013).

These findings add tomixed results in rodent studies regarding the potential ofNK1
antagonists for OUD treatment: these agents reduced naloxone-induced morphine
withdrawal syndrome (Maldonado et al. 1993) and attenuated morphine-induced
locomotor activity (Placenza et al. 2006), but also increased heroin self-administration
(Placenza et al. 2006). Genetic modifications were more promising: NK1R knockout
mice had reduced opioid-induced addictive behaviors (Murtra et al. 2000), and ablation
of NK1Rs in the amygdala reduced morphine conditioned place preference (CPP)
(Gadd et al. 2003). Clinical trials in alcohol use disorder (AUD) have shown some
promising results: 4 weeks treatment with 50 mg daily NK1 antagonist LY686017
reduced cue-induced craving and stress-induced cortisol release in detoxified AUD
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patients with high trait anxiety (George et al. 2008), and aprepitant 125 mg/day daily
over 4 weeks increased ventromedial prefrontal activation to aversive stimuli in
subjects with comorbid post-traumatic stress disorder (PTSD) and AUD, but did not
affect PTSD symptoms or alcohol craving (Kwako et al. 2015). Further trials in OUD,
AUD, and cocaine use disorder are in progress, and mixed opioid receptor agonist/
NK1R antagonist compounds targeted for nociception without addictive features are in
development (Olson et al. 2017).

3.5 Serotonin Receptor Modulators

Buspirone is a 5-HT1a receptor agonist approved for the treatment of anxiety and
depression that has shown initial efficacy in treating opioid withdrawal symptoms. In a
small double-blind, placebo-controlled trial (Buydens-Branchey et al. 2005), heroin-
dependent subjects undergoing a 5-day methadone taper from their opioid pain
medications were randomized to either buspirone 30 mg daily, buspirone 45 mg
daily, continuing methadone, or placebo over 12 days. Both 30 mg and 40 mg
buspirone doses showed similar efficacy to methadone and greater efficacy than placebo
in reducing SOWS and COWS scores. A further clinical trial (NCT03521960)
evaluating the efficacy of buspirone for reducing withdrawal symptoms during a
supervised taper from opioid pain medications is currently underway.

Ondansetron is a 5-HT3 receptor antagonist that is marketed as an antiemetic.
A double-blind randomized crossover study in chronic back pain patients evaluated
the efficacy of ondansetron vs placebo pretreatment in reducing withdrawal
symptoms induced by naloxone following treatment with sustained-release oral
morphine (Chu et al. 2018). No significant treatment vs placebo differences were
observed in objective or subjective opioid withdrawal symptoms. A further trial is
underway for withdrawal (NCT01549652).

Lorcaserin is an agonist at the 5HT2C receptor that is approved for weight loss.
Preclinical studies in nonhuman primate and rodent models show promising effects
of lorcaserin: it reduced the reinforcing effects of heroin (Kohut and Bergman 2018)
and heroin-induced reinstatement in opioid-dependent rhesus monkeys (Gerak et al.
2019) and reduced naloxone-precipitated withdrawal (Zhao et al. 2016) and oxyco-
done seeking and reinstatement in mice (Neelakantan et al. 2017). Three studies of
lorcaserin are underway in OUD patients: one examining effects on brain activity
(NCT03143543), another efficacy when administered in combination with XR-NTX
for reducing relapse (NCT03169816), and, a third, subjective responses to oxyco-
done (NCT03143855).

3.6 Anti-inflammatory and Immunomodulatory Agents

Ibudilast (MN-166), previously AV411, is a proinflammatory cytokine macro-
phage migration inhibitory factor and phosphodiesterase inhibitor which has been
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in use for over 20 years in Japan and some other Asian countries for the treatment of
asthma, among other conditions, but is not yet approved outside Asia. A series of
studies from the Comer lab at Columbia and NYSPI have evaluated ibudilast for
OUD. A small human laboratory inpatient study in nontreatment-seeking opioid-
dependent subjects with 10 participants per group evaluated the analgesic, subjec-
tive, and physiological effects of oxycodone in patients treated with ibudilast (20 or
40 mg, p.o., BID for 7 days) vs placebo-treated groups following 14 days treatment
with morphine (Cooper et al. 2017). Compared to placebo, ibudilast increased
oxycodone analgesia following the cold pressor test, but did not increase subjective
drug ratings. In a follow-up study with a similar design, population, and sample size,
ibudilast (50 mg BID for 7 days) was found to significantly reduce subjective liking
of oxycodone and heroin craving and to improve analgesic effects of oxycodone
(Metz et al. 2017). A third study with a similar population and design evaluated
ibudilast (20 or 40 mg, p.o., BID for 7 days) for reducing SOWS and COWS scores,
finding a trend in SOWS improvement for the combined treatment arms (Cooper
et al. 2016).

These preliminary findings are a promising translation of in vitro and rodent
studies that showed, first, that opioids activated microglia (Watkins et al. 2007) and,
second, that inhibition of microglial activation decreased opioid tolerance, reward
responsivity, and withdrawal symptoms and increased analgesic effects (Watkins
et al. 2007; Johnston et al. 2004; Watkins et al. 2005; Hutchinson et al. 2008;
Ledeboer et al. 2007) and stress responsivity (Zhao et al. 2016). Therefore drugs
with the potential to inhibit microglial activation may be a promising approach to
reducing opioid dependence related to pain treatment and to treating OUD in general
(Cooper et al. 2012).

Pioglitazone is an agonist at the peroxisome proliferator-activated receptor gamma
(PPARγ), which is a nuclear hormone receptor that regulates gene expression as a
ligand-activated transcription factor and, in the central nervous system, is expressed
on oligodendrocytes and astrocytes as well as neurons in multiple brain areas
including the VTA, nucleus accumbens, and hippocampus (de Guglielmo et al.
2015; Sarruf et al. 2009). Pioglitazone is marketed for treatment of diabetes via its
peripheral role in adipogenesis and glucose metabolism. In the brain, PPARγ
agonists modulate dopaminergic transmission (de Guglielmo et al. 2015) and also
inhibit microglial activation (Bernardo and Minghetti 2006). As discussed for
ibudilast (see above), this latter process is induced by opioids and may reduce opioid
withdrawal and improve opioid analgesia. Three small human laboratory clinical
studies have evaluated pioglitazone for opioid addiction indications with mostly
negative findings. A nonrandomized crossover study in nondependent users found
pioglitazone (up to 45 mg daily p.o. over 3 weeks) did not affect subjective ratings of
opioids (Jones et al. 2016). A similar negative result was reported from a placebo-
controlled RCT of pioglitazone (45 mg daily p.o. over 3 weeks) in OUD subjects
stabilized on BUP (Jones et al. 2018); however pioglitazone did reduce heroin
craving and general anxiety. Another recent placebo-controlled RCT in OUD
patients found that pioglitazone (45 mg/day for 11 weeks) did not reduce withdrawal
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symptoms (COWS or SOWS), opioid use, or inflammatory cytokines following
discharge from inpatient treatment (Schroeder et al. 2018). No ongoing clinical
studies were identified in ClinicalTrials.gov.

These findings contrast with mostly positive findings in rodent studies, in which
PPARγ agonists were associated with the following effects: reduced heroin self-
administration, reduced heroin-induced VTA neuron activation and extracellular
dopamine increase in the nucleus accumbens shell (de Guglielmo et al. 2015),
reduced heroin (de Guglielmo et al. 2017) and morphine (Ghavimi et al. 2014,
2015) withdrawal behaviors (although see (Javadi et al. 2013)), reduced heroin
seeking (de Guglielmo et al. 2017) and heroin-induced reinstatement (de Guglielmo
et al. 2017), as well as reduced stress responsivity in non-opioid-related addiction
models (Ryan et al. 2012). This discrepancy with clinical studies may possibly
reflect insufficient doses or species differences.

3.7 Other: Analgesics, Calcium Channel Blockers, and Acetyl-
Cholinesterase Inhibitors

Pregabalin and Gabapentin Pregabalin (Lyrica) is similar in structure to γ-amino
butyric acid (GABA), but is a ligand for the α2δ voltage-gated calcium channel
subunit, at which it acts to suppress Ca2+-dependent presynaptic neurotransmitter
release (Taylor et al. 2007). Pregabalin is currently approved for the treatment of
neuropathic pain and fibromyalgia and as an adjunctive treatment for seizures. To
date, results (intermediate analysis) from only one clinical trial in OUD (Krupitsky
et al. 2016) have been published. A single-blind randomized symptom-regulated
protocol with an active control evaluated withdrawal symptoms (OWS), craving,
fatigue, and need for analgesia in inpatients undergoing opioid detoxification. Patients
were randomized to either pregabalin (up to 600 mg per day, 19 patients) or clonidine
(600 micrograms per day, 15 patients) for 6 days, in addition to as needed
medications. While OWS outcomes did not differ, pregabalin showed greater efficacy
compared to clonidine in reducing craving, fatigue, and need for analgesia and was
associated with a higher detoxification completion rate. This preliminary evidence
adds to case reports of pregabalin reducing withdrawal in OUD patients (Kammerer
et al. 2012) and to preclinical studies in which it suppressed naloxone-precipitated
withdrawal in morphine-dependent mice (Hasanein and Shakeri 2014; Vashchinkina
et al. 2018); further, pregabalin was effective in reducing craving, withdrawal
symptoms, and relapse in AUD clinical trials (Freynhagen et al. 2016). Finally, a
randomized clinical trial in postsurgical patients found that compared to placebo,
pregabalin reduced postoperative opioid use (Myhre et al. 2017). While these studies
suggest pregabalin has significant promise in treating OUD, this is complicated by
evidence of abuse potential (Schjerning et al. 2016; Bonnet and Scherbaum 2017).
Further studies for withdrawal in OUD (NCT03017430) are ongoing.

Gabapentin is structurally and pharmacologically similar to pregabalin, and is
approved for the treatment of neuropathic pain. In a two-stage double-blind,
randomized study, two doses of gabapentin (900 mg/day or 1,600 mg/day) plus
methadone were compared with placebo plus methadone for efficacy in reducing
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opioid withdrawal in heroin-dependent patients (Kheirabadi et al. 2008; Salehi et al.
2011). The higher, but not the lower dose, reduced subjective and physiological
manifestations of withdrawal. In another RCT, gabapentin (increased from 200 to
1,600 mg and tapered back down over 5 weeks) was found to be effective in
reducing recreational opioid use in OUD patients during a 10-day BUP detoxifica-
tion protocol (Sanders et al. 2013). In a recent large placebo-controlled RCT,
gabapentin (1,200 mg/day for 72 h peri- and postoperatively) was also effective at
reducing prescription opiate use following surgery (Hah et al. 2018). Multiple
clinical trials are underway evaluating gabapentin for postoperative opioid use.
Similar concerns exist regarding gabapentin misuse (Bastiaens et al. 2016).

Tramadol is a centrally acting serotonin-norepinephrine reuptake inhibitor and a
mild to moderate agonist at the μ, κ, and δ opioid receptors that is approved as an
analgesic. It has relatively less abuse liability than other opioid agonists. Published
studies in OUD, all evaluating tramadol for reducing withdrawal symptoms, include
controlled RCTs, human laboratory studies, and retrospective reviews. Initial
smaller placebo-controlled RCTs evaluating tramadol hydrochloride extended
release in heroin- or prescription opioid-dependent patients showed that tramadol
was superior to clonidine and placebo and comparable to buprenorphine and metha-
done for suppressing opioid withdrawal symptoms (Lofwall et al. 2007, 2013;
Chattopadhyay et al. 2010; Sobey et al. 2003). Mild withdrawal symptoms following
cessation of tramadol were reported in some studies. A recent large RCT (Dunn et al.
2017) involving OUD patients in a residential setting compared the efficacy of
tramadol hydrochloride extended release (tapered up to 600 mg/day during a
7-day taper), clonidine, or BUP for withdrawal, after which patients were crossed
over to double blind placebo. Results confirmed previous findings, showing
tramadol was more effective than clonidine and similar to BUP in reducing SOWS
and COWS. Multiple clinical trials with similar designs are in progress
(NCT00142896, NCT00301210, NCT00980044, NCT03678792).

Isradipine is a dihydropyridine L-type calcium channel (LTCC) blocker that is
approved for treatment of hypertension and is being evaluated as a treatment for
several psychiatric conditions including bipolar disorder and schizophrenia. Consis-
tent with the role of LTCCs in modulating the activity of VTA neurons responsible
for phasic dopamine signaling in the nucleus accumbens, israpidine was recently
shown to attenuate cocaine seeking in rats when injected into the VTA (Addy et al.
2018). A trial is currently nearing completion for evaluating the efficacy of
isradipine (10 mg/day) as an adjunct to BUP for reducing opioid withdrawal
symptoms, craving, and use (NCT01895270).

Galantamine is a naturally occurring acetylcholinesterase inhibitor used in treating
Alzheimer’s disease and vascular dementias. An ongoing clinical trial
(NCT03547622) is testing galantamine versus placebo, both in combination with
web-based cognitive behavioral therapy (CBT4CBT), for preventing relapse to
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opioid use in patients tapering from opioid receptor agonist maintenance (methadone
or BUP). The premise for the trial is that galantamine may enhance the efficacy of
cognitive behavioral therapy (CBT), particularly in patients with mild cognitive
impairment. Primary outcomes include successful taper, opioid withdrawal
symptoms, and opioid use for the 3 months following the completion of taper. A
double-blind placebo-controlled trial of galantamine for methadone-maintained
individuals with cocaine use disorder conducted by Carroll et al. demonstrated in
their secondary analysis of opioid use that a significant main effect for galantamine
was seen over placebo on percent of urine specimens that were negative for opioids,
both within treatment (77% for galantamine vs 62% for placebo), and through a
6-month follow-up (81% vs 59%, respectively). This effect was seen regardless of
whether participants used nonprescribed opioids during the baseline period.
Galantamine effects were seen early in treatment, leading to the conclusion that it
may hold promise across multiple drugs of abuse, including opioids (Bonnet and
Scherbaum 2017).

4 Vaccines

Vaccines for addictive disorders including OUD induce antibodies that bind the drug
of abuse in the periphery, preventing it from crossing the blood-brain barrier and
activating relevant targets including opioid receptors in the brain. Vaccines generally
consist of small molecule haptens that mimic the opioid drug structure conjugated to
a larger carrier protein and an adjuvant. This complex stimulates the immune system
to generate drug-specific antibodies. The idea of using vaccines to treat addiction
was tested in animal models over 40 years ago (Bonese et al. 1974), with incremental
progress toward clinical use (Pravetoni 2016; Pravetoni and Comer 2019). For
opioid-targeted vaccines in particular, data from only one clinical trial have been
published; however several clinical trials are now underway (see next paragraph). In
the one published trial (Akbarzadeh et al. 2009), conducted in Iran, safety and
tolerability of a morphine-bovine serum albumin conjugate were evaluated in
347 morphine-addicted volunteers, showing that it was well-tolerated with no
serious adverse events; efficacy data was not included and has not yet been published
from any trial in OUD (Pravetoni and Comer 2019). By contrast, clinical trials of
vaccines for nicotine and cocaine use disorders are at a more advanced stage, with
Phase II or III clinical trials either underway or completed in both disorders – though
none of these have yet produced sufficient titers of high-affinity antibody to be
commercialized (Pravetoni 2016). This latter outcome has been a key challenge in
vaccine research, owing in large part to substantial inter-individual heterogeneity in
immune responses (Pravetoni 2016; Pravetoni and Comer 2019).

Recent preclinical work is promising. Vaccines against heroin were shown to
reduce drug-induced reinstatement of drug seeking in rats (Schlosburg et al. 2013)
and overdose lethality in mice (Bremer et al. 2016); in rhesus monkeys, a vaccine
against fentanyl substantially reduced fentanyl’s potency in assays of operant
responding and antinociception (Tenney et al. 2019). Several initiatives, still in
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early stages, have been funded to develop similar vaccines for clinical treatment of
OUD; they are current in the early stages of developing and evaluating the safety,
immunogenicity, and preliminary efficacy of multivalent vaccines targeting oxyco-
done, heroin, and morphine (1UGD3DA047711-01), fentanyl and fentanyl
derivatives (1UGD3DA047711-01), and prescription opioids oxycodone,
hydrocodone and hydromorphone (1UGD3DA047711-01). Given the potential
benefits of vaccines, including among other things their capacity to be used without
the need for detoxification and to be co-administered with other OUD
pharmacotherapies, these approaches remain promising.

5 New Formulations of Existing Drugs

In light of nearly universal problems with treatment adherence, a number of
extended-release formulations of BUP and NTX have been and are being developed.
Probuphine is a long duration of action implantable rod preparation containing BUP
embedded in flexible ethylene vinyl acetate rods from which the BUP elutes over a
6-month period (Brown and Alper 2018; White et al. 2009; Ling et al. 2011; Smith
et al. 2017). Probuphine was approved by the FDA in 2016. Each rod contains 80 mg
BUP, and up to six rods are usually implanted subcutaneously on the inner aspect of
the bicep. Spent rods need to be surgically removed at the end of 6 months, and new
rods are then implanted on the other arm. Plasma levels achieved are relatively low,
and clinical trials in support of approval were limited to patients on low doses of
sublingual BUP, 8 mg/day or less.

There are three new long-acting formulations of BUP for subcutaneous injection.
An Indivior formulation (Sublocade) (https://www.sublocade.com) (No Authors
Listed 2018) was FDA approved in 2017 and provides a month of coverage.
Sublocade is marketed in prefilled syringes containing BUP in a biodegradable
50:50 poly (DL-lactide-co-glycolide) polymer and a biocompatible solvent, N-
methyl-2-pyrrolidone. Two Braeburn Camurus formulations (CAM2038) (Walsh
et al. 2017; Haasen et al. 2017), including a 1-week and a 1-month duration-of-action
product, were determined to be approvable by the FDA in 2018, but marketing has
been delayed on the basis of and exclusivity determination for Sublocade.
CAM2038 is planned to be marketed in prefilled syringes containing BUP in a
proprietary FluidCrystal® technology (based on soy phosphatidylcholine and diglyc-
eride lipid) which on injection converts to a crystalline gel which slowly releases the
BUP. Sublocade labeling requires that patients be maintained or stabilized on
sublingual BUP for at least 7 days prior to an initial injection. In contrast,
CAM2038 is expected to be approved without that restriction, perhaps requiring
only a single sublingual test dose, making the latter a more ideal preparation for use
in emergency department settings. Use in such settings has the potential to provide as
long as a month’s coverage, protecting patients from relapse and overdose fatalities,
while longer-term continuing care is being arranged. Clinical trials in planning for
these XR-BUP products include head-to-head comparisons with XR-NTX in clinical
justice system (CJS) populations; comparisons with sublingual-buprenorphine
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(SL-BUP) in OUD patients on discharge from hospital settings; similar comparisons
in pregnant OUD patients with a focus on fetal, neonatal, and maternal outcomes;
and studies in rural settings where XR interventions may afford advantages as a
consequence of travel burdens. All of the extended-release preparations (BUP and
NTX) are substantially more expensive, which is likely to preclude their use as a
first-line treatment unless clinical trials can establish favorable cost-effectiveness.

Implantable NTX pellets with durations of action up to about 6 months have been
used outside of the USA for several years. A very long-acting subcutaneous
implantable pellet formulation of NTX, the O’Neil Long-Acting Naltrexone Implant
(OLANI), has been under development for close to two decades, and work is
currently underway (NCT03810495) to move it toward FDA approval for OUD
relapse prevention. Several formulations have been tested in RCTs and have been
used clinically in Australia. The formulation being tested in the US trials has higher
drug loading; it is manufactured under GMP conditions and has been used in over
800 patients.

6 Trials to Expand Use of Existing Marketed Agents, New
Models of Care

As efficacious as currently approved agents are, there’s a vast gap between research
and community practice. Only between 5 and 10% of people who would benefit
from treatment are ever seen in addiction specialty programs, and many of these are
“drug-free,” meaning that these programs do not use medication. Bringing effective
treatment to a larger proportion of the population by introducing existing established
medications into specialty programs and into mainstream healthcare settings, e.g.,
primary care, emergency departments, and the CJS, can have a greater and certainly
more immediate impact than developing new drugs. NIDA has supported numerous
clinical trials and implementation studies in these settings, many of them through its
Clinical Trials Network (NIDA CTN). Studies deemed most relevant to advances or
innovations in clinical trial design will be briefly reviewed here, though there are
many others of equal importance.

Buprenorphine for Acute Detoxification NIDA CTN-0001 and CTN-0002 (Ling
et al. 2005) compared buprenorphine/naloxone (BUP/NX) to clonidine for inpatient
and outpatient detoxification, respectively. Prior to these studies, opioid-based
detoxification was largely unavailable outside of the restrictive confines of narcotic
treatment programs, and clonidine-based detoxification was of limited value for a
large number of patients. In the inpatient setting, 77% of patients assigned to
BUP/NX met predefined success criteria compared to 22% of the clonidine cohort.
In the outpatient setting, the parallel contrast was 29% vs 5%. These studies
supported the benefits of BUP/NX as well as the relative benefits of inpatient settings
for detox. The benefits were so striking that a previously “drug-free” program
withdrew from the trial and established BUP/NX as “treatment-as-usual” because
it was so much more effective in retaining patients, reducing the chaos associated
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with revolving admissions and discharges, and improving bottom-line revenues.
Note the striking success rate differences between inpatient and outpatient settings,
which emphasize the need for improved outpatient detoxification strategies.

Buprenorphine Tapering CTN-0003 (Ling et al. 2009) compared a rapid (7 day)
versus a gradual (28 day) BUP-NX tapering schedule following 4 weeks of BUP/NX
stabilization. Counterintuitively the rapid taper beats the gradual taper insofar as at
the end of the taper, 44% of the rapid taper group provided opioid-negative urine
samples compared to 30% of the gradual taper group. By the time of 1-month and
3-month follow-up visits, only 12–18% of participants from the rapid taper group
provided negative urines highlighting the importance of longer-term treatment.

Buprenorphine for Adolescents and Young Adults Adolescents with heroin use
disorder are typically treated with detoxification and counseling. CTN-0010 (Woody
et al. 2008) compared a relatively short BUP/NX treatment (9 weeks +3 weeks taper)
to a 2-week BUP/NX detox, both conditions with 12 weeks of counseling. The
longer BUP/NX treatment was associated with less opioid use, better treatment
retention, less injection, and less cocaine and marijuana use.

Buprenorphine Hepatotoxicity and Long-Term Treatment CTN-0027 (Saxon
et al. 2013) was a head-to-head comparison of BUP/NX to methadone with a
primary focus on hepatotoxicity, a study mandated by the FDA as a condition of
initial labeling. A long-term follow-up study of the same patients was completed in
CTN-0050 (Hser et al. 2016). The key finding from CTN-0027 was that there was no
evidence of hepatotoxicity with 6 months of either treatment, encouraging use of
BUP/NX in primary care and other settings. Retention in treatment was better for the
methadone cohort. Long-term follow-up occurring between 3 and 10 years after
randomization revealed no differences in mortality, but higher opioid use in the
BUP/NX group largely owing to lower retention. For those retained in treatment,
there were no differences in opioid use across the two medications, highlighting the
importance of treatment retention.

Treatment of Prescription Opioid Dependence Until recently, most opioid phar-
macotherapy research has focused on heroin addiction. With increasing use of – and
addiction to – prescription opioids, CTN-0030 (Weiss et al. 2011) (POATS, Pre-
scription Opioid Addiction Treatment Study) examined whether adding traditional
individual drug counseling to BUP/NX in the context of standard lean medical
management improved outcomes. The primary findings were that patients reduced
opioid use during BUP/NX treatment, individual counseling didn’t make any differ-
ence, and most importantly within a few weeks of completing BUP/NX treatment,
close to 90% of patients were again using, highlighting the importance of long-term
treatment.

Comparative Effectiveness: XR-NTX Versus BUP/NX CTN-0051 (Lee et al.
2018) was a head-to-head comparison of 6 months of treatment with two office-
based medications, BUP/NX and XR-NTX. Key findings were that it was more
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difficult to initiate treatment with XR-NTX because of the detoxification hurdle
(28% of participants randomized to XR-NTX were not successfully inducted com-
pared to 6% of those assigned to BUP/NX) but that once treatment was initiated, the
outcomes did not differ. Over the course of 6 months, more than 50% of participants
in each group discontinued treatment. These findings highlight the importance of
developing more effective induction procedures for XR-NTX and of developing and
testing strategies to improve treatment retention. A smaller and shorter but otherwise
almost identical study conducted at the same time in Norway yielded similar findings
(Tanum et al. 2017).

Moving Addiction Screening, Assessment, and Treatment into Primary Care
Settings: Use of the EHR Without appropriate screening, assessment, training, and
resources, it is unlikely that opioid treatment will ever find its way into mainstream
healthcare settings. CTN-0059 (McNeely et al. 2016) was a validation study of the
TAPS Tool (Tobacco, Alcohol, Prescription Medications, and Substance
Use/Misuse Brief Screen/Assessment Tool) in primary care settings, the key findings
of which were that the tool has good sensitivity and specificity and that interviewer-
and self-administered versions performed similarly in these settings. CTN-0062
builds on this and other screening tools by programming these and other NIDA
addiction common data elements (CDEs) into electronic health records (EHRs),
implementing these in primary care settings after conducting focus groups and
providing training and establishing linkages with addiction specialty settings with
the goal of reducing stigma and increasing screening, treatment, and referral.
CTN-0074 (PROUD, Primary Care Opioid Use Disorders Treatment Trial) further
builds on this by implementing and testing a collaborative care model
(Massachusetts Model) (Saitz et al. 2008).

Initiating Buprenorphine in Emergency Department Settings Two NIDA CTN
trials build on a recently published single-site study (D’Onofrio et al. 2015) showing
that initiating BUP/NX treatment in an academic emergency medicine setting and
providing a linkage to continuing care in a primary care setting improve 30-day
treatment engagement rates. CTN-0069 (Project ED-Health) (Volkow et al. 2018) is
a hybrid implementation-effectiveness study using a stepped wedge design currently
being conducted in four large urban academic emergency settings. CTN-0079
(ED-CONNECT) (Koob and Volkow 2016) is a study of the feasibility, acceptabil-
ity, and impact of introducing a clinical protocol for OUD including BUP/NX in
rural and urban settings with high need, limited resources, and different staffing
structures.

New Models of Care New models of care have been developed both to enhance
initial engagement and to make it feasible for busy primary care practitioners to
manage the complexities of an OUD population. Examples include establishing
bridge clinics to temporarily treat patients identified (and sometimes initially treated)
in emergency settings, the CJS, or elsewhere while they are waiting to be accepted
into more structured programs: “interim buprenorphine” (Sigmon et al. 2016)
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and the Massachusetts model (LaBelle et al. 2016) involving embedding a nurse care
manager in primary care practices using a collaborative care approach.

Naloxone Kit Distribution and Training Several studies aim at improving the use
and outcomes associated with distribution of naloxone kits. These focus on the need
to modify existing training programs, improving accurate identification of opioid
overdose, long-term follow-up, and inclusion of friends and family in training. It is
expected that enhanced psychosocial interventions will improve outcome, that
adverse events will be minimal, and that drug use patterns will not be affected
(addressing concerns that the availability of naloxone would increase opioid use)
(Grant number 5R01DA035207-05). A second study focuses on pharmacy-based
naloxone distribution and training, working in the context of two large retail
pharmacy chains (Grant number 1R01DA045745-01). A third study is evaluating
the impact of emergency response communities (ERCs) which are “specialized
smartphone-based social networks in which members are approved carriers” or
users of naloxone and can support intervention in overdose emergencies (Grant
number 5R34DA044758-02). The model combines GPS and IP location tracking.

Strategies to Transition Off Buprenorphine Either to Medication-Free Absti-
nence or to XR-NTX While some OUD patients continue to take BUP indefinitely,
there are others who prefer not to remain dependent and are looking for safe,
effective strategies to discontinue. These include rapid or slow taper to no medica-
tion which is often associated with relapse to opioid use and transition to XR-NTX
for short-term or long-term relapse prevention. Recent and ongoing trials are com-
paring rapid transition strategies (rapid daily escalation from very low dose (0.25 or
0.5 mg) oral naltrexone to 25 mg followed by an initial XR-NTX injection) to more
traditional gradual BUP taper. Primary outcomes are the percent of participants
successfully transitioned off BUP and abstinent at 6 months; secondary outcomes
include measures of withdrawal, sleep, mood, anxiety, opioid, and other drug use
(Grant number R21DA042243-02). Transition to XR-NTX is expected to be
associated with better outcomes than simple taper. A large about-to-be-initiated
NIDA CTN study is CTN-0100 focused on optimizing retention, duration, and
discontinuation strategies for medications for OUD.

7 Helping to End Addiction Long-Term (HEAL)

The US Congress’s Fiscal Year 2018 Consolidated Appropriations Act designated
$500 million for NIH to fund research to combat the opioid crisis, funding which is
anticipated to continue as an addition to the NIH base (HEAL initiative). Half of the
appropriation is designated for NIDA to address opioid addiction and half for
NINDS to address management of chronic pain. The act also authorized the NIH
Director to transfer some of these funds “specifically appropriated for opioid addic-
tion, opioid alternatives, pain management, and addiction treatment to other
Institutes and Centers of the NIH.” Responding to this appropriation, the NIH
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implemented the HEAL (Helping to End Addiction Long-term) initiative, an over-
arching and ambitious partnership with other agencies building on a track record of
research across the translational spectrum – from basic science to behavioral and
pharmacotherapy development and testing and to implementation research. NIDA’s
focus will be on prevention and treatment of OUD with the goal of achieving
sustained recovery. For NIDA which has had a budget of approximately $1 billion
annually for nearly the last decade, this represents a greater than 20% increase that
will be used to build infrastructure and fund exciting new initiatives many of which
involve clinical trials. Amongst these are:

NIH HEAL Vaccine Initiative Recognizing that expertise in vaccine development
spans many NIH Institutes and Centers as well as academia and industry, NIAID,
NIDA, and ORIP issued NOT-AI-18-0155 calling for administrative supplement
requests to fund vaccine work, specifically optimization of immunogens, structural
analysis of antibody-immunogen binding, opioid B cell epitopes, carrier platforms to
improve immunogenicity, novel haptenation, and development of adjuvants for
opioid vaccines. Additional areas of interest include IND-enabling studies,
mechanisms of vaccine efficacy and safety, mucosal immunity, immune responsivity
in OUD, and development of relevant animal models. In October 2018, these ICs
sponsored an NIH symposium that brought together NIDA medications develop-
ment staff, NIDA-funded addiction vaccine researchers, and staff from NIAID
and others with expertise in adjuvants, linkers, and other aspects of vaccine
development.

Laboratories for Early Clinical Evaluation of Pharmacotherapies This initia-
tive focuses on building infrastructure and expertise to conduct Phase I and Phase II
studies to look at safety, drug interactions, PK and PD studies, and human laboratory
studies including proof of concept trials.

Medications Development to Prevent and Treat OUD and Overdose This ini-
tiative will expand NIDA’s existing medications development program, now housed
in NIDA’s Division of Therapeutics and Medical Consequences.

Respiratory Stimulants Opioid overdose fatalities are nearly always a conse-
quence of opioid-induced respiratory depression. By blocking opioid receptors,
antagonists like naloxone rapidly reverse respiratory depression and save lives.
But this is not always the case, and additional approaches are needed, particularly
in the context of high-potency fentanyl(s). This initiative seeks to develop
non-opioid molecules that can stimulate respiration even in the presence of signifi-
cant opioid agonists. In addition to potential use in opioid overdose, such respiratory
stimulants might be used in alcohol poisoning and for overdoses in combination with
alcohol and benzodiazepines. Respiratory stimulants have the added advantage that
they may be able to restore breathing without precipitating withdrawal.
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Virtual Reality (VR) Tools This initiative focuses on moving beyond traditional
technology-driven approaches such as text messaging, smartphone apps, and eco-
logical momentary assessment, to include virtual reality approaches to mimic real
social situations in which patients may be more prone to responding to drug cues and
are at risk of relapse. VR approaches have the potential to enhance treatment effects
by allowing patients to be exposed in realistic settings to extend treatment beyond
clinical settings and to support digital phenotyping.

NIDA CTN HEAL Projects NIDA Clinical Trials Network is developing a num-
ber of large, high-impact trials including a trial to improve retention in MOUD
(medication for opioid use disorder) treatment and to better understand how long
treatment needs to continue, and for whom and how best to discontinue treatment
when that is warranted; a trial to identify and intervene to prevent subthreshold OUD
from progressing; a trial examining best approaches to providing MOUD in rural
settings; a trial on interventions following hospitalization for medical/surgical
indications; a trial focused on strategies to optimize MOUD in tribal communities;
and additional trials focused on introducing addictions treatment, particularly
buprenorphine BUP, in emergency department settings. In July 2019, five new
nodes were added to the network to enhance clinical trial capacity.

Justice and Community Opioid Innovation Network (JCOIN) See below.

HEALing Communities Study By far the most ambitious, expensive, and
far-reaching project is the HEALing Communities Study (http://
ctndisseminationlibrary.org/protocols/ctn0080.htm) the goals of which are to “deter-
mine if an integrated set of evidence-based interventions within healthcare, behav-
ioral health, justice systems, and community organizations can work to decrease
opioid overdoses and to prevent and treat OUD.” NIDA is leading this effort in
partnership with the Substance Abuse and Mental Health Services Administration
(SAMHSA) and coordinating with close to a dozen other federal agencies. NIDA
recently funded four research sites in highly impacted states (Kentucky, Ohio,
New York, Massachusetts) as well as a Data Coordinating Center. Each research
site includes at least 15 communities of which 30% are in rural areas. Goals are to
reduce overdose fatalities by 40% over 3 years, as well as to reduce overdose events
and incidence of OUD and to increase the number of individuals on medication for
OUD and those retained in treatment for over 6 months. Extensive linkages with
local agencies and organizations are planned. NIDA expects to commit approxi-
mately $100 million in each of FY19, FY20, and FY21, and $50 million in FY22 for
the research sites (in aggregate), and $6.5 million in each of the 4 years for the Data
Coordinating Center.
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8 Initiatives for Special Populations

CJS Involved Populations In the USA, the criminal justice system – which has
become a de facto residential setting for those with mental illness and substance use
disorders – is an important setting in which to screen for, assess, and initiate
treatment. Most arrestees test positive for drugs, and of these, opioids are highly
prevalent. Methadone maintenance at reentry to the community is well-established
(Tomasino et al. 2001; Kinlock et al. 2007). More recently, BUP initiated in jails and
prisons and linked to primary care settings for ongoing care has also been exten-
sively studied and shown to be effective. Jail-released patients do as well in primary
care as do community comparison groups in terms of retention, opioid use, and
opioid abstinence (Lee et al. 2012). Opioid antagonists are often preferred by the
CJS, and in a large multi-site trial in parolees, XR-NTX was found to be superior to
treatment-as-usual in time-to-relapse, overall relapse, and opioid-negative urines
(Lee et al. 2018). A small pilot study found that initiating XR-NTX just prior to
release and linking continuing treatment to a primary care setting was acceptable and
was associated with lower relapse rates and more negative urine samples (Lee et al.
2015); a large follow-up study focused on relapse and overdose prevention is just
being completed.

The Justice and Community Opioid Innovation Network (JCOIN) JCOIN
(https://www.nih.gov/research-training/medical-research-initiatives/heal-initiative/
justice-community-opioid-innovation-network) will build infrastructure in the form
of a network of collaborating researchers and fund specific trials around improving
access to treatment for CJS involved populations. It will also initiate a national
survey on addiction services in CJS settings. Current work in this area includes
bridging gaps in BUP treatment, improving access to OUD pharmacotherapies for
veterans, drug injection surveillance in rural areas, optimizing OUD
pharmacotherapies in CJS settings, and mining social media big data to monitor
HIV. A head-to-head multi-site trial comparing extended-release BUP to extended-
release naltrexone is currently pending review.

Optimizing MOUD in Tribal Communities (AI/AN) See above under
HEAL CTN.

Maternal Opioid Management Support (MOMS) NIDA CTN-0080: The
MOMS study (http://ctndisseminationlibrary.org/protocols/ctn0080.htm) grows out
of the increasing prevalence of neonatal abstinence syndrome (NAS, also referred to
as neonatal opioid withdrawal syndrome, NOWS) in the context of the opioid crisis.
NAS is associated with compromised health outcomes for infants and with exorbitant
costs for neonatal intensive care. The present standard of care for pregnant opioid-
dependent women is SL-BUP, although problems like poor adherence and treatment
dropout are well known. In addition, once-a-day BUP yields daily peaks and troughs
which expose the fetus to cycles of sedation and withdrawal. It is hypothesized that
replacing SL-BUP with XR-BUP will eliminate the daily cycling and result in
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improved fetal and neonatal outcomes, e.g., heart rate variability, birth weight, head
circumference, etc., as well as improved maternal outcomes, e.g., retention-in-treat-
ment, opioid misuse, etc., and infant outcomes, e.g., early development.

The ABCD and bBCD Studies While not clinical trials per se, two very large and
forward-thinking NIDA initiatives warrant mention because they will accrue
populations and data-sets that have the potential to both identify need for future
clinical trials and potential candidates for same. The ABCD study (Adolescent Brain
and Cognitive Development study) https://abcdstudy.org (Lisdahl et al. 2018) was to
some extent spurred by the rapid evolution of state medical and recreational mari-
juana laws, mostly by referendum. Given that THC has profound effects on the
developing brain and that with wider availability and legalization of marijuana,
teenagers may be using it more frequently, it is imperative to understand the impact
on brain and cognitive development. The ABCD study is a 10-year prospective
study enrolling 9–10-year-olds, following them through adolescence and into early
adulthood and using a common protocol across 21 sites to collect repeated
biological, social, behavioral, cognitive, and neuroimaging measures. Enrollment
of 11,875 participants was completed in October 2018, and an initial data-set of
de-identified baseline measures from ~4,500 participants, including structural MR,
diffusion MR, resting-state MR, and task MR imaging as well as clinical and social
data, was released through the NIMH Data Archive. Similar curated data will be
released annually. ABCD represents a partnership between NIDA, NIAAA, NCI,
NIMH, NICHD, CDC, and others. The bBCD study (babies, Brain and Cognitive
Development (https://www.nimh.nih.gov/funding/grant-writing-and-application-
process/concept-clearances/2018/the-trans-nih-baby-brain-cognitive-development-
bbcd-study.html) is also a trans-NIH initiative stimulated in part by the opioid crisis
and the increase in prenatal exposure to opioids and NOWS. The bBCD study is still
in planning, but intends to recruit 7,500 pregnant women from highly impacted
regions of the USA. Goals are to establish normative developmental trajectories
against which to assess affected children.

9 Devices, Apps, and Behavioral Interventions

A large number of apps, web-based interventions, and devices have been and are
being developed: widespread use of smart phones, text messaging, and
geo-positioning, the relatively very low cost of app development and data analytical
approaches including big data analytics, and the potential to use these as research
tools and to commercialize them have led to an explosion of new approaches. We
mention just a few examples to provide a taste of what’s in development. The extent
to which these are supported by clinical trials is highly variable. Building on the
findings of CTN-0044 (NCT01104805), Pear Therapeutics has developed reSET,
and reSET-O, apps that include educational and contingency management
approaches. As far as we’re aware, this is the only app presently available that has
received FDA clearance. Pear is working with Sandoz to commercialize this:
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CBT4CBT (www.CBT4CBT.com) is based on years of work showing that cognitive
behavioral therapy approaches are effective, particularly in relapse prevention, and
that web-based CBT is effective, cost-effective, and of higher fidelity than counselor-
administered approaches. It can be used 24/7, requires no scheduling, and is often
preferred by patients. Many text messaging approaches have been used to collect
EMA (ecological momentary assessment) data which can be used both for research
purposes and to drive temporally targeted interventions, includingmultiple sequential
randomizations based on EMA outcome measures. Many apps use geo-mapping to
gather information about “safe” and “dangerous” places (i.e., the street corner where
your dealer deals, your favorite bar, etc.) and use those data to steer users away from
dangerous locales, to safer, more supportive ones. Other apps, e.g., “emocha” (www.
emocha.com), use real-time smartphone video apps and facial recognition software to
monitor and reward for medication taking and adherence. DynamiCare combines
many of these features in a single app. Datacubed (D3) (www.datacubed.com)
combines many of the same features with “gamefied” decision science measures
derived from neuroeconomics including measures of temporal discounting, risk-
taking, and decision-making under ambiguous conditions which may predict vulner-
ability to relapse and provide opportunities for targeted intervention.

10 Summary, Conclusions, and New Directions

Recent clinical trials and interventions for OUD include diverse new
pharmacotherapies, many of which are non-opioid based, enhancement of existing
opioid-based medications, modernization of big data collection, and large-scale
systemic interventions at the healthcare provider and societal levels to increase
access to, and retention in MAT, and to prevent overdose. Novel non-opioid
pharmacotherapies that have the potential to mitigate neurobiological alterations
underlying addiction have been or are being evaluated for OUD indications,
representing a change from current therapeutics, which are almost all opioid
based. The outcomes of most of these trials were, or are, craving or withdrawal
during or following detoxification, with a few also evaluating retention in MAT. In
the context of addiction domains highlighted by Koob and Volkow (Koob and
Volkow 2016), many relevant new pharmacotherapies, including CBD, THC,
aprepitant, PPARγ agonists, dynorphin/KOPR agents, and buspirone, have the
potential to reduce stress and negative affect. Relatively fewer agents – galantamine
and potentially CBD – are known to improve prefrontal or executive function. Also
prevalent among new OUD pharmacotherapies are medications that are approved for
treating pain (ketamine, tramadol, pregabalin, and gabapentin) or are potential
analgesics via direct actions, or via interactions with opioid-based nociception.
These include ibudilast and pioglitazone via inhibition of glial activation; CBD
and low-dose THC via endocannabinoid actions and cannabinoid-opioid interaction;
aprepitant via neurokinin-related nociception; or the developing opioid agonist/
NK1R antagonist compounds. Anti-inflammatory agents (ibudilast, pioglitazone,
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CBD) are also represented. Most of these studies reported positive findings for at
least one outcome.

Future directions and potential areas of need include improved strategies to
combat the unique challenges raised by the potency and availability of fentanyl
and related epidemic of overdose fatalities. Fentanyl is about 50–100 times more
potent than morphine, and carfentanil and other fentanyl derivatives an order of
magnitude greater or more. As a consequence, naloxone kits are less efficacious, and
first responders frequently report needing to use five or ten or more kits for a single
overdose. More potent, rapidly acting antagonists with user-friendly packaging need
to be developed, possibly with longer durations of action (as noted, naloxone is
short-lived and frequently needs to be readministered). In addition to this, fentanyl’s
potency may produce greater tolerance and greater dependence than do less potent
opioids, rendering current agonist and antagonist interventions inadequate or requir-
ing higher methadone or BUP dosing or that XR-NTX be administered every
2 weeks rather than every 4. All of this requires focused clinical trials.

While there are multiple pharmacotherapies that have the potential to reduce
prescription opioid use in chronic pain (described above), relatively few trials were
identified that included pain, opioid analgesic use, or tolerance as outcomes. Chronic
pain is frequently comorbid with OUD and greatly increases the risk for overdose
(Volkow et al. 2018). Developing non-opioid-based analgesics to replace opioid use
was recently identified as a high priority for combating OUD (Volkow et al. 2018).

Finally, despite recent emphasis on the importance of precision medicine
approaches, i.e., strategies for identifying individual patient characteristics that
predict response for a given medication (Terry 2015; Litten et al. 2015), few OUD
clinical trials to date have reported demographic, psychiatric, or biological measures
that were or were not associated with treatment response. To achieve this, future
clinical trials would need not only to include these measures, but also to employ
statistical analyses that permit these measures to be causally linked to treatment
outcome in sufficiently large clinical samples (as opposed to the current practice of
testing for group mean differences in studies with relatively small sample sizes).
A particularly important patient characteristic that is likely to influence treatment
response, but which has been omitted from study in most clinical trials, is psychiatric
comorbidity: psychiatric disorders, particularly mood disorders, are highly prevalent
in OUD and interact with the addictive cycle in a mutually exacerbating manner that
requires integrated treatment of both disorders (Volkow et al. 2018). Precision
medicine approaches will also be necessary to incorporate recent findings that
genetic and epigenetic variations between individuals both contribute to developing
OUD, and may also be treatment targets (Hurd and O’Brien 2018).
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Abstract
Despite the prevalence of drug use within society, only a subset of individuals
actively taking addictive drugs lose control over their intake and develop com-
pulsive drug-seeking and intake that typifies substance use disorder (SUD).
Although research in this field continues to be an important and dynamic disci-
pline, the specific neuroadaptations that drive compulsive behaviour in humans
addicted to drugs and the neurobiological mechanisms that underlie an
individual’s innate susceptibility to SUD remain surprisingly poorly understood.
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Nonetheless, it is clear from research within the clinical domain that some
behavioural traits are recurrently co-expressed in individuals with SUD, thereby
inviting the hypothesis that certain behavioural endophenotypes may be predic-
tive, or at least act in some way, to modify an individual’s probability for
developing this disorder. The analysis of such endophenotypes and their catalytic
relationship to the expression of addiction-related behaviours has been greatly
augmented by experimental approaches in rodents that attempt to capture diag-
nostically relevant aspects of this progressive brain disorder. This work has
evolved from an early focus on aberrant drug reinforcement mechanisms to a
now much richer account of the putatively impaired cognitive control processes
that ultimately determine individual trajectories to compulsive drug-related
behaviours. In this chapter we discuss the utility of experimental approaches in
rodents designed to elucidate the neurobiological and genetic underpinnings of
so-called risk traits and how these innate vulnerabilities collectively contribute to
the pathogenesis of SUD.

Keywords
Anxiety · Cocaine · Impulsivity · Nucleus accumbens · Prefrontal cortex · Reward

1 Introduction

Substance use disorder (SUD) is characterised as a chronically relapsing disorder
involving compulsive drug-seeking and intake that endures in the face of mounting
adverse consequences for the individual (Koob and Le Moal 2001; Kalivas and
Volkow 2005; Everitt and Robbins 2005). Of particular importance, it is widely
acknowledged that despite the high prevalence of licit and illicit drug use within
society, only a subset of individuals ‘switch’ from social and recreational use to
compulsive forms of drug consumption involving repeated bouts of drug bingeing,
withdrawal and relapse (Anthony et al. 1989). The reasons for this are unclear but are
thought to result from an interaction between antecedent vulnerability traits and
drug-induced neural plasticity mechanisms that subvert the normal control over
volitional behaviour, ultimately to drive compulsive drug behaviours and an
enduring propensity for relapse (Nestler 2001; Nader et al. 2008; Luscher and
Malenka 2011; Everitt et al. 2008). The intricate interplay of interacting genetic,
behavioural and psychosocial factors that determine an individual’s susceptibility to
SUD presents a formidable challenge to understanding the aetiological mechanisms
of SUDs (Uhl 2006; Wong and Schumann 2008; Kreek et al. 2012).

Clinically, SUD associates with a number of co-expressed behavioural traits that
collectively determine an individual’s vulnerability to this disorder. These include
the traits of impulsivity (Ersche et al. 2012a; Hamilton et al. 2015; Bickel et al. 2012;
Winstanley et al. 2010; de Wit 2009), sensation-seeking (Ersche et al. 2012a),
anxiety (Brown and Wolfe 1994) and aberrant attribution of reward cue salience
(Robinson and Berridge 2001; Robinson and Flagel 2009). However, in the clinical
setting, it is often difficult to separate the causal impacts of co-existing behavioural
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endophenotypes from the enduring and multivariate effects of chronic drug exposure.
As a way to disambiguate causal mechanisms, rats have been widely used to investi-
gate individual propensity for the development of SUD-like behaviours, specifically in
the context of clinically translatable behavioural endophenotypes (Jupp and Dalley
2014). Increasingly, these studies have attempted to incorporate sophisticated
measures of addiction-like behaviours, integrating aspects of the DSM criteria, includ-
ing enhanced escalation and motivation for drug and maintained drug use in the face of
adverse consequences (compulsive use), in addition to classical measures of drug
reinforcement. Consequentially, elucidating the relationship of these traits in rodents
to SUD-like behaviours has enabled the identification of novel neural substrates
and mechanisms for translatable intervention. In this chapter, we review the various
rodent models of behavioural endophenotypes of vulnerability to SUD of several
classes of drugs, including stimulants, alcohol and opioids, their underlying neurobi-
ology and the translational relevance of this work for human addiction.

2 Behavioural Endophenotypes of SUD

The notion of an ‘addictive personality’ is a widespread but rather imprecise
description used to explain why some but not all people lose control over their
drug intake. The idea of an addictive personality, however, is largely a misnomer as
no single personality trait can ever deterministically be responsible for this disorder.
Rather, the co-expression of certain risk traits probably reflects shared biological
and/or genetic aetiologies that interact with several variables, including the psycho-
social and environmental context, and the precise class of drug abused (Badiani et al.
2011). Evidence from clinical studies suggests that behavioural traits can predispose
an individual to SUD (Verdejo-Garcia et al. 2008; Blanchard et al. 2009; Belin
and Deroche-Gamonet 2012) by modifying disease progression, the frequency
and intensity of drug relapse (Muller et al. 2008), as well as treatment outcome
(Moeller et al. 2001; Patkar et al. 2004). Significantly, the expression of these
traits (e.g. impulsivity, novelty/sensation-seeking, anxiety) varies across the lifespan
(e.g. adolescence (Spear 2000)) and during different stages of the addiction cycle
(e.g. initiation versus chronic use, Kreek et al. 2005), making it almost impossible to
establish how in neural terms these behavioural traits interact with drug exposure and
other environmental factors to promote the development of compulsive drug-taking
behaviours in humans. This constraint can be overcome by the longitudinal analysis
of rodents and other experimental animal species that naturally express recognised
vulnerability traits.

2.1 Relationship Between Impulsivity and SUD-Like Behaviour

Impulsivity describes the predisposition of an individual to premature, poorly
planned and unduly risky actions and decisions (Dalley and Robbins 2017; Daruna
and Barnes 1993). While generally considered an adaptive trait promoting
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sociability and appropriate risk-taking, the maladaptive expression of impulsivity is
often associated with negative consequences for the individual and is co-expressed
with a number of neuropsychiatric disorders including SUD (Chamberlain and
Sahakian 2007). While impulsivity is suggested to comprise multiple domains of
behaviour, this trait can broadly be defined as impaired delayed gratification, rash
anticipatory behaviour and impaired action cancellation. The diverse taxonomies
of impulsivity are reflected in the variety of scales measured in self-report
questionnaires and in various psychometric laboratory-based measures, which cap-
ture distinct aspects of the impulsivity phenotype. Many of these psychometric tasks
have been translated into operant-based paradigms and enable assessment of
behavioural traits in rodents (Winstanley 2011). Such tasks include the Go/No-Go
and stop-signal reaction time tasks (SSRTT), which assess action cancellation
(Logan et al. 1984; Eagle et al. 2008), delay discounting which examines delayed
gratification (Richards et al. 1999) and the five choice serial reaction time task
(5CSRTT, Robbins 2002), which assays impulsivity on the basis of anticipatory
responding for a food-predictive, visual target cue. Importantly, impulsive perfor-
mance on these tasks is enhanced in some strains of rodents (e.g. Roman high
avoidance rats – RHA (Moreno et al. 2010); spontaneously hypertensive rats –

SHR (Adriani et al. 2003)), and further, various outbred rat strains demonstrate
‘trait-like’ variability in the expression of impulsive responding in the 5CSRTT
(Dalley et al. 2007) and delay discounting task (Perry et al. 2005; Broos et al. 2012).

Rodent studies have convincingly demonstrated that enhanced impulsivity
predicts several SUD-like behaviours. However, the precise relationship depends
on the class of drug administered and the particular impulsivity subtype assessed.
Thus elevated levels of impulsive responding in the 5CSRTT are associated with
enhanced self-administration (SA) of a range of drugs, including stimulants (Dalley
et al. 2007; Marusich and Bardo 2009; Belin et al. 2008; Molander et al. 2011),
alcohol (Radwanska and Kaczmarek 2012) and nicotine (Diergaarde et al. 2008)
while also predicting increased rates of relapse to cocaine-seeking (Economidou
et al. 2009). Similarly, rats displaying impulsive-like behaviours on the delay
discounting task show increased alcohol (Oberlin and Grahame 2009; Poulos et al.
1995, but see Stein et al. 2015), cocaine (Perry et al. 2005) and nicotine (Diergaarde
et al. 2008; Kayir et al. 2014) SA, as well as an increased resistance to extinction and
enhanced propensity for reinstatement to responding for nicotine (Diergaarde et al.
2008) and cocaine (Broos et al. 2012). By contrast, different measures of impulsivity
are less clearly related to opiate SA (McNamara et al. 2010; Schippers et al. 2012)
with the exception of impulsivity innate to SHRs, which predicts increased opiate
SA and relapse (Miller et al. 2018).

While escalation of drug intake defines one aspect of SUD-like behaviour, more
relevant for the clinical picture is the persistence of drug taking in the face of
punishment. Such behaviour is more closely aligned to the DSM criteria for SUD
and has allowed greater opportunities for vertical and back translation between
rodents and humans (Belin-Rauscent et al. 2016a). For example, trait-like impulsiv-
ity on the 5CSRTT predicts the development of compulsive cocaine SA in rodents
(Belin et al. 2008), defined operationally by the persistence of drug SA despite
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negative consequences associated with this behaviour (Everitt et al. 2008). In
keeping with the vulnerability to the development of compulsive behaviours, impul-
sive SHR and RHA rats develop compulsive water drinking on the schedule-induced
polydipsia (SIP) task (Moreno et al. 2010; Ibias and Pellon 2011). Further, enhanced
expression of compulsive SIP in rats predicts increased impulsive responding on
both delay discounting (Cardona et al. 2011) and the 5CSRTT (Moreno et al. 2012).
However, it has yet to be established whether trait impulsivity also predicts compul-
sive alcohol SA, as measured by recently developed models of this behaviour
(e.g. Seif et al. 2013; Giuliano et al. 2018). Taken together, these findings demon-
strate that impulsivity in its various forms is a vulnerability marker for both drug
escalation and the development of compulsive drug-seeking and taking in rodents.

2.2 Relationship Between Sensation-Seeking and SUD-Like
Behaviour in Rodents

Novelty/sensation-seeking is defined as a tendency to pursue novel and intense
emotional experiences (Zukerman 1979) and can be divided into a number of
dimensions related to novelty-seeking, novelty preference and other behavioural
facets including harm avoidance and risk-taking. In humans, the various dimensions
of sensation-seeking are usually assessed by questionnaire-based inventories
(Whohlwill 1984; Arnett 1994) and are of interest because sensation-seeking often
co-exists in individuals with SUD (Noel et al. 2011; Hittner and Swickert 2006;
Gerra et al. 2004) and may predict the initiation of drug use (Stephenson and Helme
2006; Sargent et al. 2010; Spillane et al. 2012; Nees et al. 2012). However, it is
unclear whether novelty/sensation-seeking truly represents an endophenotype of
addiction. Thus although sensation-seeking is present in individuals who regularly
abuse drugs, such individuals are nevertheless able to maintain control over drug use
(Ersche et al. 2012b). By contrast, individuals with SUD expressed both sensation-
seeking and impulsive traits (Ersche et al. 2012b), suggesting the expression of
sensation-seeking may affect the onset or initiation of drug use or arise as a
consequence of chronic drug exposure.

In rodents, the trait of novelty-/sensation-seeking is typically assessed by
increased locomotor activity in a novel, inescapable environment (Blanchard et al.
2009) or by novelty preference, which assays the time spent in novel environment
over a familiar one (Hughes 1968). Like impulsivity, particular strains of rodents
express high levels of these behaviours (e.g. bred high responders, ‘bHR’ (Flagel
et al. 2014), RHA (Giorgi et al. 2007)) or show individual variability in their
expression (high responders, ‘HR’, Hughes 1968; Piazza et al. 1990). Novelty-
reactive rats show an enhanced propensity to self-administer stimulants (Belin
et al. 2008; Flagel et al. 2014; Marinelli and White 2000; Piazza et al. 1989), alcohol
(Nadal et al. 2002), nicotine (Suto et al. 2001) and morphine (Ambrosio et al. 1995;
Swain et al. 2018), but the trait of novelty-seeking is not associated with the
development of compulsive cocaine behaviours as defined by resistance to punish-
ment (Belin et al. 2008; Deroche-Gamonet et al. 2004). Conversely, rats showing

Neurobehavioural Endophenotypes in Addiction 207



high novelty preference show enhanced ethanol SA (Pelloux et al. 2015a) and are
predisposed to develop compulsive cocaine SA (Belin et al. 2011). Interestingly, no
apparent relationship appears to exist between the expression of novelty reactivity
and novelty preference (Hughson et al. 2019), suggesting that these traits are
independent and model different aspects of addiction-like behaviour.

2.3 Relationship Between Anxiety and SUD-Like Behaviour
in Rodents

Anxiety is a naturally expressed response to threatening situations or stressors that is
designed to protect the individual from harm. Pathological anxiety involves aberrant
emotional processing such that typically nonthreatening or innocuous stimuli pro-
voke a maladaptive prolonged anxiety response and is often co-morbidly expressed
in individuals with SUD (Merikangas et al. 1998; Grant et al. 2004). Anxiety has
been suggested to underlie the initiation of drug use (Goodwin et al. 2004), subjec-
tive drug craving (Sherman et al. 1989) and relapse to drug use (Schellekens et al.
2015). Further, there is evidence that drug exposure causes anxiety disorders
(e.g. Johnson et al. 2000), especially associated with withdrawal states (McLaughlin
et al. 2017). Clinically, anxiety can be assessed on the basis of maladaptive hyper-
arousal, often incorporating somatic measures (e.g. palpitations, dyspnea, sweating)
in combination with self-report measures (Beck et al. 1988). Although there are
inherent anthropomorphic issues in attempting to model emotionality in rodents, a
number of tasks are used to assess anxiety in rodents (reviewed Steimer 2011; Harro
2018; Perusini and Fanselow 2015). Such tasks broadly assess anxiety as either a
response to a generalised context or fear derived from a distinct threat (Perusini and
Fanselow 2015). Ethological models of anxiety generally exploit the innate fear of
animals to brightly lit spaces and their natural desire and curiosity to explore novel
environments. These include the elevated plus maze (EPM) (Pellow et al. 1985),
open field (OF) test (Britton and Britton 1981) and light-dark box (Vogel et al. 1971)
and assess anxiety in terms of the time spent exploring or grooming in the safe versus
aversive areas of the apparatus. In general, however, anxiety tests in rodents fail to
reflect the maladaptive expression of anxiety and generally assay behaviour that falls
within a ‘normal’ range. Thus, the extent to which we can really extrapolate anxiety
measures in rodents to pathological anxiety in humans is unclear.

Notwithstanding the above considerations, there is persuasive evidence that
anxiety in rodents predicts drug reinforcement. Thus, rats exhibiting anxiety-like
behaviour on the EPM more readily escalate cocaine SA than low-anxious rats
(Homberg et al. 2002; Dilleen et al. 2012). Critically, however, no relationship
was observed between anxiety-like behaviour and the development of compulsive
responding for cocaine (Deroche-Gamonet et al. 2004). In a similar vein, OF and
EPM anxiety correlates with nicotine SA and relapse (Wang et al. 2018), which more
controversially also extends to various alcohol-motivated behaviours. Thus, whereas
trait anxiety in rats has been linked with increased alcohol SA (Spanagel et al. 1995;
Hayton et al. 2012; Acevedo et al. 2016; Chappell et al. 2013), other studies report a
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reduction in alcohol drinking (Henniger et al. 2002; Langen and Fink 2004). Further
controversies extend to the expression of anxiety-like behaviour in alcohol-
preferring rats. In such animals, anxiety-like behaviour is either reduced (Acewicz
et al. 2014), no different (Viglinskaya et al. 1995; Tuominen et al. 1990) or increased
(Acevedo et al. 2016; Fernandez et al. 2017; Colombo et al. 1995; Ciccocioppo et al.
2006) compared with alcohol non-preferring rats. Finally, and reinforcing the view
that risk endophenotypes depend selectively on particular classes of abused drug,
there is no convincing evidence that ‘trait’ anxiety predicts opiate SA in rodents
(Swain et al. 2018; Dilleen et al. 2012).

2.4 Relationship Between Incentive Salience Attribution
and SUD-Like Behaviour

The attribution of motivational significance to ‘cues’ in the environment is an
important form of learning, guiding behaviour towards rewarding outcomes and
away from harmful or unfavourable stimuli. For some individuals, environmental
cues may gain aberrant incentive salience, promoting the expression of maladaptive
behaviours to drug-associated cues (Robinson and Berridge 2001). These include
attentional (reviewed in Field and Cox 2008) and conditioned approach (reviewed in
Watson et al. 2012) biases to cues associated with drug availability. However, in
general, there have been relatively few studies that have looked at individual
variability in the attribution of incentive salience in humans (Martin-Soelch et al.
2007; Mahler and deWit 2010; Garofalo and di Pellegrino 2015; Styn et al. 2013). In
rodents, this behaviour is typically assessed using the Pavlovian conditioned
approach paradigm, which measures the development of approach behaviour during
repeated presentations of a non-contingent, reward-predictive stimulus (conditioned
stimulus, CS). Rats are subsequently divided into either ‘goal-tracking’ or ‘sign-
tracking’ groups on the basis of their preference for the food reward or the CS. For
goal-trackers, presentation of the CS elicits a response towards the location of the
reward delivery, while sign-trackers preferentially approach and interact with the CS
(Robinson and Flagel 2009). The expression of goal- vs sign-tracking behaviours
varies within (Meyer et al. 2012) and between (Dickson et al. 2015; Flagel et al.
2010) different rat strains.

Sign-tracking is considered a maladaptive behaviour, persisting even when
associated with delayed or cancelled rewards (e.g. Holland 1979; Chang and
Smith 2016). Compared with goal-trackers, sign-trackers show enhanced instrumen-
tal responding (Robinson and Berridge 2001) and reinstatement of food-seeking
(Yager and Robinson 2010). They also (1) show a greater preference for cocaine
over natural reward (Tunstall and Kearns 2015), (2) an increased propensity to
acquire cocaine SA (Beckmann et al. 2011), (3) increased motivation to self-
administer stimulants and alcohol (Saunders and Robinson 2012; Versaggi et al.
2016; Anderson and Spear 2011) and (4) an increased propensity to reinstate
nicotine and cocaine-seeking (Saunders and Robinson 2012). Nevertheless, a recent
study reported no significant differences in punishment resistance between sign- and
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goal-trackers following an intermittent access paradigm of exposure (Kawa et al.
2016), thus calling into question the dichotomy of sign versus goal-tracking as a
predictor of individual predisposition to compulsive drug SA.

3 Neural Substrates of SUD-Relevant Behavioural
Endophenotypes

Collectively, the studies discussed above indicate that some behavioural
endophenotypes in rodents can predict aspects of SUD-like behaviour. However, it
is often the case that these traits are co-expressed in animals predisposed to SUD-like
behaviour (see Table 1). Thus, novelty-reactive rats are also sign-trackers (Flagel
et al. 2010) and show increased impulsivity on the 5CSRTT. Further, novelty-
reactive rats are less impulsive on delay discounting tasks (Flagel et al. 2010) and
are less anxious (Stead et al. 2006) and interestingly show no relationship with
novelty preference (Hughson et al. 2019; Lukkes et al. 2016; Marusich et al. 2011).
On the other hand, sign-trackers discount reward more readily than their goal-
tracking counterparts (Tomie et al. 1998) and are also more impulsive on the
5CSRTT (Lovic et al. 2011). High-impulsive (HI) rats on the 5CSRTT, however,
show no obvious relationship with novelty reactivity (Dalley et al. 2007; Molander
et al. 2011), nor do they differentially acquire appetitive conditioned approach
compared with low-impulsive rats (Robinson et al. 2009). Nevertheless, HI rats
show a preference for novel objects and contexts (Molander et al. 2011; Giorgi et al.
2007), which may reflect a reduction in novelty-induced anxiety in these animals
(Duclot et al. 2011). Indeed, anxiety-like behaviours appear to be inversely related to
impulsivity on the 5CSRTT (Schneider et al. 2012), a curious relationship given that
both traits predict SUD-related outcomes. However, there is no evidence that
animals deemed highly impulsive on the 5CSRTT display enhanced measures of
anxiety-like behaviour (Loos et al. 2009), suggesting their apparent preference for
novelty may reflect an underlying deficit in behavioural inhibition.

3.1 Impulsivity

A number of studies have investigated the neurobiology of ‘trait’ impulsivity in
rodents, predominantly in animals displaying enhanced impulsive responding in the
5CSRTT (i.e. the highly impulsive or HI phenotype). Convergent evidence points to
abnormalities within the ventral striatum of HI rats, including diminished dopamine
(DA) D2/D3 receptor availability in the nucleus accumbens (NAc) (Dalley et al.
2007), consistent with findings in non-human primates (Nader et al. 2006) and
humans (Buckholtz et al. 2010). The locus of this deficit was later isolated to the
NAc shell subregion of the ventral striatum (Jupp et al. 2013) and was accompanied
by reduced transcript expression for this receptor (Besson et al. 2013). While it is not
clear whether this reduction in binding capacity represents an effect on autoreceptors
and/or on postsynaptic D2/D3 receptors, HI rats additionally exhibited reduced
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binding for the DA transporter in the NAc shell (Jupp et al. 2013), reduced D2
receptor transcript expression in the ventral tegmental area (VTA) (Besson et al.
2013) and enhanced electrically stimulated DA release (Diergaarde et al. 2008).
Deficits in DA-ergic function were also present in the NAc core of HI rats, specifi-
cally diminished DA D1 receptor binding (Jupp et al. 2013) and reduced electrically
evoked DA release compared with low-impulsive (LI) rats (Diergaarde et al. 2008).

Using magnetic resonance imaging and voxel-wise morphometry, we reported
reduced grey matter density in the NAc core, accompanying reductions in protein
levels of dendritic spines and microtubules (Caprioli et al. 2014), and reduced levels
of GABA (Sawiak et al. 2016) and glutamate decarboxylase (Caprioli et al. 2014).
Based on these findings, we hypothesised that 5CSRTT impulsivity may be
mediated by a failure of the NAc core to appropriately gate behavioural responses
driven by dysregulated DA function in the NAc shell. Intriguingly, we also found
that D2/D3 binding was higher in the NAc shell and lower in the NAc core of rats
exhibiting delay discounting impulsivity (Barlow et al. 2018). Distinct from HI rats,
DA release was also diminished in the NAc core of rats showing delay discounting
impulsivity (Diergaarde et al. 2008; Moschak and Carelli 2017). Thus, the
mesolimbic DA system appears to make regionally selective contributions to differ-
ent forms of impulsivity, namely, premature responding in the 5CSRTT and the
rapid subjective devaluation of delayed rewards (i.e. delay aversion).

One of the original findings with the HI phenotype was reduced serotonin (5-HT)
efflux in the prefrontal cortex (PFC) during task performance (Dalley et al. 2002),
binding of 5-HT2A (Fink et al. 2015), and expression of 5-HT2C (Besson et al.
2013; Anastasio et al. 2014) receptors. There is also evidence for alterations in
GABAergic function of the PFC, with reductions in binding for the GABAA
receptor associated with enhanced levels of premature responding on the 5CSRTT
(Jupp et al. 2013). Together these studies support the large body of evidence
implicating the importance of frontal areas of the cortex in mediating impulse control
(reviewed in Kim and Lee 2011). Impulsive responding on the 5CSRTT has also
been found to relate to the cortical thickness of the anterior insula (Belin-Rauscent
et al. 2016b). Moreover, lesions of the insular cortex selectively reduced impulsivity
in HI rats but had no effect in mid- or low-impulsive rats (Belin-Rauscent et al.
2016b), suggesting that the insula may act as a node in the network contributing to
these behaviours while not necessarily independently promoting impulse control.
Importantly, for the link between impulsivity and vulnerability to compulsive
behaviours, lesions of the insula in high-impulsive rats prevented the development
of compulsive drinking behaviour in the SIP task (Belin-Rauscent et al. 2016b).

3.2 Sensation-Seeking

Studies examining the neurobiological correlates associated with high trait-like
levels of novelty reactivity and novelty preference largely implicate alterations in
monoaminergic function within corticostriatal circuitries in the expression of these
behaviours (reviewed in Flagel et al. 2014; Arenas et al. 2016). Early studies of HR
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rats revealed significant effects on DA signalling within the striatum. These findings
implicate enhanced baseline and psychostimulant-induced DA release in the ventral
striatum (Piazza et al. 1989; Hooks et al. 1991) and reduced D2/D3 receptor density
in both the dorsal and ventral striatum (Hooks et al. 1994) of these rats. More recent
studies have confirmed the apparent hyperdopaminergic functioning of the striatum
and associated circuitries in HR rats. Following up on the initial findings concerning
the role of D2 receptors in novelty reactivity, studies by Flagel and colleagues found
reduced transcript expression for D2 receptors (Flagel et al. 2010, 2014; Hughson
et al. 2019), reflecting an effect of epigenetic regulation of the expression of this
receptor within the NAc core (Hughson et al. 2019). Interestingly, a study of the trait
of social dominance in rats found these animals to also be novelty-reactive, but
found opposite effects on D2 receptor binding, with increased levels observed in the
NAc shell, accompanied by increased binding for the DA transporter (Jupp et al.
2016). Further implicating effects on striatal DA function in novelty-reactive rats,
there is evidence for enhanced basal firing rates of the VTA (Marinelli and White
2000), increased frequency of spontaneous (Flagel et al. 2010) and cocaine-induced
(Mabrouk et al. 2018) DA release and reduced binding for the DA transporter
(Chefer et al. 2003) within the NAc. Rats with high trait levels of novelty preference
also demonstrate alterations in DA-ergic function, with reduced D2 receptor binding
in the NAc and dorsal striatum, and greater behavioural responses after DA admin-
istration into the NAc (Hooks et al. 1994).

RHA rats additionally exhibited enhanced novelty preference behaviour and
increased basal and amphetamine-induced DA release in the striatum, accompanied
by reduced binding for D2 receptors in the substantia nigra/VTA (Tournier et al.
2013). Thus, similar to impulsivity and novelty reactivity, novelty preference
implicates a reduction in DA release-regulating autoreceptors and increased DA
release in the NAc.

Novelty preference and novelty reactivity further involve deficits in DA (Piazza
et al. 1991) in the PFC. These changes were accompanied by increased transcript
expression of the 5-HT genes, tyrosine hydroxylase-2 and the 5-HT transporter in
brainstem projection nuclei (Kerman et al. 2011), findings that suggest that novelty
reactivity is expressed not only by reduced serotonergic tone in the PFC but also by a
dysregulation of PFC control over DA release in the NAc and dorsal striatum
(Jackson et al. 2001; Katsidoni et al. 2011).

3.3 Anxiety

Despite numerous pharmacological and lesion-based studies seeking to understand
the neural basis of anxiety (reviewed in Perusini and Fanselow 2015; Luthi and
Luscher 2014), the neural substrates of individual variation in anxiety-like behaviours
have been relatively neglected. In broad terms, anxiety encompasses primarily
limbic cortico-hippocampal-amygdala circuitries and output from the periaqueductal
grey and bed nucleus of the stria terminalis (Perusini and Fanselow 2015). Rats
showing high anxiety-like behaviours on either the OF task or EPM have reduced

Neurobehavioural Endophenotypes in Addiction 213



markers for neural activity in the PFC (Kalisch et al. 2004; Prinssen et al. 2012), which
may reflect a reduction in dendritic complexity (Miller et al. 2012). Rats demonstrating
enhanced measures of anxiety-like behaviour on the EPM also show reduced electri-
cally evoked DA release in the PFC, VTA and amygdala (Homberg et al. 2002).
Altered basal DA release in the VTA may underlie the observed differential effect of
cocaine on DA release in the ventral striatum of trait-anxious rats. Since cocaine
exposure was associated with reduced electrically evoked DA release in the NAc core
of trait-anxious rats (Homberg et al. 2003), this may underlie the enhanced escalation
of cocaine SA in these animals (Dilleen et al. 2012).

3.4 Incentive Salience Attribution

Previous studies have mapped the neural correlates of sign versus goal-tracking
using cue-evoked c-fos expression. This work predominantly implicates enhanced
activation of striatal circuits, midline thalamic nuclei, lateral habenula and the
amygdala of sign-tracking behaviour (Dilleen et al. 2012; Flagel et al. 2011a;
Yager et al. 2015). The degree of cue-induced c-fos activation was differentially
correlated between sign- and goal-trackers. Thus, sign-tracking behaviour was
correlated with activity between a medial thalamic nucleus, the paraventricular
thalamus (PVT) and the ventral striatum, while goal-tracking behaviour was
correlated with activation between the PFC and PVT (Flagel et al. 2011a). Further,
the pattern of PVT c-fos activation was differentially expressed in sign- and goal-
trackers, showing activation in neurons receiving inputs from the prelimbic cortex in
goal-trackers and neurons receiving projections from the NAc in sign-trackers
(Haight et al. 2017). This differential regulation of activity suggests that sign-
tracking behaviour may be associated with predominately ‘bottom-up’ mechanisms,
whereas goal-tracking behaviour may preferentially recruit ‘top-down’ frontal corti-
cal mechanisms to maintain goal-directed behaviour.

Consistent with a bottom-up mechanism, DA release was increased in the NAc
core of sign-tracking rats during CS presentation (Flagel et al. 2011b), possibly
reflecting enhanced motivational attribution to the cue. Supporting this view, intra-
NAc core infusions of the DA receptor antagonist α-flupenthixol attenuated
cue-induced reinstatement of cocaine-seeking in sign- but not goal-tracking rats
(Saunders et al. 2013). Enhanced cue-evoked DA release was coupled with faster
DA reuptake (Singer et al. 2016) and reduced expression of D2 receptor transcript in
the NAc core of sign-tracking (Flagel et al. 2008, 2011b). Implicating a broader
circuitry, neural activity in the ventral pallidum, which receives input from both the
NAc and VTA (Heimer and Wilson 1975), was also increased by drug-cue presen-
tation in sign-tracking rats (Ahrens et al. 2016, 2018). In addition, the ventral
hippocampus contributes to the expression of sign-tracking behaviour (Fitzpatrick
et al. 2016), possibly by regulating DA release in the ventral striatum (Lipska et al.
2002).

The differential behaviour of sign- and goal-tracking rats may also be explained
by cortically mediated attentional processes. Thus, sign-tracking rats showed
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impairments on a sustained attention task and reduced task-related acetylcholine
efflux in the PFC compared with goal-trackers (Paolone et al. 2013). Such results are
consistent with the idea that rats with a high propensity to attribute incentive salience
to reward cues also exhibit relatively poor attentional control. This notion is
supported by recent evidence that DA efflux was increased in the PFC of sign-
trackers in response to a cue, which correlated with their level of interaction with the
cue, while goal-trackers exhibited an increase in acetylcholine that was unrelated to
the expression of conditioned approach (Pitchers et al. 2017). Beyond DA and
acetylcholine, the sign-tracking phenotype also implicates 5-HT dysfunction in the
PFC (e.g. Winstanley et al. 2004; Campus et al. 2016).

4 Implications for Neural Mechanisms of SUD Vulnerability

The review of the literature above reveals a striking convergence in the neural
substrates of SUD vulnerability traits, which though distinct in their neural loci,
broadly encompass abnormalities in DA-ergic transmission in various striatal
sub-territories and the PFC (see Fig. 1). Indeed striatal DA biomarkers are common
across all drug-associated behavioural endophenotypes, and this is especially true of
D2 receptors, for which binding as measured by D2/D3 receptor availability, and
expression is reduced in the majority of behavioural traits linked to SUD, serving as
a vulnerability marker (Dalley et al. 2007; Nader et al. 2006; Hooks et al. 1994;
Morgan et al. 2002) and a consequence of extended drug use (Volkow et al. 1993,
2002; Wang et al. 1997; Sevy et al. 2008; Okita et al. 2016). Supporting this view,
molecular and pharmacological interventions that diminish D2 receptors in the
midbrain, including transgenic approaches in mice (Bello et al. 2011), strongly
influence drug motivation (de Jong et al. 2015) and relapse (Xue et al. 2011).

However, while the evidence is compelling that deficient striatal D2 receptor
function facilitates the escalation of drug SA, the role of this receptor in the etiology
of compulsive drug behaviours is less clear. For example, rats screened for
compulsive-like methamphetamine SA show enhanced markers of D1 and D2
receptor expression in the NAc (Cadet et al. 2016), while D2 receptors were
downregulated and D1 receptors upregulated in the dorsal striatum of rats showing
compulsive alcohol-seeking (Jadhav et al. 2018). Furthermore, a reduction in D2
expression in the dorsal striatum was associated with compulsive-like, punishment-
resistant, and food-seeking in rats (Johnson and Kenny 2010) and was accompanied
by identical deficits in ventral striatal plasticity as rats responding compulsively for
cocaine (Kasanetz et al. 2010; Brown et al. 2017).

Thus, reduced D2 receptor expression in the dorsal striatum of novelty-preferring
rats (Hooks et al. 1994) may represent a vulnerability marker for the development of
drug-related compulsivity. A greater understanding of the evident role of the dorsal
striatum in compulsive drug SA is thus needed. In this context, inactivation of the
dorsolateral striatum (DLS) disrupts the expression of punished cocaine-seeking
behaviour in rats (Jonkman et al. 2012), a region acknowledged as important for
mediating habitual control over drug-seeking (Zapata et al. 2010; Corbit et al. 2012).
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However, it has been reported that HI rats show a delay in the recruitment of the DLS
over cocaine-seeking compared with LI rats (Murray et al. 2014). The reason for this
unexpected delay may have been influenced by a pre-drug deficiency in D2/3
receptors in the NAc shell of HI rats. Indeed, only after protracted cocaine SA was
a downregulation in D2 receptor transcript observed in the DLS of HI rats (Besson
et al. 2013). By contrast, LI rats exhibited a reduction in D2 receptor expression after
only a brief period of cocaine SA (Besson et al. 2013). A possible explanation for
these puzzling results is that cocaine and other stimulant drugs regulate D2 receptors
in the ventral striatum in a baseline-dependent manner (Caprioli et al. 2013, 2015).

Fig. 1 Summary of the recognised neural biomarkers underlying individual variation in addictive-
relevant behavioural endophenotypes. The recognised addiction endophenotypes all implicate
abnormalities in serotonergic and/or dopaminergic function in the prefrontal cortex and ventral
and dorsal striatum. However, the directionality and profile of these neurochemical biomarkers vary
from one trait to the next. Some of these markers are additionally associated with compulsive drug-
seeking behaviours (denoted by �), and to date only the ‘traits’ of high impulsivity in the 5CSRTT
and high novelty preference predict the development of compulsive cocaine SA. #/" decreased/
increased concentration, expression or function, DA dopamine, 5-HT serotonin, PFC prefrontal
cortex, OFC orbitofrontal cortex, DS dorsal striatum, VS ventral striatum, Core nucleus accumbens
core, Shell nucleus accumbens shell
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Thus, the delay in the recruitment of DA-dependent mechanisms in the DLS
development, subserving habitual instrumental control, may reflect a delayed cor-
rection of the initially low availability of D2 receptors in HI rats. Although this does
not account for the apparent vulnerability of HI rats to develop compulsive cocaine
SA, it suggests the enhanced D2 receptor expression in the NAc shell of novelty-
reactive rats may offer resilience and thus be a protective factor against the emer-
gence of compulsive drug-seeking (Bock et al. 2013).

Dysregulation 5-HT2C receptor function may also underlie risk for addiction-like
behaviour in rodents. Thus, while no baseline differences were observed in 5-HT2C
receptor transcript expression in the NAc of HI rats compared to LI rats, both short-
and long-term cocaine SA reduced 5-HT2C expression in the NAc shell of HI rats
(Besson et al. 2013). Since reduced 5-HT2C receptor function increases DA release
in the NAc (e.g. Manvich et al. 2012; Filip and Cunningham 2002), this may be one
explanation for the increased escalation of cocaine SA in HI rats (Dalley et al. 2007).
However, it may also have relevance for the onset of compulsive drug SA since
drugs that activate the 5-HT2C receptor (e.g. hallucinogens) have low addiction
potential and even counteract the reinforcing effects of several classes of abused
drug (Canal and Murnane 2017). This interaction is thought to involve the suppres-
sion of voltage- and calcium-gated potassium channels activated in medium spiny
neurons of the NAc shell by cocaine (Imbrici et al. 2000; Mu et al. 2010). This may
in turn underlie compulsive cocaine-seeking in rats associated with reduced 5-HT
turnover in the NAc (Pelloux et al. 2012) and increased methylation and transcript
expression of these potassium channels in rats responding compulsively for meth-
amphetamine (Cadet et al. 2017). Thus, the effect of cocaine SA to reduce 5-HT2C
expression in the NAc shell of HI rats may ‘take the brake off’ potassium channel
sensitisation and affect neuronal excitability in this region. Importantly, one of these
potassium channels, the small conductance calcium-activated potassium channel, is
reported to promote the development of long-term depression (LTD) in the striatum
(Hopf et al. 2010) and may represent a plausible mechanism underlying the
impairment in LTD associated with compulsive drug-seeking (Kasanetz et al.
2010; Brown et al. 2017).

Compulsive drug-seeking is also hypothesised to involve a loss of top-down
cognitive control over habitual behaviour, driving maladaptively enhanced habitual
stimulus-response actions (Everitt and Robbins 2005, 2016). Indeed, there is signifi-
cant evidence for impairments in frontal cortical networks in addiction (reviewed in
Goldstein and Volkow 2011) and in mediating the expression of drug-related
behaviours in rodents, including compulsive use (Kasanetz et al. 2010; Pelloux
et al. 2012, 2015b; Chen et al. 2013). Further, the HI and novelty-reactive
phenotypes are both associated with serotonergic dysfunction in the PFC (Besson
et al. 2013; Dalley et al. 2002; Anastasio et al. 2014; Piazza et al. 1991; Antoniou
et al. 2008), with postulated effects on PFC glutamatergic control over DA release in
the midbrain and striatum, (Jackson et al. 2001; Katsidoni et al. 2011), in turn
affecting relapse to cocaine-seeking (Pentkowski et al. 2010) and incubation of
cocaine-cue craving (Swinford-Jackson et al. 2016). More specifically, 5-HT turn-
over is reduced in the PFC of rats resistant to the effect of punishment on cocaine-
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seeking (a compulsive phenotype), an effect mimicked by forebrain 5-HT depletion
(Pelloux et al. 2012), and ameliorated by systemic administration of the 5-HT2C
agonist mCPP (Pelloux et al. 2012).

There is also evidence to implicate alterations in dopaminergic activity in the PFC
of addiction vulnerability endophenotypes, although the directionality of these
effects varies with individual trait. Enhanced DA-ergic tone, reflecting enhanced
function of the DA transporter, is associated with novelty reactivity (Marusich et al.
2011), while enhanced reward cue-induced DA release is present in sign-tracking
animals (Pitchers et al. 2017). Conversely, there is a reduction in DA transporter
efficacy in novelty-preferring animals (Yamamoto et al. 2013) and stimulated DA
release in this region in anxious animals (Homberg et al. 2002). DA synaptic
plasticity mechanisms in the PFC represent an important mechanism underling
relapse to drug-seeking (reviewed in van den Oever et al. 2010). Indeed, both drug
administration and withdrawal produce significant neuroadaptations within this
region (e.g. Ben-Shahar et al. 2009; Tang et al. 2004), which affect the intrinsic
excitability of these neurons (e.g. Ford et al. 2009). This altered excitability may in
turn enhance the responsivity of these cells to cues and contexts associated with drug
availability and driving relapse. Rapid alterations in plasticity mechanisms in the
PFC are also observed following exposure to cues associated with drug availability
(e.g. van den Oever et al. 2008). Additionally, synaptic plasticity mechanisms in the
PFC are important for extinction learning (e.g. Busquet et al. 2008), which may also
influence relapse behaviour. Tonic DA levels in the PFC have significant influence
on induction of both long-term potentiation (LTP) and depression (LTD) in this
region. As such, moderate elevations in tonic DA facilitate LTP induction, but this is
impaired when DA levels are high. In contrast, in the absence, or under conditions of
reduced tonic DA, LTD is favoured (Kolomiets et al. 2009). Thus, when considering
the findings of perturbed prefrontal cortical DA-ergic function underlying addiction
vulnerability traits, both enhanced and reduced DA-ergic tone may facilitate the
development of plasticity mechanisms underlying relapse, driving the enhanced
expression of this compulsive behaviour in vulnerable animals.

5 Conclusions

It is now accepted that differential vulnerability to addiction involves antecedent
neurobiological risk factors, environmental variables and drug exposure, further
influenced by inherent gender effects (Ait-Daoud et al. 2019), which together
modulate the probabilistic outcome of an individual developing harmful drug use.
While the precise aetiological mechanisms underlying the transition to addiction are
unknown, there is overwhelming evidence to suggest that specific neurobehavioural
endophenotypes contribute to this process, each in distinct ways that also depend on
the class of abused drug. Studies in rodents have greatly accelerated the neural and
psychological description of the transitions that lead to addiction and collectively
form a key translational axis to facilitate the identification of novel brain
mechanisms for therapeutic intervention.
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Abstract
Substance use disorder (SUD) is a behavioral disorder characterized by cycles of
abstinence, drug seeking, and relapse. SUD is characterized by aberrant learning
processes which develop after repeated exposure to drugs of abuse. At the core of
this phenotype is the persistence of symptoms, such as craving and relapse to drug
seeking, long after the cessation of drug use. The neural basis of these behavioral
changes has been linked to dysfunction in neural circuits across the brain;
however, the molecular drivers that allow for these changes to persist beyond
the lifespan of any individual protein remain opaque. Epigenetic adaptations –
where DNA is modified to increase or decrease the probability of gene expression
at key genes – have been identified as a mechanism underlying the long-lasting
nature of drug-seeking behavior. Thus, to understand SUD, it is critical to define
the interplay between neuronal activation and longer-term changes in transcrip-
tion and epigenetic remodeling and define their role in addictive behaviors. In this
review, we discuss the current understanding of drug-induced changes to circuit
function, recent discoveries in epigenetic mechanisms that mediate these changes,
and, ultimately, how these adaptations drive the persistent nature of relapse, with
emphasis on adaptations in models of cocaine use disorder. Understanding the
complex interplay between epigenetic gene regulation and circuit activity will be
critical in elucidating the neural mechanisms underlying SUD. This, with the
advent of novel genetic-based techniques, will allow for the generation of novel
therapeutic avenues to improve treatment outcomes in SUD.

Keywords
Circuitry · Dopamine · Epigenome · Genomics · Motivation · Plasticity

1 Introduction

Substance use disorder (SUD) is a chronic relapsing neuropsychiatric disease,
characterized by high levels of drug consumption, inability to terminate drug
consumption once started, heightened responsivity to drug-associated cues, drug
seeking, craving, and relapse even after long periods of abstinence (Aguilar et al.
2009; Le Moal and Koob 2007). This wide range of symptoms, many of which are
driven by deficits in learning and memory processes, are difficult to treat, and
patients typically experience remittent symptoms for their entire lifetime. Indeed,
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one critical characteristic of this disorder is the persistence of symptoms long after
the cessation of drug use. For example, there are high rates of relapse in individuals
with SUD, even after years of successful abstinence (de Wit 1996; Jaffe et al. 1989).
Yet, the long-lasting mechanisms that confer resilience or susceptibility to drug
seeking and craving remain only partially identified. Thus, understanding the factors
that confer these long-lasting behavioral deficits is critical to understand both the
pathology of the disorder and to developing efficacious evidence-based therapies.

To this end, it is paramount to understand themolecular dysfunction that underlies the
behavioral dysregulation in SUD. Preclinical models utilizing drug self-administration in
animals have recapitulatedmany of the behavioral phenotypes associatedwith SUD, and
a large body of work has focused on the molecular dysregulation that underlies these
behaviors (White et al. 2016; Maze et al. 2010; Stipanovich et al. 2008; Malvaez et al.
2011; Smith et al. 2013). Cocaine-induced changes in neuronal gene expression, molec-
ular and cell signaling, and plasticity have been implicated in driving the behavioral
symptomatology of SUD (Beitner-Johnson and Nestler 1991; Kuhar et al. 1991;
Anderson and Pierce 2005). However, while each of these factors has been causally
linked to particular behavioral phenotypes, compiling these discoveries into a compre-
hensive framework has been lacking. The development of SUD is controlled by drug-
induced alterations in neural circuit activity, which lead to complex changes in transcrip-
tional and receptor-based signaling, which then drive persistent neural plasticity changes
that change the brain’s subsequent response to drugs and other environmental stimuli
(LeMoal and Koob 2007; Hyman et al. 2006; Volkow et al. 2003; Campbell andWood
2019; Calipari et al. 2019). Here we discuss the current literature and highlight the
importance of understanding the bidirectional interaction between neural circuit activity,
epigenetic/transcriptional mechanisms, and behavior.

The behavioral symptomology of SUD persists long beyond a transient drug-
induced change in neural activity, and even past the turnover of many of the proteins
that have been implicated in this disorder; however, our understanding of long-term
mechanisms that could drive these seemingly indefinite changes are lacking. Recently,
epigenetics has become an avenue of interest with regard to potential mechanisms
underlying the long-lasting nature of SUD (Walker et al. 2015; Robison and Nestler
2011).Although historically defined as the heritable interaction between genes and gene
products that generate cell fate, as the neuroepigenetic field has developed, the term now
refers to changes in gene regulation independent of changes in the DNA sequence itself
(Barrett andWood2008;Rudenko andTsai 2014). Epigenetic factors allow for dynamic
and stable regulation of gene expression and are emerging as key mechanisms underly-
ing long-lasting changes in neural morphology and function in postmitotic neurons.
Several drug-induced changes to neuronal function have been linked to recruitment of
various epigenetic mechanisms, including changes in histone posttranslational
modifications, nucleosome remodeling, and DNA methylation (White et al. 2016;
López et al. 2018; Malvaez et al. 2018; Levine et al. 2011; Vaillancourt et al. 2017).

In this review, we will further assess the epigenetic and circuit-based changes that
underlie the alterations in learning and motivation that characterize SUD. We further
review the known adaptations that occur at the neural circuit, synaptic, cellular, and
epigenetic levels and how these adaptations interface to drive relapse of cocaine-
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seeking behavior. The aforementioned avenues of research are often studied inde-
pendently and in parallel of each other. While this strategy is effective in identifying
mechanistic contributors, it fails to encapsulate the long-lasting nature of SUD. As
such, SUD is unlikely caused by a single kinase, synapse, receptor, histone mark, or
transcription factor. Likely, the resilience and long-lasting nature of drug-seeking
behavior is a culmination of changes in synaptic function leading to changes in
nuclear processes that ultimately provide a feedback loop to future changes in circuit
activity and behavior. Interdisciplinary approaches to understanding the neural
control of behavior – where molecular, circuit, and behavioral avenues intersect –
will generate a more complete understanding of SUD. Lastly, we evaluate emerging
molecular- and circuit-level technologies and their potential to re-commandeer
endogenous mechanisms to reverse the drug-induced adaptations which leave
individuals susceptible to relapse.

2 Synaptic Mechanisms of Substance Use Disorder

Drug-induced alterations in synaptic function have been the primary focus of
neuroscience research into SUDs, and we now have an in-depth understanding of
the synaptic changes that occur and how these changes relate to addictive behaviors
(Ungless et al. 2001; Jones and Bonci 2005; Thomas et al. 2001; Wolf 2016) (Fig. 1).
Perhaps the most studied circuit in this body of literature is the mesolimbic dopamine
(DA) pathway, comprising of dopaminergic projections from the ventral midbrain to
the ventral striatum [also known as the nucleus accumbens (NAc) (Siciliano et al.
2015; Ferris et al. 2013)]. After cocaine exposure, several groups have reported
increased AMPA/NMDA ratios in dopaminergic neurons in the ventral tegmental
area (VTA), as well as increased expression of high-conductance GluA2-lacking
AMPA receptors in D1-expressing medium spiny neurons (MSNs) in the NAc
(Ungless et al. 2001; Thomas et al. 2001; Conrad et al. 2008; Loweth et al. 2014).
Paradoxically, while there is increased excitability of DA neurons, DA release
probability measured at presynaptic terminals in the NAc is markedly decreased
(Siciliano et al. 2015). Together, impaired dopaminergic modulation of postsynaptic
activity combined with hyperexcitability of D1-expressing MSNs drives several
aspects of addictive behaviors, most notably time-dependent increases in cocaine-
conditioned reinforcement, whereby cocaine-associated cues trigger seeking
behaviors which become more robust farther into abstinence from cocaine (Calipari
et al. 2019; Wolf 2016; Childress et al. 1999).

This effect, termed “incubation of cocaine craving,” becomes stronger through
30 days into withdrawal from cocaine and persists for a seemingly indefinite period
of time (Grimm et al. 2001). Interesting, the synaptic alterations that underlie these
effects persist far past the turnover half-life of any of the specific proteins involved
(Calipari et al. 2019; Horikawa and Nawa 1998). These synaptic changes are cell-
type specific, suggesting that the epigenetic factors driving these changes do not
happen on a global scale (Pascoli et al. 2014; MacAskill et al. 2014), but can be
different – even opposite – depending on the neural circuits being altered in these
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Fig. 1 Drug exposure drives long-lasting alterations in neural circuits in a cell-type-specific
fashion. Drug-induced adaptations within defined brain regions are involved in a wide range of
behavioral processes including executive control (PFC, a) (Sorg et al. 1997; Campanac and
Hoffman 2013; Williams and Steketee 2005; Trantham et al. 2002; Cameron et al. 2019); habit
formation (CPu, b) (Hurd et al. 1990; Park et al. 2013; Yager et al. 2015); drug-associated context
and memory (Hipp, c) (Kutlu and Gould 2016; Kramar et al. 2014); reward prediction and value
(VTA, d) (Bocklisch et al. 2013; Kalivas and Duffy 2002; Liu et al. 2005); and reward and
contextual integration (NAc, e) (Smith et al. 2013; Siciliano et al. 2015; Mark et al. 1999, 2011).
The cell-type-specific changes in activity that have been reported across the brain and are outlined in
a region-specific fashion. Within each region, there is heterogeneity of cell types, each contributing
differentially to behavioral outputs, making understanding the cell-type-specific epigenetic
adaptations underlying these alterations critical. A single molecular change within a defined brain
region may have opposite effects on behavior. For example, in the NAc, changes that increase the
activity of D1 or D2 MSNs (orange and yellow, respectively), have opposite effects on reward-
associated behaviors. Further, within this region, different molecular adaptations have been
observed in cholinergic interneurons (magenta), D1 MSNs, D2 MSNs, and at dopamine terminals
from the VTA – all of which have been implicated in cocaine-seeking behavior. The above circuitry
only serves as an overview of the major circuitry linked to cocaine seeking. However, various other
brain regions have been linked to the chronic nature of cocaine-associated behaviors, including the
medial habenula (López et al. 2018, 2019; McCallum and Glick 2009), the ventral pallidum (Farrell
et al. 2019; Mahler et al. 2014; Pardo-Garcia et al. 2019), and lateral hypothalamus (Ahmed et al.
2005; Zhou et al. 2008; Boutrel et al. 2005). Together, while the field has identified epigenetic and
transcriptomic changes in these brain regions, it will be critical to characterize the epigenetic
adaptations within specific cell types to understand how these changes are linked to the specific
molecular changes that underlie the neural control of discrete aspects of motivated behaviors. CPu,
caudate-putamen; Hipp, hippocampus; MSN, medium spiny neuron; NAc, nucleus accumbens;
PFC, prefrontal cortex; VTA, ventral tegmental area
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processes. While the long-lasting nature of these alterations are a hallmark of drug
exposure and exemplify the protracted pathology of human SUD, we have a limited
understanding of the cellular mechanisms that continue to propagate these alterations
as receptors are replaced with newly folded proteins that have not yet interacted with
cocaine. The long-lasting changes in synaptic function clearly implicate underlying
epigenetic changes that alter receptor expression indefinitely, but linking drug-
induced epigenetic changes to specific alterations in synaptic function remains
poorly understood. Elucidating these mechanisms may allow for therapeutic
interventions that restore normal function without targeting the receptors directly,
thus limiting off-target and unwanted effects.

While synaptic remodeling is often discussed in the terms of the mesolimbic DA
system, it is important to understand that even within a single brain region, cell-type-
and synapse-specific plasticity are critical mediators of motivated behaviors (see
Fig. 1). In the context of molecular dysregulation, it is critical to understand how
these genetic changes in specific cell types alter the expression of reward-related
behaviors. For example, the NAc is a heterogeneous region made up of various cell
types that contribute to cocaine-maintained behaviors. Of the total number of cells in
the rodent NAc, 95% of them are made up of MSNs, which contain D1 and D2 type
dopamine receptors (Kupchik et al. 2015). D1 and D2 MSNs are virtually nonover-
lapping cell types that have opposing roles in response to cocaine reward, with D1
encoding reward-based information, and D2 MSNs limiting reward-driven behavior
(Le Moine and Bloch 1995). D1 MSN responses to cocaine-associated cues are
critical to drug seeking, and optical stimulation of D2 MSNs reduces cocaine self-
administration (Bachtell and Self 2008; Kravitz et al. 2012). Moreover, the molecu-
lar mechanisms and cocaine response within these two cell populations are often
divergent, due to the contrasting effects of D1 vs D2 receptor activation. Specifi-
cally, D1- and D2-expressing MSNs have unique basal gene expression patterns that
contribute to their respective genetic identity (Chandra et al. 2015). Moreover, acute
cocaine and cocaine-associated cues increase activity in D1-expressing MSNs, while
leading to hyperpolarization of D2-expressing MSNs (Calipari et al. 2016; Bertran-
Gonzalez et al. 2008; Jordi et al. 2013). The downstream molecular adaptations to
cocaine within these cell populations also diverge, including DARPP-32 phosphor-
ylation and various CREB-dependent gene expression patterns (Chandra et al. 2015;
Bateup et al. 2008).

In addition to these output neurons, there are also GABAergic and cholinergic
interneurons that regulate both DA release from presynaptic DA terminals
originating in the VTA and modulate the activity of MSNs (Fig. 1) (Collins et al.
2016). Until recently, technical limitations have prevented the identification and
characterization of cocaine response in each of these cell types. However, the advent
of cell-type-specific assays, such as fluorescence-activated cell sorting (FACS),
translating ribosomal affinity purification (TRAP), single-cell RNA sequencing,
and Cre-expressing mouse lines (Chandra et al. 2015; Finegersh and Homanics
2016), makes a more thorough assessment of each cell type’s contribution to
cocaine-seeking behavior possible. Because of the different, often opposing, roles
of each of these cell types in drug-associated behavior, it is important to understand
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how epigenetic regulation of activity within each population can alter behavioral
outputs.

3 The Interface Between Neural Activity and Epigenetic
Modifications in Substance Use Disorder

As mentioned above, SUD research has focused on the neural circuit dysfunction
induced by drugs of abuse. Pinpointing the interface between neural activity, transcrip-
tion, and epigenetic processes has been difficult due to the complex technical nature of
these studies. SUD is a learning disorder where particular actions and outcomes [i.e.,
taking drug and the associated high (Hyman et al. 2006; Itzhak andMartin 2002;Mews
and Calipari 2017)] are associated with cues or contexts. Enhanced activation of brain
reward systems by these cues is a key feature that drives relapse to drug use (MacNiven
et al. 2018). Underlying this phenomenon is the ability to learn information about
environmental stimuli which relies on experience-dependent plasticity, where experi-
ence with a stimulus changes subsequent neural responses to that stimulus. These
neural changes need to be plastic, respond quickly to new information in the environ-
ment, and be long-lasting to maintain these memories over time (Mews and Calipari
2017). While learning induced by natural reinforcers is critical to survival in mamma-
lian species, dysregulation of these processes by drugs of abuse drives addictive
behaviors. Further, while not an emphasis of this review, it is important to consider
that when evaluating the molecular and synaptic responses in cocaine-induced
behaviors, the route, dose, and schedule of cocaine exposure are critical factors in the
subsequent neural response and drug-induced maladaptation, thus adding a layer of
complexity into defining the mechanisms driving drug-induced plasticity (Calipari et
al. 2013, 2014, 2015; Calipari and Jones 2014; Kawa et al. 2019).

At the heart of experience-dependent plasticity lies the capacity of neural circuits
to undergo activity-induced structural and functional changes. In SUD, this process
happens in two phases: first, drugs activate or inhibit certain neural circuits which
leads to the induction of epigenetic and transcriptional changes within defined neural
populations. Second, these epigenetic modifications either serve as a scaffold for
more long-lasting changes or act themselves to change the way that these cells
respond to subsequent drug-associated stimuli (see Fig. 2). Here, we will primarily
focus on the role of the second phase of this process in addictive behaviors. The
maintenance of such permanent changes requires efficient posttranslational and
transcriptional regulation. A large body of work has defined the importance of
both changes in neural circuit dynamics and epigenetic regulation in the expression
of reward-related behaviors (Russo et al. 2010; Russo and Nestler 2013; Dudai and
Morris 2013). The ability of a cell to efficiently activate transcriptional processes in
response to an incoming stimulus is controlled by epigenetic regulation, where
the structure of and accessibility to DNA is modified to increase or decrease the
probability of gene expression at key genes. This is executed by altering the
interactions between the genome and regulatory mechanisms at the level of chroma-
tin. Chromatin is the focal point of transcriptional gene regulation and is comprised

Activity-Dependent Epigenetic Remodeling in Cocaine Use Disorder 237



of a basic repeating unit: the nucleosome. The nucleosome consists of DNAwrapped
around a protein octamer, assembled from two molecules each of histone H2A, H2B,
H3, and H4 (Fig. 3a). Each histone has tails of amino acids that can be modified
allowing for a complex mosaic of chemical modifications – i.e., epigenetic marks –
that can dynamically regulate chromatin architecture and subsequent gene transcrip-
tion (Barrett and Wood 2008; Rivera and Ren 2013). Together these processes are
termed the epigenome and serve as the interface between the genome, cellular
activity, and the environment.

While basic epigenetic mechanisms controlling transcription have been well
described in recent years (see Table 1), how activity-dependent changes within
defined cell types interface with epigenetic modifications to guide behaviors remains
a major outstanding question in the field. In general, information is transmitted from
a synaptic signal, in the form of an action potential or receptor activation, to the
nucleus to trigger molecular machinery for epigenetic remodeling on a fast timescale
(outlined in Fig. 2). This signal activates a number of immediate early genes as well
as other transcriptional processes that alter DNA conformation in order to change the
expression levels of key genes (Brami-Cherrier 2005; Ressler et al. 2002). In this

3. Epigenetic  Regulation of 
Excitability and Transmission

Nucleus

Chromatin

1. Neural Signaling/
Action Potential 2. Activity-Dependent Regulation of 

Chromatin Structure/Gene Expression

Active Transcription

Transcriptional
Repression

Methylation
Acetylation

Fig. 2 The bidirectional interaction between epigenetic changes and synaptic function. Neurons
are complex information processors that are capable of integrating various inputs to ultimately
generate downstream signals. (1) Incoming signals are transmitted from and extracellular signal
through receptors and channels and their associated intracellular effectors that converge at the
nucleus. (2) These internal molecular cascades trigger activity-dependent changes in transcription
within the nucleus. (3) In addition to the acute induction of immediate early genes that leads to
stabilized signal processing (e.g., plasticity, LTP), DNA (teal) and histone proteins (blue) can be
modified (pink and black) to alter future response to activity and drive long-lasting changes in
neural excitability and signaling. In the case of drugs of abuse, such as cocaine, repeated drug
exposure alters basal gene expression and circuit-specific excitability via widespread epigenetic
changes
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Fig. 3 Epigenetic modifications regulated by cocaine exposure. Cocaine-induced neuronal activa-
tion leads to rapid changes in chromatin structure. (a) The nucleosome, the functional subunit of
chromatin, is composed of 147bp of DNA (green) spooled around a histone octamer core (blue). In
addition to direct DNA methylation (black), each histone protein can be modified at stereotyped
residues, such as lysine (K, black circle), arginine (R, blue circle), or serine (S, red circle), in
an activity-dependent manner to regulate gene expression. Cocaine alters circuit function by
generating a unique epigenetic environment at targeted gene loci. Recent work from the
neuroepigenetic field has identified cocaine-induced modifications at histone H3 (b) (Jordi et al.
2013; Kumar et al. 2005; Wang et al. 2009; Renthal et al. 2009; Farris et al. 2015; Renthal and
Nestler 2008; Maze et al. 2011; Feng et al. 2014; Freeman et al. 2008; Caputi et al. 2014), histone
H4 (c) (Malvaez et al. 2011; Jordi et al. 2013; Kumar et al. 2005; Levine et al. 2005; Renthal et al.
2007, 2009; Rogge et al. 2013; Ferguson et al. 2015), the recruitment of DNA methylation
machinery (d) (Vaillancourt et al. 2017; Wright et al. 2015; Anier et al. 2010; Massart et al.
2015; Carouge et al. 2010; Pol Bodetto et al. 2013; Baker-Andresen et al. 2013), and the synaptic
and plasticity-related gene loci targets. It is critical to note that no single histone mark regulates
cocaine-induced gene expression, but it is the overall epigenetic environment that can regulate
the suppression or expression of a gene. Similar to neural activity, these various epigenetic
modifications are integrated to generate an overall permissive or repressive gene expression
environment. Understanding the combinatorial effects of these individual histone marks will
be critical in studying the long-lasting nature of cocaine-induced changes to the epigenome,
transcriptome, and, ultimately, circuit function. Me2, dimethylation; Me3, trimethylation
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Table 1 Commonly studied epigenetic mechanisms and their respective transcriptional impact

Chromatin modifications in neuronal gene regulation

Modification Known regulatory enzyme(s) Target(s)
Transcriptional
effect(s)

DNA
methylation

Writers
DNMT1-3a,3b

Erasers
TET1-3

CpG
DNA

Repressive
(proximal
promoter)
Permissive (gene
body)

Histone
acetylation

Writers
CBP/KAT3A
p300/KAT3B
PCAF/KAT2B
GCN5/KAT2A

Erasers
HDAC1-3
HDAC8
SIRT1-3
SIRT6-7

H1
H2A
H2B
H3
H4

Permissive

Histone
methylation

Writers
SET-domain
containing
(14 members)
KMT1C/G9a/
EHMT2
KMT1D/GLP/
EHMT1
SUV39H1/
KMT1A
ASH1L/KMT2H
DOT1L/KMT4

Erasers
KDM1A/LSD1
JmjC family
(17 members,
see Agger et al.)

H1
H2A
H2B
H3
H4

Mono-methylation:
Permissive
Dimethylation:
H3K4, -K79
permissive
H3K9, H3K27
repressive
Trimethylation:
H3K4, H3K79
permissive
H3K9, H3K27,
H3K79 repressive

Histone
phosphorylation

Writers
MSK1/2
ERK1/2
JAK2

Erasers
PP1
PP2A

H1
H2A
H2B
H3
H4

Permissive
(indirectly) (enables
acetylation prevents
methylation)

Histone
ribosylation

Writers
PARP1, PARP3/
ARTD1, RTD3
SIRT2

Erasers
ARH3
PARG

H1
H2A
H2B
H3
H4

Permissive

Histone
serotonylation

Writers
TGM2

Erasers
Unknown

H3 Permissive

Histone
SUMOylation

Writers
SUMO1
SUMO2

Erasersa

SENP2–3
SENP5–6

H1
H2A
H2B
H3
H4

Repressive

Histone
ubiquitination

Writers
RING1
UBE2D1
UBE2B
RNF40
BARD1

Erasers
USP2, USP3,
USP7, USP12/
46, USP16,
USP21,USP22,
USP36
BAP1

H1
H2A
H2B
H3
H4

UBE2B, RNF40,
USP family, BAP1
Permissive
RING1, BARD1
Repressive

(continued)
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view, epigenetic regulation arbitrates acute and transient gene expression in response
to upstream neural activity and changes in intrinsic cellular processes (Campbell and
Wood 2019). Thus, repeated and sustained firing of cells in a circuit can trigger
specific changes to denote the importance of that information. Circuit activity
triggers intracellular signaling cascades such as the PKA or MAPK/ERK pathways
that are activated by G protein-coupled receptors and calcium and therefore provides
a means for information carried in circuit activity to be transmitted to the nucleus
(Ménard et al. 2015). In the nucleus, epigenetic signatures demarcate and regulate
genes associated with synaptic remodeling, associative processes, and memory
formation (Dulac 2010; Sultan and Day 2011). These changes can alter the
excitability of the cell and change its ability to respond to subsequent incoming
signals. Remarkably, but not surprisingly, the plasticity mechanisms linked to drug
addiction correspond to well-described neuronal and circuit plasticity in learning and
memory (see Fig. 1). This process is the primary molecular mechanism underlying

Table 1 (continued)

Chromatin modifications in neuronal gene regulation

Modification Known regulatory enzyme(s) Target(s)
Transcriptional
effect(s)

Nucleosome
remodeling

Complex Relevant
subunits

H1
H2A
H2B
H3
H4
gDNA

Both repressive and
permissive

nBAF nBAF:
BAF53B/
ACTL6B
CREST
BAF45B/C

ISWI-containing
complexes

ISWI: BAZ1A
SMARCA1/
SNF2L,
SMARCA2/
SNF2H

NuRD NuRD:
HDAC1/2
Mi-2a/b,
MTA1/2/3
RbAp46/48

Various epigenetic mechanisms have been identified as critical in neuronal gene expression and are
highlighted above, including (1) DNA methylation (Vaillancourt et al. 2017), (2) histone acetyla-
tion (Gräff and Tsai 2013; Peixoto and Abel 2012; de Ruijter et al. 2003; Barnes et al. 2019; Fischle
et al. 2002), (3) histone methylation (Agger et al. 2008; Roidl and Hacker 2014), (4) histone
phosphorylation (Watson and Higgins 2016), (5) histone ribosylation (Messner and Hottiger 2011;
Hassa et al. 2006), (6) histone serotonylation (Farrelly et al. 2019), (7) histone SUMOylation (Shiio
and Eisenman 2003; Nathan et al. 2003), (8) histone ubiquitination (Cao and Yan 2012), and
(9) nucleosome remodeling (López and Wood 2015; Sun et al. 2017; Goodwin and Picketts 2018).
Each identified PTM is regulated by a unique family of enzymes, providing a unique profile of
transcriptional regulation. See Zhao and Garcia (2015) for a catalog of discovered histone
modifications (in neuronal and non-neuronal tissue) (Zhao and Garcia 2015)
aIndicates presumptive regulator
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learning-related plasticity in postmitotic neurons. Thus, understanding how this
process is dysregulated in SUD will shed light onto the basic process, its importance
in behavioral control, and provide potential targets for treatment.

4 Epigenetic Regulation of Neural Plasticity

When studying activity-dependent transcription, the key regulators are often imme-
diate early genes, which are activated shortly after stimulation of the cell. It is
tempting to attempt to identify a single gene that controls the addictive phenotype;
however, the complex nature of a disorder involving learning mechanisms makes it
more likely that a complex network of interconnected genes regulates the connec-
tivity of neurons across the brain. In fact, it is likely that many of the immediate early
genes that are identified as key players in addictive behaviors are simply the first-in-
line transcriptional responses that start a string of events that alters DNA accessibil-
ity and neural circuit function (Zhao et al. 2014). The behavioral, circuit, and
morphology data point to one important adaptation in drug-addicted individuals.
Specific synapses are strengthened, while others are weakened for long periods of
time that last far beyond the lifespan of any individual protein (McPherson 2015).
These long-lasting changes in synaptic strength are critical mediators of drug
seeking and relapse; thus, understanding how they are maintained is of critical
importance to our understanding of the brain and how it is dysregulated in SUD
(Ungless et al. 2001; Thomas et al. 2001; Siciliano et al. 2015; Conrad et al. 2008;
Loweth et al. 2014).

4.1 Histone Posttranslational Modifications, DNA Methylation,
and Nucleosome Remodeling

Neurons continually adapt to a changing environment and thus require systems
that quickly adjust chromatin structure, transcription, and subsequent cellular
excitability. This is done via complex changes in receptor membrane expression,
phosphorylation, and epigenetic changes that are transient, such as histone acetyla-
tion or phosphorylation, or more long-lived, such as specific histone methylation
and DNA methylation, and both of these processes are dysregulated in SUD
(Campbell and Wood 2019; Robison and Nestler 2011; Rudenko and Tsai 2014;
Fass et al. 2013). Indeed, several types of epigenetic modifications have been
associated with learning and memory, including DNA methylation, and posttransla-
tional modification of histone proteins by acetylation, methylation, and phosphory-
lation (Dulac 2010; Alarcón et al. 2004; Gräff and Tsai 2013; Korzus et al. 2004;
Levenson et al. 2004; Wood et al. 2006; Nelson and Monteggia 2011). Importantly,
modification of the epigenetic landscape provides a mechanism by which the
transcriptional response to stimuli can be permanently altered, thus providing a
molecular route to lasting modifications of neuronal and circuit functions such as
the expression of SUD.
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As mentioned above, central to epigenetic regulation of gene expression is the
nucleosome: a complex system upon which posttranslational modifications control
rapid or sustained changes in DNA accessibility (Fig. 3). Each histone within the
nucleosome core has tails of amino acids that can be modified (Rivera and Ren 2013)
(see Fig. 3 and Table 1). The interaction between histone tails and DNA has a
profound influence on gene accessibility and transcription. This interaction can be
transiently modified via various posttranslational modifications (PTMs), including
phosphorylation, acetylation, ubiquitination, serotonylation, methylation, or physi-
cal sliding of nucleosomes via nucleosome remodeling complexes (referred to as
nucleosome remodeling) (Kouzarides 2007; Berger 2007; Farrelly et al. 2019). In
addition, DNA itself can be directly modified through the addition and removal of
methyl groups. Each of these modifications can provide a different regulation of
gene accessibility, either restricting or enabling transcription to occur (see Table 1).
Histone PTMs elicit structural and functional changes within chromatin and regulate
various epigenetic processes. Acetylation, for instance, along with methylation, is
the most extensively studied histone modification and has broad effects on chroma-
tin function and nuclear signaling pathways (Roth et al. 2003; Shahbazian and
Grunstein 2007; Berndsen and Denu 2008). Each of these epigenetic modifications,
and their role in transcriptional regulation, is described below and in Table 1.

4.2 Histone Acetylation

Histone acetylation is one of the most extensively studied PTMs. Addition of acetyl
groups to lysine residues on histone tails is generally considered to be permissive
for gene expression through relaxation of the histone protein-DNA interaction. The
reduced histone-DNA interaction is thought to allow access to subsequent transcrip-
tional regulators (e.g., transcription factors, RNA polymerase II). Activity-
dependent histone acetylation is known to be regulated by two competing families
of epigenetic writers: histone deacetylases (HDACs) remove acetyl groups from
lysine residues, while histone acetyltransferases (HATs) add acetyl groups to histone
tails. Generally, HDACs are considered transcriptional repressors, functioning as
molecular brake pads to gene expression, whereas HATs are viewed as transcrip-
tional primers, priming transcriptional activity through permissive histone acetyla-
tion (Roth et al. 2003; Shahbazian and Grunstein 2007). Additionally, histone
acetylation marks can be bound by small protein modules called bromodomains,
often referred to as “readers.” These domains are conserved within many chromatin-
associated proteins – including HATs themselves – that regulate transcription-
mediated biological processes (Bannister and Kouzarides 2011; Burdge and
Lillycrop 2010; Filippakopoulos and Knapp 2014; De La Cruz et al. 2005). Histone
acetylation in particular has spurred considerable interest and is most robustly
associated with promoting associative learning and memory formation, which, as
discussed previously, is one of the critical learning processes dysregulated in SUD.
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4.3 Histone Methylation

Another extensively studied histone PTM critical in regulating gene accessibility is
histone methylation. Histone methylation is concentrated on lysine residues of the
histone tail (Zhang and Reinberg 2001), positively regulated by lysine
methyltransferases (KMTs) and negatively regulated by lysine demethylases
(KDMs). However, single residue methylation can occur in mono- (me), di-
(me2), or tri-methylated (me3) stages (Kouzarides 2007). Moreover, these
multiplexed methylation states are capable of exerting influence of gene expression
and are regulated by independent enzymes. For example, G9a (renamed KMT1C) is
able to lay mono- and dimethyl marks but appears unable to trimethylate histone
residues. In addition, the mechanism by which histone methylation alters chromatin
accessibility remains unclear, as methylation-state regulation of gene expression
occurs in a residue specific manner. For example, H3K9me2/3 is generally consid-
ered to be a repressive mark, whereas H3K4me3 is often associated with gene
activation (Santos-Rosa et al. 2002; Baylin and Ohm 2006).

4.4 Nucleosome Remodeling

Nucleosome remodeling is an often-overlooked posttranslational modification, in
which large nucleosome remodeling complexes slide or evict nucleosomes to alter
large-scale chromatin structure. As such, nucleosome remodeling can be considered
both permissive and repressive epigenetic modifications, as nucleosome remodeling
complexes (NRCs) can simultaneously increase accessibility of particular genes
while decreasing accessibility of others. Neuronal Brg1-/hBrm-associated factor
(nBAF) is the primary NRC in the brain and is composed of various proteins
containing either nucleosome or DNA-dependent ATPase function (Table 1) (Staahl
and Crabtree 2013; López and Wood 2015; Vogel-Ciernia and Wood 2014). While
nBAF is the most extensively studied NRC, both ISWI and NuRD NRCs play key
roles in neuronal gene regulation.

Critically, these epigenetic mechanisms do not occur in isolation and modify both
transcriptional activity and the enzymatic function of other epigenetic modifiers.
For example, the NuRD complex consists of HDAC1/HDAC2 and is capable of
simultaneously deacetylating histone residues and remodeling nucleosome structure.
Interestingly, subunits within nBAF have histone reading bromodomains, and
subunits with ISWI complexes carry histone-interactive SANT domains, suggesting
both nBAF and ISWI use histone modification states to further regulate gene
accessibility. However, a complete understanding of these mechanisms in neurosci-
ence remains lacking.
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4.5 DNA Methylation [For More Detailed Review on DNA
Methylation in Cocaine Use Disorders, See Vaillancourt et al.
(2017)]

DNA methylation is the stable addition of a methyl group to a nucleotide, most
often in the form of 5’ methylated cytosine (5mC) (Bird 2002). 5mC is typically
added by methyl-CpG-binding domain (MBDs) proteins, of which MECP2 has
been most extensively studied, whereas demethylation is carried out via DNA
methyltransferases (DNMTs). Previously believed to function purely as a gene
repressor, the role of DNA methylation in transcriptional regulation has been further
defined: when present in the gene promoter, DNA methylation typically represses
genes through the recruitment of HDACs to deacetylate nearby histone tails while
simultaneously preventing transcription factor binding; however, when present in
the gene body, recent data suggests it may function as a gene activator (Jones 2012;
Baubec and Schübeler 2014; Wolf et al. 2006).

4.6 Histone Marks Do Not Occur in Isolation

These various epigenetic mechanisms form a powerful system of regulating gene
expression. While each modification is often studied in isolation and has been
individually linked to changes in transcription, it is critical to be cognizant of the
fact that these modifications, and their regulators, function in concert with each other.
Similar to how individual neurons are able to integrate various, often conflicting,
circuit inputs, the transcriptional machinery within the nucleus must be able to
integrate a dynamic epigenetic landscape to ultimately drive or repress gene expres-
sion. As no single gene can be used as a readout for the activity and function of a
neuron, no single epigenetic modification can provide an accurate readout for the
transcriptional landscape for a given gene. As such, recent work has sought to identify
specific patterns of histone modifications and the subsequent transcriptional effect at
single gene loci (Tweedie-Cullen et al. 2012; Karch et al. 2013). Moving forward the
addiction field should begin to link how these epigenetic marks collectively form an
epigenetically permissive or repressive environment and how drugs of abuse mediate
their transcriptional signatures through collective changes in histone modifications.

The various epigenetic writers and erasers often directly compete for influence, as
they often share gene targets and residues for regulating PTMs and other epigenetic
marks. More so, their role in activity-dependent gene expression has been extensively
reviewed elsewhere and will not be a focus on this review (Barrett and Wood 2008;
Sultan and Day 2011; Peixoto and Abel 2012). However, mounting evidence over the
past two decades has provided key insights into how drugs of abuse, such as cocaine, are
able to recruit or disengage these epigenetic writers to alter gene expression. Together,
these epigenetic modifications can regulate various aspects of cellular function and, in
neurons, are regulated by activity-dependent processes that alter the neuronal responses
to subsequent stimuli. Their role in drug-dependent plasticity that leads to addictive
behaviors is critical and underlies the long-lasting synaptic plasticity that is important in
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SUD. As mentioned above, these marks allow for persistent upregulation or
downregulation of genes involved in neural activity. However, asmentionedpreviously,
at what genes these epigenetic marks occur and which cell types in which they occur are
critical determinants in the role they have on behavior. Thus, increases in transcription in
a reward-related brain region can alter behavior differentially depending on the cell type
in which they are expressed. Understanding how epigenetic modifications that maintain
this synaptic plasticity will be critical in understanding how these modifications occur
and how they maintain synaptic changes that drive behavior.

5 The Interplay Between Acute Drug Effects
and Activity-Dependent Epigenetic Dysregulation
in the Transition to Substance Use Disorder

Within epigenetic marks it is important to consider how they were induced and what
their ultimate role is on neural activity. Epigenetic modifications serve two major
functions in differentiated neurons. First, they act to determine which genes are
upregulated on a transient timescale upon cellular activation – for example, after
acute drug exposure. Second, they act to control stable gene expression on a
timescale that extends beyond the initial transient signal – i.e., changes that are
seen during long-term withdrawal. The interplay between these two classes of
epigenetic modifications is relatively unstudied. Thus, better insight into how
drug-induced transient changes in chromatin structure lead to stable and long-lasting
epigenetic regulation of gene expression is needed.

The interplay between quick temporally specific neuronal activation and longer-
term changes in transcription is critical in the expression of appropriate, or in the case of
SUD, inappropriate behaviors. The first step in drug-induced epigenetic remodeling
relies on the actions of drugs on reward pathways within the brain. The reinforcing
properties of drugs of abuse, such as cocaine, are attributed to their ability to induce
changes in neural activity throughout the central nervous system. In particular, cocaine
alters neuronal activity throughout the mesolimbic pathway by blocking the dopamine
transporter and thus increasing DA levels (Chen et al. 2006). These acute drug effects
are rapid andmediate the “high” induced by the drug and act to promote drug seeking in
the future (Volkow et al. 1997). These drug-induced increases in neurotransmitter
levels happen on the order of seconds and are faster than any specific transcriptional
initiation event and, thus, are the first step in driving drug-induced transcriptional
dysregulation (Yorgason et al. 2011). Transient increases in neural activity, neurotrans-
mitter release, and signaling converge to subsequently drive the epigenetic remodeling
that occurs following drug exposure. These transcriptional/epigenetic changes are
induced by action potential and calcium- or G-protein-dependent signaling cascades.
Neural activity signals can trigger chromatin remodeling via the calcium-/calmodulin-
dependent kinase II (CaMKII), which becomes activated upon cellular depolarization
and influx of calcium. CaMKII stimulates transcription of BDNF, a well-known
neurotrophin involved in neuroplasticity, by phosphorylating and thus releasing the
DNAmethylation “reader”methyl CpG-binding protein 2 (MeCP2), a highly abundant
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chromosomal protein within the brain, from its promoter (Im et al. 2010; Nott et al.
2016; Zhou et al. 2006). This process has been shown to be highly involved in addictive
behaviors (Bali et al. 2011). The activation of G protein-coupled receptors can induce
similar effects via effectors such as cAMP signaling to set off a signaling cascade via the
PKA pathway and members of the mitogen-activated protein kinases (MAPKs), which
can directly phosphorylate histones to prompt further changes in chromatin structure
(Gräff and Tsai 2013; Nestler 2016). This pathway has also been directly linked to
cocaine-induced plasticity throughout the ventral midbrain and corticolimbic circuitry.

The acute epigenetic remodeling that occurs in response to cocaine exposure has
been primarily studied in regions downstream of VTA dopaminergic projections. For
example, acute cocaine exposure increases various acetylation marks throughout the
dorsal striatum including increased acH3 and acH4 and increased acH4K5, acH4K8,
acH4K12, and acH4K16 at cFos and fosb promoters (Jordi et al. 2013; Kumar et al.
2005).With regard to the ventral striatum, similar increases in acetylation at sites such
as H3K14, H2BK12, and H4K5, H4K8, H4K12, and H4K16 in the NAc in response
to acute cocaine have been observed (Malvaez et al. 2011; Levine et al. 2005).
Extensive research in the role of striatal MSNs have provided evidence for the
divergent roles in D1- and D2-expressing MSNs. Indeed, recent work has
demonstrated a likewise divergent epigenetic response in these cell types in response
to varying treatments of cocaine. Acute cocaine increases the combinatorial H3
phosphoacetylation in D1 MSNs of the NAc (Bertran-Gonzalez et al. 2008; Jordi
et al. 2013), likely mediated by the D1-specific adaptations to DARPP-32
(Stipanovich et al. 2008; Nairn et al. 2004). Moreover, cocaine acutely increases
H3K9me2 and H3K9me3 in both D1 and D2 MSNs (Jordi et al. 2013). Lastly,
increased MECP2 has also been found throughout the NAc and caudate/putamen
following acute cocaine exposure, suggesting induction of DNA methylation (Deng
et al. 2011; Mao et al. 2012). However, the gene targets subject to presumptive DNA
methylation remain unknown. As mentioned above, it is important to note that these
observed changes in histone modifications do not occur in isolation. Any single
epigenetic mark is unlikely to induce or repress gene expression on its own. Broad-
scale epigenomic changes (such as global changes in acetylation or complete
remodeling by nucleosome remodeling complexes) occur in concert with various
marks, enzymes, and regulators. For example, cocaine-induced increases in acH3
(particularly at the H3S10 residue) recruit HATs and mediate increased H3K14ac
(Jordi et al. 2013; Ciccarelli and Giustetto 2014). Moreover, acute cocaine recruits
ARC to pH3S10-tagged transcripts, functioning as a potential feedback mechanism
on neuronal gene expression (Salery et al. 2017). Recently, a potential mechanism for
how histone modifiers (e.g., HDAC3) may interact with large-scale remodelers (such
as nBAF) to regulate activity-dependent gene expression and plasticity has been
proposed (Shu et al. 2018). Future work should further elucidate how these various
epigenetic modifiers regulate gene expression in concert and in competition with one
another.

Acute cocaine exposure recruits mechanisms critical to early phases of circuit
plasticity and drug-seeking behavior. Typically, these changes to chromatin occur at
and have been studied with regard to immediate early genes (such as cFos, Bdnf, Arc,
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and Fosb) (Zhao et al. 2014; Miller and Marshall 2005). However, repeated cocaine
intake generates a novel epigenetic landscape at not only immediate early genes but
also various gene targets linked to plasticity and synaptic function. These changes occur
throughout the mesolimbic and mesocortical pathways and are believed to underlie the
persistence of cocaine-seeking behavior. In theVTA, Schmidt et al. identified increased
H3K9 and H3K14 acetylation at the Bdnf I promoter, coinciding with cocaine-induced
increases in Bdnf I expression (Schmidt et al. 2012). Similarly, striatal BDNF transmis-
sion is known to increase the motivation to self-administer cocaine (Im et al. 2010;
Graham et al. 2007, 2009; Grimm et al. 2003; Hall et al. 2003; Lu et al. 2004; Horger
et al. 1999; Schoenbaum et al. 2007), and increases have been linked to the increased
spine changes that are characteristic of cocaine exposure (Zhou et al. 2006). BDNF
activates the enzyme nitric oxide synthase, leading to nitrosylation and dismissal of
chromatin-bound HDAC2, thus ultimately increasing histone acetylation at genes
involved in neural plasticity for LTP and learning (Nott et al. 2008). However, while
these transient immediate early genes and growth factors are a critical component of
synaptic plasticity induced by drugs, they are just the first step in a line of epigenetic
modifications and synaptic remodeling that ultimately solidifies information about
drugs and associated stimuli in the brain. Thus, it is important to understand
how these initial changes lay the groundwork for the activity-dependent circuit
remodeling that ultimately underlies addiction.

Yet, the major question is whether these changes are seen following repeated
cocaine exposure and whether they are long-lasting. Whereas activity-induced gene
expression and protein synthesis is transient, the circuit rewiring linked to associa-
tive learning and memory storage is long-lasting (Tonegawa et al. 2015). Notably,
histone acetylation is known as a highly dynamic modification that rapidly turns
over. Equally, even the extended half-life of channel proteins such as AMPA and
NMDA receptors – whose expression is manipulated by drugs of abuse – is
transitory when compared to timescales of pathological states of addiction, as drug
relapse can occur even after years of abstinence and clinical intervention. Therefore,
persistent changes in transcriptional regulation caused by drugs of abuse are likely
maintained by the complex interplay of short-lived epigenetic marks – e.g., transient
histone acetylation with dramatic effects on gene expression – that regulate synaptic
and circuit strengths and permanent epigenetic aberrations that preserve transcrip-
tional dysregulation in concert with alterations at the synapse and cell signaling.
Recently, gene-specific enrichment of H3K4me3 was identified in the hippocampus
of chronic cocaine users (Zhou et al. 2011). Yet, these changes to histone methyla-
tion did not correlate with changes in gene expression. Similarly, chronic cocaine
self-administration induces long-lasting changes in acetylation states in the prefron-
tal cortex that correspond with increases in Dot1l/Kmt4, Kdm5a, Kdm6a, Kdm6b,
and Kdm7a (Sadakierska-Chudy et al. 2017). However, despite these changes in
KDM expression, no subsequent changes in global histone methylation state was
observed, demonstrating that changes in any given histone mark are unable to dictate
gene expression alone (and vice versa). However, it is possible that these changes to
histone methylation (and its regulatory enzymes) do not alter baseline levels of
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particular genes but do leave the transcriptome in a permissive or repressive state for
subsequent challenges (such as withdrawal and cue- and drug-induced relapse).

6 Transient Changes as a Scaffold for Long-Term Epigenetic
Changes

All of the aforementioned mechanisms rely on acute changes that are transient in
nature and are likely involved in quick and adaptive responses of cellular circuits to
environmental information. But the question is how these precisely timed processes
ultimately lead to permanently altered epigenetic landscapes that underlie
dysregulated transcription in addiction. In addition to the long-lasting circuit
changes induced by cocaine (see Fig. 2), cocaine exposure induces long-lasting
changes in gene expression via targeted alterations in epigenetic structure. While
there are various residues on histone tails susceptible to posttranslational
modifications, it appears that cocaine induces stereotyped marks to generate long-
lasting gene expression (Fig. 3). With regard to the striatum, repeated cocaine
exposure drastically alters the epigenetic landscape. Both experimenter-administered
chronic cocaine and repeated cocaine self-administration have led to increased acH3
and acH4 in the NAc (Malvaez et al. 2011; Wang et al. 2009; Renthal et al. 2007),
particularly at plasticity-related genes, such as Fosb, cFos, Bdnf I, and Cdk5. These
changes in histone marks are partially explained by cocaine’s effects on various
epigenetic writers, such as HDACs and KMTs. For example, chronic cocaine has
been shown to cause export of HDAC5 from the nucleus in MSNs of the NAc
(Renthal et al. 2007), alter HDAC expression (Renthal et al. 2009), and misregulate
G9a/KMT1C function and subsequent histone methylation (Maze et al. 2010).
Again, it is critical to emphasize that these epigenetic adaptations do not occur in
isolation and are often competitive with one another. While previous studies have
indicated simultaneous increases in H3 acetylation and methylation (Jordi et al.
2013), recent ChIP-seq studies identified gene-specific increases in both acH3 and
acH4 in the NAc. Further, gene targets depleted with acH3/H4 correspond to gene
targets which show enrichment for meH3 (Renthal et al. 2009; LaPlant and Nestler
2011). Moreover, gene-specific changes in nucleosome remodelers have been seen
at the Cdk5 promoter (Kumar et al. 2005), further suggesting the interaction between
various epigenetic mechanisms to ultimately generate loci-specific transcription.
Cocaine has been demonstrated to alter HDAC-mediated regulation of other histone
modifiers – repeated cocaine disengages HDAC1 at KMT1C, leading to enhanced
H3K9me2 in the NAc (Kennedy et al. 2013).

DNA methylation and several of its key regulatory enzymes appear sensitive to
repeated cocaine exposure. Following self-administration, there is an increase in
Dnmt3a/b expression and alterations of methylation at the cFos promoter (Wright
et al. 2015) that persists following a period of withdrawal (Laplant et al. 2010).
MECP2 levels have been demonstrated to increase in the striatum and hippocampus
following self-administration (Im et al. 2010). Repeated cocaine is able to generate
pervasive changes to the epigenome. These changes occur not only in a brain region-
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specific fashion but also in a cell-type-specific fashion. Accordingly, results support an
emerging view that rapid changes in DNA methylation – traditionally viewed as a
permanent and immutable mark in postmitotic cells – are involved in activity-
dependent regulation of neuronal gene transcription. DNA methyltransferase,
DNMT1, is highly expressed across the brain, and transient increases in DNMT1
expression are not only seen with Pavlovian learning but have been reported after
administration of drugs of abuse (Goto et al. 1994; Numachi et al. 2007). In fact,
following chronic exposure to drug, increases in DNA methylation in the striatum are
persistent and evident even after extended periods of withdrawal (Mychasiuk et al.
2013). Notably, in the case of Pavlovian learning – a critical process involved in SUD –

acquisition and extinction ofmemory have been linked to alterations in the methylation
machinery in the prefrontal cortex, including changes to the TET family of enzymes,
targeted DNA methylation, and recruitment of MECP2, suggesting that these DNA
modifications are critical to the maintenance of long-term memories associated with
addiction (Alaghband et al. 2016; Bredy et al. 2007; Bredy 2013; Li et al. 2014; Viola
et al. 2016). These findings highlight the dynamic nature of the neuronal DNA
methylome and suggest an important role for DNA methylation in the stabilization of
epigenetic change that is instigated by drugs of abuse (Feng et al. 2015). In fact, both
acute and chronic cocaine have been shown to cause hypomethylation of the FosB
promoter in the striatum, linked to decreased binding of MeCP2 and upregulation of
FosB expression (Anier et al. 2010). Thus, it is possible that acute histone changes
allow for changes in DNA conformation and subsequent DNA methylation that
stabilizes long-term memory and persistent changes in cellular function, as seen
through the long-lasting nature of DNA methylation and targeted recruitment of
DNA methylation in a gene-specific fashion following cocaine self-administration
(Massart et al. 2015; Baker-Andresen et al. 2015).

As outlined earlier, the aforementioned changes in chromatin structure produce
plasticity at the synaptic and circuit level, including alterations of the AMPA and
NMDA receptor levels and their subunit composition. Just like with dendritic spines
where thin spines serve as a scaffold to create more mature spines, transient
epigenetic marks can set a series of events in place that help to consolidate informa-
tion permanently only if the stimulus is incredibly salient or encountered repeatedly
over long periods of time. This can serve as a gating mechanism, so that the long-
term changes would only happen after repeated exposure.

7 Causally Linking Epigenetic Modification to Substance Use
Disorder

Cocaine-associated behaviors have been linked with change in function of various
epigenetic modifiers (Malvaez et al. 2011; Renthal et al. 2007; Kennedy et al. 2013;
Rogge et al. 2013). For example, the associative processes that occur with cocaine
exposure and cocaine-associated behaviors can be altered through targeting of
specific epigenetic mechanisms. Bidirectional manipulation of histone acetylation
in the NAc has profound effects on cocaine-associated behaviors. Genetic and
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pharmacological loss of HDAC3 function in the NAc enhances the acquisition of
cocaine-conditioned place preference (CPP), with predictive increases to cocaine-
induced acetylation (Rogge et al. 2013; Malvaez et al. 2013). However, this is
unlikely through a mediation of the rewarding properties of cocaine but more likely
regulating the associative processes, as HDAC3 inhibition during extinction not
only accelerates extinction but also blunts cocaine-primed reinstatement of CPP.
Cocaine-primed reinstatement has also been demonstrated to enhance H4K8Ac and
alter HDAC3-dependent gene regulation in the medial habenula, an epithalamic
region strongly linked to drug-seeking and drug-associated behaviors (López et al.
2018, 2019). Conversely, NAc-specific loss of CBP (a histone acetyltransferase) led
to a hypoacetyl state in response to acute and chronic cocaine and blocked cocaine-
induced CPP (Malvaez et al. 2011). Additionally, DARPP-32-mediated decreases in
pH3S10 are also able to block cocaine-induced CPP (Stipanovich et al. 2008).
Similarly, overexpression of KMT1C in the NAc led to increases in H3K9me2
which corresponded with decreased cocaine-CPP. Pharmacological inhibition of
KMT1C was able to reverse the effects on H3K9me2 and enhance cocaine-CPP
(Maze et al. 2010). Lastly, mutations to nBAF blunt cocaine-induced CPP that is
restored through local overexpression of BDNF into the NAc (White et al. 2016;
Alaghband et al. 2018). These epigenetic mechanisms have been demonstrated to
play an important role in learning and memory and appear to mediate the associative
properties of SUD.

Two major aspects in cocaine seeking are the reinforcing properties of the drug
and the enhanced motivation to seek drug; each aspect is regulated by various
molecular and circuit pathways. For example, recent work has characterized the
formation of habitual cocaine seeking via the recruitment of MSNs in the dorsal
lateral striatum (DLS) during long-access cocaine self-administration (Malvaez et al.
2018; Fouyssac et al. 2017; Murray et al. 2015). This DLS recruitment is mediated
via disengagement of HDAC3 – pharmacological or genetic inhibition of HDAC3 in
the DLS accelerated habit formation, whereas overexpression of HDAC3 in the DLS
suppresses habit formation (Malvaez et al. 2018). Moreover, systemic HDAC
inhibition suppresses acquisition of cocaine self-administration (Romieu et al.
2008). Similarly, HDAC3 inhibition enhanced extinction and blocked cue-induced
reinstatement of cocaine seeking (Hitchcock et al. 2018). So while similar findings in
CPP may not provide insights into HDAC-mediated regulation of reinforcing
properties of cocaine, these findings in self-administration studies suggest HDACs
may regulate motivational aspects of cocaine seeking as well as the changes that
occur following repeated volitional exposure. This body of work demonstrates that
HDACs function as molecular brake pads to not only acute gene expression but also
recruitment of neural pathways in behavior. Drugs of abuse, such as cocaine, alter
these molecular mechanisms leading to long-term alteration in circuit function.

While histone acetylation is a well-studied mechanism in the addiction field,
recent work has further defined a role for KMT1C-mediated histone methylation in
cocaine seeking. Overexpression of KMT1C in the NAc shell and subsequent
increases in H3K9me2 enhance cocaine self-administration and generate increased
susceptibility of stress-induced reinstatement (Anderson et al. 2017). Furthermore,
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while loss of nBAF function (through deletion of nBAF-specific subunit CREST)
had no effect on the initial motivation to respond for cocaine, CREST deletions in
the NAc slow the acquisition of cocaine self-administration and alter the acquisition
of cocaine-associated memories (Alaghband et al. 2018). Overall, an elaborate
interplay of epigenetic mechanisms regulates the various circuit and molecular
mechanisms of drug seeking.

8 Linking Changes in Epigenome to Changes in Synaptic
Function

To date, the field has identified various pathways, individual transcription factors,
and altered epigenetic mechanisms engaged by cocaine exposure. But we, as a field,
have yet to fully characterize how these individual levels of analysis combine to alter
behavior. It is unlikely that any single gene, transcription factor, or epigenetic writer
is responsible for the various aspects of SUD, nor will any single molecular
mechanism provide an avenue for effective long-lasting therapeutics. Moreover,
the heterogeneity that exists across cell types (e.g., D1 vs D2 MSNs) and brain
regions (e.g., dorsal vs ventral striatum), although not fully elaborated or emphasized
in this review, provides a further complication in understanding how the identified
epigenetic changes ultimately lead to long-lasting changes in circuit function and
behavior. Moving forward, it will be important to identify the mechanisms within
defined cellular populations – based on genetic identity, circuit connectivity, or
functional recruitment – that alter subsequent cocaine response and cocaine-
associated behaviors.

Changes in the resting membrane potential, gene priming, and stable receptor
expression levels can all alter the probability that a specific cell will fire and thus can
increase the incorporation of these neurons into memory ensembles and strengthen
synaptic connections. Maintenance of these tonic levels of neurotransmitter, changes
in transporter function, and postsynaptic receptor content have been shown to be
regulated by epigenetic modifications at the chromatin level. Specific methyl and
acetyl marks can act to change stable expression levels of proteins involved in this
process, such as AMPA and NMDA receptors, which can change the speed and
efficiency with which new synapses can be formed and destabilized. This can also
change the response magnitude of these cells and circuits to salient stimuli in the
environment, thus driving maladaptive behaviors. These specific processes have
been shown to be dysregulated in both human subjects with cocaine use disorder
and rodent models of cocaine-associated behaviors (Volkow et al. 2003; Calipari
et al. 2016; Breiter et al. 1997; Dackis and O’Brien 2005). (While the focus of this
chapter has been specifically the cocaine-induced adaptations in plasticity, circuitry,
and epigenetic mechanisms, other drugs of abuse are likewise able to induce unique
molecular and neural circuit signatures to drive drug seeking as well). Thus, basal
epigenetic regulation of membrane-associated proteins can alter the excitability of
neurons and concomitant behavioral processes associated with addiction. For exam-
ple, long-term potentiation induced by theta-burst stimulation is impaired as a result
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of nBAF loss of function in the NAc (White et al. 2016; Vogel-Ciernia et al. 2013).
Maze et al. demonstrated altered synaptic pruning in the NAc following KMT1C
overexpression (Maze et al. 2010). Moreover, HDAC inhibition or deletion leads to
increased synaptic plasticity in both the hippocampus and NAc, likely mediated by
enhanced expression of various immediate early genes, such as Nr4a2, cFos, and
Bdnf (Malvaez et al. 2013; Barrett et al. 2011). Yet, how cocaine-induced changes in
nuclear chromatin structure feed into altered circuits remains an elusive question.
Nevertheless, while immediate early genes are critical in generating LTP, learning,
memory, and various associative processes, it remains unclear how epigenetic
adaptations at these loci ultimately generate differential function in neural circuits.
Kennedy et al. linked changes in HDAC-mediated repression in histone methylation
to altered expression of various GABA-receptor subunits, including Gabra1 and
Gabra2 that is linked to altered synaptic function in the NAc (Kennedy et al. 2013).
Altered acetylation at other various synaptic proteins have also been reported,
including increased acH3 at Gria2, Grin1, and Grin2b in the NAc (Wang et al.
2009). Although increased AMPA/NMDA ratios are a hallmark feature of cocaine
exposure, how epigenetic dysfunction at these individual gene loci are linked to
altered NAc function is a key open question.

Conversely, repeated stimulation of strengthened synapses can result in activity-
dependent epigenetic remodeling via calcium-dependent signaling (Nestler 2013).
This increase in the activity level of neurons can lead to the activation of immediate
early genes and concomitant wide-scale nuclear changes in the accessibility of DNA
and transcriptional processes. In addition, these changes can lead to a feedforward
loop in which activity-dependent epigenetic changes lead to enhanced sensitivity to
subsequent inputs. If these inputs are in neuronal pathways driving reinforcement
learning, this can act to increase self-administration and drug seeking. Thus, it is the
communication between the nuclear changes in DNA conformation/transcription
and the precise changes in membrane excitability that allows for the refinement of
information at the level of each individual neuron. Inflexibility in both the behavioral
adaptations and related neural circuitry is what underlies drug addiction in a way that
results in the strong and stable storage and expression of drug-associated memories
over all others.

9 Defining Causal Links Between Epigenetic Factors
and Neural Activity in Substance Use Disorder

As discussed throughout this review, long-term cocaine exposure and cocaine-
seeking behavior generate widespread changes to the epigenome, ultimately leading
to not only targeted changes in single genes but recruitment of a cocaine-specific
transcriptional network, in a cell-type- and circuit-specific manner. Moreover,
cocaine-repressed genes provide an equally critical component to SUD as cocaine-
induced transcripts and should not be overlooked. Moving forward, it will be crucial
to generate an encompassing perspective on the full transcriptional and molecular
adaptations induced by repeated cocaine. A full acknowledgment and understanding
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of how drugs of abuse engage these networks will provide a more promising avenue
of success for treating such disorders. In line with this view, work from Walker et al.
has identified a full gene network induced by repeated cocaine self-administration
and reinstatement of cocaine seeking (Walker et al. 2018). Similarly, transcriptional
dysregulations in the PFC over various periods of forced abstinence from repeated
cocaine exposure have been identified (Li et al. 2017). However, the molecular
mechanisms which regulate these transcriptional adaptations remain unknown.
Moreover, how induction of the identified gene network leads to changes in circuit
activity and behavior has not been defined. Yet, the advent of new viral and
molecular strategies now allows researchers the ability to target these epigenetic
modifications to particular loci within particular subsets of cell populations. For
example, both engineered zinc-finger proteins (ZFPs) and CRISPR/dCas9 systems
allow for gene-specific targeting of transcriptional regulators and have previously
been used to selectively increase or decrease the expression of single genes. How-
ever, combined with novel viral and Cre-dependent approaches, these technologies
can now be adapted to target specific epigenetic writers or erasers in cell-type-,
pathway-, and gene-loci-specific manners (Savell et al. 2018; Heller et al. 2014,
2016; Kwapis et al. 2018). Paired with in vivo techniques for circuit monitoring
[such as Miniscopes (Silva 2017), in vivo fiber photometry (Calipari et al. 2017), and
fast scan cyclic voltammetry (Willuhn et al. 2014)], the field of neuroepigenetics
now has the potential to directly link epigenetic regulation and circuit activity to
behavioral outcomes. Ultimately, these insights will lead to the development of
effective therapeutics for the varying aspects of SUD.
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Abstract
There is a plethora of amphetamine derivatives exerting stimulant, euphoric, anti-
fatigue, and hallucinogenic effects; all structural properties allowing these effects
are contained within the amphetamine structure. In the first part of this review, the
interaction of amphetamine with the dopamine transporter (DAT), crucially
involved in its behavioral effects, is covered, as well as the role of dopamine
synthesis, the vesicular monoamine transporter VMAT2, and organic cation
3 transporter (OCT3). The second part deals with requirements in amphetamine’s
effect on the kinases PKC, CaMKII, and ERK, whereas the third part focuses on
where we are in developing anti-amphetamine therapeutics. Thus, treatments are
discussed that target DAT, VMAT2, PKC, CaMKII, and OCT3. As is generally
true for the development of therapeutics for substance use disorder, there are
multiple preclinically promising specific compounds against (meth)amphet-
amine, for which further development and clinical trials are badly needed.

Keywords
Amphetamine use disorder · Catecholamine · Dopamine · Monoamine
transporter · Neurotransmitter release · Protein kinase

1 Introduction

As psychoactive substances, amphetamines exert stimulant, euphoric, and anti-
fatigue effects. Their structures derive from the β-phenylethylamine core structure.
Human use of natural amphetamines dates back millennia. Thus, Catha edulis
(Khat) is an evergreen plant in Africa and the Arabian Peninsula; chewing its fresh
leaves increases energy levels, alertness, self-esteem, and elation. The effects of
Khat are attributed mostly to one active component, cathinone, i.e., amphetamine
with a keto functional group in the aliphatic chain (see Carvalho et al. 2012). The
plant Ephedra sinica in the family Ephedraceae is known in China as Ma huang
(“looking for trouble”), and its major active component was identified in 1887 as
ephedrine (see Sulzer et al. 2005). As contained by the herb, ephedrine was origi-
nally used for treating asthma and upper respiratory infections. Over-the-counter
ephedrine was a popular appetite suppressant and performance booster until it was
banned from use as dietary supplement by the FDA in 2004. Ephedrine is amphet-
amine with an aliphatic hydroxyl substitution and an extra nitrogen-methyl group.
Synthetic amphetamine was invented in 1887. After its introduction commercially in
1932 as Benzedrine, it became highly popular as an alertness enhancer and a
treatment for asthma. Since 1939 amphetamine is only available by prescription
for weight control, narcolepsy, and attention deficit disorder, in several formulations,
among which Adderall is well-known as a mixture of d- and l-amphetamine (see
Sulzer 2011).

Substitutions at the aromatic ring of amphetamine, at the α and β carbons of the
aliphatic chain, and at the amine terminal yield a wide range of amphetamines (see
Carvalho et al. 2012). Aromatic ring substitutions along with N-substitutions can
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give hallucinogenic activity, with 2,5-dimethoxyphenylisopropylamine (DMA) and
2,5-dimethoxy-4-methylamphetamine (DOM) as prominent examples.
Both hallucinogenic and stimulant actions are seen with methylenedioxy
substitutions on the phenyl ring (3,4-methylenedioxyamphetamine (MDA) and
3,4-methylenedioxymethamphetamine (MDMA)). Additionally, there is a whole
new series of amphetamines based on the cathinone structure on the market, in
many cases, disguised as “bath salts,”with slight modifications of the parent drugs in
order to circumvent drug laws (Mayer et al. 2017).

All structural properties allowing the above pharmacological effects are, in
essence, contained within the amphetamine structure. Substitutions can enhance a
certain effect; for example, only high doses of amphetamine, well above what are
considered therapeutic doses, are needed for psychotic effects such as delusions,
paranoia, and hallucinations (Wallis et al. 1949; Herman and Nagler 1954; Johnson
and Milner 1966). This review focuses on amphetamine as the prototype of the
plethora of amphetamine-like structures. The overall focus is on presynaptic
mechanisms of action of amphetamine and on the use of mechanistic knowledge
for developing anti-amphetamine therapeutics.

2 Amphetamine and Dopamine (DA) Uptake, Efflux,
and Storage

2.1 Amphetamine as a Substrate for Uptake
at the DA Transporter (DAT)

Although the capability of monoamine transporters to transport nonphenolic
phenethylamines such as amphetamine is a universally accepted dogma, most initial
experiments failed to demonstrate active uptake of these amines into noradrenergic
neurons (Ross and Renyi 1966; Thoenen et al. 1968; Baldessarini and Vogt 1971).
Evidence for the substrate character of amphetamine came from the work by the
group of De Souza (Zaczek et al. 1991), demonstrating active uptake of [3H]
amphetamine into striatal synaptosomes that was saturable, of high affinity, and
ouabain-sensitive and temperature-dependent. Some skepticism could be advanced
regarding these results because of the highly lipophilic nature of amphetamine,
causing substantial background signal from nonspecifically accumulated [3H]
amphetamine. Any lingering doubts were dispelled by subsequent patch-clamp
experiments with systems heterologously expressing hDAT (human DAT) which
demonstrated inward current associated with active amphetamine uptake along with
determination of accumulated amphetamine by HPLC (Sonders et al. 1997; Sitte
et al. 1998). The same approach that uncovered [3H]amphetamine uptake into striatal
synaptosomes did not enable measuring [3H]amphetamine uptake into cortical
synaptosomes (Zaczek et al. 1991), even though [3H]norepinephrine (NE) or [3H]
serotonin (5-HT) uptake is routinely measured into such synaptosomes. Regarding
uptake by the 5-HT transporter (SERT), current data show the affinity of amphet-
amine to be low (Rothman et al. 2001). As far as uptake by the NE transporter (NET)
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in the cortex, it is likely that the transport rate for amphetamine is not high enough
for detection with [3H]substrate. This is very possible, as different substrates for a
given transporter can have different translocation rates. Indeed, whereas transport of
[3H]DA by DAT in striatal synaptosomes displays a Vmax between 25 and 125 pmol/
mg protein/min) (Holz and Coyle 1974; Zimanyi et al. 1989; Xu et al. 1995), that of
[3H]amphetamine has a Vmax of only ~0.03 pmol/mg protein/min (as calculated from
the value based on mg tissue in the work of Zaczek et al. (1991)). If the Vmax of
amphetamine for uptake by NET is also much lower than that of NE, this would
undoubtedly produce a nondetectable signal in the standard tritiated ligand uptake
assays. Convincing demonstration of amphetamine’s substrate property in the case
of the NE transporter (NET) comes from the work of the Rudnick lab (Wall et al.
1995). In LLC porcine kidney 1 cells (LLC-PK1) transfected with NET (LLC-NET
cells), amphetamine induced efflux of preloaded [3H]MPP+ (1-methyl-4-
phenylpyridinium) through a process of exchange which requires amphetamine
uptake. A concentration of amphetamine that inhibited uptake of the [3H]substrate
used for preloading by 80% caused a similar amount of efflux from LLC-DAT cells
as compared with NET cells, but very little efflux from LLC-SERT cells. This work,
as well as that of Rothman et al. (2001), reports on amphetamine and a number of its
derivatives in uptake and efflux experiments with DAT, NET, and SERT; the results
indicate varying relative potencies toward uptake and efflux, indicating that inhibi-
tory potency and the ability to stimulate efflux are independent properties for
amphetamine-like compounds.

It is important to keep in mind that in addition to amphetamine uptake into cells or
nerve terminals by the DAT (or NET), there is passive diffusion of amphetamine into
the cell interior based on its appreciable lipophilicity (Lentzen and Philippu 1981).
The diffusion process brings in amphetamine rapidly until the inside and outside
concentrations are equal. In parental HEK cells (without the hDAT enabling active
amphetamine uptake), the diffusion of amphetamine reaches its plateau in 1 min; this
accumulated amphetamine is only a fraction of what is observed after 1 min of
amphetamine uptake by HEK-hDAT cells (Sitte et al. 1998).

2.2 Role of Na+ and Transporter Conformation

It is well-known that the binding of many DAT blockers is stimulated by Na+ (Li and
Reith 1999; Corera et al. 2000), but the role of Na+ in the first recognition step for
substrates (initiating uptake) for DAT has been debated for some time (see Corera
et al. 2000). In the case of substrates, the measuring tool is substrate-induced
inhibition of binding of a radiolabeled blocker to DAT, and to see the effect of
Na+, one needs a Na+-free buffer which in turn hinders measurable binding of a Na+-
dependent radiolabeled blocker. For SERT, the Rudnick group (Humphreys et al.
1994) could take advantage of [125I]RTI-55 (a phenyltropane analog of cocaine)
binding in the absence of Na+, and they were able to show that 5-HT binding was
stimulated by Na+. In our work on substrate binding to DAT (Li and Reith 1999,
2000), we were finally able to truly measure the effect of Na+ on substrate binding in
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a Na+-free buffer that still allowed the detection of sufficient [3H]WIN 35,428
binding (Li et al. 2002). This approach showed that the binding of amphetamine,
as that of DA, tyramine, and octopamine, in cell-free membrane preparations, does
not require Na+ and is not stimulated by Na+. In contrast to the situation with cell-
free preparations, Na+ stimulates the binding of DA in cells, pointing to the impor-
tance of the intracellular ion environment and membrane potential in the interaction
of DA with the DAT and the integration of Na+ in this interaction (Chen et al. 2003;
Chen and Reith 2004).

Although Na+ is not strictly required for amphetamine binding to DAT per se,
Na+ plays an important role regarding the availability of the proper DAT conforma-
tion that substrates, including amphetamine, can access. In order for amphetamine to
be taken up by DAT, it first needs to bind to the outward-facing state of the
transporter, which is the ion/substrate-free (apo) state in which the transporter is
open to the extracellular environment. This is the start of each substrate translocation
cycle that describes the movement of substrate through the transporter, with the
different conformations originally depicted in cartoon-style (Rudnick and Clark
1993) before the advent of actual structures; currently, these conformations are
specified by crystal structures for the DAT-like transporters LeuT (Yamashita
et al. 2005) and dDAT (Penmatsa et al. 2015). In the following, some references
describe equivalent LeuT or dDAT conformations. Na+ binding prepares the DAT
for amphetamine binding by stabilizing the transporter in the fully outward-facing
state, with the extracellular gate entirely open and Na+ (and also Cl�) bound (Singh
et al. 2008). Prior to the structural work, the capability of Na+ to promote outward-
facing DAT conformations became clear (Chen et al. 2004b). After stabilization of
the outward conformation by Na+, the translocation cycle continues by amphetamine
binding to the primary S1 binding site, which induces closure of the extracellular
gate, giving the occluded conformation (Na+, Cl�, substrate bound) (Singh et al.
2007; Zhou et al. 2007). If the equivocal two-site model of the Javitch/Weinstein
group for substrate (Shi et al. 2008) is applied to amphetamine, a second amphet-
amine molecule binds to the secondary S2 site in the extracellular vestibule of DAT,
facilitating transition to a conformation open to the cytosol, the full inward-facing
state (Krishnamurthy and Gouaux 2012). Ion and substrate then dissociate from S1,
generating the apo inward-facing state. A detailed mechanism for release of Na+

from the second Na+ site has been proposed by Malinauskaite et al. (2014) based on
structures of MhsT, a Bacillus halodurans transporter in the same family as DAT
and LeuT. Finally, the DAT reorients itself to the outward-facing apo state, a step
that is rate-limiting in the overall translocation process (Zimanyi et al. 1989; Chen
et al. 2001; Erreger et al. 2008). An allosteric interaction network that links Na+

binding with conformational changes during transport is conserved between the
bacterial LeuT and human DAT (Stolzenberg et al. 2015).

It can be seen that in the above cycle, the uptake of amphetamine is stoichiomet-
rically coupled to that of Na+. The dDAT structure bound with amphetamine to its
central binding site is partially occluded, as with DA; in contrast, inhibitors such as
cocaine hold the transporter in an outward-open conformation (Wang et al. 2015).
The LeuT does not provide information about Cl� transport, but DAT requires
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external Cl� for activity, and the classical cotransport model postulates uptake of DA
(or amphetamine) along with Cl� (Rudnick and Clark 1993). In contrast to this
cotransport model, ion substitution in whole-hDAT-cell patch-clamp experiments
suggests that both extracellular and intracellular Cl� facilitate transporter turnover
(Erreger et al. 2008).

Amphetamine’s lipophilicity allows it to be taken up into the cell interior, but in
order for its intracellular concentration to rise above that present externally, it needs
to be actively taken up by DAT (Jones et al. 1999). Active uptake of substrate by
DAT is driven by the Na+ gradient, with high Na+ levels extraneuronally and low
Na+ levels intraneuronally; the Na+ gradient is maintained by Na+, K+-ATPase (see
Rudnick and Clark 1993). With each substrate molecule, two Na+ ions are
translocated inwardly in accordance with the outward-directed Na+ gradient. Indeed,
increasing Na+ permeability by veratridine or batrachotoxin is inhibitory to DA
uptake by striatal synaptosomes (Holz and Coyle 1974). Reducing the outward Na+

gradient not only decreased DA uptake (Holz and Coyle 1974; Liang and Rutledge
1982), but had a profound effect on DA efflux by DAT in the reversed mode. Thus,
inhibition of Na+, K+-ATPase by ouabain caused efflux of preloaded [3H]DA in
striatal slices and potentiated amphetamine-induced [3H]DA release. Liang and
Rutledge (1982) conclude that amphetamine-induced efflux of [3H]DA is regulated
not only by the [3H]DA gradient and the availability of the transporter at the inside of
the membrane but also by the outward-directed Na+ gradient.

Transport of one molecule of positively charged substrate, two molecules of Na+,
and one Cl� is electrogenic (Berfield et al. 1999), raising the expectation that both
uptake and efflux are dependent upon membrane potential. Although uptake was
clearly found to be dependent on membrane potential (Sonders et al. 1997), for a
long time DA efflux through DAT in the reversed mode was thought to be membrane
potential-independent (see Leviel 2011). With the advent of patch-clamping com-
bined with amperometry on cells expressing hDAT, Khoshbouei et al. (2003) were
able to demonstrate that amphetamine-induced DA efflux is not only regulated by
intracellular Na+ but is also dependent upon membrane potential with DA efflux
being electrogenic; essential to amphetamine’s activation of DA efflux is its ability
to increase intracellular Na+ as measured by intracellular Na+ fluorescence from
Sodium Green.

2.3 DA Synthesis and VMAT2

Despite the knowledge that amphetamine is a substrate for the DAT and NET,
questions still remain as to the physiological mechanism of amphetamine action.
As a competitive substrate for the monoamine transporters, amphetamine will block
uptake and elicit reverse transport (Liang and Rutledge 1982). In many mechanistic
respects, amphetamine acts differently from pure reuptake blockers (Carlsson et al.
1966; Heikkila et al. 1975). For instance, the pattern of DA metabolites is entirely
different for amphetamine versus a blocker like cocaine. Administration of amphet-
amine but not uptake blockers results in a rapid decline in dihydroxyphenylacetic
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acid (DOPAC) (Butcher et al. 1988; Hurd and Ungerstedt 1989; Nomikos et al.
1990), a metabolite of a newly synthesized pool of DA (Zetterstrom et al. 1988).

At lower doses, amphetamine preferentially releases a newly synthesized pool of
DA. Administration of the tyrosine hydroxylase inhibitor α-methyl-para-tyrosine
(AMPT) simultaneously with amphetamine blocks the DA-releasing effect of
amphetamine (Smith 1963; Weissman et al. 1966; Chiueh and Moore 1975; Butcher
et al. 1988). In the in vivo study of Chiueh and Moore (1975), perfusion of AMPT
into cat ventricles 10 min prior to amphetamine blocked the accumulation of [3H]DA
that was newly synthesized from perfused [3H]tyrosine. DA stores will not be
depleted by the AMPT in these short time frames, leading to the conclusion that
newly synthesized DA is a principal substrate for amphetamine-stimulated DA
efflux. DAT-mediated DA efflux is distinguished from exocytosis and the effect of
DAT blockers in that extracellular Ca2+ is not required for amphetamine-stimulated
reverse transport (Raiteri et al. 1976; Arnold et al. 1977).

In addition to the plasmalemmal transporter, DAT, amphetamine acts at the
vesicular monoamine transporter, VMAT2. For an excellent historical account of
the interaction of amphetamine and vesicles, see Sulzer et al. (2005). Amphetamine
binds directly to VMAT2 (Gonzalez et al. 1994; Peter et al. 1994; Teng et al. 1998;
Partilla et al. 2006) and can elicit efflux of [3H]DA from vesicles by carrier-mediated
exchange (Peter et al. 1994; Partilla et al. 2006). At higher concentrations, amphet-
amine elicits release of DA from vesicles through an uptake-independent pathway
(Floor and Meng 1996) and, acting as a weak base, disrupts the proton gradient
needed to retain intravesicular DA (Sulzer et al. 1995; Floor and Meng 1996).
Controversy has surrounded the role of VMAT2 and synaptic vesicles in the
mechanism of amphetamine action. Initial studies found that depleting DA stores
with reserpine either in vivo or in vitro in slices either had no effect or actually
increased amphetamine-stimulated DA efflux (Chiueh and Moore 1975; Niddam
et al. 1985; Ofori et al. 1986; Parker and Cubeddu 1986). Reserpine is more effective
in reducing DA efflux and locomotor behavior elicited by higher doses of amphet-
amine than by lower doses (0.5–1 mg/kg) (Cadoni et al. 1995; Sabol and Seiden
1998). A caveat in interpreting the effect of reserpine is that by depleting DA it will
increase tyrosine hydroxylase activity (German et al. 1981).

Undoubtedly vesicles contribute strongly to the maximal DA released by amphet-
amine, although VMAT2 is not absolutely required for amphetamine to release DA
from nerve terminals (Pifl et al. 1995; Fon et al. 1997; Wang et al. 1997; Patel et al.
2003). Egana et al. (2009) used pull-down assays to identify a functional interaction
between DAT and the synaptic vesicle protein synaptogyrin. A recent study, using
the VMAT2 inhibitor (+)-CYY477, a highly selective congener of tetrabenazine,
found that the drug blocked locomotion stimulated by 3.0 mg/kg amphetamine in
mice but had no effect on cocaine-stimulated locomotor activity (Freyberg et al.
2016). Unlike with reserpine pretreatment, the DA stores were likely intact follow-
ing (+)-CYY477. Using sophisticated genetic and optical approaches in Drosophila
melanogaster, Freyberg et al. (2016) determined that amphetamine requires both
DAT and VMAT2 and, moreover, that amphetamine must be taken up by VMAT2
into the vesicle. Two very important conclusions arose from these studies. First, it
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was clear from their experiments that amphetamine was acting as a “releaser” at
DAT, not an uptake blocker. If amphetamine were only acting to block reuptake at
DAT, (+)-CYY477, which is very selective for VMAT2, would not block amphet-
amine actions. Second, their data contradicted the notion that amphetamine blocks
DA sequestration into vesicles by VMAT2, thereby making more DA available for
efflux by DAT. If this were true, VMAT2 blockers would mimic or enhance the
effect of amphetamine. (+)-CYY477 did not deplete vesicular stores, yet blocked the
effect of amphetamine. However, reserpine, another VMAT2 blocker, depletes
vesicular DA and can enhance the DA-releasing and locomotor action of amphet-
amine (Smith 1963; Chiueh and Moore 1975). It is evident that more needs to be
learned concerning amphetamine and drug effects to reconcile potentially disparate
results with alpha-MPT and VMAT blockers such as reserpine, tetrabenazine, and
(+)-CYY477.

If amphetamine depletes vesicles of DA, one might expect that amphetamine
would reduce exocytotic DA release. A number of studies reported reductions in
stimulation-dependent DA release (Kuhr et al. 1985; Jones et al. 1998). However,
the interaction between amphetamine action and stimulation-induced exocytotic DA
release appears to be quite complex, depending on the dose of amphetamine, the
preparation used, the degree of stimulation, and activation of presynaptic DA
autoreceptors (Wieczorek and Kruk 1994; Schmitz et al. 2001; Siciliano et al.
2014). Recently, a new model of amphetamine action has been formulated that
proposes that amphetamine elevates tonic DA (non-exocytotic) signaling through
reverse transport and depleting vesicular stores, but activates phasic DA signaling by
enhancing vesicular DA release from the readily releasable pool (Covey et al. 2013).
These conclusions were drawn from experiments using fast-scan cyclic voltammetry
in either freely moving or anesthetized rats (Avelar et al. 2013; Daberkow et al.
2013). Again, one must strongly consider the dose of amphetamine in interpretation
of these actions (Calipari and Ferris 2013).

2.4 Organic Cation 3 Transporter (OCT3)

Of late, compelling evidence has been presented for the participation of OCT3
(SLC22A3) in amphetamine-stimulated DA efflux and behavior. OCT3 is a candi-
date for “uptake 2,” a low-affinity, Na+- and Cl�-independent, high-capacity uptake
system for monoamines (Lightman and Iversen 1969). OCT3 is present in the
periphery and the CNS and is present in glia and neurons including DA neurons
(Gasser 2019). OCT3 transports monoamines, including DA, norepinephrine, and
serotonin, but does not bind amphetamine or cocaine (Zhu et al. 2010). OCT3 is
sensitively inhibited by corticosterone and decynium 22 (D22) but insensitive to
cocaine (Gasser 2019). In a recent study on the role of OCT3 in amphetamine action
(Mayer et al. 2018), D22 inhibited amphetamine-stimulated DA release, assessed
using in vivo high-speed chronoamperometry, and locomotor behavior in OCT3+/+

but not OCT3�/� mice. Amphetamine-stimulated efflux of [3H]MPP+ from superior
cervical ganglia (a model for neurons carrying OCT3 and NET) was relatively
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insensitive to cocaine, but highly sensitive to D22 and corticosterone. Most notably,
despite not being a substrate for OCT3, amphetamine elicited the release of [3H]
MPP+ from YFP-hOCT3 HEK293 cells. These results strongly suggest that amphet-
amine is able to passively diffuse across the cell membrane and stimulate release of
catecholamines through OCT3.

3 Requirements for Amphetamine Stimulation of Outward
Transport of DA

3.1 Intracellular Calcium

Although amphetamine-stimulated outward transport of DA does not require extra-
cellular Ca2+ (Raiteri et al. 1976; Arnold et al. 1977), intracellular Ca2+ is required.
Amphetamine-induced increases in intracellular Ca2+ were reported in bovine chro-
maffin cells (Mundorf et al. 1999) and rat PC12 cells (Kantor et al. 2001) both of
which contain the NET and in hDAT-HEK293 cells (Gnegy et al. 2004; Sambo et al.
2017). Chelation of intracellular Ca2+ with the cell-permeant Ca2+ chelator BAPTA-
AM blocked the amphetamine-stimulated release of DA from PC12 and rat striatal
slices (Kantor et al. 2001; Gnegy et al. 2004). The source of the intracellular Ca2+

spikes stimulated by 10 μM amphetamine in bovine chromaffin cells was apparently
synaptic vesicles because blockade of the Ca2+ pumps in the endoplasmic reticulum
and mitochondria did not affect the calcium spikes. Moreover, the content of
vesicular Ca2+ was decreased after amphetamine treatment. However, the study in
rat PC12 cells and hDAT-HEK293 cells demonstrated some involvement of extra-
cellular Ca2+ (effect of nisoxetine or removal of extracellular Ca2+) and as well as of
Ca2+ stores in the endoplasmic reticulum (blockade by thapsigargin) (Gnegy et al.
2004). Giambalvo (2004) postulated that an increase in intracellular pH in response
to amphetamine coupled with the increased Na+ resulting from amphetamine trans-
port would increase intracellular Ca2+ through enhanced Na/Ca exchange. The
DAT-dependent depolarization elicited by amphetamine increases activity of
voltage-gated ion channels, such as L-type Ca2+ channels (Cameron et al. 2015)
and Ca2+-activated potassium channels (Lin et al. 2016).

The increase in intracellular Ca2+ stimulated by amphetamine activates two
major modulators of amphetamine action: protein kinase C (PKC) and Ca2+ and
calmodulin-stimulated protein kinase II (CaMKII).

3.2 PKC Activity

In 1992, Giambalvo (1992a) first published a collection of papers that identified a
distinct role for PKC in the amphetamine-stimulated reverse transport of DA. She
demonstrated both in vivo and in vitro that low concentrations of amphetamine
(0.1 mg/kg or �10�8 M) inhibited particulate PKC activity, while higher
concentrations of amphetamine (�0.3 mg/kg or >10�7 M) activated particulate
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PKC activity, with opposing effects on soluble PKC activity. The activation or
inhibition of PKC was kinetically due to increases or decreases, respectfully, in
the affinity for Ca2+ (Giambalvo 1992a, b) which automatically ascribed the effect to
a conventional, Ca2+-sensitive PKC isozyme. Moreover, there was a direct correla-
tion between the IC50 for inhibition of particulate PKC and IC50 for inhibition of
amphetamine-stimulated DA efflux by the PKC inhibitors in vitro (Giambalvo
1992b). Studies in striatal synaptoneurosomes demonstrated that some, but not all,
of the PKC activity increased by amphetamine was due to occupation of DA
receptors (Giambalvo 2003). The activation of PKC by amphetamine was inhibited
by treatment of the synaptoneurosomes with BAPTA-AM or AMPT or by DAT
blockers. Induction of reverse transport with low extracellular sodium or with the
Na+ K+ ATPase inhibitor ouabain also increased particulate PKC activity. Thus
outward transport through DAT had a stimulatory effect on PKC activity
(Giambalvo 2003).

A parallel series of experiments explored the effects of acute and repeated
amphetamine on the phosphorylation of the calmodulin-binding growth-associated
protein-43, (GAP-43), to assess if changes in phosphorylation of this protein
correlated with synaptic plasticity elicited by repeated amphetamine. In addition to
binding calmodulin (in the absence of Ca2+), GAP-43 is phosphorylated by PKC at
one specific site, ser41 (Apel et al. 1990). Availability of a specific antibody permits
phosphoser41-GAP-43 to be a readout for PKC activity (Meiri et al. 1991). In a study
in rat synaptosomes, Iwata et al. (1997) demonstrated that amphetamine dose-
dependently increased the phosphorylation of GAP-43. The activation was maximal
at 2 min, was blocked by the PKC inhibitor R31-8220, and required access of
amphetamine to DAT. Interestingly, the amphetamine-stimulated phosphorylation
was only partially dependent on Ca2+ and was not affected by either a DA D1 or D2
receptor blocker. The most parsimonious explanation for the activation of PKC in
response to amphetamine is the amphetamine-stimulated elevation of cytosolic Ca2+

in the nerve terminal. Further, amphetamine elevates phospholipase C activity which
would increase the diacylglycerol required for activation of conventional PKC
isozymes (Giambalvo 2004).

The Ca2+- and diacylglycerol-requiring β isozyme of PKC binds to DAT and
contributes to amphetamine-stimulated DA efflux (Johnson et al. 2005b; Hadlock
et al. 2011). Either select inhibitors of PKCβ or genetic deletion inhibits
DAT-mediated efflux of DA in response to amphetamine (Kantor and Gnegy
1998; Chen et al. 2009; Zestos et al. 2016). Further studies involving inhibitors of
PKCβ will be described below (Sect. 4.3).

Numerous studies show that activation of PKC influences trafficking of DAT but
the results have been seemingly disparate. Incubation with high doses of a phorbol
ester, phorbol myristate acetate (PMA), or amphetamine elicits internalization of
DAT from the plasmalemmal membrane. The PKC-mediated reduction in DA
uptake can be relatively rapid within 5 min (Gulley and Zahniser 2003) and consists
of two phases, an initial desensitization of inward transport followed by an internali-
zation of the transporter (Richards and Zahniser 2009). There are numerous excellent
reviews describing the amphetamine- and PKC-stimulated internalization of DAT
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(Zahniser and Sorkin 2009; Schmitt and Reith 2010; Ramamoorthy et al. 2011;
Rastedt et al. 2017).

PKCβ also plays a role in DAT trafficking; activation of PKCβ rapidly inserts
DAT into the plasmalemmal membrane (Johnson et al. 2005a; Furman et al. 2009).
Studies using total internal reflection fluorescent microscopy demonstrated that
activation of GFP-hDAT-mouse neuroblastoma N2a cells by amphetamine or DA
increases surface DAT within 10 s. The substrate-induced increase in surface DAT
was dose- and DAT-dependent and reversed upon removal of substrate. The increase
was not dependent on D2 DA receptors but was blocked by inhibitors of PKCβ
(Furman et al. 2009). These data appear to conflict with the internalization studies
described above, but a clearer understanding of the reverse transport cycle and action
of amphetamine might supply a unifying explanation.

With knowledge that the DAT was responsible for uptake of DA and seemingly
the efflux of DA in response to amphetamine, Fischer and Cho (1979) conducted
seminal experiments in support of a model of exchange diffusion through the
transporter; that is, the movement of substrate from compartment one facilitates
the movement of the same or another substrate into compartment two (Jardetzky
1966). In this way amphetamine movement through the transporter as a substrate
would elicit the reverse transport of DA. This simple explanation was called into
question following the discovery that substrates elicit currents through the neuro-
transmitter transporters (Sonders et al. 1997). As discussed above, transport through
DAT is electrogenic. Three different currents pass through the DAT: a current
coupled with substrate movement, a current uncoupled to the movement of substrate
through the transporter, and a leak current, which represents the movement of ions
down their electrochemical gradient independent of substrate (Sonders et al. 1997).
Using heterologous hDAT-HEK293 cells, Sitte et al. (1998) found that uptake and
releasing rates for DAT substrates did not form a perfect correlation; rather, the
releasing action correlated with the ionic currents. In other words, there is asymme-
try between uptake and outward transport instead of the symmetry expected in the
exchange diffusion model. Further, in addition to the facilitated reverse transport
through DAT, amphetamine can release DA through a channel-like mode, at a rate
similar to exocytosis albeit with much less frequency than the regular transport mode
(Kahlig et al. 2005). Thus amphetamine-stimulated DA efflux mediated by DAT
is dependent on voltage and intracellular sodium and elicits depolarization
(Khoshbouei et al. 2003; Carvelli et al. 2004; Meinild et al. 2004).

If the transporter is operating with a single pathway for substrates and uncoupled
ion movement, then it is unlikely that inward and outward transport could occur
simultaneously. Thus PKC activation could temper influx while promoting efflux,
explaining how PKC activation initially desensitizes the uptake process but
promotes release of DA. However, DAT exists in oligomers (Hastrup et al. 2001;
Sorkina et al. 2003) which opens the possibility that one monomer can participate in
influx, while another is mediating reverse transport. This is suggested by the clever
studies of Seidel et al. (2005) who transfected cells with a concatemer consisting of a
GABA transporter and a serotonin transporter. Treatment with amphetamine, which
binds to the serotonin but not the GABA transporter, reduced GABA influx and
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enhanced GABA efflux. These data strongly suggest that amphetamine can act at
dimers and that influx and efflux occur through separate but coupled monomers
(Sitte and Freissmuth 2010, 2015). Moreover, the amphetamine-stimulated efflux of
GABA was reduced by inhibitors of PKC indicating that activation of PKC by
amphetamine would affect one unit of the dimer to enhance the outward transport
(Seidel et al. 2005). The asymmetry of amphetamine uptake and stimulated efflux is
reinforced by the fact that inhibition of PKC does not block uptake of DAT
substrates but does reduce amphetamine-stimulated DA efflux (Kantor and Gnegy
1998; Johnson et al. 2005b; Zestos et al. 2016). One other way that DAT oligomeri-
zation has been linked with amphetamine action is related to transporter trafficking.
The capability of amphetamine to reduce surface DAT has been linked with its
ability to dissociate DAT oligomers at the cell surface, enabling monomers to be
endocytosed (Chen and Reith 2008; Li et al. 2010).

Several studies strongly suggest that the substrate for the potentiating action of
PKC on amphetamine-stimulated outward transport is DAT. The N-terminus of the
DAT is a rich substrate for phosphorylation by several different protein kinases,
notably PKC, CaMKII, and ERK (Foster and Vaughan 2017). Vaughan et al. (1997)
originally demonstrated that phosphorylation of the DAT was elevated by incubation
of synaptosomes with a PKC activator or with the phosphatase inhibitor, okadaic
acid. The phosphorylation of DAT occurs only on the N-terminal serines and
threonines (Foster et al. 2002). Amphetamine, but not uptake blockers, stimulated
the phosphorylation of DAT which was blocked by inhibitors of PKC (Cervinski
et al. 2005). Although amphetamine-stimulated phosphorylation of DAT was
followed by a downregulation of the transporter, the latter event does not depend
on N-terminus phosphorylation. Either deletion or mutation of known phosphoryla-
tion sites within the first 21 amino acids blocks phosphorylation of DAT but not
DAT downregulation (Granas et al. 2003; Cervinski et al. 2005). N-terminus
phosphorylation of DAT is important for amphetamine-induced DA efflux
(Khoshbouei et al. 2004), however. Deletion of the first 22 amino acids of DAT
ablated DA efflux elicited by amphetamine but had no effect on DA uptake.
Mutation of serines 2, 4, 7, 12, and 13 to non-phosphorylatable alanine significantly
reduced amphetamine action (Khoshbouei et al. 2004; Wang et al. 2016; Karam et al.
2017; Rastedt et al. 2017). Through the use of phospho-specific antibodies, Karam
et al. (2017) found that PKC activation by PMA, AMPH, and okadaic acid increased
the phosphorylation of DAT at serine 7 and serine 12 in hDAT-HEK293-derived
Em4 cells. Phosphorylation induced by amphetamine and okadaic acid was reduced
by inhibition of either PKC or CaMKII. The requirement of this phosphorylation
for amphetamine-stimulated locomotion has been demonstrated in Drosophila
melanogaster larvae; amphetamine stimulates a DAT-dependent increase in
crawling behavior in those larvae. Human DAT rescues the behavior in dDAT null
Drosophila larvae. Addition of an hDAT mutant where 5 N-terminal serines were
mutated to phosphate-mimicking aspartate (hDAT-StoD) but not to alanine (hDAT-
StoA) restored amphetamine sensitivity (Pizzo et al. 2013; Karam et al. 2017). These
studies further demonstrated that the membrane raft protein flotillin is required for
amphetamine-stimulated behaviors. Therefore the AMPH-stimulated
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phosphorylation of DAT in the N-terminus does not actually mediate efflux, but it
may induce a conformation and membrane localization that permits reverse
transport.

Studies in rat pheochromocytoma (PC12) cells, which contain the norepinephrine
transporter (NET), raise the question of the importance in N-terminal serines for
inhibition of amphetamine-stimulated DA efflux by PKC inhibitors. In a PC12 cell
line that released DA but contained NET but not DAT, AMPH-stimulated DA efflux
wasmimicked by PKC activation and blocked by PKC inhibitors (Kantor et al. 2001).
The AMPH-stimulated DA efflux required intracellular but not extracellular Ca2+ and
was not altered by reserpine pretreatment. These results mirror those found for DAT
in rat striatum (Kantor and Gnegy 1998). However, there are no N-terminal serines in
NET; three threonines are present in positions 19, 30, and 58; they are not involved in
PKC-mediated downregulation of NET (Ramamoorthy et al. 2011). The main phos-
phorylation sites for PKC-induced internalization of NET are T258 and S259, but
conversion of those sites to alanine abolishes only 60% of phosphorylation. So PKC
phosphorylation of an N-terminus threonine that is permissive for amphetamine-
induced DA efflux is possible (Ramamoorthy et al. 2011).

3.3 CaMKII Activity

A role for calmodulin (CaM) and CaM kinase II in the release of DA and behaviors
stimulated by amphetamine began with investigations into the molecular
mechanisms responsible for amphetamine sensitization. Humans and laboratory
animals exhibit enhanced behavioral effects to amphetamine upon withdrawal
from repeated (�2 times) amphetamine treatment (Robinson and Becker 1986).
Concomitant with the enhanced behavior is an increase in amphetamine-stimulated
DA efflux greater than that achieved following saline pretreatment. The “sensitized”
amphetamine-sensitive DA efflux exhibits a very different characteristic from that in
naïve animals: extracellular Ca2+ and CaMKII are required (Kantor et al. 1999). The
same was true in animals sensitized to cocaine (Pierce and Kalivas 1997). Using anti-
phosphoser41-GAP-43 and anti-3 phosphosynapsin I, Iwata et al. (1996) detected
enhanced phosphorylation of both the PKC substrate GAP-43 and the CaMKII
substrate synapsin I in striatum from rats that received a sensitizing regimen of
amphetamine as compared to drug-naïve controls. Notably there was no effect of
amphetamine on the phosphorylation of synapsin I in controls. Although amphet-
amine did not increase phosphorylation of synapsin I in vivo in control rats, potential
effects of amphetamine on the CaMKII substrate site of synapsin were investigated
in striatal synaptosomes (Iwata et al. 1997). Treatment of the synaptosomes
with amphetamine increased the phosphorylation of synapsin I but at very low
concentrations, from 1 to 100 nM; phosphorylation by amphetamine was maximal
at 1 min and was inhibited by the DAT blocker, nomifensine.

Further explorations into the role of CaMKII revealed striking parallels to the
findings with PKC. Fog et al. (2006) used the C-terminus of hDAT to identify the α
isoform of CaMKII (αCaMKII) as a binding protein of DAT. Activation of CaMKII
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increased the amphetamine-stimulated release of DA in heterologous cells and
cultured mouse midbrain DA neurons, while inhibition of CaMKII inhibited DA
release by amphetamine in heterologous cells, mouse midbrain DA neurons, and
mouse striatal slices. The binding site for αCaMKII was the C-terminus, but CaMKII
stimulated phosphorylation of an N-terminus peptide. The conclusion from their
study is that αCaMKII stimulates reversed DA transport by binding to the
C-terminus of DAT and thereby phosphorylating N-terminal serines. αCaMKII
also co-immunoprecipitated with DAT in mouse striatal synaptosomes, and mice
lacking αCaMKII display reduced amphetamine-induced DA efflux which is
mimicked in mice with reduced αCaMKII activity as part of the Angelman syn-
drome (Steinkellner et al. 2012). Both in vitro and in vivo application of membrane-
permeable C terminal DAT peptides attenuates amphetamine-induced DA release,
indicating the importance of DAT C terminal protein-protein interactions in this
process (Rickhag et al. 2013). The involvement of αCaMKII in the in vivo action of
amphetamine was investigated in αCaMKII-deficient mice by Steinkellner et al.
(2012). DA efflux induced by amphetamine in the striatum was reduced as measured
by microdialysis, as was the acute locomotor response to amphetamine. While the
rewarding effect of amphetamine in the conditioned place preference test was
preserved in the CaMKII knockout mice, the sensitization of locomotor activity
was markedly reduced. Thus, for amphetamine to exert most of its in vivo effects, the
presence of αCaMKII is required, not only in acute but also chronic exposure
paradigms. The conflicting results concerning the lack of effect of CaMKII inhibitors
in reducing amphetamine-stimulated DA release in control rats (Iwata et al. 1996;
Kantor et al. 1999) versus the obvious inhibitory effects in mouse (Fog et al. 2006)
and Drosophila (Karam et al. 2017) are not yet explained but may simply be due to
species differences.

3.4 ERK Activity

Another prominent N-terminus phosphorylation site in DAT that affects, but may
not be required for, amphetamine-stimulated DA efflux is threonine 53 (T53), which
is proximal to transmembrane domain 1. In an investigation of protein kinases that
phosphorylate the N-terminus of DAT, p53 was revealed as a prominent substrate of
the extracellular receptor kinase (ERK) (Foster et al. 2002). Foster et al. (2012)
found that this site was important for both DA uptake and amphetamine-stimulated
DA efflux. The direction of the change in influx/efflux differed depending on the
methods used for analysis (Foster et al. 2002; Challasivakanaka et al. 2017), but,
notably, both influx and efflux were affected and in the same direction.

278 M. E. A. Reith and M. E. Gnegy



4 Effects of Modifiers of Presynaptic Amphetamine Action
on Behavior and Therapeutic Possibilities Directed
at Amphetamine Abuse

The reinforcing effects of amphetamine depend on dopaminergic transmission (Wise
and Bozarth 1985; Vezina et al. 2002; Iversen 2006). There is no approved drug for
treating amphetamine abuse, and no drug tested thus far has shown sufficient
efficacy to merit clinical use (Lee et al. 2018a). Limited benefit in treating amphet-
amine abuse has been demonstrated for methylphenidate, buprenorphine, modafinil,
and naltrexone (Lee et al. 2018a); DAT substrates show efficacy in preclinical assays
of stimulant dependence (Howell and Negus 2014). However, methylphenidate,
buprenorphine, and DAT substrates have a significant abuse liability. A preferred
treatment, of course, would be one that has no abuse liability.

4.1 DAT Blockers/Substrates

DAT inhibitors, of course, continue to be important tools in studying effects of
amphetamine. Thus, if a given effect can be blocked by a DAT inhibitor, a role for
amphetamine uptake by DAT is indicated. In this way it can be distinguished from
an effect resulting from passive diffusion of amphetamine into the cell interior based
on its lipophilicity (see Sect. 2.1). However, the more interesting question is whether
DAT inhibitors (or substrates) can be used to attenuate amphetamine effects without
themselves exerting untoward effects. Theoretically, because forward transport
(uptake) and reverse transport (release) are separate and mechanistically different
processes (see Sects. 2.1 and 3.2), it should be possible to target each one individu-
ally. Proof of principle comes from the demonstration that interfering with the
binding of PIP2 to the N-terminus of DAT (by the peptide pal-HRQKHFEKRR)
impairs amphetamine-induced DA efflux without affecting uptake (Hamilton et al.
2014). Developments in the last decade point to a number of promising compounds
or leads.

Bupropion is clinically used as an antidepressant and as a smoking cessation agent
(Malcolm et al. 2015). It is also being investigated as a candidate agonist medication
for methamphetamine addiction (Brensilver et al. 2013). Bupropion, along with
benztropine and GBR 12935, falls in the category of atypical DAT inhibitors with a
preference for more inward-facing DAT conformations and surprising lack of behav-
iorally stimulatory action (Katz et al. 1999; Schmitt et al. 2008; Schmitt and Reith
2011; Loland et al. 2012) (see also below). Preclinically, bupropion as well as its S-
and R-hydroxy metabolites produced full methamphetamine-like effects in a drug
discrimination test (Banks et al. 2016). Unfortunately, recent clinical trials have not
been able to uncover efficacy against methamphetamine in humans (Carson and
Taylor 2014; Heinzerling et al. 2014; Anderson et al. 2015). High rates of medication
nonadherence and placebo response rates weakening statistical power remain impor-
tant obstacles in interpreting stimulant dependence pharmacotherapy trials.
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Phenmetrazine is a stimulant that has been used clinically as an appetite suppressant
before it was withdrawn from themarket. Its abuse potential can bemitigated by giving
its prodrug, phendimetrazine, a schedule III controlled drug used as appetite suppres-
sant. Preclinical studies show phendimetrazine, as amphetamine, attenuates cocaine
self-administration (Banks et al. 2013a, b; Czoty et al. 2016). Phendimetrazine itself
functions as a DAT inhibitor, which can also interfere with the substrate property of its
metabolite phenmetrazine (Solis et al. 2016), thereby somewhat mitigating its
amphetamine-like DA-releasing effect. It would be of great interest to test
phendimetrazine’s effect on the action of amphetamine.

Other anti-amphetamine agents in preclinical research are the “partial substrates”
also called “partial releasers.” In a large series of phenethylamine structures, Blough
and colleagues (see Reith et al. 2015) observed that upon increasing size, substrate
releaser activity converted to uptake inhibition; as the increasing size of the
phenethylamine structure nears the edge of the pharmacophore, the releasing
potency weakens even before the compound becomes an uptake inhibitor. It is in
this structural border region where we find the partial releasers. Thus, PAL-1045
(N-ethyl-naphtylaminopropane or ENAP) and PAL-193 (3,4-methylenedioxy-N-
ethylamphetamine), rather than being substrates with full releasing capability,
released no more than 78% and 61%, respectively, of preloaded [3H]MPP+ from
rat synaptosomes (Rothman et al. 2012; Reith et al. 2015). PAL-1045, as bupropion,
stabilizes inward conformations of monoamine transporters but, unlike bupropion, is
still a substrate (Bhat et al. 2017 and see below final paragraph of this section).
Whereas the full releaser 2-naphthyl analog of amphetamine, NAP, dose-
dependently increased accumbal dialysate DA, PAL-1045 showed a low-efficacy
flat dose-response curve (Rothman et al. 2012) in accordance with its partial
releasing character. Within a structurally different family of diphenylmethyl-
containing compounds, SoRI-9804 and SoRI-20040 only partially inhibited
amphetamine-induced release of [3H]DA or [3H]MPP+ from rat striatal
synaptosomes at concentrations that themselves did not evoke release (SoRI-
20040, in contrast to SoRI-9804, caused some release but not at concentrations up
to 50 μM). In the presence of a fixed concentration of either compound, the
amphetamine concentration efflux curve had a lower plateau than in their absence
but was shifted to the right only minimally compared with the presence of an uptake
blocker (cocaine or indatraline) (Rothman et al. 2009). Another difference was that a
pure uptake blocker did not lower the efflux plateau of amphetamine (only shifted
the amphetamine concentration curve to the right). In a previous study, the Rothman
group had shown that SoRI-9804 and SoRI-20040 also only partially inhibited DA
uptake by rat striatal synaptosomes (Pariser et al. 2008). The in vitro pharmacology
is intriguing, and it needs to be assessed how consequential these effects will be in
in vivo behavioral assays.

Finally, because inward-facing conformations of DAT are deficient in mediating
DA efflux as exemplified by inward-facing D345N DAT (Chen et al. 2004a), one
would speculate that amphetamine-induced efflux ought to be attenuated by
inhibitors or substrates that increase the proportion of DAT residing in an inward-
facing conformation. As detailed above, bupropion is such an inhibitor and was
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being considered as an anti-amphetamine treatment agent (Brensilver et al. 2013).
Intriguingly, this property of bupropion also appears to underlie its in vitro
pharmacochaperoning capability in rescuing folding-defective mutant DA
transporters that occur in patients with infantile/juvenile dystonia/Parkinsonism
(Beerepoot et al. 2016). In this context, it is relevant that noribogaine (the major
metabolite of ibogaine, a compound useful in opioid detoxification based on anec-
dotal (Alper et al. 2008) and clinical/observational (Brown and Alper 2018) evi-
dence) has the same chaperoning capability. Noribogaine and ibogaine stabilize
inward SERT as well as DAT albeit with lower affinity for the latter (Jacobs et al.
2007; Bulling et al. 2012). A recent, very detailed biochemical and electrophysio-
logical study on SERT shows PAL-1045 to be able to pharmacochaperone almost as
well as noribogaine, with the two compounds apparently binding to the same site
with the difference that PAL-1045 is still a substrate, while noribogaine is a non-(or
almost?)-transported inhibitor (Bhat et al. 2017). This is an encouraging result
because the binding site for ibogaine may well be outside the commonly considered
binding sites for inhibitors and substrates. Bulling et al. (2012) rule out as binding
sites for ibogaine the S1 site, the S2 site, and sites within the cytoplasmic pathway
(to hold the transporter inward-open). The location is at present unknown, but its
likely absence from the permeation pathway would allow forward substrate translo-
cation. All evidence taken together so far indicate a potential for PAL-1045 to be an
agonist treatment agent against amphetamine stimulant use disorder. As a side note,
there is no evidence to suggest that the stabilizing effects of ibogaine on SERT and
DAT are involved in its opioid detoxifying capability.

4.2 VMAT2 Blockers/Substrates

As detailed in Sect. 2.3, one component of amphetamine’s action is the redistribution
of DA from monoaminergic storage vesicles to the cytosol, by amphetamine acting
as a substrate for the vesicular monoamine transporter (which in the brain is of the
VMAT2 isoform) rather than a blocker of DA uptake into vesicles (Freyberg et al.
2016). As pointed out in Sect. 2.3, more work is needed to fully reconcile this role of
vesicular redistributed DA serving as substrate for reverse transport by DAT with
older results pointing to a preferential role of newly synthesized DA for
amphetamine-induced release. Evidence as detailed below has been collected in
the last two decades that point to VMAT2 as a relevant target for anti-amphetamine
medication development, which adds weight to the scenario of vesicular
redistributed DA being involved in behavioral effects of amphetamine.

Lobeline is the principal alkaloid of the plant Lobelia inflata LINN., the leaves of
which were chewed for their central nicotine-like effects (Dwoskin and Crooks
2002). However, in contrast to nicotine, lobeline is not avidly self-administered,
does not stimulate locomotion, and does not produce conditioned place preference
(Fudala and Iwamoto 1986; Stolerman et al. 1995; Harrod et al. 2001, 2003).
Clinically, lobeline has been used as a short-acting respiratory stimulant and to
treat bronchitic asthma (King et al. 1928). With the advent of other, more effective
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medications, and due to some untoward side effects of lobeline, its clinical use has
come to a halt (see Dwoskin and Crooks 2002). However, an intriguing observation
suggested that its chemical structure contains properties that make lobeline an
important starting point for developing anti-amphetamine: Lobeline inhibited
amphetamine-induced overflow of DA from striatal slices (Dwoskin and Crooks
2002). Lobeline also inhibited [3H]DA uptake into vesicles and promoted spontane-
ous [3H]DA efflux from vesicles; the uptake inhibition was found to involve the
tetrabenazine binding site on the vesicular VMAT2, but tetrabenazine itself did not
enable spontaneous [3H]DA efflux. In order to explain the ability of lobeline to
interfere with the action of amphetamine or methamphetamine in enhancing cyto-
solic DA (which with the caveats mentioned above leads to DAT reversal and DA
release extraneuronally), it was proposed that lobeline redistributes vesicular DA
into a pool in cytosol that is not available to undergo reverse transport by DAT
(Dwoskin and Crooks 2002). Much effort since these original observations has gone
into developing lobeline analogs that are more selective for VMAT2 in comparison
with DAT, SERT, and nicotine receptors. Through defunctionalization of lobeline to
lobelane, and further dihydroxypropylation of the nitrogen in the central piperidine
ring, GZ-793A was developed and found to attenuate methamphetamine self-
administration in an oral formulation (Nickell et al. 2014). A recent study showed
that GZ-793A decreased methamphetamine self-administration without altering
food-maintained responding (Kangiser et al. 2018); the same group used a new
scaffold to develop GZ-11610, which is highly selective for VMAT2 and specifi-
cally attenuates methamphetamine-induced hyperactivity (Lee et al. 2018b).
Another promising series of lobeline-derived compounds consist of lobelane
derivatives in which the central piperidine ring is replaced by a more
conformationally restricted pyrrolidine ring (Nickell et al. 2014). Their biochemical
in vitro profiles are encouraging for further preclinical work in behavioral assays. So
far, all derivatives, as lobeline and lobelane themselves, inhibit vesicular [3H]DA
uptake at much lower concentrations than the binding of [3H]tetrabenazine, a
hallmark of a substrate property of the compounds. How important this is mechanis-
tically is not clear, as pure VMAT2 inhibitors such as tetrabenazine itself and the
more VMAT2-selective (+)-CYY477 are also capable of attenuating amphetamine’s
behavioral effects (Meyer et al. 2011; Freyberg et al. 2016). Although methamphet-
amine and amphetamine are known to exert various effects that differ (Goodwin
et al. 2009), their similar actions in redistributing DA from vesicles into cytosol and
enabling reverse transport through DAT (Eshleman et al. 1994; Jones et al. 1998;
Rothman et al. 2001) make it likely that treatment compounds that have been tested
in behavioral assays with methamphetamine will be equally effective in combatting
amphetamine effects.

4.3 PKC Inhibitors

It is possible that protein kinase inhibitors which inhibit reverse but not forward
transport through the DAT could be efficacious. Inhibitors of PKC and CaMKII have
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been tested in preclinical models of stimulant abuse and shown some efficacy (Lee
and Messing 2008; Garcia-Pardo et al. 2016). Our focus in the rest of this article will
be on the effects of PKC and CaMKII inhibitors on amphetamine-stimulated
behaviors.

The report demonstrating a direct correlation between the IC50 for inhibition of
particulate PKC and IC50 for inhibition of amphetamine-stimulated DA efflux by
PKC inhibitors (Giambalvo 1992b) sparked further research on the effect of PKC
inhibitors on amphetamine-stimulated activities (Gnegy 2003). General PKC
inhibitors reduce amphetamine-stimulated DA efflux in rat striatum and nucleus
accumbens (Giambalvo 1992a, b; Kantor and Gnegy 1998; Loweth et al. 2009) as do
inhibitors more specific for PKCβ (Kantor et al. 1999; Johnson et al. 2005b; Zestos
et al. 2016). Mice containing homozygous deletions for PKCβ had reduced DA
influx and efflux in response to amphetamine as compared to wild type (Chen et al.
2009). A reduction in surface DAT in the PKCβ knockout mice was attributable to
altered trafficking of the transporter (Chen et al. 2009). Nonselective or β isoform-
selective PKC inhibitors reduced hyperlocomotion in rats stimulated by amphet-
amine, mirroring the effects on amphetamine-induced DA efflux (Browman et al.
1998; Zestos et al. 2016). As compared to wild type, amphetamine-stimulated
locomotor activity was reduced in PKCβ knockout mice (Chen et al. 2009). In a
microdialysis study where DA efflux and locomotor behavior were simultaneously
monitored, perfusion of the selective PKCβ inhibitor, ruboxistaurin, into rat nucleus
accumbens reduced DA efflux and locomotor behavior in response to amphetamine
given intraperitoneally (Zestos et al. 2016). Ruboxistaurin had no effect on basal
levels of DA, norepinephrine, glutamate, or GABA as shown by a stable isotope
label retrodialysis procedure. Intracerebral injection of a structurally similar drug
with specificity for PKCβ, enzastaurin, into rats shifted the dose-response curve for
amphetamine-stimulated locomotor activity to the right. Interestingly, intracerebral
enzastaurin decreased amphetamine-maintained responding in a fixed ratio 5 sched-
ule of reinforcement with no effect on responding for sucrose (Altshuler et al. 2016).

In addition to reducing amphetamine-stimulated efflux, PKC activation inhibits
(Cubeddu et al. 1989; Nimitvilai et al. 2013) and PKC inhibitors enhance the activity
of DA autoreceptors (Luderman et al. 2015). The D2-like agonist, quinpirole, was
more effective in inhibiting DA release in rat striatal synaptosomes from PKCβ
knockout mice than from wild type (Luderman et al. 2015). Further, selective PKCβ
inhibitors enhanced the D2 autoreceptor-stimulated decrease in DA release follow-
ing both chemical and electrical stimulation. Because PKCβ activation internalizes
D2 receptors (Namkung and Sibley 2004), inhibition of PKCβ led to retention of
surface D2-like receptors in striatal synaptosomes and thus greater autoreceptor
activity.

Based on these results, one could posit that inhibition of PKC would reduce the
rise in extracellular DA following amphetamine treatment in two ways: by reducing
reverse transport of DA through DAT and by enhancing DA autoreceptor activity.
Yet in microdialysis experiments that simultaneously measured DA overflow in rat
nucleus accumbens and locomotor behavior, blockade of DA autoreceptors had no
effect on amphetamine stimulation of these activities (Zestos et al. 2019). Similarly,
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autoreceptor blockade did not affect inhibition of the amphetamine-stimulated
activities by the PKCβ inhibitor, ruboxistaurin. The results were the opposite for
cocaine, however. As with amphetamine, ruboxistaurin inhibited cocaine-stimulated
DA overflow and locomotor activity. However, after pretreatment of the nucleus
accumbens with the DA D2-like receptor blocker, raclopride, ruboxistaurin had
no effect on cocaine-stimulated activities. These results indicate that inhibition of
PKCβ reduces amphetamine-stimulated DA overflow and locomotor activity by
diminishing DAT reverse transport, but blocks cocaine-stimulated effects by
decreasing internalization of DA autoreceptors (Zestos et al. 2019).

One problem with considering a therapeutic use for PKC inhibitors in the brain
is their poor absorption into the brain (Chico et al. 2009) and the possibility of
deleterious effects from nonspecific and global inhibition of PKC. The assumption
of generalized deleterious effects is not necessarily true; enzastaurin accesses the
CNS and was well tolerated in human trials (Schwartzberg et al. 2014). PKC is
implicated in CNS disorders, such as bipolar disorder (Zarate and Manji 2009) and
drug abuse disorder, and PKC inhibitors have been considered as therapeutics
(Zarate and Manji 2009; Garcia-Pardo et al. 2016). Tamoxifen has been used to
successfully treat bipolar mania (Zarate and Manji 2009), and its effect has been
attributed to its inhibition of PKC (Einat et al. 2007; Mikelman et al. 2017a).
Although best known as a selective estrogen receptor modulator (SERM) at
low doses, tamoxifen inhibits PKC at higher doses (O’Brian et al. 1985) and crosses
the blood-brain barrier (Lien et al. 1991). Notably, tamoxifen does not simply bind
to the ATP substrate site of PKC; it competitively inhibits the binding to the
phosphatidylserine binding site on the C2 regulatory subunit (Su et al. 1985).
Moreover, it has greater potency for inhibition of conventional Ca2+ and
diacylglycerol-activated PKC isoforms (Edashige et al. 1991; Gundimeda et al.
1996). Tamoxifen inhibits amphetamine-stimulated DA efflux in rat striatal
synaptosomes and in heterologous hDAT-N2A cells (Mikelman et al. 2017b,
2018). Tamoxifen itself is not ideal, however, because the SERM activity would
elicit a variety of unwanted effects (Shelly et al. 2008). An analog of tamoxifen,
named 6c, was synthesized and proved highly potent in the inhibition of PKC but not
in binding to estrogen receptors (Carpenter et al. 2016). 6c is CNS permeant and
inhibits amphetamine-stimulated DA overflow when given directly into the rat
nucleus accumbens or intraperitoneally (Carpenter et al. 2017). The drug inhibits
hyperactivity to amphetamine but also reduces the more motivationally relevant
behavior of amphetamine self-stimulation. As with enzastaurin, 6c significantly
inhibited AMPH self-administration but not food administration. The drug did not
bind to DAT or affect its trafficking. Notably, 6c exhibited selectivity in inhibition of
PKC substrates; the drug inhibited the formation of phosphoser41-GAP-43 with an
IC50 of 30 nM, while the IC50 for inhibition of phosphoser152/156-myristoylated
alanine-rich C-kinase substrate (MARCKS) was 189 nM. Thus 6c holds therapeutic
promise because it is potent and CNS permeant, exhibits substrate selectivity, and
blocks amphetamine neurochemical and behavioral actions.
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4.4 CaMKII Inhibitors

Issues to consider in developing CaMKII therapeutics are (1) the type of amphet-
amine exposure (acute vs. repeated) and (2) global deleterious effects from
impacting CaMKII pathways needed for a multitude of functions unrelated to drug
use disorder. Regarding the mode of drug exposure, in the rat, as opposed to mice,
the effects of either CaMKII activation or inhibition on amphetamine actions are
apparent only after repeated amphetamine treatments. Repeated, intermittent
amphetamine leads to a sensitization resulting in enhanced amphetamine-induced
DA efflux, enhanced locomotor activity, and enhanced motivation to take amphet-
amine (Robinson and Becker 1986; Vezina 2004). Either CaMKII inhibitors or viral
silencing of CaMKII with a dominant negative mutant reduces the enhancement in
amphetamine-stimulated DA efflux (Kantor et al. 1999), locomotor behavior (Pierce
et al. 1998), and self-administration of amphetamine (Loweth et al. 2008) but only to
levels seen in saline-pretreated rats. Inhibition of CaMKII in the rat had no effect on
acute amphetamine treatment. Conversely, transient overexpression of CaMKII in
the nucleus accumbens led to a long-lasting increase in amphetamine-stimulated
locomotion and self-administration (Loweth et al. 2010). This effect was likely
postsynaptic to DA neurons because no enhancement was found when CaMKII
was overexpressed in the DA cell bodies in the ventral tegmental area.

Regarding the likely global deleterious effect of CaMKII inhibitors, one could,
for now only preclinically, consider regional selectivity. Thus, the role of CaMKII
specifically in DA neurons was demonstrated elegantly inDrosophila melanogaster.
Expression of CaMKIINtide, a specific inhibitor of CaMKII, in the Drosophila
DA neurons inhibited hyperlocomotion stimulated by amphetamine but not
the uptake blocker methylphenidate (Pizzo et al. 2014). Amphetamine-induced
hyperlocomotion in Drosophila was dependent on phosphorylation of the
N-terminal serines which appears to localize the DAT in membrane rafts (Karam
et al. 2017). In addition, it appears possible to limit the global effects of kinase
inhibitors by administering them only for a short period of time needed to interfere
with memory reconsolidation of drug effects of learned associations between the
rewarding properties of drugs and environmental cues associated with their con-
sumption (Garcia-Pardo et al. 2016). Thus, kinase inhibitors may need to be taken
for only a short time, until drug-related memories are disrupted. For now CaMKII
remains a viable target for drug development for treatment of psychostimulant
(including amphetamine) use disorder.

4.5 OCT3 Inhibitors

As detailed in Sect. 2.4, OCT3 can play an important role in outward transport of DA
and therefore is a relevant, new target for amphetamine therapeutics. Work on D-22,
an OCT3 inhibitor, points to its antidepressant-like action in increasing extracellular
5-HT, opening up a new line of investigation of potential antidepressants acting at
OCT3 (Horton et al. 2013). This new line of compounds to be developed in the
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context of depression treatment may well be beneficial as well for the treatment of
amphetamine use disorder.

5 Concluding Remarks

As is clear from the amphetamine literature, our knowledge base regarding amphet-
amine action is extensive and goes back more than half a century. Although we
increasingly understand in more detail the molecular mechanisms underlying effects
of amphetamine, it is also clear that we are still not able to fit all pieces of the puzzle
into a coherent story. However, it is gratifying to see that the acquired knowledge has
led us closer to treatment options for amphetamine use disorder. The molecular
knowledge has led to promising lead compounds (DAT blockers/substrates,
VMAT2 substrates, PKC inhibitors) or promising novel targets (CaMKII, OCT3).
A search for treatment compounds not only will be beneficial in the area of abuse of
amphetamines (methamphetamine or Adderall) but will likely overlap considerably
into treatment for misuse of other psychostimulants such as cocaine or into treatment
of depression.
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Abstract
In recent years, use of cocaine and amphetamines and deaths associated with
stimulants have been on the rise, and there are still no FDA-approved medications
for stimulant use disorders. One contributing factor may involve heterogeneity.
At the neurobiological level, dual dopamine dysfunction may be undermining
medication efficacy, suggesting a need for combination pharmacotherapies. At
the population level, individual variability is expressed in a number of ways and,
if left unaddressed, may interfere with medication efficacy. This chapter reviews
studies investigating medications to address dopamine dysfunction, and it also

P. S. Regier (*) · K. M. Kampman · A. R. Childress
Department of Psychiatry, Perelman School of Medicine, Center for Studies of Addiction,
University of Pennsylvania, Philadelphia, PA, USA
e-mail: pregier@pennmedicine.upenn.edu

# Springer Nature Switzerland AG 2019
M. A. Nader, Y. L. Hurd (eds.), Substance Use Disorders,
Handbook of Experimental Pharmacology 258, https://doi.org/10.1007/164_2019_303

299

http://crossmark.crossref.org/dialog/?doi=10.1007/164_2019_303&domain=pdf
mailto:pregier@pennmedicine.upenn.edu


identifies several prominent heterogeneities associated with stimulant (and other
substance) use disorders. The chapter has implications for improving
interventions to treat stimulant use disorders, and the theme of individual hetero-
geneity may have broader application across substance use disorders.

Keywords
Amphetamines · Cocaine · Heterogeneity · Medication-assisted treatment ·
Relapse

1 Cocaine Use on the Rise (Again)

Stimulant use disorder is a worldwide problem. After a 30-year national epidemic in the
United States and a sharp decline from the early 2000s to 2010, occurrence of stimulant
use is on the rise again. In 2017, more than 2.5 million Americans had a stimulant
(cocaine, methamphetamines, prescription stimulants) use disorder (SAMHSA 2018).
Of increasing concern, the number of users of stimulants (and misuse of prescription
stimulants), new initiates of stimulants, and overdose deaths associated with stimulants
have all been escalating since 2010 (Fig. 1). As a result of rising rates of cocaine and
methamphetamines use, as well as increased prescription stimulant misuse (SAMHSA
2018), new illicit users of all stimulants actually surpassed those of opioids in 2017
(stimulants, 2.4 million; opioids, 2 million; NETI 2018). These alarming new trends
have prompted the National Emerging Threats Initiative to identify stimulants as an
urgent and developing problem in the United States (NETI 2018).

Fig. 1 Numbers reflect changes from 2010 to 2017. (a) The number of cocaine users (solid red
line) has increased by 47%, number of methamphetamine users (orange dotted line) has increased
by 119%, and nonmedical users (i.e., misusers) of prescription stimulants (gray dashed line)
increased by 63%. (b) New initiates (first time users) of cocaine (solid red line) increased by
61%, new users of methamphetamines (orange dotted line) increased by 82%, and new initiates
(misusers) of nonmedical prescription stimulants (gray dashed line) increased by 90%. (c) Overdose
deaths associated with cocaine (solid red line) have sharply increased by 369%, and overdose deaths
associated with methamphetamines (orange dotted line) have also drastically increased by 536%.
(Data from SAMHSA and Center for Disease Control)
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The World Drug Report for 2018 (UNODC 2018) indicates similar and alarming
trends for the rest of the world. For example, in Canada, there was a sharp decline of
stimulant use in the early 2000s, but that number has been increasing. In Europe,
rates of stimulant use in 2015 were low; however, similar to the United States,
increased trafficking of cocaine hints at signs of expansion. In South America, rates
of cocaine use were also on the rise from 2010 to 2012. Brazil has become one of the
largest consumer markets in the world for cocaine, where as many as 4.4 million
individuals were users of smoked cocaine in 2013 (Abdalla et al. 2014). Metham-
phetamine use continues to be problematic in Mexico, China, and Thailand, and it
has also increased in popularity in regions in the Middle East and South Asia as well
(Chomchai and Chomchai 2015).

2 The Challenges of Translation

The Federal Drug Administration has yet to approve a single medication for the
treatment of stimulant use disorders. Years of preclinical studies have revealed
several compounds that show promise in current animal models of stimulant use
disorders; however few have translated to success in human clinical trials. Success of
studies can be measured in various ways; however for this review, we will refer to
“effectiveness” in preclinical studies as measured by a reduction in drug-seeking
behaviors, such as cue-triggered reinstatement and conditioned place preference,
whereas “effectiveness” in clinical studies will be demonstrated by the reduction of
self-reported drug use verified by negative urine toxicology. There are already
several excellent reviews on clinical medication trials of stimulant use disorders
and the various successes and failures (e.g., Dackis and O’Brien 2003; Anderson
et al. 2009; Penberthy et al. 2010; Kampman 2010; Nuijten et al. 2011; Shorter and
Kosten 2011; Mariani and Levin 2012; Stoops and Rush 2014; Siniscalchi et al.
2015; Shorter et al. 2015; Negus and Henningfield 2015). For this review, we will
instead focus on issues of translation toward improving future medication trials.
Therefore, the review will be limited in scope in two ways. First, there are many
culprits for poor translation of medication treatment efficacy from preclinical studies
to clinical trials. These include the lack of dose response and medication plasma
levels in clinical trials, possible species differences, and failure to take heterogeneity
(e.g., underlying brain states, phenotypes, pharmacogenetics) into account. A second
limitation in scope is the interventions discussed. Across the lengthy stimulant
epidemic, multiple preclinical targets of promise have been identified, but clinical
trials for many of these are either early [e.g., glutamate modulators (e.g., Kalivas
et al. 2003); calcium channel blockers (e.g., Anderson et al. 2008); vaccines (e.g.,
Heekin et al. 2017); and transcranial magnetic stimulation (e.g., Hanlon et al. 2015;
Diana et al. 2017)] or still in the planning stage [e.g., corticotropin-releasing factor
antagonists (e.g., Logrip et al. 2011); dynorphins/kappa agents (e.g., Carey et al.
2007; Redila and Chavkin 2008; Al-Hasani et al. 2013); orexins (e.g., James et al.
2018); 5HT-2C modulators (Bubar and Cunningham 2006); and deep brain stimula-
tion (e.g., Luigjes et al. 2012)]. For this review, we focus on a strategy that has
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generated multiple clinical trials – agents that modulate (tonic vs. phasic)
dopaminergic transmission – and that offers a useful opportunity to discuss the
challenges in preclinical translation.

3 Tonic and Phasic Dopamine Changes with Stimulant
Administration

Chronic administration of stimulants is associated with, at least, two types of
dopamine dysfunction. The first of these is low, tonic dopamine, a feature of early
cocaine cessation (Martinez et al. 2009, 2011; Ashok et al. 2017) and sometimes
accompanied by symptoms of low energy and low mood/anhedonia. The second
dysfunction is enhanced phasic dopamine release in response to drugs and drug-
related cues (Berridge and Robinson 1998; Willuhn et al. 2014), a potential motiva-
tional trigger for relapse (Li et al. 2015; Courtney et al. 2016; Moeller and Paulus
2018; MacNiven et al. 2018) – a vulnerability that can persist several months after
observable cessation symptoms (Wang et al. 2013; Parvaz et al. 2016). Analogous to
preclinical findings of increased phasic dopamine are imaging data in humans
demonstrating a cue-triggered mesolimbic activation (Childress et al. 1999; Kühn
and Gallinat 2011; Chase et al. 2011; Young et al. 2014) and dopamine release
(Volkow et al. 2006; Wong et al. 2006; Fotros et al. 2013). Based on this informa-
tion, it may be necessary for medication-assisted treatment of stimulant use disorders
to address both types of dopamine dysfunction in order to be effective. The frame-
work for the current review is to examine medications intended to address either of
these dysfunctions. One conclusion from the chapter is that it may currently be
difficult to address both dysfunctions with a single medication and that a combina-
tion approach may be more feasible.

3.1 Enhancing Tonic Dopamine

Preclinical research has demonstrated that chronic stimulant administration is
associated with abnormally low tonic dopamine (Segal and Kuczenski 1992a, b;
Kalivas and Duffy 1993a, b; Di Chiara and Bassareo 2007), stimulating clinical
research studies focused on improving dopamine tone (Dackis and Gold 1985;
Ashok et al. 2017) – usually by administration of a dopamine agonist. These agonists
have included medications that increase dopamine release [e.g., amphetamines
enhance dopamine by three different mechanisms (Calipari and Ferris 2013)],
block the dopamine transporter (e.g., modafinil, methylphenidate), or increase dopa-
mine synthesis (e.g., levodopa).

3.1.1 Short-Acting Dopamine Enhancers
Short-acting dopamine transporter reuptake inhibitors have been useful for
attenuating the subjective effects of stimulants in laboratory and clinical studies
(Dackis et al. 2003; Hart et al. 2008; Verrico et al. 2014) and demonstrated a
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reduction of cocaine use in early observations and follow-up clinical pilot studies
(Khantzian et al. 1984; Levin et al. 1998; Dackis et al. 2003, 2005). Unfortunately,
several follow-up double-blind, placebo-controlled trials found no main effect on
cocaine use (Schubiner et al. 2002; Anderson et al. 2009; Schmitz et al. 2012; Dackis
et al. 2012). However, recent secondary analyses from large studies have renewed
interest. For example, it was found that modafinil increased consecutive days of
abstinence (Kampman et al. 2015) and reduced the number of cocaine-positive
urines, due to the mediating effect of modafinil improving sleep (Morgan et al.
2016). Early studies of cocaine use disorder and the dysregulation of dopamine in
chronic users found that levodopa (half-life of 1.5 h) reduced withdrawal symptoms
(Wolfsohn and Angrist 1990), but these effects were unable to be replicated
(Wolfsohn et al. 1993). Follow-up studies also found no main effect of levodopa
on cocaine use (Shoptaw et al. 2005; Mooney et al. 2007). However, Schmitz et al.
(2008) tested levodopa in the context of different behavioral treatments and found
that levodopa was effective when paired with a more intense psychosocial treatment
(e.g., contingency management). Encouragingly, a follow-up study found a similar
result (Schmitz et al. 2010). The short half-life of levodopa, requiring multiple daily
doses (Espay et al. 2017), may help to account for the mixed clinical results in
substance use disorder populations, where medication compliance is a significant
challenge.

3.1.2 Long-Acting Dopamine Enhancers
The potential abuse liability of short-acting dopamine agonists encouraged preclini-
cal testing of chronically administered (Chiodo et al. 2008; Czoty et al. 2010) and/or
longer-acting formulations (Czoty et al. 2016). These studies have provided some
support (though see Czoty et al. 2013) for human studies with longer-acting
(extended release) stimulants. An early study found that d-amphetamine had a
tendency to reduce cocaine (but not opiate) use at the highest dose tested (Grabowski
et al. 2001) and this was followed by a second study with similarly results
(Grabowski et al. 2004). However, a study conducted around the same time found
no difference of drug use (measured by urine analyses) between cocaine patients
treated with d-amphetamine and controls, even though self-report of cocaine use and
craving was lower in the treatment group (Shearer et al. 2003). More recently, a
laboratory study found that d-amphetamine reduced cocaine (but not
hydromorphone) self-administration in humans (Greenwald et al. 2010), and two
clinical trials using extended-release amphetamines to treat cocaine use disorder with
other comorbid disorders found a significant reduction of cocaine use compared to
placebo (Levin et al. 2015; Nuijten et al. 2016).

3.1.3 Summary: Enhancing Tonic Dopamine
While clinical trials with extended-release dopamine enhancers have provided more
positive drug use outcome results, in general, trials utilizing tonic dopamine
enhancers as treatment have produced mixed results. This may reflect the challenge
of “dual” dopamine dysfunctions: though dopamine agonists can help restore normal
tonic levels of dopamine that have been disrupted by chronic stimulant use, if phasic
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dopamine is still enhanced in response to drug cues, an individual may still remain
vulnerable to cue-triggered relapse (Sinha et al. 2005; Kosten et al. 2006). Having a
single medication that could both increase tonic dopamine and reduce phasic
dopamine events (e.g., a dopamine partial agonist) would be very appealing, but
these are still in early development. Until such “dual-acting” agents are available for
clinical trials, medications shown to inhibit phasic dopamine could be used in
combination with tonic dopamine enhancers to treat both aspects of dopamine
dysfunction, described next.

3.2 Reducing Phasic Dopamine

GABAergic drugs can modulate dopamine action, including the phasic response to
drugs or drug-related stimuli. Preclinical studies have investigated the action of
GABAergic drugs on drug-induced dopamine release and have found several
candidates that decrease phasic dopamine response in the striatum. Clinical studies
describing three different medications that enhance GABA are described below.

3.2.1 Gamma-Vinyl GABA (GVG)
GVG is an irreversible inhibitor of GABA transaminase (catabolic enzyme for
GABA), eliciting an increase of GABA available at the synapse. Several preclinical
studies demonstrated that GVG reduced phasic dopamine in response to drugs and
drug-related cues (Dewey et al. 1992; Morgan and Dewey 1998; Kushner et al. 1999;
Gerasimov et al. 2001; Schiffer et al. 2001a), offering compelling proof of mecha-
nism. In clinical trials, Brodie et al. (2003, 2005) tested the efficacy of GVG for
stimulant use disorders in humans, and the initial clinical studies were very encour-
aging. Two double-blind, placebo-controlled trials followed, the first of which
reported a main effect of treatment with GVG significantly increased abstinence
from cocaine and (although not a primary outcome measure) alcohol (Brodie et al.
2009). The second trial failed to replicate the first (Somoza et al. 2013); the authors
discussed several factors that differed between the two studies, including lower
medication compliance (approximately 40%) in the negative trial. Though long-
term, high-dose use of GVG (e.g., in treatment-resistant pediatric epilepsy) can result
in irreversible visual field deficits (Maguire et al. 2010; Clayton et al. 2013), a newer
and reportedly safer version (CPP-115) has been developed and is currently being
tested (Prescot et al. 2018; Juncosa et al. 2018).

3.2.2 Baclofen
Preclinical studies have found that baclofen, a GABA B receptor agonist, reduces
stimulant-induced dopamine in the ventral striatum in animals (Fadda et al. 2003;
Pitman et al. 2014) and blunts cue-induced limbic activation in humans (Young et al.
2014). Baclofen has also shown effectiveness at reducing cocaine-seeking and
attenuating reinstatement in animals (Roberts et al. 1996; Campbell et al. 1999;
Brebner et al. 2000a, b; Di Ciano and Everitt 2003; Weerts et al. 2007). The
preclinical data suggest that baclofen would work best as an anti-relapsemedication,
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as it was generally more effective in blocking reinstatement than in reducing ongoing
drug use. Clinical translation of baclofen’s efficacy has been challenging, despite
early promise (Ling et al. 1998; Shoptaw et al. 2003). One of the primary difficulties
is baclofen’s short half-life (2–4 h), posing a problem for medication compliance in
outpatient treatment, requiring 3–4 times daily dosing. Compounding this pharmaco-
kinetic problem, recent studies in humans have shown that baclofen plasma levels can
vary widely for the same oral dose (Marsot et al. 2014) and that GABA B receptor
genetics may significantly impact clinical efficacy (Morley et al. 2018). Given these
translational challenges, it is perhaps unsurprising that the early NIDA baclofen trial
(Kahn et al. 2009) conducted with the short-acting formulation, in a cohort of actively
using cocaine patients, and without knowledge of either plasma levels or genetics was
unable to demonstrate overall clinical benefit. Fortunately, there are now ongoing
efforts to improve GABA B agonists, either with a longer-acting, prodrug formula-
tion (Lal et al. 2009; Veenstra-VanderWeele et al. 2017) or with positive allosteric
modulators of the GABA B receptor that may have better pharmacokinetics and
minimal side effects (Hwa et al. 2014; Augier et al. 2017).

3.2.3 Topiramate
Topiramate enhances GABA and decreases glutamate activity; both neuro-
transmitters have previously been shown to play important roles in drug seeking
and relapse (Cornish and Kalivas 2000; McFarland and Kalivas 2001). This dual
action has the effect of reducing drug-induced dopamine release (Dewey et al. 1992;
Schiffer et al. 2001b) and cocaine administration (Kushner et al. 1999). Encouraged
by these preclinical studies, Kampman et al. (2004) tested topiramate for treatment
of cocaine use disorders and found that abstinence was significantly higher in the
topiramate group after titration up to 200 mg was achieved (week 9). Two follow-up
studies found positive results: one demonstrated main effects of topiramate on the
reduction of cocaine use and craving (Johnson et al. 2013), and the other showed a
significant increase in cocaine abstinence during the last 3 weeks of a 12-week trial
(Kampman et al. 2013). More recently, another clinical study found mixed results,
reporting that topiramate significantly reduced drug use, but the differences between
topiramate vs. placebo groups were not present after the first 4 weeks of treatment
(Baldaçara et al. 2016). Topiramate’s very gradual induction to reach therapeutic
levels (9 weeks; minimizes side effect profile; for review, see Shinn and Greenfield
2010) may undermine detection of efficacy in short trials and in populations with
early attrition, common in patients with substance use disorders.

3.2.4 Summary: Reducing Phasic Dopamine
To date, topiramate has provided the most consistent and positive results for treating
stimulant use disorders with a GABAergic drug. However, when used alone, GABA
medications may address only one aspect of dual dopamine dysfunction (i.e.,
abnormally high phasic dopamine release in response to drugs and drug-related
cues). This may help explain mixed results in other clinical trials investigating
GABA medications. Combining medications that both enhance tonic dopamine
and blunt phasic dopamine release might be an effective strategy, described below.
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3.3 Combination Pharmacotherapies: Addressing Both Tonic
and Phasic Dopamine

Results from preclinical studies demonstrated that combining dopamine agonists
with other medications could effectively reduce cocaine administration in rats
(Karkhanis et al. 2016) but combination medications in a handful of clinical trials
have had mixed results (Stoops and Rush 2014). Encouragingly, in two recent trials,
combination therapy with a dopamine enhancer and a GABA (and glutamate)
modulator has shown promise for treatment of stimulant use disorders.

Researchers chose two medications, extended-release mixed amphetamine salts
and topiramate, based on their more consistent and positive outcome results (relative
to other dopamine and GABA medications) as well as the dual action of these
medications on dopamine dysfunction. Results from recent trials involving the
combination of extended-release amphetamines and topiramate are just beginning
to be disseminated; however, early results are very encouraging. Mariani and Levin
(2012) found, in a sample of 81 patients, that the combination medication condition
was associated with better 3-week abstinence outcomes compared to placebo,
particularly for cocaine patients that had used cocaine on 9 or more days during
the previous 28 days prior to the study. Encouragingly, a recent follow-up study with
127 patients replicated this significant result (Levin et al. 2020).

3.3.1 Summary: Combination Pharmacotherapies
From a mechanistic standpoint, combination medication treatment with dopamine
and GABA enhancers should address both aspects of dual dopamine dysfunction
associated with chronic stimulant use. As a proof of concept for addressing multiple
factors associated with dopamine dysfunction, the results from trials investigating
the combination of extended-release amphetamines and topiramate suggest a viable
path forward. However, treatment with topiramate has its hurdles, as the induction
onto the full dose can take up to 9 weeks, and it also has side effects that are
associated with high dropout rates. Newer GABAergic medications such as positive
allosteric modulators – gaining increasing attention as a potential therapeutic strat-
egy for treating substance use disorders (Agabio and Colombo 2014; Filip et al.
2015; Maccioni and Colombo 2019) – may provide an additional option for
augmenting dopamine agonist treatment. Compared to topiramate, these agents
may be easier to use and have an induction time to full dose that is much shorter.

4 Interindividual Phenotypic Heterogeneity

As discussed, the heterogeneity of underlying brain states among patients with
stimulant use disorders (e.g., dual dysfunctions in dopamine transmission) may
have undermined outcomes in prior medication trials. However, there exists another
type of heterogeneity that can impact clinical trial outcomes, and that is individual
variability within the population with substance use disorders. Phenotypic heteroge-
neity can be shaped by a wide variety of genetic and epigenetic/environmental
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variables (e.g., severity of the disorder, presence of comorbid disorders or other
substance disorders, prior adversity, etc.). Endophenotypes are particularly welcome
for medication development, as their underlying biological substrate(s) may be
intervention targets. But even when phenotype is complex, and/or its underlying
determinants are not yet known (or even malleable), it may be very useful in the
design of medication trials, as an initial stratification variable, or as a splitting
variable/covariate in posttrial analyses. This section will discuss several
heterogeneities that, if addressed, may improve the interpretability of intervention
trials for stimulant use disorders – and for medication development across the
addictions.

4.1 Sex Differences

Research has revealed sex differences in relation to drug-seeking behavior in
animals and substance use disorders in humans. For example, in self-administration
experiments, female rats display faster acquisition of drugs, have higher motivation
to take drugs, experience more severe withdrawal symptoms, and exhibit greater
cue- and drug-induced reinstatement compared to male rats (for review, see Becker
2016). In human research, data shows women are more vulnerable to substance use
disorders (e.g., more rapid transition from recreational to compulsive use, height-
ened cue response, more relapse) compared to men, which may be mediated by
menstrual cycle hormones (for review, see Bobzean et al. 2014). Research has also
shown that some medication is not as effective for women compared to men [e.g.,
nicotine replacement for smoking cessation (Cepeda-Benito et al. 2004)]. Prelimi-
nary research for stimulants suggests gender differences may depend on medication
category: early literature showed no differences between men and women for
treatment of cocaine use disorders with desipramine or lithium treatment (Kosten
et al. 1993). However, more recent studies demonstrated that disulfiram and naltrex-
one were less effective in women for treating alcohol use disorder (DeVito et al.
2014) and comorbid alcohol and cocaine use disorders (Pettinati et al. 2008; Suh
et al. 2008), respectively. In addition, studies have shown sex differences related to
the expression and treatment of stress-related pathologies. For example, compared to
men, women have exhibited a heightened physiological response to yohimbine, an
alpha-2 adrenergic antagonist (Moran-Santa Maria et al. 2014), and have also had
better clinical outcomes with guanfacine, an alpha-2 adrenergic agonist (Fox et al.
2014). Finally, given the impact of estradiol on dopamine transmission (Becker
1990, 1999; Bazzett and Becker 1994), it may be especially important to take sex
into account for the medications reviewed in this chapter intended to modulate both
tonic and phasic dopamine.
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4.2 Pharmacogenetics

An important source of heterogeneity in medication response is pharmacogenetics:
some individuals are medication “responders” or “non-responders” due to their
genetic variation. The addition of genotyping to clinical trials for addiction has
enabled several preliminary demonstrations of the future potential for this approach
(Jones et al. 2015). For example, cigarette smokers with genetic variants conferring
“fast” nicotine metabolism respond poorly to nicotine replacement therapies but may
respond well to alternative treatments (Chenoweth and Tyndale 2017). Opioid
patients carrying a specific polymorphism of the delta opioid receptor have a better
clinical response (reduced drug use) to buprenorphine treatment (Crist et al. 2013,
2018), and individual genetic variation has also been linked to treatment response in
alcoholism for more than one medication category [e.g., naltrexone (Heilig et al.
2011); topiramate (Kranzler et al. 2014); baclofen (Morley et al. 2018)]. Fewer
cocaine trials have made use of pharmacogenetics (Shorter et al. 2013; Jones et al.
2015), but known polymorphisms for several appealing medication targets already
discussed [e.g., the dopamine transporter (Franklin et al. 2008); dopamine receptors
(Savitz et al. 2013); the GABA B agonist baclofen (Morley et al. 2018)] strongly
encourage the explicit use of genetic tools. Data-driven, genome-wide approaches
can also be used to parse the heterogeneity in medication response (Kranzler et al.
2009), guiding and complementing the examination of hypothesis-driven
polymorphisms.

4.3 Cue-Vulnerable Phenotypes

Studies have demonstrated interindividual variability in the response to drug- and
reward-related cues (e.g., Robinson and Berridge 2001; Flagel et al. 2010; Regier
et al. 2016); the elevated (mesolimbic) response to drug cues is a marker of
vulnerability to drug-seeking in animals (Flagel et al. 2009) and is associated with
differences in treatment efficacy (Mann et al. 2014). In humans, brain imaging
(BOLD fMRI) during drug-cue exposure has been successfully used to characterize
the relative vulnerability to drug cues, across a wide range of substance use disorders
(Childress et al. 1999; Wexler et al. 2001; Bonson et al. 2002; Franklin et al. 2007;
Langleben et al. 2008; Goldman et al. 2013; Jasinska et al. 2014; Kober et al. 2016).
Importantly, the brain response to drug cues in substance users has demonstrated
relapse-relevance (Li et al. 2015; Courtney et al. 2016; Moeller and Paulus 2018;
MacNiven et al. 2018). This relapse link means that the brain response to drug cues
can be used to help determine the general promise of a candidate medication for
modulating mesolimbic circuitry and thus for preventing relapse in “cue-vulnerable”
individuals. In the future, this approach could also be used to select individuals who
most likely benefit from a “cue-targeted” medication.
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4.4 Stress-Related Phenotypes

Substance use disorders have many overlapping features with other “stress-related”
pathologies (e.g., cumulative lifetime stress, childhood abuse, trauma, anxiety,
chronic stress; Sinha 2001, 2008, 2009; Goeders 2003; Hyman et al. 2008; Viola
et al. 2014). Thus, addressing factors in individuals with comorbid stimulant use
disorders and stress-related pathologies may enhance treatment efficacy. For exam-
ple, Fox and Sinha (2014) discuss the ability of guanfacine, an alpha2-adrenergic
agonist, in attenuating stress-induced responses (e.g., cue-induced craving) and
reducing stress-related phenomena (e.g., anxiety), as well as enhancing cognitive
control. A recent review identified the most promising medications for treating
stress-related pathologies, which include kappa-opioid antagonists and noradrener-
gic agents (Greenwald 2018). Preclinical research has demonstrated the interaction
of early-life stress and kappa-opioid receptor dysfunction, leading to more drug use,
but that this effect could be mitigated by kappa-opioid receptor antagonist
(Karkhanis et al. 2016).

4.5 Interaction of Cue-Vulnerability and Stress-Related
Pathologies (Prior Adversity)

Not only are the described individual phenotypes (e.g., cue- and stress-vulnerable) a
source of outcome heterogeneity, they may also interact in unexpected and important
ways. For example, a prominent and concerning source of heterogeneity within the
substance use disordered population is prior adversity, which is overrepresented in
individuals with substance use disorders (e.g., Felitti et al. 1998; Rice et al. 2001;
Medrano et al. 2002; Charney et al. 2007; Hyman et al. 2007). Preclinical studies
have shown that early-life stress in animals is associated with increased
vulnerabilities to drug self-administration and to cues signaling drug reward (for
review, see Sinha 2001). Translating these findings to clinical research, Regier et al.
(2016) recently demonstrated that individuals with prior adversity (e.g., emotional,
physical, and/or sexual abuse) have a heightened mesolimbic response to cocaine
reward cues. These findings highlight the significant interaction of appetitive and
aversive motivational systems and their associated phenotypic vulnerabilities.

4.6 Poor Frontal Function Endophenotype

Preclinical studies show that chronic stimulant exposure can erode frontal inhibitory
functions (Jentsch and Taylor 1999) and that animals with poorer baseline frontal
function are more severely impacted by stimulant exposure (Ferland and Winstanley
2017). This interaction between pre-existing frontal function and stimulant exposure
may account for the heterogeneity in frontal deficits found in clinical cohorts, with
some patients demonstrating significant deficits in several executive functions
(Goldstein and Volkow 2002, 2011; Hester and Garavan 2004), while others with
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similar histories of drug use may be less impaired (Carroll et al. 2011). As the brain’s
frontal circuitry is responsible for regulating downstream appetitive and aversive
motivational systems, dysfunctions in this circuit would exacerbate the
vulnerabilities described earlier (i.e., cue-triggered or stress-related pathologies).
Encouragingly, cocaine patients with extended abstinence can show recovery of
inhibitory function (Connolly et al. 2012), suggesting the “poor frontal function”
endophenotype may be a reasonable target for intervention. Dopamine agonists
(as previously discussed for improving dopamine tone) have been used to treat
frontal dysfunction in cocaine patients with and without attention deficit hyperactiv-
ity disorder (Hester et al. 2010; Li et al. 2010; Dean et al. 2011). Although frontal
symptoms are sometimes improved, this has not always translated into a reduction in
cocaine use (Carpentier and Levin 2017). Thus, similar to the issue above with
treating both aspects of dual dopamine dysfunction, non-stimulant medications [e.g.,
atomoxetine (Levin et al. 2009)] or combination medications (e.g., cognitive
enhancers + GABA modulators) may offer a better alternative than monotherapies.

4.7 Drug Use Severity

Even though patients entering clinical trials usually carry the same diagnosis (e.g.,
“cocaine use disorder”), they vary in baseline urine status. Some patients are
beginning to submit cocaine-free urines even before formal treatment begins,
while others continue to use drugs up to, and beyond, treatment entry. Positive
drug screens at treatment entry are widely recognized as a strong predictor of poor
clinical outcome (Ehrman et al. 2001; Kampman et al. 2002; Patkar et al. 2002;
Ahmadi et al. 2009); thus, baseline urine status is an important stratification variable
in medication trials. A recent imaging study (Lam et al. 2013) revealed brain
underpinnings for this phenotype, offering a possible medication target.

Though clinical research studies usually focus on patients with “severe” sub-
stance use disorder, it is worth noting that preclinical models often include a range of
“severities,” with only 15–20% of drug-taking animals displaying the “addiction-
like” characteristics of clinical samples (Ahmed and Koob 1998; Deroche-Gamonet
et al. 2004; Ahmed 2010). This “mismatch” between drug use severity in preclinical
vs. clinical models may account, in part, for the poor translation of medication
findings in animal studies (Cao et al. 2016). Relaxing eligibility criteria in some
clinical research studies to allow individuals with mild and/or moderate substance
use disorder may not only afford better translation from preclinical research but
would also enable examination of medication efficacy according to the phenotype of
drug use severity. This broadened recruitment strategy may reveal medications (e.g.,
agents with efficacy in less severe phenotypes) that would otherwise go undiscov-
ered and that may, in turn, inform the search for medications effective against severe
drug use. To better match clinical trials, preclinical studies might include more
polysubstance use models, as the majority of individuals with substance use
disorders often have more than one.
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5 Conclusions and Future Directions

This chapter has examined medication trials in stimulant use disorders from the
perspective of both heterogeneity of underlying brain states (using “dual dopamine
dysfunction” as an example) and heterogeneity of individual phenotypes. Both types
of heterogeneity can undermine clinical results. However, if acknowledged and
addressed, these same heterogeneities can actually become useful tools for parsing
medication outcomes for existing agents and for developing medications for novel
targets.

Despite the prior challenges, future medication development for stimulant use
disorders promises acceleration, by wider incorporation of brain information in
human studies. Most clinical medication trials for stimulant use disorders have
been conducted without any direct information about “target engagement,” i.e.,
whether the candidate medication indeed reached the intended brain circuits by
functional magnetic resonance imaging (fMRI) or receptors by positron emission
tomography (PET). Information provided by these brain tools is helpful for deter-
mining the promise of a candidate medication even before proceeding to a clinical
trial. If collected concurrently within a clinical trial, the brain-level information is
valuable for parsing and interpreting the medication response. Even when conducted
after a failed clinical trial (Le Foll et al. 2016), PET can offer valuable information
for understanding why the trial may have failed. Fueling the wider use of brain
information, new in silico techniques (Jones and Lin 2017) will speed the develop-
ment of both tracers and medications, enabling highly specific compounds for long-
pursued, addiction-relevant brain targets (e.g., the dopamine D3 receptor,
Heidbreder and Newman 2010; Chien et al. 2010; Mach et al. 2011). These
advances, especially when combined with readily available measures (e.g., medica-
tion plasma levels, genotyping, phenotyping, baseline drug use/severity), will
not only speed medication discovery but will enable a critical matching of medica-
tion(s) to our patients’ unique heterogeneities.
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Abstract
Since antiquity, Cannabis has provoked enormous intrigue for its potential
medicinal properties as well as for its unique pharmacological effects. The
elucidation of its major cannabinoid constituents, Δ9-tetrahydrocannabinol
(THC) and cannabidiol (CBD), led to the synthesis of new cannabinoids (termed
synthetic cannabinoids) to understand the mechanisms underlying the pharma-
cology of Cannabis. These pharmacological tools were instrumental in the
ultimate discovery of the endogenous cannabinoid system, which consists
of CB1 and CB2 cannabinoid receptors and endogenously produced ligands
(endocannabinoids), which bind and activate both cannabinoid receptors. CB1

receptors mediate the cannabimimetic effects of THC and are highly expressed on
presynaptic neurons in the nervous system, where they modulate neurotransmitter
release. In contrast, CB2 receptors are primarily expressed on immune cells. The
endocannabinoids are tightly regulated by biosynthetic and hydrolytic enzymes.
Accordingly, the endocannabinoid system plays a modulatory role in many
physiological processes, thereby generating many promising therapeutic targets.
An unintended consequence of this research was the emergence of synthetic
cannabinoids sold for human consumption to circumvent federal laws banning
Cannabis use. Here, we describe research that led to the discovery of the
endogenous cannabinoid system and show how knowledge of this system
benefitted as well as unintentionally harmed human health.

Keywords
Allosteric modulation · Cannabinoid · Cannabis Use Disorder · CB1/CB2

receptor · CBD · Endocannabinoid · Opioid-sparing effects · Phytocannabinoid ·
Synthetic cannabinoid · THC

1 A Historical Perspective of, and Introduction to,
Cannabinoids

Paleobotanical studies indicate that the Cannabis plant was present as long as
11,400 years ago during the Holocene epoch around Central Asia (Tarasov et al.
2007; Clarke and Merlin 2013). The earliest evidence of Cannabis use dates back
10,000 years to the end of the Ice Age in Japan (Okazaki et al. 2011), as well as
4,000 years BCE in China as recorded in the ancient Pharmacopoeia text “Shen
Nung Pen Ts’ao Ching” (Jiang et al. 2006). Originally grown for its use as a fiber,
food, and medicinal plant by shamans, Cannabis spread across the world due to
human domestication and its adaptability to a wide range of climates (for an
extensive account of the archeobotanical evidence for Cannabis use, see Pisanti
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and Bifulco 2019). The use of Cannabis as a recreational drug eventually became
widespread, with an early description found in an 1857 article by The Hasheesh
Eater (Lee 2013). Cannabis now represents the most commonly used psychoactive
drug in the world after alcohol and tobacco.

Discussions surrounding the legal, ethical, and societal implications of Cannabis
use have been ongoing for at least a century. The last several decades have seen an
increasing rise in the frequency of physician-prescribed Cannabis for the treatment
of various medical conditions such as chronic pain and psychiatric problems across a
growing number of states in the United States (Whiting et al. 2015). The current
renaissance of the medical employment of Cannabis as well as the changing legal
landscape in twenty-first-century United States has forced issues associated with the
safe use of Cannabis to a now higher prominence. These include routes of adminis-
tration, content identification and labelling, drug interactions, dispensing, safety and
untoward side effects, contraindications, and use or unintended exposure in specialty
populations (the young and the elderly), to name but a few. The inclusion of
Cannabis Use Disorder into the third edition of the Diagnostic and Statistical
Manual of Mental Disorders (DSMIII) in 1980 makes discussion of its safe use
pertinent given the reinforcing value of this ancient plant and as such the potential
that exists for dependence. As of 2010, global reports of Cannabis Use Disorder
prevalence estimated that 0.2% or 13.1 million people met diagnostic criteria
(Degenhardt et al. 2013), compared to the US general population where a prevalence
of 1.5% was reported in a 2015 National Survey of Drug Use and Health (Hasin et al.
2016; SAMHSA 2017). While Cannabis use is a necessary condition to develop
Cannabis Use Disorder, not all users develop this disorder; therefore, use alone is
not a sufficient predictor. The etiology of Cannabis Use Disorder is thus clearly
complex.

Studying the reinforcing and rewarding effects of cannabinoids in preclinical
settings remains a challenge. The most widely used preclinical investigative tool,
murine species, do not show reliable or robust intravenous or oral self-administration
of Δ9-tetrahydrocannabinol (THC), the primary psychoactive constituent of
Cannabis (Lefever et al. 2014; Wakeford et al. 2017; Barrus et al. 2018). Rat
intracerebroventricular self-administration of THC (Braida et al. 2001; Zangen
et al. 2006), as well as intravenous self-administration of the synthetic cannabinoid
WIN 55,212-2 (Fattore et al. 2001; Mendizabal et al. 2006), has been reported.
Whereas squirrel monkeys readily self-administer THC (Justinova et al. 2003), this
phytocannabinoid functioned as a reinforcer in only half of rhesus and cynomolgus
monkeys (John et al. 2017). Other behavioral measures have also been employed to
assess the rewarding effects of THC, such as conditioned place preference and
intracranial self-stimulation, with inconsistent results (Braida et al. 2004; Hempel
et al. 2016; Tanda 2016). As such, the limited success of modeling the rewarding
effects of Cannabis in research model organisms remains a considerable barrier to
preclinical research investigating the neurobiology underlying the abuse liability of
cannabinoids as well as assessing drugable targets to treat Cannabis Use Disorder.

The chemicals collectively termed cannabinoids can be organized into three
broad classes or categories: phytocannabinoids (plant based; the individual
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molecular constituents of the Cannabis plant), synthetic cannabinoids (man-made
cannabinoids), and endocannabinoids (cannabinoids produced by and within
the body).

1.1 Phytocannabinoids

The Cannabis plant contains hundreds of phytochemicals, which include phyto-
cannabinoids, terpenes, and phenolic compounds. To date, more than 560 chemicals
have been identified in Cannabis, with approximately 120 of these constituents
described as terpenophenolic cannabinoids or phytocannabinoids, primarily pro-
duced in the glandular trichomes of the plant (ElSohly et al. 2017). Phyto-
cannabinoids are a broad group of closely related chemicals but with diverse
structure as well as pharmacological actions. The availability of novel spectrometric
methods in the 1960s facilitated the isolation of the primary psychoactive constituent
of Cannabis Δ9-THC (Gaoni and Mechoulam 1964) as well cannabidiol (CBD)
(Mechoulam and Shvo 1963). For a full review of the chemical elucidation of
phytocannabinoids through the 1970s, see Mechoulam et al. (1976). The elucidation
of these structures sparked an enormous amount of basic research that revealed the
effects of these drugs in the brain and body. Moreover, the FDA approved THC
(referred to as dronabinol) to treat nausea and emesis associated with cancer
chemotherapy, as well as AIDS-related cachexia as an appetite stimulant. The
FDA recently approved CBD to treat severe forms of pediatric epilepsy. Although
THC and CBD represent the best known phytocannabinoids, other predominant
constituents include cannabigerol (CBG), cannabichromene (CBC), and tetrahydro-
cannabivarin (THCV). The phytocannabinoids exist as acids (e.g., THCA-A,
CBD-A), which are nonenzymatically decarboxylated to their corresponding neutral
forms (e.g., THC, CBD). This decarboxylation begins to occur after the plant is
harvested during the drying process over time and/or the application of heat (Flores-
Sanchez and Verpoorte 2008). Pharmacokinetic studies of cannabinoids have most
often focused on THC. This phytocannabinoid is hydroxylated to the psychoactive
metabolite 11-hydroxy-Δ9-THC and then oxidized to the non-psychoactive Δ9-
THC-11-oic acid. THC and its metabolites remain sequestered in cell membranes
and adipose tissues and are slowly released, which is why Cannabis use can be
detected in urine long after use.

1.2 Synthetic Cannabinoids

Upon elucidation of the primary phytocannabinoids, medicinal chemists modified
the structure of THC to understand the mechanisms underlying its pharmacological
actions. Structurally diverse compounds that included bicyclic cannabinoids
(Compton et al. 1992b) and aminoalkylindoles (Compton et al. 1992a; Wiley et al.
1998; Huffman et al. 2005) served as important tools that contributed to the eventual
discoveries of cannabinoid receptors (Devane et al. 1988; Munro et al. 1993; see
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Sect. 2) and the endocannabinoids (Devane et al. 1992; Mechoulam et al. 1995;
Sugiura et al. 1995; see Sect. 3.3). Pharmaceutical companies also developed
synthetic cannabinoids as potential medications. For example, the FDA approved
nabilone, which is structurally similar to THC, for the treatment of nausea and
vomiting associated with cancer chemotherapy.

An unforeseen consequence in studies publishing the synthesis and characteriza-
tion of the synthetic cannabinoids in scientific journals was their diversion to
recreational use and abuse (for full reviews, see Ford et al. 2017; Wiley et al.
2017). As these compounds elicit even greater intoxicating effects as THC but
would not be detected in common drug screening tests, their use circumvents the
law and drug testing of Cannabis. The first generation of synthetic cannabinoids,
such as JWH018 (Huffman et al. 2005), were added to plant material and sold over
the Internet and in convenience stores under various names such as “Spice” and
“K-2” as marketing ploys. Administration of JWH018 and other synthetic
cannabinoids has been linked to physiological toxicity (Freeman et al. 2013) and
psychological complications (Celofiga et al. 2014). The first wave of synthetic
cannabinoids were designated Schedule I drugs in 2011, and the United States
also made them illegal. Since then, other synthetic cannabinoids emerged in a
“cat-and-mouse” game between clandestine laboratories and law enforcement. One
such example is the highly potent fubinaca, a Pfizer synthetic cannabinoid made
Schedule I in 2014. Illicit synthetic cannabinoids frequently pose a greater public
safety threat than Cannabis/THC as they have sparked a large increase in emergency
room visits and often life-threatening consequences (Gerostamoulos et al. 2015).
The adverse effects of recreationally used synthetic cannabinoids are likely a result
of their higher efficacy and potency at cannabinoid receptors as well as other
non-cannabinoid receptor sites of action (Grim et al. 2016).

1.3 Endocannabinoids

The endocannabinoid system refers collectively to cannabinoid receptors (CB1

and CB2) that are acted upon by endogenously produced cannabinoid ligands:
the endocannabinoids (as well as by THC, other phytocannabinoids, and synthetic
cannabinoids) and their biosynthetic and degradative enzymes (Blankman et al.
2007). The two most extensively studied endogenous ligands of cannabinoid
receptors are arachidonylethanolamine (anandamide or AEA) and
2-arachidonoylglycerol (2-AG) (Devane et al. 1992; Mechoulam et al. 1995; Sugiura
et al. 1995). The synthesis and degradation of these endocannabinoids are enzymati-
cally regulated (Blankman and Cravatt 2013). The enzymes that regulate AEA and
2-AG are described below in Sects. 3.1 and 3.2. Other endogenous cannabinoid
ligands have also been described (for a full review, see Pertwee 2015). The majority
of these ligands are lipids and include 2-arachidonyl glyceryl ether (noladin ether)
(Hanus et al. 2001), N-arachidonoyl dopamine (NADA) (Bisogno et al. 2000), and
virodhamine (Porter et al. 2002).
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2 Cannabinoid Receptor Discovery and Function

A major impetus for research geared toward understanding the molecular targets of
cannabinoids included the identification of THC as the chief psychoactive constitu-
ent of Cannabis. Additionally, extensive efforts in medicinal chemistry provided
useful tools to bind and activate specific cannabinoid receptor binding sites in
biological tissues. The development of highly selective antagonists for each of
these receptors (Rinaldi-Carmona et al. 1994, 1998) has greatly aided the investiga-
tion of cannabinoid receptor pharmacology as well as provided insight into the
function of the endogenous cannabinoid system. The creation of mutant mice in
which the CB1 receptor (Ledent et al. 1999; Zimmer et al. 1999) or CB2 receptor
(Buckley et al. 2000) was genetically deleted provided a powerful complementary
tool to distinguish receptor targets of cannabinoid agonists and reveal potential
functions of the endogenous cannabinoid system. Below we describe research
leading to the discovery of the CB1 and CB2 receptors.

2.1 CB1 Receptor In Vitro Evidence

2.1.1 G Proteins and Adenylyl Cyclase
The history of cannabinoid receptors and their phytocannabinoid, endocannabinoid
ligands, and analogs has recently been reviewed by authors who have made major
discoveries in cannabinoid pharmacology (Mechoulam et al. 2014; Ligresti et al.
2016). A highly comprehensive review of the CB1 and CB2 cannabinoid receptors
was submitted by the Cannabinoid Receptor Subcommittee of the International
Union of Basic and Clinical Pharmacology (IUPHAR) (Howlett et al. 2002),
followed by an evaluation of other targets for the endocannabinoids anandamide
and 2-AG (Pertwee et al. 2010). Cellular signaling evoked by the CB1 receptor has
been comprehensively reviewed (McAllister and Glass 2002; Turu and Hunyady
2010; Console-Bram et al. 2012; Howlett and Abood 2017).

Cannabinoid receptors were initially identified and pharmacologically
characterized based upon the ability of THC and antinociceptive analogs developed
by Pfizer Central Research to attenuate cAMP accumulation in the neuronal cells and
brain (Howlett et al. 1988). The N18TG2 mouse neuroblastoma cell line played an
essential role in the discovery and function of CB1 cannabinoid receptors. Based on
the observation that pertussis toxin, which eliminates Gi/o coupling, abrogated the
inhibitory effect on cAMP accumulation, the CB1 receptor was determined to be a G
protein-coupled receptor (GPCR) (Howlett et al. 1986; Houston and Howlett 1993).
Immunoprecipitation studies indicated that CB1 receptors are pre-coupled to Gi/o

proteins in membrane preparations without the addition of exogenous agonists
(Mukhopadhyay et al. 2000; Mukhopadhyay and Howlett 2001, 2005). These
studies demonstrated that agonists promote dissociation of the G protein from the
CB1 receptor, whereas antagonist/inverse agonists maintain the CB1 receptor-Gi

protein interaction in a more stable form. We now know from antibody-capture
scintillation proximity assays for [35S]GTPγS binding that members of the Gi/o
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family constitute about 75% of the G-protein activation by the high-efficacy receptor
agonist CP55,940 (Eldeeb et al. 2016, 2017). Gs, Gq/11, G12, and G13

each contributed 5–10% of the total activation under those assay conditions
(Eldeeb et al. 2017). Gz, Gs, and Gq/11 were not found to be pre-associated with
the CB1 receptor in 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS)-solubilized immunoprecipitation protocols (Mukhopadhyay et al. 2000).
Specifically, pertussis toxin pre-treatment did not lead to increased Gs activation
(Eldeeb et al. 2016). Evidence for agonist-selective regulation of various G proteins
has come from G-protein activation studies (Glass and Northup 1999; Prather et al.
2000). Immunoprecipitation studies indicated that full agonists could activate all Gi/o

subtypes, whereas “partial agonists” only activate certain Gi subtypes and act as
inverse agonists at other subtypes (Mukhopadhyay and Howlett 2005). These studies
at the level of G-protein activation suggest that agonists may select differing signal
pathways depending upon the G-protein availability in the environment of the CB1

receptor.
Numerous reviews have identified the role of neuronal CB1 receptor signal

transduction based upon Gβγ protein release and Gαi-mediated reduction of cAMP
in the regulation of neurotransmission (Kano 2014; Lu and Mackie 2016),
neurodevelopment (Diaz-Alonso et al. 2012; Gaffuri et al. 2012; Maccarrone et al.
2014), and synaptic plasticity (Garcia et al. 2016; Araque et al. 2017). Following Gi/o

activation and dissociation, CB1 receptors can be phosphorylated by G-protein
receptor kinases (GRKs), leading to interactions with β-arrestins 1 or 2 (Breivogel
et al. 2013; Chen et al. 2014). β-arrestins are scaffolding proteins that internalize the
CB1 receptors from the plasma membrane and/or regulate CB1 receptor-mediated
signal transduction that is not related to G proteins (Nogueras-Ortiz and Yudowski
2016). For example, extracellular signal-regulated kinase (ERK)1 and 2 phosphory-
lation and activation can be regulated both by CB1-mediated Gβγ release with
diminished cAMP and PKA signaling and an extended phase mediated by
β-arrestins (Rubino et al. 2006; Daigle et al. 2008; Dalton and Howlett 2012;
Franklin et al. 2013; Mahavadi et al. 2014).

2.1.2 Radioligand Binding and Cloning of Cannabinoid Receptors
in the CNS

The biological activity of Δ9-THC and analogs being attributed to cannabinoid
receptors was first identified using radioligand binding to a Pfizer analog [3H]
CP55,940 (Devane et al. 1988). Using this assay, brain cannabinoid receptors
were demonstrated to be among the most abundant GPCRs, being highly expressed
in the cortex, hippocampus, basal ganglia, and cerebellum consistent with cannabi-
noid effects on cognition, memory, hypoactivity, and sedation (Herkenham et al.
1990; Glass et al. 1997; Tsou et al. 1998).

An orphan 7-transmembrane receptor from rat appeared to exhibit neuroanatomi-
cal localization similar to that identified as the brain cannabinoid receptor, and using
the [3H]CP55,940 radioligand binding assay was subsequently identified to be what
we now refer to as the CB1 cannabinoid receptor (Matsuda et al. 1990). Based upon
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this rat clone, the human CB1 receptor was shown to have 97% amino acid sequence
identity but was shorter by one residue (Gerard et al. 1991). The mouse and rat
exhibit identical amino acid sequences (Chakrabarti et al. 1995; Ho and Zhao 1996;
Abood et al. 1997). Although there appears to be very similar pharmacological
properties between human and rodent CB1 receptors, some variation in ligand
binding has been noted (McPartland et al. 2007).

The first reported splice variant of the human hCB1 receptor, referred to as hCB1a,
is reduced by 167 base pairs in the coding region, thereby reducing the N-terminal
extracellular domain by 61 residues and changing 28 residues in the remaining
sequence (Shire et al. 1995). The second reported splice variant, hCB1b, was the
result of removal of 99 base pairs from the human mRNA, eliminating 33 residues in
the N-terminal domain (Ryberg et al. 2005). It should be noted that these variants are
not possible in rodents due to a sequence difference (Bonner 1996). An investigation
of the pharmacological profile for the hCB1a variant compared with hCB1 expressed
in CHO cells found that agonist ligands and the antagonist SR141716 bound to the
receptor with threefold lower affinity; however, the cellular signaling via cAMP and
ERK phosphorylation was not appreciably different (Rinaldi-Carmona et al. 1996;
Xiao et al. 2008). CB1a and CB1b variants expressed in HEK293 cells exhibited no
significant difference compared with CB1 receptors in receptor binding affinity for
Δ9-THC, CP55,940, WIN55,212-2, HU210, or SR141716 and 2- to 3-fold lower
affinity for 2-AG, but 200-fold lower affinity for anandamide (Ryberg et al. 2005).
Both variants exhibited [35S]GTPγS activation EC50 values and efficacies similar to
CB1 receptors; however, 2-AG acted as an inverse agonist in the [35S]GTPγS
activation assay (Ryberg et al. 2005). When expressed in CB1�/� mouse hippo-
campal neurons, hCB1a and hCB1b were less efficacious than CB1 in producing
depolarization-induced suppression of excitation (Straiker et al. 2012). These hCB1a

and hCB1b mRNAs are expressed in low abundance,<5% of that of CB1 (Shire et al.
1995; Ryberg et al. 2005; Xiao et al. 2008). However, the protein levels of splice
variants were immuno-detectable in human and macaque brains (Bagher et al. 2013).
Thus, the relevance of these splice variants to human cannabinoid receptor function
is not readily apparent.

CB1 receptors in the CNS function at the presynaptic terminals of neurons to
curtail release of neurotransmitters, particularly in GABAergic more so than
glutamatergic neurons (Katona et al. 1999; Szabo and Schlicker 2005; Puighermanal
et al. 2009). However, CB1 receptors are indeed present across all plasma membrane
components including lipid rafts (Bari et al. 2005; Barnett-Norris et al. 2005) and
intracellularly in endosomes and mitochondria (Benard et al. 2012). In addition to
neurons, CB1 receptors are expressed by astrocytes (Han et al. 2012; Oliveira da
Cruz et al. 2016), oligodendrocytes and their precursors (Ilyasov et al. 2018), and
perhaps other glial subtypes (Stella 2010). It should also be noted that the CB1

receptor can be expressed in tissues outside the nervous systems, including the heart,
lung, prostate, liver, uterus, ovary, testis, vas deferens, and bone (Galiegue et al.
1995). As such, peripheral CB1 receptors mediate physiological processes such as
gastrointestinal motility and energy balance, reproduction and fertility, pain, and
skeletal muscle energy metabolism.
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2.2 CB1 Receptor In Vivo Evidence

The elucidation of the structures of the many phytocannabinoids present in
Cannabis (e.g., THC, CBD, CBG, CBC, THCV) led to a great deal of studies
investigating their pharmacological actions. The tremendous breadth of pharmaco-
logical actions of these compounds was initially hypothesized to reflect nonspecific
or specific interactions (as reviewed in Martin 1986). The well-described effects
of cannabinoids in inhibiting cAMP accumulation through GPCR-dependent
mechanisms (see Sect. 2.1 above) provided strong evidence supporting specific
mechanisms. However, given the extremely hydrophobic nature of THC and other
cannabinoids, their much higher affinity for cell membranes than for aqueous media
is not surprising. Accordingly, early studies hypothesized that cell membrane per-
turbation mediated the pharmacological effects of THC (Hillard et al. 1985, 1990).
This perturbation of neuronal cell membranes was also proposed for the intoxicating
effects of ethanol (Lyon et al. 1981) and volatile anesthetics (Seeman 1972). In
assays using cholesterol liposomes, THC and other psychoactive cannabinoids
elicited perturbation, while CBD elicited stabilizing effects in this artificial mem-
brane system (Lawrence and Gill 1975). However, structure-activity relationship
(SAR) studies did not bear out a correlation between membrane fluidization and
intoxicating effects of cannabinoids (for a full review, see Martin 1986). It should be
noted that the high concentration of THC necessary to disrupt membrane fluidity far
exceeds typical physiological relevant concentrations. Finally, the n-octanol/water
partition coefficients of a series of naturally occurring and synthetic cannabinoids
did not correlate with their behavioral activity in measures of spontaneous activity,
rectal temperature, tail-flick response, and ring immobility, suggesting that
lipophilicity may represent a component, but not a primary determinant in driving
the pharmacological activity of the cannabinoids (Thomas et al. 1990).

SAR studies investigating common in vivo pharmacological effects of
cannabinoids demonstrated stereoselectivity in rodents, dogs, and nonhuman
primates (Martin 1986), which strongly supported a receptor mechanism of action.
Early studies reported that dogs displayed particular sensitivity to the ataxic effects
of Cannabis extracts (Walton et al. 1938). Accordingly, the dog static ataxia test
offered utility to investigate the SAR of synthetic cannabinoids (Adams et al. 1948a,
b; Martin et al. 1975, 1984; Pars et al. 1976; Beardsley et al. 1987; Little et al. 1989;
Compton and Martin 1990) and was also used to examine in vivo cannabimimetic
effects of anandamide (Lichtman et al. 1998) prior to the knowledge of its rapid
metabolism by FAAH. Over time, employment of the dog static ataxia assay gave
way to rodent high-throughput screening and drug discrimination assays.

A high-throughput screening, developed by the late Professor Billy Martin for
SAR studies and eventually coined the “tetrad test,” evaluates the occurrence of
decreased spontaneous activity, hypothermia, catalepsy, and thermal antinociception
(Little et al. 1988). Whereas non-cannabinoid drugs produce one or a subset of
pharmacological actions in this series of tests (Wiley and Martin 2003), THC
(Little et al. 1988), potent synthetic THC analogs (Little et al. 1989), synthetic
bicyclic cannabinoid analogs (Little et al. 1988; Compton et al. 1992b), synthetic
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aminoalkylindole analogs (Compton et al. 1992a), and synthetic anandamide
analogs (Thomas et al. 1996) produce the entire constellation of tetrad effects in a
stereoselective manor. Indeed, the pharmacological effects of synthetic cannabinoids
in the tetrad assay highly correlate with binding affinity to the CB1 receptor
(Compton et al. 1993). Additionally, this assay can be used to estimate pA2 and
pKB values of cannabinoids (Grim et al. 2017), as well as be modified to determine
efficacy, which yields values of efficacy that highly correlate with agonist-stimulated
[35S]GTPγS binding (Grim et al. 2016).

In contrast to the tetrad assay, the drug discrimination paradigm offers a high
degree of specificity in capturing the subjective effects of CB1 receptor agonists (for
a full review see Wiley et al. 2018). In this assay, laboratory animals are trained in an
operant food-motivated task to discriminate between the subjective effects of a
psychoactive drug and vehicle (Solinas et al. 2006). A large body of drug discrimi-
nation studies examining drugs from a multitude of classes demonstrate its tremen-
dous utility and its exquisite sensitivity and specificity. Specifically, drugs that fully
substitute for the training drug act through a similar mechanism of action. In a career
spanning over 40 years beginning in the 1970s, Järbe and colleagues pioneered the
drug discrimination paradigm to investigate cannabinoids (Järbe and Henriksson
1973, 1974; Henriksson et al. 1975; Jarbe et al. 1977). This work was particularly
useful in identifying synthetic cannabinoids with cannabimimetic activity (Järbe and
Gifford 2014; Järbe et al. 2016a, b). Studies employing CB1 receptor antagonists
confirm that this receptor mediates the discriminative stimulus of THC, synthetic
cannabinoids, and MAGL inhibitors (Wiley et al. 1995; Owens et al. 2017). More-
over, other pharmacological agents leading to CB1 receptor activation substitute for
these training drugs. Finally, Jarbe and colleagues demonstrated that drug discrimi-
nation can determine efficacy of CB1 receptors agonists (Järbe et al. 2014).

2.3 CB1 Receptor Allosteric Modulation

The CB1 cannabinoid receptor has been suggested as a therapeutic target for a
number of disorders including chemotherapy-induced nausea, wasting syndrome
associated with cancer and AIDS, pain, obesity, neurodegenerative disorders, and
substance use disorders (Mackie 2006a; Pacher et al. 2006). Traditionally, therapeu-
tic manipulation of the function of the CB1 cannabinoid receptor is mainly achieved
through the application of exogenous compounds that bind to the CB1 receptor
orthosteric site where the endogenous cannabinoids such as anandamide and 2-AG
bind. Most endogenous compounds bind the orthosteric site, which is the main
active site of the receptor. However, agonists or antagonists targeting the orthosteric
sites of CB1 receptors have been found with either psychotropic (Grotenhermen and
Muller-Vahl 2012) or psychiatric adverse effects (Cridge and Rosengren 2013).
These untoward side effects have made orthosteric CB1 ligands challenging to
develop into therapeutic agents. To overcome the on-target side effects of CB1

orthosteric ligands, novel ligands interacting with CB1 receptors via a new mecha-
nism of action have been vigorously pursued. To this end, several classes of
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allosteric modulators, which bind to CB1 receptor sites different from the orthosteric
sites, have been discovered (Fig. 1). These new CB1 ligands including Org27569 (1)
(Price et al. 2005), PSNCBAM-1 (2) (Horswill et al. 2007), RTI-371 (3) (Navarro
et al. 2009), ZCZ011 (4) (Ignatowska-Jankowska et al. 2015), and others have
been suggested (Laprairie et al. 2015; Priestly et al. 2015) including endogenous
(Bauer et al. 2012; Pamplona et al. 2012; Vallee et al. 2014) molecules. Theoreti-
cally, a receptor can form a multitude of active and inactive conformations through
selective stabilization by various ligands. Allosteric modulators can induce receptor
conformations distinct from those stabilized by orthosteric agonists and antagonists
but are generally substrates of active or inactive receptor conformations. Thus, novel
mechanisms of action from ligand binding to cytosolic signal transduction can be
achieved. Preliminary studies of these allosteric modulators have revealed new
mechanisms of action in regulating CB1 receptor function. For instance, Org27569
enhances binding of CB1 orthosteric agonists and promotes β-arrestin-1-mediated

Fig. 1 Structures of proposed CB1 receptor allosteric agonists
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phosphorylation of ERK1/2 and is a positive allosteric modulator (PAM). This
allosteric modulator also inhibits G-protein binding and CB1 agonist-induced
G-protein-mediated phosphorylation of c-Jun N-terminal kinase (JNK) (Ahn et al.
2013; Baillie et al. 2013). An active form of the receptor may produce signal
transduction (e.g., and phosphorylation of some kinases) that differs depending on
the nature of the coupling partner (e.g., isoform of G protein and/or β-arrestin).
Unlike Org27569, the CB1 allosteric modulator ZCZ011 enhanced the
CB1-stimulated G-protein binding and augmented G-protein-mediated ERK1/
2 phosphorylation induced by CB1 agonists anandamide and CP55,940
(Ignatowska-Jankowska et al. 2015). This evidence suggested functional selectivity
in signal transduction and provided for the possibility of separating therapeutic
effects from untoward adverse effects when the physiologically important CB1

receptors are manipulated with allosteric modulators.
Translational research using preclinical models of several disorders have shown

that the CB1 PAM ZCZ011 and its analogs exhibit exciting promise for potentiating
CB1 receptor activity without eliciting adverse effects typically found in the CB1

orthosteric agonists (Ignatowska-Jankowska et al. 2015; Cairns et al. 2017; Slivicki
et al. 2018b). On the other hand, the well-characterized CB1 PAM Org27569 failed
to show CB1-dependent anorectic activity in a mouse model (Gamage et al. 2014),
whereas it attenuated both cue- and drug-induced reinstatement of cocaine- and
methamphetamine-seeking behavior in experimental rats (Jing et al. 2014).

To date, growing evidence from in vitro and in vivo characterization indicate
that allosteric modulators of the CB1 receptor can regulate the function of the CB1

receptor with novel mechanisms of action. To translate the exciting in vitro pharma-
cological activities of this class of CB1 ligands into clinical relevant therapies
demand further investigations.

2.4 CB1 Receptor Functional Selectivity (Biased Agonism)

GPCR signaling is multifaceted, and different ligands can induce multiple receptor
micro-conformations that generate diverse pharmacological responses (Luttrell
2014). Multiple micro-conformations give rise to a variety of activated receptor
sub-states that best couple to different G proteins (e.g., Gi/o subtypes, Gs, Gq, etc.) or
β-arrestins (1 or 2). Both orthosteric (Lauckner et al. 2005; Mukhopadhyay and
Howlett 2005) and allosteric (Khurana et al. 2017) ligands can induce a preference
for coupling and downstream signaling. Allosteric modulators that evoke β-arrestin-
1 binding to signal include ORG27569 (Ahn et al. 2013) and PSNCBAM-1 (Jagla
et al. 2019).

Fay and Farrens (2015) used a fluorescence probe to examine changes in the
orientation of helices with ORG27659 binding. They found that ORG27569 binding
precludes outward movements of helix 6 that are key to G-protein activation.
Further, this and movement of helix 7 (and helix 8 on the carboxy-terminus) may
help explain alternative signal transduction by β-arrestin. It is also possible that
allosteric modulator binding to the CB1 receptor is in the same region as G-protein or
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β-arrestin binding, physically precluding some coupling agents from a receptor
interaction. Functional selectivity via an allosteric modulator, with or without
probe dependence of orthosteric ligand binding, gives one strategy for providing
specificity of a therapeutic response.

2.5 CB2 Receptors

A major impetus for the development of new synthetic cannabinoids was to create
molecules that retained therapeutic actions without the occurrence of cannabi-
mimetic side effects. To this end, the CB2 receptor (Munro et al. 1993) offers
great promise. This receptor shares approximately 44% amino acid homology with
the CB1 receptor. Similar to the CB1 receptor, it is coupled predominantly to Gi/o

proteins and linked to signaling cascades that involve adenylyl cyclase and cAMP,
mitogen-activated protein kinase (MAPK), and the regulation of intracellular cal-
cium. In addition, an extensive characterization of a panel of ligands binding CB2

receptors revealed compelling evidence of biased agonism with respect to GTPγS,
cAMP, β-arrestin, pMAPKs, and G-protein-gated inwardly rectifying potassium
channel (GIRKs) (Soethoudt et al. 2017). Several agonists emerged as highly
selective for CB2 receptors, including HU910, HU308, and JWH133. Unlike the
CB1 receptor, the CB2 receptor is sparsely expressed in the CNS, but it is highly
expressed in cells of the immune system. A great deal of effort dedicated to
developing selective CB2 receptor agonists as research tools and candidate
medications has revealed that these drugs produce antinociceptive actions without
the occurrence of cannabimimetic side effects (for reviews, see Anand et al. 2009;
Donvito et al. 2018). Although a variety of CB2 receptor agonists lacked efficacy in
clinical trials, trials are underway with other compounds for a variety of chronic pain
conditions (Aghazadeh Tabrizi et al. 2016).

3 The Endocannabinoids and Their Enzymatic Regulation

The cannabinoid receptors discussed in Sect. 2 mediate most of the psychomimetic
effects of Cannabis. Yet the evolutionary significance of CB1 and CB2 receptors is
greater than their activation by Cannabis in that they are primarily acted upon by
endogenous cannabinoid ligands (endocannabinoids), which together form a
neuromodulatory network.

Several unique properties of the endocannabinoid system set it apart from the
functional profile of a classical neurotransmitter system. These differences include
the direction of endocannabinoid cell-to-cell communication, the unique biosynthe-
sis of endocannabinoid lipids in location and temporal regulation, and the manner of
achieving endocannabinoid signaling selectivity. The first property, retrograde neu-
rotransmission, distinguishes endocannabinoids from classical neurotransmitters by
their release and action sites and as such their direction of cell-to-cell communica-
tion. In contrast to classical neurotransmitters that are released from presynaptic
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terminals to act at postsynaptic neurons, endocannabinoids are released from the
postsynaptic neuron and travel retrogradely across the synaptic cleft to act at
presynaptic CB1 receptors. The activation of presynaptic cannabinoid receptors
ultimately dampens presynaptic neurotransmitter release (Mackie 2006b), which is
how endocannabinoids modulate synaptic strength. This functional consequence
gives the endocannabinoid system its label as a neuromodulatory system.

A second property, biosynthesis of endocannabinoids, is also dramatically differ-
ent from classical neurotransmitters which are synthesized in the cell body and
packaged into secretory vesicles, transported to axon terminals, and stored for
release upon propagation of an action potential. Endocannabinoid biosynthesis
occurs “on demand” in response to increased intracellular Ca2+ (Kondo et al.
1998) or activation of the phospholipase C pathway (Prescott and Majerus 1983;
Sugiura et al. 1995) at the level of the plasma membrane from phospholipids present
within the cell membrane. The manner by which these highly bioactive yet hydro-
phobic lipids traverse the aqueous environment of the synaptic space as well as
following reuptake in the aqueous intracellular environment remains to be fully
understood, though carrier proteins such as fatty acid-binding proteins (FABPs) are
likely candidates (Haj-Dahmane et al. 2018). The location of the endocannabinoid
biosynthetic machinery at the cellular membrane and their hydrophobic nature all
contribute to their localized sites of action (20 μm area (Wilson and Nicoll 2001))
and short half-life (less than 5 min (Willoughby et al. 1997)), all of which makes
endocannabinoid signaling directed, short lived, and occurring in response to dis-
crete stimuli.

A third property, signaling specificity, also distinguishes the endocannabinoid
system from that of classical neurotransmission. In traditional neurotransmission,
differential activation of signaling pathways are achieved through binding of distinct
receptor subtypes by one single neurotransmitter (Siegel 1999). However, endoge-
nous cannabinoids produce functional selectivity at CB1 and CB2 receptors. The
endocannabinoid ligands and their abundance and action at cannabinoid receptors
are a key component of the endocannabinoid system. However, the anatomical and
cellular distribution of their biosynthetic and degradative enzymes exerts precise
regulatory control of the actions of these endogenous cannabinoid ligands.

3.1 N-Arachidonylethanolamine (Anandamide)

Anandamide acts as a partial agonist at CB1 and CB2 receptors (Hillard 2000), as
well as binding to TRPV1 receptors (Melck et al. 1999; Zygmunt et al. 1999) and
GPR55 (Baker et al. 2006). The best-characterized biosynthetic pathway for anan-
damide is the conversion of N-acylphosphatidylethanolamines (NAPEs) by NAPE
phospholipase D-type (NAPE-PLD) (Okamoto et al. 2004). NAPE-PLD is highly
expressed in the brain as well as kidney, spleen, lung, heart, and liver (Degenhardt
et al. 2013). However studies using NAPE-PLD knockout mice show no changes
in brain anandamide levels suggesting the existence of alternative biosynthetic
pathways (Leung et al. 2006). A unique feature of anandamide biosynthesis is the
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existence of several further redundant pathways: the conversion of N-acyl-
lysophosphatidylethanolamine by a lysophospholipase-D (lyso-PLD) (Sun et al.
2004); the conversion of NAPE or lyso-NAPE by α/β-hydrolase 4 (Simon and
Cravatt 2006); and finally the hydrolysis of NAPE by phospholipase C to
phosphoanandamide which is then dephosphorylated to anandamide (Liu et al.
2006). The multiple redundant pathways of anandamide biosynthesis perhaps sug-
gest an evolutionarily conserved mechanism for the importance of preserving
endocannabinoid tone. The primary deactivation enzyme of anandamide is fatty
acid amide hydrolase (FAAH) (Cravatt et al. 1996, 2001), the degradative product of
which is arachidonic acid. FAAH is found in soma and dendrites of the postsynaptic
neuron and is associated with membranes of cytoplasmic organelles (Gulyas et al.
2004) in areas such as the neocortex, cerebellar cortex, and hippocampus (Egertova
et al. 1998). Other enzymes are also responsible for anandamide degradation,
specifically through oxidation. Cyclooxygenase-2 (Kozak et al. 2001),
lipoxygenases (Hampson et al. 1995), and cytochrome P450 monooxygenases
(Snider et al. 2010), all of which convert anandamide to oxygenated derivatives
that have biological activity of their own in eicosanoid inflammatory pathways.

3.2 2-Arachidonoylglycerol (2-AG)

2-AG acts as a high-efficacy agonist at both CB1 and CB2 receptors (Hillard 2000),
as well as binds GABAA receptors (Sigel et al. 2011). The biosynthesis of 2-AG
occurs through the conversion of diacylglycerols (DAG) by the diacylglycerol
lipases (DAGL) (Bisogno et al. 2003), in which DAGL-α is predominantly
expressed on neurons and DAGL-β is expressed on immune cells (Yoshida et al.
2006; Hsu et al. 2012). The distribution of DAGLs markedly differs between
development and adulthood. In the developing mouse forebrain projection neuron,
DAGLs are located on elongating axons (co-expressed with CB1 receptors) and
implicated in growth cone guidance (Bisogno et al. 2003). Post-development,
DAGLs accumulate on postsynaptic dendrites and participate in endocannabinoid-
mediated modulation of synaptic strength (Keimpema et al. 2011). Additional,
but less well-studied, 2-AG biosynthetic pathways include PLA1 activation of
lysophospholipase C (lyso-PLC) (Higgs and Glomset 1994) and dephosphorylation
of arachidonoyl-lysophosphatidic acid (Nakane et al. 2002).

2-AG inactivation occurs by a variety of enzymes which either hydrolyze
2-AG into its component parts (arachidonic acid and glycerol) or transform it by
acylation or phosphorylation. The hydrolysis of 2-AG occurs primarily through
monoacylglycerol lipase (MAGL) (Dinh et al. 2002; Blankman et al. 2007), which
is highly expressed at presynaptic terminals (Gulyas et al. 2004) in brain areas
including the cortex, hippocampus, cerebellum, and thalamus (Dinh et al. 2002)
and functions in the bulk clearance of 2-AG. To a lesser extent (<10%), 2-AG is also
hydrolyzed by ABHD6 and ABHD12 (Blankman et al. 2007) as well as FAAH
(Di Marzo et al. 1998). Both ABHD6 and ABHD12 are postsynaptic integral
membrane proteins, but ABHD6 has an intracellular facing active site, and the active
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site of ABHD12 is extracellular. The location of ABHD6/12 and their modest
contributions to 2-AG metabolism contribute to the hypothesis that they might act
as a form of regulatory break for 2-AG production. Enzymes that participate in the
deactivation of 2-AG through transformation include COX-2 (Kozak et al. 2000),
cytochrome P450 (Chen et al. 2008), lipoxygenases (Maccarrone et al. 2000), as well
as MAG kinases (Kanoh et al. 1986) and MAG acyltransferases (Coleman and
Haynes 1986).

2-AG levels are 1,000 times more abundant in the brain than those of AEA. This
high level of production is particularly pertinent given that the metabolism of 2-AG
contributes to the availability of free arachidonic acid, the major precursor for the
production of pro-inflammatory eicosanoids. Specifically, MAGL is the rate-limiting
enzyme for free arachidonic acid production in the brain, liver, and lung (Nomura
et al. 2011). As such, MAGL not only serves as the major enzyme terminates 2-AG
signaling but also plays an important role in the production of free arachidonic acid
production in a tissue-specific manner. Importantly, MAGL does not mediate the
production of arachidonic acid in the gastrointestinal tract. Ultimately 2-AG produc-
tion and metabolism serve to facilitate both neuromodulation and immunoregula-
tion, respectively (an extensive review of 2-AG biosynthesis and degradation can be
found in Murataeva et al. 2014).

3.3 Other Endocannabinoids, Hemopressins, and Related Lipids

Endocannabinoids are not restricted to AEA or 2-AG. They are members of an
ever-growing family of bioactive lipids (Di Marzo 2018). Other described
endocannabinoids with cannabimimetic properties include noladin ether (Hanus
et al. 2001), N-Arachidonoyl dopamine (Bisogno et al. 2000), virodhamine (Porter
et al. 2002), and lysophosphatidylinositol (Pineiro and Falasca 2012). Fatty acid
amides such as palmitoylethanolamine and oleoylethanolamine while lacking affinity
for CB1 or CB2 receptors (O’Sullivan andKendall 2010) activate GPR55 andGPR119
receptors (Godlewski et al. 2009), as well as enhance AEA and 2-AG activity by
competition for FAAH (Ben-Shabat et al. 1998; Jonsson et al. 2001). Hemopressin is a
nonapeptide produced from the cleavage of hemoglobin which acts as an inverse
agonist at CB1 receptors (Heimann et al. 2007). Hemopressin shows several physio-
logical effects such as antinociception, hypophagy, and hypotension (Heimann et al.
2007; Monti et al. 2016). Indeed, docking studies have shown that hemopressin binds
to the same CB1 receptor pocket as SR141716, a CB1 receptor competitive antagonist/
inverse agonist used for metabolic syndrome, but withdrawn from the European
market in 2009 due to psychiatric side effects (Motaghedi et al. 2011).

4 Drug Interactions

The endocannabinoid system can interact with a wide range of other neurotransmit-
ter systems including opioids, GABA, glutamate, dopamine, etc. and modulate the
effects of ethanol, NSAIDs, and substrates for various enzymes. Here we will focus
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on two such interactions: the potential of drugs targeting the endocannabinoid
system to increase opioid potency (termed opioid-sparing effects) which minimizes
side effects and cannabinoid competition for cytochrome P450 (CYP) enzymes
making them a potential contraindication for diseases with CYP dysregulation or
patients taking drugs metabolized through these enzymes.

4.1 Opioid-Sparing Effects

One consequence of the opioid epidemic crisis is the need to identify alternative drug
classes of analgesics that can replace opioids or can reduce the dose of opioids
necessary to ameliorate pain. Modulating the endocannabinoid system represents a
promising strategy to reduce the effective analgesic doses of opioids while concom-
itantly decreasing opioid abuse liability as well as unwanted dose-dependent side
effects such as constipation and respiratory depression. Substantial preclinical
evidence suggests that cannabinoid agonists might produce opioid-sparing effects
(for reviews see Nielsen et al. 2017; Donvito et al. 2018). THC represents the most
widely selected cannabinoid evaluated in combination with opioids in rodent
models of pain. The Welch group pioneered this area of research by employing
an isobolographic approach revealing that THC synergistically enhances the
antinociceptive effects of various opioids in rodent models of acute pain (Welch
and Stevens 1992; Smith et al. 1998; Cichewicz et al. 1999, 2001, 2005; Cox et al.
2007). Likewise, the synthetic cannabinoids CP55,940 andWIN55,212-2 augmented
the antinociceptive effects of morphine, but did not affect the discriminative stimulus
effects of morphine or heroin self-administration in rhesus monkeys (Maguire et al.
2013). The periaqueductal gray (Wilson-Poe et al. 2012, 2013) has been implicated
as a potential brain site contributing to the augmented antinociceptive effects
resulting from combined administration of opioids and cannabinoids. Inhibitors
of endocannabinoid catabolic enzymes also augment the antinociceptive effects
of opioids. Combination of the brain-penetrant FAAH inhibitor URB597 or
peripherally restricted FAAH inhibitor URB937 plus morphine produced synergistic
antinociceptive effects in the mouse paclitaxel model of neuropathic pain (Slivicki
et al. 2018a). Similarly, combined injections of the MAGL inhibitor MJN110 and
morphine produced synergistic antinociceptive effects in the mouse chronic con-
strictive injury model of neuropathic pain (Wilkerson et al. 2016). Curiously,
co-administration of the dual FAAH-MAGL inhibitor and morphine produced an
additive antinociceptive effect in this assay (Wilkerson et al. 2017).

In contrast to the well-established findings from preclinical studies showing that
cannabinoids augment the antinociceptive effects of opioids, translation to clinical
settings remains to be established, as discussed in a recent meta-analysis (Nielsen
et al. 2017). Based on preclinical studies, clinical case reports, and a highly cited
population study (Bachhuber et al. 2014), the idea of opioid-sparing effects of
cannabinoid agonists has been touted as rationale for the legalization of “medical”
Cannabis. While large controlled clinical studies provide some evidence of analge-
sic benefits of THC, opioid dose changes have rarely been reported (Seeling et al.
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2006; Johnson et al. 2010). However, three recent phase 3 clinical trials failed to
achieve statistical significance of the primary endpoint (average pain Numerical
Rating Scale) of nabiximols (an oral-mucosal spray consisting of approximately
equal parts of THC and CBD) in advanced cancer patients with chronic pain not
alleviated by optimized opioid treatment (Fallon et al. 2017; Lichtman et al. 2018).
However, nabiximols showed efficacy on secondary endpoints including sleep
disruption as well as patient (Subject Global Impression of Change and Patient
Satisfaction Questionnaire) and physician (Physician Global Impression of Change)
questionnaires. Substantial differences (e.g., endpoints, species differences, type of
pain, etc.) exist between preclinical studies of pain and treatment of clinical pain
(Negus 2018, 2019). Moreover, preclinical studies typically use opioid-naïve or
non-tolerant laboratory animal subjects, whereas patients in clinical trials have
generally been on large-dose regimens for prolonged periods of time. Thus, it
would be advantageous in future clinical investigations to initiate cannabinoid
treatment in cancer pain patients prior to establishing an aggressive opioid treatment
regimen. In addition, it is possible that cannabinoid drugs produce opioid-sparing
effects for only specific types of cancer pain or in certain patients.

4.2 Cytochrome P450 Enzymes

Cytochrome P450 enzymes are highly expressed in the liver and intestine among
other tissues and are necessary for the metabolism of steroid hormones, cholesterol,
vitamin D, bile acids, and eicosanoids (Hasler et al. 1999). Diseases of CYP
dysregulation include hypertension, hepatotoxicity, infection, and chronic inflam-
mation among many others (Setchell et al. 1998; Hiratsuka et al. 2006; Capdevila
et al. 2007) (for a full review of CYP roles in disease, see Pikuleva and Waterman
2013). CYP activity is also a major factor in the pharmacokinetics of drugs and thus
drug responses (Zanger and Schwab 2013). Endocannabinoids, phytocannabinoids
(specifically THC and CBD), as well as synthetic cannabinoids are all substrates of
various CYP enzymes (for a full review of cannabinoid interactions with CYP
enzymes, see Zendulka et al. 2016). As such, binding of phytocannabinoids to
CYP enzymes could potentially produce treatment failure if taken with clinically
co-administered drugs. Competitive inhibition of CYP enzymes raises concerns of
drug toxicity from clinical medications. Medications metabolized by CYP enzymes
taken in combination with phytocannabinoids or synthetic cannabinoids may inter-
fere with metabolism, thereby increasing drug blood levels and/or extending dura-
tion of action. Thus, consideration is needed for the potential risk of clinically
significant drug interactions between cannabinoid-based drugs and medications
metabolized by CYP. Given the increased use of “medical” and recreational canna-
bis, a great need exists to understand the metabolic and pharmacodynamic
interactions between cannabinoid-based drugs and other pharmaceuticals.
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5 Conclusions

Since antiquity, Cannabis has been recognized for its wide range of therapeutic
actions as well as for its intoxicating effects. Studies identifying the active
constituents of Cannabis provoked an enormous body of research that led to the
creation of new research probes revealing mechanisms underlying its pharmacolog-
ical effects, the discovery of the endocannabinoid system, and cannabinoid-based
medications approved by the FDA. However, further research is needed to under-
stand the pharmacological effects and the mechanisms of action underlying
the minor phytocannabinoids and terpenes, both alone and in combination.
Further work geared toward exploiting promising therapeutic targets within the
endocannabinoid system (e.g., allosteric sites on the CB1 receptor, CB2 receptors,
FAAH,MAGL, FABPs) may yield new medicines. In particular, preclinical research
demonstrates that phytocannabinoids, synthetic cannabinoids, and inhibitors of
endocannabinoid-regulating enzymes produce antinociception and augment the
antinociceptive effects of opioids in a great variety of acute and chronic models of
pain. An enormous amount of preclinical studies demonstrate potential efficacy of
drugs acting upon the endocannabinoid system in various laboratory animal models
of disease and injury. Thus, it remains to examine whether this basic knowledge
translates into the clinic. Moreover, given the wide availability of Cannabis,
Cannabis extracts, and phytocannabinoids in dispensaries throughout the US and
availability of CBD derived from hemp, a tremendous need exists for evidenced-
based practice for therapeutic needs (e.g., mental illness and Cannabis Use Disor-
der), which includes understanding potential harms and minimizing abuse of syn-
thetic cannabinoids. A great need also exists for further research to understand the
long-term consequences of Cannabis on the developing brain, not only in develop-
ing fetuses but also in adolescent and young adults. In sum, great strides have been
achieved in the understanding of cannabinoid pharmacology, including the tremen-
dous complexity existing between the endogenous cannabinoid system and the
numerous physiological systems it regulates.
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Abstract
This chapter reviews pharmacotherapies that have been trialled for cannabis
dependence, identifying those that warrant further research and those of little or
uncertain value. A diverse range of medicines have been tested, representing a
broad range of pharmacological strategies. These include tetrahydrocannabinol
preparations, various types of antidepressant, anxiolytics, a glutamatergic
modulator and the neuropeptide oxytocin. Cannabinoid agonists warrant further
research. For the FAAH inhibitor PF-04457845, oxytocin, varenicline and
gabapentin, although there is a signal to indicate further research is warranted,
these medications do not yet have sufficient evidence to support clinical use, and
larger, longer-term trials are needed in representative treatment-seeking
populations. Special populations that warrant consideration are those with canna-
bis dependence and concurrent mental health conditions and those that develop
dependence through therapeutic use.

Keywords
Cannabis · Cannabis dependence · Cannabis use disorder · Pharmacotherapy ·
Treatment

1 Background

Cannabis refers to a genus of plant originally from Asia, now grown around the
world, of which the most common species is Cannabis sativa. Cannabis contains
hundreds of chemical substances, though its two main constituents are the
phytocannabinoids, delta 9-tetrahydrocannabinol (THC) and cannabidiol (CBD).
CBD has been researched due to its potential therapeutic use (as a neuroprotective,
antipsychotic, anxiolytic, anti-seizure and anti-inflammatory) (Rong et al. 2017;
Fasinu et al. 2016); THC is more well known for its psychoactive effects, though
it has also been proposed to have a wide range of potential therapeutic uses.

Cannabis is currently the most widely used drug (excluding alcohol and tobacco)
around the world. According to the 2018 United Nations Office of Drug Control
(UNODC) report, it is estimated that around 4% of the global population aged
15–64 years consumed the drug at least once in 2016, which represents approxi-
mately 192 million people (United Nations Publilcation SNEX 2018). Past-month
cannabis use in the United States, as assessed in the National Survey on Drug Use
and Health (NSDUH), among those aged 18–25 years increased from 17% in 2002
to 20% in 2014, with the rise happening mostly after 2007. Although the increase
occurred across gender, region, educational level and employment status, higher
rates were found among males and unemployed participants (Azofeifa et al. 2016).
The National Epidemiologic Survey on Alcohol and Related Conditions-III
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(NESARC-III) conducted in 2012–2013 demonstrated past-year prevalence in adult
cannabis use at approximately 10%, a significant increase from 4% in 2001–2002
NESARC (Hasin et al. 2015).

1.1 Acute Effects of Cannabis

The typical preferred route of administration is inhalation of cannabis smoke (from
cigarettes, cigars, pipes, and water pipes) due to the rapid onset of its effects; such
effects are commonly described as relaxing and pleasant sensations that last for
about 2–3 h. With oral ingestion (e.g. with edible products), the onset of action is
slower, peaking after 2–3 h and lasting longer (4–12 h) (Grotenhermen 2003). The
intensity of the effects varies according to the dose of THC, consumption habits
(e.g. occasional vs. regular use) and predisposition to mental illness and personality
traits (Karila et al. 2014). Cannabis effects are characterised by a combination of
euphoria, laugher, sedation, alteration of time perception, increased sensitivity to
external stimuli and memory gaps (Panlilio et al. 2015). Increased appetite and dry
mouth are also commonly experienced by people who use cannabis. Some of the
adverse events experienced include panic attacks, dysphoria, psychotic episodes,
anxiety and paranoia (Karila et al. 2014). Cannabis use also adversely impacts short-
term memory, attention, coordination and reaction time (Karila et al. 2014; Hall
2015).

High doses of THCmight result in more frequent and more serious adverse events
from acute intoxication, leading to emergency room visits and hospitalisations.
Those are more commonly experienced with the use of synthetic cannabinoids,
which are more potent than THC, with most severe and unpredictable negative
effects impacting especially younger, naïve users. Acute intoxication with synthetic
cannabinoids can include symptoms like extreme agitation, dysphoria, delusions,
hallucinations, seizures and suicidal ideation (Spaderna et al. 2013; van Amsterdam
et al. 2015).

1.2 Long-Term Effects of Cannabis and Cannabis Use Disorders

Long-term use of cannabis is associated with negative neurological, psychological
and general health outcomes (Volkow et al. 2014a). When started in adolescence, the
regular use of cannabis is associated with altered brain development, poor educa-
tional outcomes and cognitive impairment with lower IQ. The lasting effects of
regular use of cannabis during adolescence include decreased performance in brain
regions associated with learning, memory and executive functioning, which might
be responsible for the lowered IQ (Volkow et al. 2014a; Cadet et al. 2014). Although
multiple epidemiological studies support this negative impact on brain function
(Meier et al. 2012), it should be noted that recent twin cohort studies suggest that
those changes may be related to pre-existing vulnerability and not necessarily to
cannabis exposure per se (Jackson et al. 2016).
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The chronic or heavy use of cannabis is associated with an increased risk of
developing cannabis use disorders (CUD), described in the 5th edition of the
Diagnostic and Statistical Manual of Mental Disorders (DSM-5) of the American
Psychiatric Association. The diagnostic criteria for CUD is similar to those of other
substance disorders (i.e. the continued use of the substance despite clinically signifi-
cant impairment and impact of substance use on daily activities). The main features
of the DSM-5 criteria for CUD include:

1. Continuing to use cannabis in larger amounts or for longer than initially
intended

2. Being unable to reduce or control the amount of cannabis used, despite repeated
attempts to do so

3. Spending a lot of time acquiring cannabis or recovering from its use
4. Strong urges or cravings to use cannabis
5. Repeatedly failing to fulfil obligations at work, in education or in the home
6. Continuing to use cannabis despite repeatedly experiencing negative effects on

relationships
7. Giving up a range of important activities (e.g. social, work or recreational

activities) as a result of cannabis use
8. Using cannabis in ways that place a person at risk of harm
9. Continuing to use cannabis despite knowing that it is making physical or mental

health problems worse
10. Needing to use more cannabis to get the same effect or experiencing less effects

from the same amount
11. Experiencing withdrawal symptoms after ceasing use

Experiencing at least two of the above symptoms in a 12-month period is required
to meet the criteria for CUD, with meeting 4–5 symptoms representing a moderate
use disorder and meeting 6 or more symptoms fulfilling the criteria for a severe use
disorder.

Cannabis withdrawal was not included in the DSM-IV due to the lack of data
identifying symptoms; however, research has identified withdrawal symptoms that
result in significant clinical impairment, such that the revised DSM-5 recognises
these symptoms (Hasin et al. 2008). Cannabis withdrawal symptoms are reported by
about 30% of people who use cannabis regularly in the general population (Hasin
et al. 2008) and by up to 95% of people who report heavy cannabis use (Copersino
et al. 2006).

Typical symptoms of cannabis withdrawal include irritability, anger or aggres-
sion, nervousness or anxiety, sleep difficulty (e.g. insomnia, disturbing dreams),
decreased appetite or weight loss, restlessness, depressed mood, abdominal pain,
shakiness/tremors, sweating, fever, chills or headache.

The trajectory and likelihood of developing CUD in the general population are
not fully understood. Research suggests that the lifetime risk of developing CUD
among regular cannabis users is approximately 9%, increasing to about 17% if the
use is started during adolescence, and up to 50% of those who are people who use
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cannabis daily (Volkow et al. 2014a). The 2012–2013 NESARC-III estimated the
prevalence of lifetime CUD around 6.5% among people aged 18 years or older
(Grant et al. 2014, 2015).

1.3 Neurobiology of Cannabis Use

All psychoactive drugs stimulate brain reward systems. Dopamine (DA) is the main
neurotransmitter associated with the drug’s rewarding or ‘high’ effects, produced by
a fast and abrupt release of DA into the ventral striatum (Koob and Volkow 2016).

The two main cannabinoid receptors are cannabinoid receptor type-1 (CB1) and
cannabinoid receptor type-2 (CB2), both largely expressed in brain structures such
as the neocortex, basal ganglia and hippocampus (Micale et al. 2013). THC is a CB1
and CB2 partial agonist (Felder et al. 1992), though its psychoactive effects are
mediated through CB1 receptors. Dopaminergic neurons are also modulated by the
endocannabinoid ligands, anandamide and 2-arachidonoyglycerol (2-AG) (Solinas
et al. 2008). Both ligands are rich in dopaminergic pathways and elicit DA release in
the nucleus accumbens (NAc) (Solinas et al. 2006; de Luca et al. 2014). This effect is
blocked by the CB1 antagonist rimonabant, suggesting that the dopaminergic mod-
ulation of endocannabinoids involve CB1 receptors similarly to THC (Bloomfield
et al. 2016).

The effects of THC on the dopaminergic system differ according to the length of
exposure. Evidence from clinical and preclinical research demonstrates acute
changes in the dopaminergic system in response to THC administration. Acute
THC administration stimulates striatal DA release in rodents (Ng Cheong Ton
et al. 1988) and humans (Bloomfield et al. 2016; Bossong et al. 2015), indicating
that THC elicits DA release similarly to other drugs of abuse.

Human imaging studies offer insights on dopaminergic changes associated with
cannabis use through the evaluation of brain activity in areas with dopaminergic
projections. A positron emission tomography (PET) study found that acute THC is
associated with increased metabolic activities of the orbitofrontal cortex, prefrontal
cortex and basal ganglia in people who use cannabis (Volkow et al. 1996).

Molecular imaging studies have assessed the effects of acute THC administration
on DA changes and have shown that THC in fact elicits DA release in the ventral
striatum in the human brain (Bossong et al. 2015). The magnitude of this effect
appears limited, but we are still in the early days of exploration of this response in
humans, as few studies have been conducted (Thiruchselvam et al. 2017).

Contrarily, there is more evidence for reduced dopaminergic function in regular,
chronic cannabis users. PET studies have demonstrated reduced capacity of DA
synthesis in chronic cannabis users, which may explain reduced response to reward-
ing effects of cannabis and reduced motivation (Bloomfield et al. 2014a, b). The
striatal DA release in people who use cannabis regularly was reduced in response to
stimulant challenges and inversely correlated with addiction severity and craving
(Volkow et al. 2014b; van de Giessen et al. 2017). There is also indication of
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decreased DA transporter density in people who use cannabis chronically (Leroy
et al. 2012).

Chronic THC use has been shown to downregulate CB1 receptors though this
downregulation of CB1 receptors has been shown to quickly reverse following
withdrawal in cannabis-dependent subjects (D’Souza et al. 2016). Downregulation
of fatty acid amide hydrolase (FAAH) has also been reported in heavy cannabis users
(Boileau et al. 2016) indicating important changes in the cannabinoid system
associated with CUD (see Sloan et al. 2019 for a recent review on studies evaluating
endocannabinoid signaling in psychiatric disorders).

2 Pharmacotherapies Tested for CUD

To date, there are no approved medications for the treatment of CUD. A range of
different pharmacological approaches have been tested with the aim of assisting
people with CUD to reduce their cannabis use through reducing withdrawal
symptoms, craving and addressing other cognitive factors. The results of these
studies vary, and are summarised in Table 1, and described in more detail below.
We previously carried out a systematic (Cochrane) review on this topic (Nielsen
et al. 2019), and here we extend these findings and consider specific needs of
different populations and future directions for the field.

2.1 Medications of Limited or No Value

Many tested medicines have shown no evidence of efficacy, evidence of poor
tolerability and/or poorer clinical outcomes compared to placebo. These medicines
appear to offer little or no value for further research or clinical treatment in CUD.
They are described below.

2.1.1 Antidepressants
Numerous clinical trials have been conducted with antidepressants for CUD with
limited evidence of any value in reducing cannabis use or withdrawal symptoms.
Antidepressants trialled include selective serotonin reuptake inhibitors (SSRI)

Table 1 Summary of medications that have been tested for CUD

Further research Uncertain Little value

Nabiximols,
dronabinol,
nabilone

Dronabinol + lofexidine Fluoxetine, vilazodone, escitalopram,
nefazodone, mirtazapine, venlafaxine

Gabapentin Topiramate Lithium, divalproex sodium, baclofen

Oxytocin Buproprion Buspirone

FAAH inhibitor
(PF-04457845)

N-acetylcysteine,
varenicline, injectable
naltrexone

Atomoxetine, quetiapine
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(fluoxetine, vilazodone and escitalopram) and mixed action antidepressants
(bupropion, nefazodone, mirtazapine and venlafaxine). Below is a summary of the
studies and outcomes.

Fluoxetine Fluoxetine is the first agent of the SSRI class of antidepressants. SSRIs
are potent inhibitors of serotonin (5-HT) transporter protein, enhancing the actions of
serotonin on 5HT1A receptors. Fluoxetine has been approved for the treatment of
major depression disorder, panic disorder, obsessive compulsive disorder (OCD),
bulimia nervosa, post-traumatic stress and premenstrual dysphoric disorder.

Fluoxetine was tested in two randomised trials (n¼ 104 across the two studies) in
adolescents (n ¼ 34) and young adults (n ¼ 70) with major depression and CUD
(Cornelius et al. 2010; Findling et al. 2009). In these studies, fluoxetine was well
tolerated but was not more effective than placebo for depressive or cannabis-related
symptoms.

Vilazodone A randomised trial (n ¼ 76) that compared vilazodone (an SSRI and
partial 5-HT1A agonist) to placebo found no benefit in vilazodone on cannabis use
outcomes (McRae-Clark et al. 2016). This study also identified important gender
differences where women had worse cannabis use outcomes with vilazodone com-
pared to placebo (McRae-Clark et al. 2016).

Escitalopram A randomised trial (n¼ 52) of the SSRI escitalopram combined with
cognitive behavioural therapy found a high (50%) rate of dropout and low rate of
abstinence with escitalopram compared to placebo suggested limited value in this
medication, though the very high dropout rate complicates interpretation of these
study findings (Weinstein et al. 2014).

Buproprion and Nefazodone Buproprion, an atypical antidepressant, selectively
inhibits the neuronal reuptake of DA, norepinephrine (NE) and 5-HT. Bupropion
was examined in one lab study and two randomised trials. In an early laboratory
study (n¼ 10), some cannabis withdrawal symptoms were increased with bupropion
administration (ratings of irritability, restlessness, depression and trouble sleeping)
compared to placebo (Haney et al. 2001). A similar laboratory study (n ¼ 7) found
nefazodone (5-HT2 and α1-adrenergic receptors antagonist) decreased some
symptoms (such as anxiety) but did not improve overall mood, and participants
still reported discomfort during withdrawal (Haney et al. 2003).

These atypical antidepressants (bupropion and nefazodone) were later tested in
treatment-seeking individuals. A small (n ¼ 22) two-arm pilot study found that
withdrawal symptoms and craving were improved in the bupropion group, compared
to placebo (Penetar et al. 2012). A three-arm trial (n ¼ 106) comparing bupropion,
nefazodone and placebo found no effect of either drug (compared to placebo) on
cannabis use or cannabis withdrawal symptoms (Carpenter et al. 2009). Taken
together, there is limited evidence to suggest that bupropion or nefazodone merit
further study.
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Mirtazapine Mirtazapine is an antagonist of α2-adrenergic receptors, inhibiting
negative feedback to the presynaptic nerve and causing an increase of 5-HT and NE
release. Mirtazapine is a potent antagonist to 5-HT2, 5-HT3 and histamine
1 (H1) receptors, with a weak antagonism action on 5-HT1 receptors. Mirtazapine
was tested in a randomised study of 81 adults which found that mirtazapine offered
no benefit over placebo on cannabis use or withdrawal outcomes, though sleep
efficiency and quality improved (but not daily sleep disturbances) (Frewen 2009).
These results were consistent with a laboratory study (n ¼ 11) which tested a model
of cannabis withdrawal and relapse (Haney et al. 2010). This study found that
compared to placebo, mirtazapine resulted in improved sleep during abstinence
and increased food intake but had no effect on cannabis withdrawal symptoms
(Haney et al. 2010).

Venlafaxine Venlafaxine is a 5-HT-NE reuptake inhibitor (SNRI) antidepressant.
Venlafaxine may assist with mood but shows little promise for treating CUD. In a
study of 103 adults with CUD and depression, those randomised to receive
venlafaxine had improvements in mood yet significantly lower rates of abstinence
(11.8%) compared to placebo (36.5%) (Levin et al. 2013). A secondary analysis of
this same study (n ¼ 103) compared withdrawal symptoms between patients receiv-
ing venlafaxine and placebo and found that those in the venlafaxine group had more
severe withdrawal symptoms (Kelly et al. 2014). The authors concluded that norad-
renergic agents, such as venlafaxine, may negatively affect outcomes of patients
attempting to cease cannabis use.

2.1.2 Anticonvulsants and Mood Stabilisers

Lithium and Divalproex Sodium Two randomised trials examined medications
classed as anticonvulsants and mood stabilisers, lithium and divalproex sodium. An
inpatient study of 38 cannabis-dependent adults compared lithium carbonate to
placebo (Johnston et al. 2014). No differences in cannabis use outcomes were
found between the two groups, though some improvements in sleep outcomes
were noted in the lithium group (Johnston et al. 2014; Allsop et al. 2015). The
precise mechanism of action of lithium is unknown. It is possible that its effects are
due to its interaction with the transport of monovalent or divalent cations in neurons.
Similarly, the mechanism of divalproex sodium’s therapeutic actions is not well
understood; it may act by increasing gamma-aminobutyric acid (GABA) levels in
the brain or by altering the properties of voltage-dependent sodium channels.

An outpatient study of 52 cannabis-dependent adults randomised to divalproex
sodium or placebo also found that there was no group difference on either the
frequency or amount of cannabis used (Levin et al. 2004). The study also found
that irritability decreased in divalproex and placebo groups, with no group difference
(Levin et al. 2004).
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2.1.3 Other Medications

Baclofen Baclofen, a GABA-B receptor agonist, was tested in a laboratory study
and showed little effect on mood during abstinence from cannabis and worsened
cognitive performance in both abstinence and active use phases of the study (Haney
et al. 2010). An open-label study reported common side effects of sedation and
lethargy (Nanjayya et al. 2010).

Buspirone Two trials examined the anxiolytic, buspirone. Buspirone is a 5-HT1A

partial agonist and DA D2 receptor antagonist. There were promising results in an
initial smaller trial (n ¼ 50) (McRae-Clark et al. 2009), but in a larger study
(n ¼ 175), buspirone was no more effective than placebo at reducing cannabis use
or cannabis withdrawal symptoms (McRae-Clark et al. 2015). Women had worse
cannabis use outcomes compared with men with buspirone (McRae-Clark et al.
2015).

Atomoxetine Atomoxetine, a NE reuptake inhibitor that is approved for treating
attention deficit hyperactivity disorder (ADHD), was tested in a smaller trial of
38 cannabis-dependent adults with ADHD (McRae-Clark et al. 2010). No effects
were seen on cannabis use or craving measures, with the authors concluding that
atomoxetine may improve ADHD symptoms but does not reduce cannabis use.

Quetiapine Quetiapine is an atypical or second-generation antipsychotic that is
often used off-label for its sedative effects. Quetiapine is a selective antagonist with
high affinity for 5-HT2 and DA D2 receptors. It also acts as antagonist on 5-HT1A,
5-HT2, DA D1, histamine H1 and adrenergic α1 and α2 receptors. Quetiapine was
tested in a laboratory study (n ¼ 14) with people who regularly used cannabis but
were not seeking treatment (Cooper et al. 2013). In this study, quetiapine improved
sleep quality, increased caloric intake and decreased weight loss but increased
cannabis craving and self-administration during relapse phase, indicating that
quetiapine would be an unlikely candidate as a treatment for CUD.

2.2 Medications of Uncertain Value

Naltrexone There is some evidence of cross-modulating effects of the opioid and
cannabinoid systems (Notzon et al. 2018). An open-label pilot study tested injectable
naltrexone (an opioid antagonist that is used as ‘relapse prevention’ medication in
alcohol use disorder). This small (n¼ 12) study of cannabis-dependent people found
that injectable naltrexone decreased the frequency but not the quantity of cannabis
use (Notzon et al. 2018). Adjunct medication was required for cannabis withdrawal
symptoms up to 2 weeks after an injection, potentially complicating the use of this
medication. Further studies are required to determine if naltrexone may play any role
in the treatment of CUD.
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Topiramate Topiramate, an anticonvulsant that enhances GABA-activated chlo-
ride channels, was tested in a randomised trial with 66 adolescents who were
regularly using cannabis (Gray et al. 2018; Miranda et al. 2017). Compared with
placebo, topiramate was associated with reduced amount of cannabis smoked,
without increasing abstinence. Side effects were common, notably poorer cognitive
function, which was the major reason for dropout (Gray et al. 2018). A secondary
analysis of the study data established that greater cannabis use was associated with
lower likelihood of dropping out (Gray et al. 2018), and among those that remained
in the study, none reported cognitive side effects. Further research may establish if
this is a valuable medication for specific subpopulations.

N-Acetylcysteine Two trials have examined n-acetylcysteine (NAC). The mecha-
nism of action of NAC is complex, but it seems that it produces neuropsychoactive
effects through the modulation of NMDA receptors and increasing glutamate
release. An early trial with NAC showed promising results in adolescents
(n ¼ 116) (Gray et al. 2012). However, these findings were not replicated in a
later larger study of adults (n ¼ 302) (Gray et al. 2017). The authors concluded that
an attempt should be made to replicate the earlier promising findings in adolescents.

Lofexidine + Dronabinol A number of trials have tested different cannabinoid
agonists (see following section). A single study examined adding lofexidine
(a potent α2-adrenergic receptor agonist with moderate agonist effects towards α1-
adrenergic, 5-HT1A, 5-HT7, 5-HT2C and 5-HT1D receptors) in combination with
dronabinol (synthetic form of THC) (Levin et al. 2016). The study found no
difference in rates of abstinence from cannabis between dronabinol-lofexidine and
placebo groups, concluding that the addition of lofexidine does not add benefit to
that provided with cannabinoid agonists alone.

2.3 Medications Warranting Further Research

Five pharmacological approaches hold promise for further study. Those medications
considered to hold promise have either been tested in multiple studies and shown
promising results (in the case of cannabinoid agonists) or are considered promising
because only single studies have been conducted which suggest further studies are
warranted (FAAH inhibitor PF-04457845, oxytocin, varenicline and gabapentin).

2.3.1 Cannabinoid Agonists
The clinical approach that has been most studied is that of using cannabinoid
agonists as either a withdrawal treatment or a maintenance treatment (with a similar
pharmacological approach to nicotine replacement therapy or methadone or
buprenorphine in opioid agonist treatment). Three cannabinoid preparations have
been tested: two pharmaceutical cannabinoids (nabilone and dronabinol) and a
cannabinoid extract (containing a 1:1 ratio of THC and cannabidiol), known as
nabiximols.
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In a laboratory study (n ¼ 11), nabilone was able to attenuate cannabis with-
drawal symptoms with once per day dosing, and prevented a ‘relapse’ in the
laboratory model, while showing low abuse liability (Haney et al. 2013). Another
laboratory study (n ¼ 11) suggested the combination of nabilone and zolpidem may
improve cannabis use outcomes (Herrmann et al. 2016). These studies suggest
nabilone may hold promise for testing in clinical settings as a cannabinoid agonist
pharmacotherapy, though to date studies have been limited to laboratory settings.

In a larger randomised controlled trial (n ¼ 156), dronabinol improved treatment
retention and withdrawal symptoms but did not improve abstinence relative to
placebo (Levin et al. 2011).

Two published trials have examined nabiximols. An inpatient withdrawal study
(n¼ 51) found that nabiximols reduced cannabis withdrawal symptoms and craving,
but not cannabis use, at follow-up, compared to placebo (Allsop et al. 2014). A later
outpatient study (n ¼ 40) examined 12 weeks of nabiximols in combination with
motivational enhancement treatment and found no difference in abstinence from
cannabis between nabiximols and placebo, though rates of cannabis use in the
nabiximols group appeared lower at the end of treatment (Trigo et al. 2018), notably
in the groups using a high quantity of nabiximols.

This body of evidence suggests that the approach of ‘cannabis agonist treatment’
is promising, though larger, longer-term treatment studies are required before this
can be recommended.

2.3.2 Other Pharmacological Approaches to Explore
The FAAH inhibitor, PF-04457845, was tested in cannabis-dependent males
(n¼ 70) (D’Souza et al. 2018). Participants were randomised with a 2:1 ratio (active
to placebo). The study design involved 5 days of initial inpatient treatment and the
remainder of the 4 weeks with medication supplied in an outpatient setting. The
short-term (4-week) study found that those randomised to PF-04457845 reported
fewer cannabis withdrawal symptoms and reported less cannabis use at 4 weeks.

A pilot randomised trial of oxytocin (n ¼ 16) examined the hypothesis that
oxytocin would enhance efficacy of motivational enhancement therapy (Sherman
et al. 2017). The study was not powered to provide conclusive results; however,
participants receiving oxytocin showed reductions in amount of cannabis used daily
and number of sessions of cannabis use per day that were not seen in the placebo
group. Further research may determine if this is a potential pharmacological strategy
to improve the effectiveness of psychological treatments.

Varenicline, a nicotine partial agonist, was tested in people who were using
cannabis and tobacco and were in opioid treatment. This small-scale (n ¼ 7) cross-
over study suggests varenicline is well tolerated and may reduce cannabis craving
(Adams et al. 2018), though larger studies on more representative populations are
required.

Gabapentin is a GABA analog anticonvulsant. It increases GABA’s synaptic
concentration and GABA effects in neuronal tissues and reduces the release of
monoaminergic neurotransmitters. A proof of concept study examining the effect
of gabapentin on cannabis use, withdrawal symptoms and executive functioning in
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people who were cannabis-dependent (n ¼ 50) found that, compared to placebo,
both cannabis use and withdrawal symptoms were reduced in the gabapentin group
(Mason et al. 2012). Improvements in executive functioning were seen in the
gabapentin group, suggesting that gabapentin may help with the neural
dysregulation associated with long-term cannabis use.

For the FAAH inhibitor PF-04457845, oxytocin, varenicline and gabapentin,
although there is a signal to indicate further research is warranted, these medications
do not yet have sufficient evidence to support clinical use, and larger, longer-term
trials are needed in representative treatment-seeking populations.

3 CUD in Special Populations

3.1 Pharmacotherapy for CUD in People with Concurrent Mental
Health Conditions

The association between cannabis use and psychosis and the prevalence of cannabis
use worldwide have led to identification of concurrent cannabis use and mental
health disorders as an area of concern (Alharbi and El-Guebaly 2016). Lifetime
substance use among people with schizophrenia has been reported to be as high as
50% (Akerele and Levin 2007). As with the general population, the most prevalent
substances used are alcohol, tobacco and cannabis.

Use of cannabis and other psychoactive substances by people with serious mental
health disorders has been associated with exacerbation of mental health, poor
treatment compliance, disruption of role functioning and increased rates of relapse
and rehospitalisation (Akerele and Levin 2007; Brunette et al. 2011). The rationale
for treating cannabis use in people with schizophrenia spectrum disorders is that it
may allow for more appropriate treatment and better prognosis of the psychotic
illness (Hjorthoj et al. 2009).

Antipsychotics are DA blockers and hence should act to reduce positive rein-
forcement of drug use (Akerele and Levin 2007). Typical antipsychotic medications
do not appear to limit cannabis or other substance use in people with schizophrenia,
but the different antipsychotics vary in their affinity for the DA D2 receptor
(Machielsen et al. 2014). Preliminary results with small numbers suggest that the
atypical antipsychotic, clozapine, might reduce cannabis use. Use of clozapine is
restricted due to side effects, but an area of research is the investigation of other
atypical antipsychotics that might reduce cannabis use with less side effects (Bru-
nette et al. 2011).

In a systematic (Cochrane) review, Temmingh et al. (2018) compared risperidone
with other antipsychotics in people with serious mental illness and co-occurring
substance misuse. The only outcome related to cannabis that was reported was
craving, and the evidence was assessed as being very low quality. Other outcomes
reported in the systematic review were specific to serious mental illness. Temmingh
et al. found that clozapine was associated with lower levels of craving for cannabis
compared to risperidone (1 RCT, n ¼ 28, MD 7.00, 95% CI 2.37 to 11.63) while
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there was no clear difference in craving for risperidone compared to olanzapine
(1 RCT, n¼ 41, MD 5.00 95% CI�4.86 to 14.86). The authors concluded that there
is not sufficient good quality evidence available to determine the effects of risperi-
done compared to other antipsychotics in people with a dual diagnosis.

A second Cochrane review focused on cannabis and schizophrenia (McLoughlin
et al. 2014), considering specific psychological therapies for cannabis use, the effects
of cannabidiol on the symptoms of schizophrenia and the effects of different
antipsychotics on cannabis use. Temmingh et al. (2018) found that no one treatment
showed superiority for reduction in cannabis use.

3.2 Pregnancy

Possible harmful effects of using cannabis during pregnancy include premature
birth, longer labours, respiratory problems for mothers and mood and other psycho-
logical problems for the mother. Some of these effects are likely to be due to
smoking as the means of cannabis use, and some may be due to the specific effects
of psychoactive components of cannabis. Currently there is insufficient evidence to
determine whether low-risk use of cannabis during pregnancy is possible, so it is
generally recommended that women who are pregnant or intending to become
pregnant should cease cannabis use. WHO guidelines (WHO 2014) recommend
the use of psychological therapies to support cessation of cannabis use in pregnancy
due to a lack of evidence on the efficacy of pharmacological therapies.

4 Future Directions

The availability of cannabis and cannabinoid therapeutics is changing in many
countries. Increasing legal access for therapeutic and recreational use will result in
a change in the way cannabis is used and a change in populations who may use
it. This may bring new challenges and result in new populations seeking treatment
for use disorders.

4.1 CUD in the Context of Therapeutic Use

CUD is one of the most prevalent substance use disorders in the general population
(Goldstein et al. 2015; Mewton et al. 2013), though these have typically been
associated with nonmedical use. Given that CUD is commonly associated with
regular use, it would be expected that a small but important number of people
using cannabinoids for therapeutic purposes might also develop use disorders.
Most clinical trials of cannabinoids have not followed patients up for long enough
or specifically assessed prevalence of developing use disorders to enable an estimate
of how common this might be. Nevertheless, it is likely that there will be patients
who receive clinical benefits from cannabis-based medicines but also display
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features of use disorders including loss of control of the amount used and adverse
effects of the use of cannabinoids on their life. This is a similar paradigm to the
development of opioid dependence among patients prescribed opioids for pain.
There are recommended frameworks for monitoring these outcomes with opioids
using a ‘universal precautions’ framework to assess risk (Gourlay et al. 2005),
implementing appropriate risk-mitigation strategies and monitoring clinical
outcomes to ensure that benefits for patients outweigh any adverse effects that the
patient may be experiencing. Adapting and validating these frameworks for thera-
peutic use with cannabinoids would be a worthy endeavour as therapeutic use of
cannabinoids expands.

4.2 Future Research

Future work may also look to better understand the roles of CB1 antagonists and
FAAH inhibitors as potential molecules for treating CUD and may elucidate if there
are optimal THC/CBD ratios for the management of CUD and also for a range of
other proposed therapeutic uses. Continuing to conduct detailed population-level
and cohort studies will also provide new information on how exposure to cannabis
and regulation of cannabis may be related to developing use disorders, including
identifying protective factors and vulnerabilities.

In conclusion, we are currently in a dynamic time of rapidly changing cannabis
use and changing roles of cannabinoids as therapeutics. Although many potential
therapeutic approaches have not yielded strong results, it is likely that the evidence
base and use will rapidly develop in the coming years. This increased use means that
interest in pharmacotherapies for CUD is likely to remain, therefore developing our
understanding of effective treatments will continue to be a priority.

Conflict of Interest Dr. Le Foll has/will received some in-kind donation of cannabis product from
Canopy and Aurora and medication donation from Pfizer and Bioprojet and was provided a coil for
TMS study from Brainsway. Dr. Le Foll has/will perform research with industry funding obtained
from Canopy, Bioprojet, ACS and Alkermes. Dr. Le Foll has received in-kind donations of
nabiximols from GW Pharma for past studies funded by CIHR and NIH.

References

Adams TA, Arnsten JH, Ning Y, Nahvi S (2018) Feasibility and preliminary effectiveness of
varenicline for treating co-occurring cannabis and tobacco use. J Psychoactive Drugs 50
(1):12–18

Akerele E, Levin FR (2007) Comparison of olanzapine to risperidone in substance-abusing
individuals with schizophrenia. Am J Addict 16:260–268

Alharbi FF, El-Guebaly N (2016) Cannabis and amphetamine-type stimulant-induced psychoses: a
systematic overview. Addict Disord Treat 15(4):190–200

Allsop DJ, Copeland J, Lintzeris N, Dunlop AJ, Montebello M, Sadler C et al (2014) Nabiximols as
an agonist replacement therapy during cannabis withdrawal: a randomized clinical trial. JAMA
Psychiat 71(3):281–291

368 S. Nielsen et al.



Allsop DJ, Bartlett DJ, Johnston J, Helliwell D, Winstock A, McGregor IS et al (2015) The effects
of lithium carbonate supplemented with nitrazepam on sleep disturbance during cannabis
abstinence. J Clin Sleep Med 11(10):1153–1162

Azofeifa A, Mattson ME, Schauer G, McAfee T, Grant A, Lyerla R (2016) National estimates of
marijuana use and related indicators - national survey on drug use and health, United States,
2002–2014. MMWR Surveill Summ 65(11):1–28

Bloomfield MA, Morgan CJ, Egerton A, Kapur S, Curran HV, Howes OD (2014a) Dopaminergic
function in cannabis users and its relationship to cannabis-induced psychotic symptoms. Biol
Psychiatry 75(6):470–478

Bloomfield MA, Morgan CJ, Kapur S, Curran HV, Howes OD (2014b) The link between dopamine
function and apathy in cannabis users: an [18F]-DOPA PET imaging study. Psychopharmacol-
ogy 231(11):2251–2259

Bloomfield MA, Ashok AH, Volkow ND, Howes OD (2016) The effects of delta(9)-
tetrahydrocannabinol on the dopamine system. Nature 539(7629):369–377

Boileau I, Mansouri E, Williams B, Le Foll B, Rusjan P, Mizrahi R et al (2016) Fatty acid amide
hydrolase binding in brain of cannabis users: imaging with the novel radiotracer [(11)C]CURB.
Biol Psychiatry 80(9):691–701

Bossong MG, Mehta MA, van Berckel BN, Howes OD, Kahn RS, Stokes PR (2015) Further human
evidence for striatal dopamine release induced by administration of 9-tetrahydrocannabinol
(THC): selectivity to limbic striatum. Psychopharmacology 232(15):2723–2729

Brunette MF, Dawson R, O’Keefe CD, Narasimhan M, Noordsy DL, Wojcik J et al (2011) A
randomized trial of clozapine vs. other antipsychotics for cannabis use disorder in patients with
schizophrenia. J Dual Diagn 7(1–2):50–63

Cadet JL, Bisagno V, Milroy CM (2014) Neuropathology of substance use disorders. Acta
Neuropathol 127(1):91–107

Carpenter KM, McDowell D, Brooks DJ, Cheng WY, Levin FR (2009) A preliminary trial: double-
blind comparison of nefazodone, bupropion-sr, and placebo in the treatment of cannabis
dependence. Am J Addict 18(1):53–64

Cooper ZD, Foltin RW, Hart CL, Vosburg SK, Comer SD, Haney M (2013) A human laboratory
study investigating the effects of quetiapine on marijuana withdrawal and relapse in daily
marijuana smokers. Addict Biol 18(6):993–1002

Copersino ML, Boyd SJ, Tashkin DP, Huestis MA, Heishman SJ, Dermand JC et al (2006)
Cannabis withdrawal among non-treatment-seeking adult cannabis users. Am J Addict 15
(1):8–14

Cornelius JR, Bukstein OG, Douaihy AB, Clark DB, Chung TA, Daley DC et al (2010) Double-
blind fluoxetine trial in comorbid MDD-CUD youth and young adults. Drug Alcohol Depend
112(1–2):39–45

D’Souza DC, Cortes-Briones JA, Ranganathan M, Thurnauer H, Creatura G, Surti T et al (2016)
Rapid changes in cannabinoid 1 receptor availability in cannabis-dependent male subjects after
abstinence from cannabis. Biol Psychiatry Cogn Neurosci Neuroimaging 1(1):60–67

D’Souza DC, Cortes-Briones J, Creatura G, Bluez G, Thurnauer H, Deaso E et al (2018) Efficacy
and safety of a fatty acid amide hydrolase inhibitor (PF-04457845) in the treatment of cannabis
withdrawal and dependence in men: a double-blind, placebo-controlled, parallel group, phase 2a
single-site randomised controlled trial. Lancet Psychiatry 6:35–45

de Luca MA, Valentini V, Bimpisidis Z, Cacciapaglia F, Caboni P, di Chiara G (2014)
Endocannabinoid 2-arachidonoylglycerol self-administration by Sprague-Dawley rats and stim-
ulation of in vivo dopamine transmission in the nucleus accumbens shell. Front Psych 5:140

Fasinu PS, Phillips S, ElSohly MA, Walker LA (2016) Current status and prospects for cannabidiol
preparations as new therapeutic agents. Pharmacotherapy 36(7):781–796

Felder CC, Veluz JS, Williams HL, Briley EM, Matsuda LA (1992) Cannabinoid agonists stimulate
both receptor- and non-receptor-mediated signal transduction pathways in cells transfected with
and expressing cannabinoid receptor clones. Mol Pharmacol 42(5):838–845

Findling RL, Pagano ME, McNamara NK, Stansbrey RJ, Faber JE, Lingler J et al (2009) The short-
term safety and efficacy of fluoxetine in depressed adolescents with alcohol and cannabis use

Pharmacotherapies for Cannabis Use Disorders: Clinical Challenges and. . . 369



disorders: a pilot randomized placebo-controlled trial. Child Adolesc Psychiatry Ment Health
3:11

Frewen AR (2009) An examination of withdrawal symptoms and their relationship with outcomes
in a combined behavioural and pharmacological intervention for dependent cannabis users.
Macquarie University, Macquarie Park

Goldstein RB, Chou SP, Smith SM, Jung J, Zhang H, Saha TD et al (2015) Nosologic comparisons
of DSM-IV and DSM-5 alcohol and drug use disorders: results from the national epidemiologic
survey on alcohol and related conditions–III. J Stud Alcohol Drugs 76(3):378–388

Gourlay DL, Heit HA, Almahrezi A (2005) Universal precautions in pain medicine: a rational
approach to the treatment of chronic pain. Pain Med 6(2):107–112

Grant BF, Chu A, Sigman R, Amsbary M, Kali J, Sugawara Y et al (2014) Source and accuracy
statement: national epidemiologic survey on alcohol and related conditions-III (NESARC-III).
National Institute on Alcohol Abuse and Alcoholism, Rockville

Grant BF, Goldstein RB, Saha TD, Chou SP, Jung J, Zhang H et al (2015) Epidemiology of DSM-5
alcohol use disorder: results from the national epidemiologic survey on alcohol and related
conditions III. JAMA Psychiat 72(8):757–766

Gray KM, Carpenter MJ, Baker NL, DeSantis SM, Kryway E, Hartwell KJ et al (2012) A double-
blind randomized controlled trial of N-acetylcysteine in cannabis-dependent adolescents. Am J
Psychiatry 169(8):805–812

Gray KM, Sonne SC, McClure EA, Ghitza UE, Matthews AG, McRae-Clark AL et al (2017) A
randomized placebo-controlled trial of N-acetylcysteine for cannabis use disorder in adults.
Drug Alcohol Depend 177:249–257

Gray JC, Treloar Padovano H, Wemm SE, Miranda R (2018) Predictors of topiramate tolerability in
heavy cannabis-using adolescents and young adults: a secondary analysis of a randomized,
double-blind, placebo-controlled trial. J Clin Psychopharmacol 38(2):134–137

Grotenhermen F (2003) Pharmacokinetics and pharmacodynamics of cannabinoids. Clin
Pharmacokinet 42(4):327–360

Hall W (2015) What has research over the past two decades revealed about the adverse health
effects of recreational cannabis use? Addiction 110(1):19–35

Haney M, Ward AS, Comer SD, Hart CL, Foltin RW, Fischman MW (2001) Bupropion SR
worsens mood during marijuana withdrawal in humans. Psychopharmacology 155(2):171–179

Haney M, Hart CL, Ward AS, Foltin RW (2003) Nefazodone decreases anxiety during marijuana
withdrawal in humans. Psychopharmacology 165:157–165

Haney M, Hart CL, Vosburg SK, Comer SD, Reed SC, Cooper ZD et al (2010) Effects of baclofen
and mirtazapine on a laboratory model of marijuana withdrawal and relapse. Psychopharmacol-
ogy 211:233–244

Haney M, Cooper ZD, Bedi G, Vosburg SK, Comer SD, Foltin RW (2013) Nabilone decreases
marijuana withdrawal and a laboratory measure of marijuana relapse. Neuropsycho-
pharmacology 38(8):1557–1565

Hasin DS, Keyes KM, Alderson D, Wang S, Aharonovich E, Grant BF (2008) Cannabis withdrawal
in the United States: results from NESARC. J Clin Psychiatry 69(9):1354–1363

Hasin DS, Saha TD, Kerridge BT, Goldstein RB, Chou SP, Zhang H et al (2015) Prevalence of
marijuana use disorders in the United States between 2001-2002 and 2012-2013. JAMA
Psychiat 72(12):1235–1242

Herrmann ES, Cooper ZD, Bedi G, Ramesh D, Reed SC, Comer SD et al (2016) Effects of
zolpidem alone and in combination with nabilone on cannabis withdrawal and a laboratory
model of relapse in cannabis users. Psychopharmacology 233(13):2469–2478

Hjorthoj C, Fohlmann A, Nordentoft M (2009) Treatment of cannabis use disorders in people with
schizophrenia spectrum disorders - a systematic review. Addict Behav 34(6–7):520–525

Jackson NJ, Isen JD, Khoddam R, Irons D, Tuvblad C, IaconoWG et al (2016) Impact of adolescent
marijuana use on intelligence: results from two longitudinal twin studies. Proc Natl Acad Sci
U S A 113(5):E500–E508

Johnston J, Lintzeris N, Allsop DJ, Suraev A, Booth J, Carson DS et al (2014) Lithium carbonate in
the management of cannabis withdrawal: a randomized placebo-controlled trial in an inpatient
setting. Psychopharmacology 231(24):4623–4636

370 S. Nielsen et al.



Karila L, Roux P, Rolland B, Benyamina A, Reynaud M, Aubin HJ et al (2014) Acute and long-
term effects of cannabis use: a review. Curr Pharm Des 20(25):4112–4118

Kelly MA, Pavlicova M, Glass A, Mariani JJ, Bisaga A, Sullivan MA et al (2014) Do withdrawal-
like symptoms mediate increased marijuana smoking in individuals treated with venlafaxine-
XR? Drug Alcohol Depend 144:42–46

Koob GF, Volkow ND (2016) Neurobiology of addiction: a neurocircuitry analysis. Lancet
Psychiatry 3(8):760–773

Leroy C, Karila L, Martinot JL, Lukasiewicz M, Duchesnay E, Comtat C et al (2012) Striatal and
extrastriatal dopamine transporter in cannabis and tobacco addiction: a high-resolution PET
study. Addict Biol 17(6):981–990

Levin FR, McDowell D, Evans SM, Nunes E, Akerele E, Donovan S et al (2004) Pharmacotherapy
for marijuana dependence: a double-blind, placebo-controlled pilot study of divalproex sodium.
Am J Addict 13:21–32

Levin FR, Mariani JJ, Brooks DJ, Pavlicova M, Cheng W, Nunes EV (2011) Dronabinol for the
treatment of cannabis dependence: a randomized, double-blind, placebo-controlled trial. Drug
Alcohol Depend 116(1–3):142–150

Levin FR, Mariani J, Brooks DJ, Pavlicova M, Nunes EV, Agosti V et al (2013) A randomized
double-blind, placebo-controlled trial of venlafaxine-extended release for co-occurring cannabis
dependence and depressive disorders. Addiction 108:1084–1094

Levin FR, Mariani JJ, Pavlicova M, Brooks D, Glass A, Mahony A et al (2016) Dronabinol and
lofexidine for cannabis use disorder: a randomized, double-blind, placebo-controlled trial. Drug
Alcohol Depend 159:53–60

Machielsen MWJ, Veltman DJ, van den Brink W, de Haan L (2014) The effect of clozapine and
risperidone on attentional bias in patients with schizophrenia and a cannabis use disorder: an
fMRI study. J Psychopharmacol 28(7):633–642

Mason BJ, Crean R, Goodell V, Light JM, Quello S, Shadan F et al (2012) A proof-of-concept
randomized controlled study of gabapentin: effects on cannabis use, withdrawal and executive
function deficits in cannabis-dependent adults. Neuropsychopharmacology 37(7):1689–1698

McLoughlin BC, Pushpa-Rajah JA, Gillies D, Rathbone J, Variend H, Kalakouti E et al (2014)
Cannabis and schizophrenia. Cochrane Database Syst Rev 10:CD004837

McRae-Clark AL, Carter RE, Killeen TK, Carpenter MJ, Wahlquist AE, Simpson SA et al (2009) A
placebo-controlled trial of buspirone for the treatment of marijuana dependence. Drug Alcohol
Depend 105:132–138

McRae-Clark AL, Carter RE, Killeen TK, Carpenter MJ, White KG, Brady KT (2010) A placebo-
controlled trial of atomoxetine in marijuana-dependent individuals with attention deficit hyper-
activity disorder. Am J Addict 19(6):481–489

McRae-Clark AL, Baker NL, Gray KM, Killeen TK, Wagner AM, Brady KT et al (2015) Buspirone
treatment of cannabis dependence: a randomized, placebo-controlled trial. Drug Alcohol
Depend 156:29–37

McRae-Clark AL, Baker NL, Gray KM, Killeen T, Hartwell KJ, Simonian SJ (2016) Vilazodone
for cannabis dependence: a randomized, controlled pilot trial. Am J Addict 25(1):69–75

Meier MH, Caspi A, Ambler A, Harrington H, Houts R, Keefe RS et al (2012) Persistent cannabis
users show neuropsychological decline from childhood to midlife. Proc Natl Acad Sci U S A
109(40):E2657–E2664

Mewton L, Slade T, Teesson M (2013) An evaluation of the proposed DSM-5 cannabis use disorder
criteria using Australian national survey data. J Stud Alcohol Drugs 74(4):614–621

Micale V, Di Marzo V, Sulcova A, Wotjak CT, Drago F (2013) Endocannabinoid system and mood
disorders: priming a target for new therapies. Pharmacol Ther 138(1):18–37

Miranda R, Treloar H, Blanchard A, Justus A, Monti PM, Chun T et al (2017) Topiramate and
motivational enhancement therapy for cannabis use among youth: a randomized placebo-
controlled pilot study. Addict Biol 22(3):779–790

Nanjayya SB, Shivappa M, Chand PK, Murthy P, Benegal V (2010) Baclofen in cannabis
dependence syndrome. Biol Psychiatry 68(3):e9–e10

Ng Cheong Ton JM, Gerhardt GA, Friedemann M, Etgen AM, Rose GM, Sharpless NS et al (1988)
The effects of delta 9-tetrahydrocannabinol on potassium-evoked release of dopamine in the rat

Pharmacotherapies for Cannabis Use Disorders: Clinical Challenges and. . . 371



caudate nucleus: an in vivo electrochemical and in vivo microdialysis study. Brain Res 451
(1–2):59–68

Nielsen S, Gowing L, Sabioni P, Le Foll B (2019) Pharmacotherapies for cannabis dependence.
Cochrane Database Syst Rev 1:Cd008940

Notzon DP, Kelly MA, Choi CJ, Pavlicova M,Mahony AL, Brooks DJ et al (2018) Open-label pilot
study of injectable naltrexone for cannabis dependence. Am J Drug Alcohol Abuse 44
(6):619–627

Panlilio LV, Goldberg SR, Justinova Z (2015) Cannabinoid abuse and addiction: clinical and
preclinical findings. Clin Pharmacol Ther 97(6):616–627

Penetar DM, Looby AR, Ryan ET, Maywalt MA, Lukas SE (2012) Bupropion reduces some of the
symptoms of marihuana withdrawal in chronic marihuana users: a pilot study. Subst Abuse Res
Treat 6(1):63–71

Rong C, Lee Y, Carmona NE, Cha DS, Ragguett RM, Rosenblat JD et al (2017) Cannabidiol in
medical marijuana: research vistas and potential opportunities. Pharmacol Res 121:213–218

Sherman BJ, Baker NL, McRae-Clark AL (2017) Effect of oxytocin pretreatment on cannabis
outcomes in a brief motivational intervention. Psychiatry Res 249:318–320

Sloan ME, Grant CW, Gowin JL, Ramchandani VA, Le Foll B (2019) Endocannabinoid signaling
in psychiatric disorders: a review of positron emission tomography studies. Acta Pharmacol Sin
40(3):342–350

Solinas M, Justinova Z, Goldberg SR, Tanda G (2006) Anandamide administration alone and after
inhibition of fatty acid amide hydrolase (FAAH) increases dopamine levels in the nucleus
accumbens shell in rats. J Neurochem 98(2):408–419

Solinas M, Goldberg SR, Piomelli D (2008) The endocannabinoid system in brain reward pro-
cesses. Br J Pharmacol 154(2):369–383

Spaderna M, Addy PH, D’Souza DC (2013) Spicing things up: synthetic cannabinoids. Psycho-
pharmacology 228(4):525–540

Temmingh HS, Williams T, Siegfried N, Stein DJ (2018) Risperidone versus other antipsychotics
for people with severe mental illness and co-occurring substance misuse. Cochrane Database
Syst Rev 1:CD011057

Thiruchselvam T, Malik S, Le Foll B (2017) A review of positron emission tomography studies
exploring the dopaminergic system in substance use with a focus on tobacco as a co-variate. Am
J Drug Alcohol Abuse 43(2):197–214

Trigo JM, Soliman A, Quilty LC, Fischer B, Rehm J, Selby P et al (2018) Nabiximols combined
with motivational enhancement/cognitive behavioral therapy for the treatment of cannabis
dependence: a pilot randomized clinical trial. PLoS One 13(1):e0190768

United Nations Publilcation SNEX. World drug report 2018
van Amsterdam J, Brunt T, van den Brink W (2015) The adverse health effects of synthetic

cannabinoids with emphasis on psychosis-like effects. J Psychopharmacol 29(3):254–263
van de Giessen E, Weinstein JJ, Cassidy CM, Haney M, Dong Z, Ghazzaoui R et al (2017) Deficits

in striatal dopamine release in cannabis dependence. Mol Psychiatry 22(1):68–75
Volkow ND, Gillespie H, Mullani N, Tancredi L, Grant C, Valentine A et al (1996) Brain glucose

metabolism in chronic marijuana users at baseline and during marijuana intoxication. Psychiatry
Res 67(1):29–38

Volkow ND, Compton WM, Weiss SR (2014a) Adverse health effects of marijuana use. N Engl J
Med 371(9):879

Volkow ND, Wang GJ, Telang F, Fowler JS, Alexoff D, Logan J et al (2014b) Decreased dopamine
brain reactivity in marijuana abusers is associated with negative emotionality and addiction
severity. Proc Natl Acad Sci U S A 111(30):E3149–E3156

Weinstein AM, Miller H, Bluvstein I, Rapoport E, Schreiber S, Bar-Hamburger R et al (2014)
Treatment of cannabis dependence using escitalopram in combination with cognitive-behavior
therapy: a double-blind placebo-controlled study. Am J Drug Alcohol Abuse 40(1):16–22

World Health Organization (2014) WHO Guidelines Approved by the Guidelines Review Com-
mittee. Guidelines for the identification and management of substance use and substance use
disorders in pregnancy. World Health Organization, Geneva

372 S. Nielsen et al.



Molecular Mechanisms Associated
with Nicotine Pharmacology
and Dependence

Christie D. Fowler, Jill R. Turner, and M. Imad Damaj

Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374
2 Basic Neurocircuitry of Nicotine Addiction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
3 Role of Nicotinic Receptors in Nicotine Dependence and Brain Function . . . . . . . . . . . . . . . . 376
4 Modulatory Factors That Influence nAChR Expression and Signaling . . . . . . . . . . . . . . . . . . . . 378
5 Genomics and Genetics of Nicotine Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379

5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
5.2 Human and Animal Genetic Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
5.3 Transcriptionally Adaptive Changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 380

6 Other Constituents in Nicotine and Tobacco Products Mediating Dependence . . . . . . . . . . . 381
7 Therapeutic Approaches for Tobacco and Nicotine Dependence . . . . . . . . . . . . . . . . . . . . . . . . . . 383

7.1 Nicotine Replacement Therapies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
7.2 Varenicline and Bupropion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
7.3 Novel Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 384

8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 385

Abstract
Tobacco dependence is a leading cause of preventable disease and death world-
wide. Nicotine, the main psychoactive component in tobacco cigarettes, has also
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been garnering increased popularity in its vaporized form, as derived from
e-cigarette devices. Thus, an understanding of the molecular mechanisms under-
lying nicotine pharmacology and dependence is required to ascertain novel
approaches to treat drug dependence. In this chapter, we review the field’s current
understanding of nicotine’s actions in the brain, the neurocircuitry underlying
drug dependence, factors that modulate the function of nicotinic acetylcholine
receptors, and the role of specific genes in mitigating the vulnerability to develop
nicotine dependence. In addition to nicotine’s direct actions in the brain, other
constituents in nicotine and tobacco products have also been found to alter drug
use, and thus, evidence is provided to highlight this issue. Finally, currently
available pharmacotherapeutic strategies are discussed, along with an outlook
for future therapeutic directions to achieve to the goal of long-term nicotine
cessation.

Keywords
Neurobiology nicotine dependence · Nicotine · Nicotinic receptors · Smoking
cessation

1 Introduction

Cigarette smoking is the principal cause of premature death and disability in the
United States. In 2014, about 480,000 deaths in the United States were caused by
cigarette smoking. Globally, smoking-related illnesses result in over four million
deaths annually. However, despite enormous educational efforts about the health
hazards of smoking and other tobacco control efforts, many smokers continue to
encounter extreme difficulty quitting and staying tobacco-free in the long-term. The
2017 CDC report estimated that 15.1% of the US population was “current smokers,”
(11.2% (75%) of them are daily smokers).

Addiction to tobacco smoking depends not only on the positive reinforcing and
hedonic actions of nicotine but also on escape from the aversive consequences of
nicotine withdrawal. Many studies suggest that avoidance of the negative emotional
state produced by nicotine withdrawal represents a motivational component that
promotes continued tobacco use and relapse after smoking cessation. The difficulty
in overcoming nicotine dependence is illustrated by the poor success rates among
smokers who try to quit. While the majority of smokers (~70%) report an interest in
quitting, and around 55% have attempted to quit in the previous year, ~7% of
smokers are abstinent at 1 month after their quit date, and fewer than 2% are
abstinent 1 year after quitting when they do not receive assistance in smoking
cessation (CDC 2015).

While several smoking cessation therapies are available, the success rate of these
therapies after 1 year remains only about 20–25% (Gonzales et al. 2006). Therefore,
understanding the various mechanisms and factors involved in the different aspects
of nicotine dependence is crucial to develop successful prevention and intervention
approaches, including newer and more effective pharmacotherapies.
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2 Basic Neurocircuitry of Nicotine Addiction

Tobacco smoke contains about 9,000 chemicals, among which about 70 are known
carcinogens. However, nicotine is the major psychoactive ingredient in tobacco
smoke and the component most associated with tobacco dependence. The develop-
ment and persistence of dependence on tobacco is due to the actions of nicotine,
acting at neuronal nicotinic acetylcholine receptors (nAChRs). nAChRs belong
to the Cys-loop receptor family, which are ligand-gated ion channels that
form pentamers arranged around a water-filled pore and allow for the influx of
both Na+ and Ca2+ (Changeux et al. 1998). The subunits of mammalian neuronal
nAChRs range from α2–α7, α9, α10, to β2–β4, which form multiple combinations of
homomeric and heteromeric receptor subtypes having varying function (Changeux
et al. 1998). These receptors have three broad conformational states: resting closed
states, open states, and desensitized states (Changeux et al. 1998). The typical resting
closed state is induced when the orthosteric site (traditional ligand binding site) is
unoccupied and the cation channel is closed. Upon binding of an orthosteric agonist,
the cation channel is opened, allowing for cation influx into the cell. Following the
open state, the receptor is then desensitized; despite agonist binding, the cation
channel is closed, rendering the receptor inactive (Changeux et al. 1998). Due to
their predominant presynaptic location, nAChRs in the CNS primarily function via
modulation of neurotransmitter release (Mansvelder and McGehee 2000). This
modulation, in turn, results in long-term synaptic plasticity, which is a prominent
neuronal signature of exposure to nicotine (Ji et al. 2001). The most abundant
nAChRs found in the mammalian brain are the low-affinity homomeric α7 and the
high-affinity heteromeric α4β2 containing (α4β2�), which have diverse
characteristics (Hill et al. 1993). The α7 nAChR has high calcium permeability,
low probability of opening, and rapid desensitization (in milliseconds) (Williams
et al. 2011). In contrast, the α4β2� nAChR has a high probability of opening and
desensitizes at a slower rate (in seconds) (Li and Steinbach 2010). These differing
characteristics, however, do not necessarily drive divergent effects on neuronal
plasticity. For example, previous studies have shown that both α4β2� and α7
nAChR activation can either elicit (Lagostena et al. 2008; Tang and Dani 2009;
Welsby et al. 2009) or prevent (Alkondon and Albuquerque 2001; Alkondon et al.
1997; Ji et al. 2001) long-term potentiation (LTP) in the hippocampus, with these
variable effects attributed to activation of differing subtypes on specific interneuron
populations. Further, accessory nAChR subunits, such as α5 and β3, can integrate
into the α4β2, α3β4, or α3β2 nAChR subtypes to alter receptor function. For
instance, insertion of the α5 subunit into the α4β2 or α3β2 nAChR subtypes results
in increased ligand-mediated receptor activation, rate of desensitization, and con-
ductance (Gerzanich et al. 1998; Ramirez-Latorre et al. 1996).

Nicotine initiates its rewarding effects by activating nAChRs in the natural
reward system of the brain, the mesolimbic pathway. This pathway is comprised
of dopaminergic neurons originating in the ventral tegmental area (VTA) that
project to regions such as the nucleus accumbens (NAc), prefrontal cortex (PFC),
amygdala, and hippocampus (De Biasi and Dani 2011; Lisman and Grace 2005).
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Dopamine release, especially in the NAc, is associated with the rewarding and
reinforcing effects of all drugs of abuse. nAChRs are localized throughout the
mesolimbic circuitry and when activated, increase dopaminergic firing and release
(De Biasi and Dani 2011; Di Chiara 2000). Further, infusion of nAChR antagonists
directly into the VTA attenuates nicotine self-administration (Corrigall et al. 1994).
This pathway has a complex circuitry that also involves other neurotransmitters; for
instance, glutamatergic, GABAergic, and cholinergic inputs converge on dopamine
neurons to modulate dopamine release (Dani and Bertrand 2007). Cholinergic
neurons in the laterodorsal tegmentum and the pedunculopontine tegmentum initiate
excitation of dopamine neurons in VTA that project to the NAc (Maskos 2010;
Omelchenko and Sesack 2005), and these cells in the pedunculopontine tegmentum
have been shown to regulate nicotine self-administration (Lanca et al. 2000). In
opposition to reward-related signaling, dense nAChR expression is also found in the
projection from the medial habenula (MHb) to the interpeduncular nucleus (IPN), a
circuit involved in aversive processing and nicotine withdrawal (Fowler et al. 2011;
Salas et al. 2009). The major neurotransmitters of this pathway are acetylcholine,
glutamate, and substance P, and it is thought that presynaptic nAChRs on MHb
axons facilitate glutamate release from cholinergic and glutamatergic coexpressing
axons in the IPN to mediate the aversive signal to high doses of nicotine (Fowler
et al. 2011; Girod and Role 2001), which serves to limit drug intake.

3 Role of Nicotinic Receptors in Nicotine Dependence
and Brain Function

The utilization of genetically mutant mice, pharmacological interventions, and viral
reexpression approaches have implicated particular brain areas and specific nAChR
subtypes in nicotine dependence. For instance, in a β2 knockout mouse model, the
β2� nAChRs have been shown to be required for nicotine reward and reinforcement,
as revealed in nicotine conditioned place preference (CPP) and intravenous self-
administration studies (Orejarena et al. 2012; Picciotto et al. 1998; Walters et al.
2006). The β2 subunit co-assembles with the α6 and α4 subunits to form several
α6β2�, α4β2�, and α4α6β2� nAChR subtypes, which are notably expressed in the
VTA-NAc circuit (Champtiaux et al. 2003; Klink et al. 2001; Salminen et al. 2004).
These findings are consistent with the fact that stimulation of α4β2� high-affinity
nAChRs located on the dopaminergic cells in the VTA shifts firing from tonic to
phasic modes, resulting in increased DA release in both the NAc and the PFC (Dani
et al. 2011). Nicotine CPP revealed a critical role of the α4, α6, and β2 subunits in the
NAc via genetic mutant mice and site-specific infusions (Sanjakdar et al. 2015). In
addition, genetic ablation of the β2, α6, and α4 nAChR subunits attenuated nicotine
self-administration in mice, an effect which could be rescued by reexpression of
these subunits in the VTA via a lentiviral vector (Picciotto et al. 1998; Pons et al.
2008). Furthermore, α4 “knock-in” mice (Leu9’ Ala mutation renders animals
hypersensitive to nicotine) demonstrated a preference for nicotine at a dose 50-fold
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lower than the typical nicotine dose that induces a preference in wild-type
(WT) mice in the CPP test (Tapper et al. 2004).

Reward systems in the brain undergo neuroadaptations after chronic exposure to
nicotine in tobacco products, which likely underlie nicotine dependence. Cessation
from cigarette smoking induces a withdrawal syndrome comprised of physical,
affective, and cognitive symptoms. The severity of these symptoms is a risk factor
for relapse (Le Foll and Goldberg 2005; Markou and Kenny 2002), and nAChRs are
important mediators of nicotine withdrawal symptoms. The nonselective nAChR
antagonist mecamylamine is known to precipitate nicotine withdrawal signs in
nicotine-dependent rodents (Damaj et al. 2003). Pharmacological interventions and
mouse knockout studies have revealed that nAChR subunits modulate different
aspects of the nicotine withdrawal syndrome. For example, some affective signs of
withdrawal such as aversion-, anxiety-, and anhedonia-like measures are mediated
by the β2, α6, β4, and α7 nAChR subunits (Jackson et al. 2008, 2009). The physical
signs of the nicotine withdrawal syndrome are mediated by α3, α5, α2, and β4
(Jackson et al. 2008, 2013; Salas et al. 2009), and a subset are mediated by α7
subunits (Stoker et al. 2012). One interesting feature of chronic nicotine exposure is
the upregulation of nAChRs, most notably α4β2� (Flores et al. 1992). This phenom-
enon has been observed both in vitro and in vivo and in human imaging studies
(Kassiou et al. 2001; Marks et al. 1983; Perry et al. 1999). Interestingly, rodent and
human studies suggest a positive correlation of nicotine withdrawal signs with
upregulation of α4β2� nAChRs (Cosgrove et al. 2010; Turner et al. 2011). Further-
more, the MHb-IPN pathway has been selectively implicated in withdrawal-induced
somatic signs with α5� and β4� nAChRs (Salas et al. 2009). In addition, infusion of
the α6� nAChR-selective antagonist α-conotoxin MII in the MHb attenuated
anxiety-like behavior in nicotine-withdrawn mice (Pang et al. 2016). Aberrant
synaptic and circuitry function is also thought to underlie abnormal behavioral
phenotypes, including nicotine withdrawal phenotypes like cognitive impairments
and affective dysfunction (Ashare et al. 2014; Turner et al. 2013). For example, the
hippocampus and the orbitofrontal cortex (OFC) are two well-described circuits
impinging upon these nicotine withdrawal symptoms (Schoenbaum et al. 2016;
Turner et al. 2011; Zhou et al. 2018), including impulsivity, altered affect, and
cognition in humans. Supporting data in human (Dani and Harris 2005) and animal
(Jackson et al. 2008) models link hippocampal function with nicotine withdrawal-
induced symptoms, which are reliable determinants for smoking cessation outcomes.
Functional imaging studies in smokers have shown that activation of the hippocam-
pus can be correlated with both cognitive and affective withdrawal symptoms
(Froeliger et al. 2010; McClernon and Gilbert 2004). Additionally, human studies
report a correlation between hippocampal volume and successful quit attempts
(Froeliger et al. 2010). This link may be due to nAChRs present at both excitatory
and inhibitory terminals (Alkondon and Albuquerque 2001; Jones and Yakel 1997;
Wada et al. 1989), well-positioning nicotinic signaling to influence the balance of
excitatory and inhibitory transmission within the hippocampus (John and Berg
2015). The OFC regulates impulsivity, affective value of reinforcers, and emotion-
attention interactions (Schoenbaum et al. 2016). Previous studies reported that
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nicotine self-administration in rodents alters synaptic morphology in the OFC
(Vazquez-Sanroman et al. 2016), while tobacco smokers display both morphological
and functional connectivity changes within this region (Claus et al. 2013; Li et al.
2015). For example, smoking has been consistently shown to reduce the thickness of
gray matter volume in the OFC (Kuhn et al. 2010; Li et al. 2015), and acute nicotine
increases blood oxygen level-dependent fMRI signal in the striato-thalamo-
orbitofrontal circuit (Ashare et al. 2014). However, the neuronal mechanisms under-
lying these effects are not easily examined, given that nicotine modulates the release
of a number of neurotransmitters, including glutamate, GABA, and dopamine, and
can lead to both facilitation and suppression of neuronal firing. For example,
electrophysiological experiments have shown that nicotine impacts long-term poten-
tiation (LTP) generation in the orbitofrontal cortex (Couey et al. 2007; Zhou et al.
2018). Classical LTP is based on the observation that a neuron’s excitability to a
particular synaptic input is increased following high-frequency stimulation,
representing the molecular basis for Hebb’s postulate, which states that when two
connected cells fire simultaneously, the connection between them is strengthened.
Previous studies examining nicotine’s effect on this phenomenon have reported
enhancement of LTP in a number of brain regions, such as the hippocampus
(Nakauchi and Sumikawa 2012), amygdala (Huang et al. 2008), and VTA
(Mansvelder and McGehee 2000). However, these effects diverge in the OFC.
Zhou and colleagues (Zhou et al. 2018) demonstrated that acute nicotine application
to the OFC during LTP induction resulted in nicotine-mediated conversion of LTP to
LTD, a form of “metaplasticity,” due to enhanced GABAergic transmission. These
effects were in agreement with studies in nearby frontal cortical regions, where
nicotine was observed to raise the threshold for LTP induction via enhancing
GABAergic transmission (Couey et al. 2007). As appreciation grows for the impor-
tance of frontocortical excitatory/inhibitory balance in nicotine dependence (Pittaras
et al. 2016), understanding nicotine’s effects in this region may not only lead to
better understanding of circuit-level mechanisms of nicotine dependence but also to
potential therapeutic interventions.

4 Modulatory Factors That Influence nAChR Expression
and Signaling

Several mechanisms that regulate nAChR expression, assembly, and trafficking
were reported in the last two decades. Recent studies have shown that nicotine can
act as a “chaperone” which expedites the transport of nAChR subunits, including α4
and β2 nAChRs, to the endoplasmic reticulum and facilitates the passage and
insertion of assembled nAChRs to the plasma membrane (Henderson et al. 2014;
Srinivasan et al. 2011). In this context, this pharmacological chaperone mechanism
may represent an important molecular mechanism of the first step in neuroadaptation
to chronic nicotine and possibility of the emergence of neuronal adaptations under-
lying nicotine dependence. Another class of nAChR signaling modulators is
represented by the Ly-6/neurotoxin gene superfamily of proteins that exhibit cellular
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specific expression patterns in the brain and include Lynx1, Lynx2, and Lypd6.
These proteins are negative modulators of nAChR signaling and feature a three-
looped fold, a structural characteristically shared with the snake venom toxin
α-bungarotoxin. Thus, as endogenous prototoxins, these proteins can bind directly
to the extracellular face of nAChRs (Arvaniti et al. 2016; Miwa et al. 1999). The
presence of Lynx1 and Lynx2 increases the desensitization rate and decreases ligand
binding efficiency for multiple nAChR subtypes (George et al. 2017; Ibanez-Tallon
et al. 2002; Lyukmanova et al. 2011; Tekinay et al. 2009). In cortex, Lynx1 is
expressed in both glutamatergic and γ-aminobutyric acid-ergic (GABAergic)
neurons, whereas Lynx2 has been mainly localized in glutamatergic neurons
(Demars and Morishita 2014). Results suggest that lynx proteins can modulate
nAChR function in the brain with important consequences for cholinergic-dependent
synaptic plasticity (reviewed in Miwa et al. 2011; Miwa and Walz 2012; Thomsen
and Mikkelsen 2012). Recently, Nissen and colleagues reported that the
antinociceptive effect of nicotine and epibatidine in acute thermal pain tests is
enhanced in Lynx1 knockout mice (Nissen et al. 2018). Further, computer
simulations predict preferential binding affinity of Lynx1 to the α:α interface that
exists in the stoichiometry of the low sensitivity (α4)3(β2)2 nAChRs.

5 Genomics and Genetics of Nicotine Dependence

5.1 Overview

Nicotine addiction is a complex disorder with multiple factors contributing to its
dependence. Though a large host of factors contribute to nicotine dependence,
reward, withdrawal effects, and relapse, twin studies have shown that genetics
play a pivotal role (Li et al. 2003; Sullivan and Kendler 1999). Approximately
70% of the variability in nicotine dependence and smoking persistence has been
attributed to genetic influences (Broms et al. 2006; Carmelli et al. 1992; Kendler
et al. 2000; Li et al. 2003). Furthermore, twin studies have shown that ~50% of the
individual differences that contribute to smoking relapse can be attributed to herita-
bility (Xian et al. 2003). Ongoing studies examining not only genetics, but genomics
and epigenetics, are increasing our understanding of how individual differences
drive vulnerability or resilience to nicotine dependence.

5.2 Human and Animal Genetic Studies

In recent years, genome-wide association studies in humans revealed that a variant in
the CHRNA5/A3/B4 gene cluster (encodes α3, α5, β4 nAChR subunits), located in
chromosome region 15q25, serves as a risk factor for lung cancer and nicotine
dependence (Berrettini et al. 2008; Liu et al. 2010; Saccone et al. 2009). More
specifically, a single nucleotide polymorphism (SNP) in the CHRNA5 gene
(rs16969968) (D398N), which encodes the α5 nAChR subunit, has been repeatedly
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linked to increased risk for tobacco dependence (Bierut et al. 2008; Kuryatov et al.
2011). The mechanisms behind this increased risk have been investigated in in vitro
and in vivo functional studies. The α5 SNP was shown to reduce the function of the
α3β4 and α4β2 nAChR subtypes that incorporate the mutant subunit (Bierut et al.
2008), a loss of function that subsequently was shown to influence addiction-like
behaviors in vivo. Initial studies were conducted in α5 nAChR subunit gene
knockout mice (Fowler et al. 2011). The α5 knockout mice were found to exhibit
far greater motivation to consume large quantities of nicotine, and reexpression of α5
subunits within this pathway attenuated nicotine intake to wild-type levels (Fowler
et al. 2011). Further, decreased expression of α5 subunits in rats similarly increased
nicotine intake while decreasing the inhibitory effects of higher nicotine doses on
brain reward circuitries (Fowler et al. 2011, 2013). Similar observations occurred in
the nicotine CPP paradigm where α5 knockout mice exhibited a maintained nicotine
preference at higher doses not maintained by α5 wild-type mice (Jackson et al.
2010). In addition, in mice expressing the α5 human mutation, an increase in
nicotine self-administration was reported (Wilking and Stitzel 2015). Furthermore,
using rats carrying the α5 human mutation, Forget et al. (2018) found greater
nicotine intake in the SNP-expressing mutant rats compared with wild-type rats, as
well as an increase in nicotine motivation mutant rats. In addition, the
SNP-expressing rats exhibited a higher reinstatement of nicotine-seeking lever-
pressing responses than the wild-type rats (Forget et al. 2018). Collectively, these
studies suggest that the α5 subunit acts as an inhibitory signal that limits nicotine
consumption and rewarding effects in smokers.

5.3 Transcriptionally Adaptive Changes

A potential way smoking and genetics may interact is through transcriptionally
driven adaptive changes. It is now clear that continued drug use induces adaptive
changes in the central nervous system that lead to drug dependence. Long-term
adaptations in cellular signaling mechanisms are likely part of the maintenance of
drug dependence, which may be necessary for their development and persistence.
One well-characterized protein responsible for regulating gene expression is the
transcription factor cAMP response element binding protein (CREB). Both human
and animal studies have shown that CREB-dependent transcription is an important
molecular mechanism underlying dependence on multiple drugs of abuse, including
nicotine (Nestler 2005). In human studies, CREB expression correlates with the
number of cigarettes smoked per day (Lenz et al. 2010). In adult mice, CREB
activation is necessary for nicotine reward (Walters et al. 2005). These studies and
others suggest a role for CREB in mediating the neuroplasticity changes that
characterize nicotine dependence (Kenney et al. 2012; Portugal et al. 2012; Turner
et al. 2014). For example, Turner and colleagues (Fisher et al. 2017; Turner et al.
2014) showed that hippocampal CREB signaling and the associated changes in
synaptic plasticity impacted nicotine withdrawal phenotypes in mice. Further studies
(Fisher et al. 2017) then demonstrated that site-specific CREB deletion in the
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hippocampus impacted both cognitive and affective nicotine withdrawal phenotypes
due to reduced CREB-mediated transcription of neuroplasticity-related genes, such
as Arc and TrkB. However, while CREB is an important regulator of transcription,
its widespread function precludes its use for development of targeted therapeutics.
Instead, current studies are examining genomic CREB targets as potential therapeu-
tics. For example, CREB ChIP-Seq data show that CREB’s activation by chronic
nicotine and withdrawal differentially modulate its binding to the genome and
network pathway analyses of these data highlight the importance of different
families of neuroplasticity genes, such as neurotrophin, netrin, and neuregulin family
members (Turner et al. 2014).

Genes encoding a member of the epidermal growth factor family, neuregulin
3 (NRG3), and its receptor, ErbB4, have been recently linked to smoking cessation
outcomes (Loukola et al. 2014; Turner et al. 2014). NRG3 is present on excitatory
cells and signals transsynaptically through the ErbB4 receptor, which is found on
select inhibitory cell types (Vullhorst et al. 2017). Genetic variation in this pathway
has been demonstrated to impact multiple dimensions of smoking behavior, includ-
ing smoking initiation, amount smoked, and nicotine dependence (Loukola et al.
2008, 2014). In particular, single nucleotide polymorphisms in the gene for NRG3
result in impaired ability to quit smoking in the clinical population (Turner et al.
2014). Conserved and consistent association of variants in this pathway with nico-
tine dependence measures lends confidence to future mechanistic evaluation of these
associations. Furthermore, these data suggest that while therapeutic interventions for
molecules such as CREB are unlikely, evaluation of those gene families regulated by
CREB has great potential for future therapeutic development. For example,
compounds targeting downstream effectors of ErbB4, the receptor for the CREB
target gene NRG3, are already being developed for clinical use in psychiatric
conditions such as schizophrenia (Law et al. 2012), a condition highly comorbid
with nicotine dependence.

6 Other Constituents in Nicotine and Tobacco Products
Mediating Dependence

While the field has focused on nicotine as the main psychoactive constituent in
cigarettes and e-cigarettes, it is important to consider other compounds in the
products that may alter the pharmacokinetics of nicotine and/or exert independent
reinforcing effects on the substance user. Accumulating research has provided
evidence that some non-nicotine constituents have innate reinforcing properties,
which may thereby increase product use. For instance, anatabine, anabasine, cotin-
ine, and myosmine have all been shown to increase the reinforcing properties of
nicotine (Clemens et al. 2009; Hall et al. 2014). Mesolimbic dopamine levels are also
increased in the presence of cotinine, acetaldehyde, and nornicotine at a level similar
to that found for other substances of abuse (Bardo et al. 1999; Dwoskin et al. 1993,
1999; Foddai et al. 2004). Acetaldehyde and several minor alkaloids have also been
shown to act as reinforcers (Myers et al. 1982; Peana et al. 2010; Smith et al. 2015),
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although it is debatable as to whether this potentiative effect occurs at the
concentrations of product consumed by humans. Another potential candidate
mediating the enhanced reinforcing effect of nicotine in tobacco cigarettes is MAO
inhibition with chronic exposure (Fowler et al. 1996, 2000). Consistent with the
findings in humans, pharmacological inhibition of MAO in rodents has been shown
to increase low-dose nicotine self-administration (Smith et al. 2015). Furthermore,
the β-carbolines, harman and norharman, appear to inhibit MAO and may partially
explain the effects found with tobacco consumption (Truman et al. 2017). With
specific regard to e-cigarettes, several factors may interact to affect nicotine absorp-
tion and bioavailability, including pH, concentration of propylene glycol to glycer-
ine vehicle, alcohol, nicotyrine, temperature, concentration of nicotine, and user
characteristics (e.g., puff topography, level of experience) (DeVito and Krishnan-
Sarin 2018). In addition, propylene glycol has been shown to decrease the aversive
effects of high-dose nicotine, which may subsequently promote higher levels of
nicotine consumption (Harris et al. 2018).

Various flavorant additives are also found in tobacco and e-cigarette products,
and this topic has garnered recent attention since product flavor has been reported to
be a main reason for the initiation of e-cigarette use among adolescents (Kong et al.
2015). Interestingly, a fMRI study found that e-cigarette advertisements showing
sweet- and fruit-flavored products elicited a greater increase in nucleus accumbens
activity compared to tobacco e-cigarette advertisements or control images of sweets
and fruits (Garrison et al. 2018), thus demonstrating the strong cue-associated effects
of these flavorants on brain reward circuity. In addition to enhancing the attractive-
ness and palatability of the cigarette, the additives may additionally interact with
nicotine or other constituents at a biological level. For instance, menthol, a common
flavoring additive to cigarettes and e-cigarettes, has garnered much attention recently
given the preferential use of mentholated products among youth, adult women, and
racial/ethnic minorities (FDA 2013; Villanti et al. 2017). In addition to focused
marketing in targeted communities, the disproportional use by these populations has
been proposed to be due to underlying genetic or biological factors, such as
differences in nAChR expression or nicotine metabolism. Indeed, the presence of
menthol in cigarettes has been demonstrated to alter nicotine’s effects in smokers
(Benowitz et al. 2004; Williams et al. 2007), which may be due to menthol-mediated
inhibition of nicotine metabolism (Caraballo et al. 2011; Fagan et al. 2016) and
potentiative effects on nicotine-mediated dopamine release in brain reward pathways
(Zhang et al. 2018). Furthermore, menthol has also been shown to allosterically
modulate α7 nAChRs (Ashoor et al. 2013) and can further upregulate nAChR
expression (Alsharari et al. 2015). Thus, the pharmacological and addictive
properties of nicotine may be enhanced and prolonged in the presence of menthol.
This is further evidenced by the finding that mentholated cigarette smokers are less
successful in maintaining abstinence following cessation (Caraballo et al. 2011;
Fagan et al. 2016; Okuyemi et al. 2007).
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7 Therapeutic Approaches for Tobacco and Nicotine
Dependence

7.1 Nicotine Replacement Therapies

Nicotine replacement therapies (NRT) represent one of the first effective strategies to
promote smoking cessation. In most formulations, nicotine is slowly administered
over a prolonged period of time; this approach is thought to attenuate the negative
somatic and cognitive effects found during drug withdrawal, while minimizing the
reinforcing properties of the drug. A variety of available products include nicotine
containing gums, lozenges, and patches. In controlled studies, NRT has been shown
to be moderately efficacious in the short-term (days to weeks) (Hartmann-Boyce
et al. 2018). However, over longer periods, relapse is often found in most individuals
(Hartmann-Boyce et al. 2018), thus necessitating the development of alternate
approaches. Along these lines, e-cigarette devices were developed as an NRT and
harm reduction product. Compared to the traditional tobacco cigarette, e-cigarettes
have been promoted as reducing exposure to carcinogens while providing
reinforcing properties of nicotine via inhalation and quick delivery of the drug to
the brain. Although e-cigarettes have been reported to assist some individuals in
tobacco cessation, the emerging incidence of e-cigarette use among never smokers
has represented a concerning trend for the promotion of nicotine dependence,
especially among adolescents (Miech et al. 2019). Indeed, while e-cigarettes may
be less harmful than tobacco cigarettes, they are by no means harmless, as evidenced
by the multitude of chemicals and carcinogens emitted (Goniewicz et al. 2018). It is
currently debatable as to whether electronic nicotine delivery devices should be
employed by physicians for tobacco cessation since inconsistent findings have been
reported with effectiveness and the potential harmful effects with short- and long-
term use remain to be resolved (Livingston et al. 2019).

7.2 Varenicline and Bupropion

Given the direct action of nicotine on α4β2� nAChRs to mediate the reinforcing
properties of the drug, it is perhaps not surprising that the most efficacious
pharmacotherapeutics available is varenicline, a partial agonist of α4β2� nAChRs.
Varenicline also has full agonist, but less potent, effects at α7 and α3β4� nAChRs
and serotonin 5-HT3 receptors. Approved by the FDA in 2006, varenicline has been
shown to have similar or greater effectiveness in promoting smoking cessation
compared to NRT and other approved therapeutics, such as bupropion (Gonzales
et al. 2006). Bupropion was first characterized as a dopamine and norepinephrine
reuptake inhibitor with antidepressant actions but more recently became approved as
a first-line treatment for tobacco cessation. In addition to its actions as a catechol-
amine reuptake inhibitor, bupropion has also been shown to result in noncompetitive
antagonism of α4β2� and α3β4� nAChRs (Carroll et al. 2014) and negative alloste-
ric modulation of serotonin 5HT3A receptors (Pandhare et al. 2017), either of which
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may underlie the beneficial effects found for smoking cessation. In addition to NRT,
varenicline, and bupropion, the tricyclic antidepressant nortriptyline and the
α-adrenergic agonist clonidine have also been prescribed for smoking cessation,
although studies have generally found them to be less effective than the aforemen-
tioned therapeutics (Dodd et al. 2018).

7.3 Novel Approaches

With advances in our understanding of the biological mechanisms underlying
nicotine’s physiological, reinforcing, and aversive effects, novel approaches for
therapeutic development hold the promise of achieving substantial long-term clinical
outcomes. Since α5� nAChRs in the MHb-IPN pathway have been demonstrated to
mediate the aversive properties of nicotine that limit intake (Fowler et al. 2011), drug
development efforts are focused on generating positive allosteric modulators of these
receptors, with the idea of enhancing aversive processing in the presence of nicotine
to decrease further drug intake (Jin et al. 2014). Another compound, AT-1001,
which is an α3β4 partial agonist, has been shown to reduce nicotine relapse-related
behaviors in rodents (Yuan et al. 2017), likely through action on the α3β4� nAChRs
expressed in the MHb. GLP-1 receptor signaling has also been implicated in
MHb-IPN modulation of nicotine intake (Tuesta et al. 2017), and a GLP-1 receptor
agonist, liraglutide, is currently being tested for smoking cessation in a clinical trial
(Ashare 2019). Another potentially beneficial strategy is to inhibit the main enzyme
responsible for metabolizing nicotine, CYP2A6. The foundation of this approach is
based on the observation that individuals with allelic variation in the CYP2A6
enzyme exhibit lower levels of nicotine consumption and greater abstinence rates
when attempting to quit (Strasser et al. 2007). With CYP2A6 inhibition, lower levels
of drug consumption would result in higher levels of nicotine intake, which may
thereby lead either to an aversive effect with moderate levels of nicotine consump-
tion or a reinforcing effect at lower levels of nicotine. Methoxsalen, a CYP2A5/
CYP2A6 inhibitor, was a promising candidate as it was shown to decrease nicotine
dependence-associated behaviors in rodents (Alsharari et al. 2014; Bagdas et al.
2014), but this drug was not further advanced for smoking cessation due to carcino-
genic side effects that were unrelated to the CYP2A6 inhibitor actions. As such,
current drug development efforts are ongoing to derive alternative CYP2A6
inhibitors. In addition to pharmacotherapeutics, nicotine vaccines have been under
development. Conceptually, vaccination results in the generation of antibodies that
bind to nicotine in the blood, thereby reducing the amount of nicotine capable of
entering the brain. However, double-blind randomized trials have failed to demon-
strate sustained benefit in long-term cessation (Hartmann-Boyce et al. 2012; Tonstad
et al. 2013), likely due to insufficiently sustained antibody levels. In another
approach to minimize nicotine entry into the brain, NicA2-J1 has been developed
as a reengineered nicotine-degrading enzyme (Kallupi et al. 2018). Interestingly,
while NicA2-J1 did not induce significant differences from the control in nicotine
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intake, an attenuation of withdrawal and relapse-related behaviors was found in rats
(Kallupi et al. 2018).

8 Conclusion

Tobacco use disorder is the leading cause of preventable disease and death in the
United States and worldwide. The health consequences of nicotine addiction
resulting from prolonged drug use are tremendous and devastating. After more
than three decades of research on the neurobiology of nicotine dependence, health
professionals can now turn to several efficacious pharmacotherapies to treat smok-
ing. These agents often double the odds for quitting over placebo and in some cases
(i.e., varenicline) almost triple the odds of quitting over those of placebo. However,
despite these advances, many smokers relapse, and unfortunately the long-term
abstinence rates among smokers attempting to quit remain low. Therefore, a better
understanding of the various genetic, behavioral, and biological mechanisms
mediating the various aspects of nicotine dependence is paramount.
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Abstract
Every year, billions of dollars are spent treating smoking and related conditions,
yet smoking-related morbidity and mortality continue to rise. There are currently
only three FDA-approved medications for smoking cessation: nicotine replace-
ment therapy, bupropion, and varenicline. Although these medications increase
abstinence rates, most individuals relapse following treatment. This chapter
reviews clinical trials published within the past 10 years investigating novel
smoking cessation pharmacotherapies. Among these pharmacotherapies, some
showed promising results, such as cytisine and endocannabinoid modulators,
whereas others failed to produce significant effects. More research is needed to
develop drugs that produce higher rates of long-term abstinence and to determine
which subgroups of patients benefit from a given treatment.

Keywords
Anticonvulsants · Antidepressive agents · Cannabinoid receptor modulators ·
Cholinergic agents · Randomized controlled trial · Smoking cessation · Smoking
cessation agents · Tobacco use disorder
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1 Introduction

Smoking addiction, now referred to by the DSM-5 as tobacco use disorder (TUD), is
a complex condition that is thought to be caused by a combination of psychosocial
and pharmacological factors (Mitchell and Potenza 2014). It is estimated that there
are over one billion smokers worldwide. Tobacco-related morbidity is thought to
lead to seven million deaths per year, and this number is expected to increase to eight
to ten million deaths per year by 2030 (Burki 2015; Forouzanfar et al. 2015; Gowing
et al. 2015). Unfortunately, quitting smoking is extremely difficult; less than 5% of
quit attempts per year are considered successful despite the fact that 70% of smokers
wish to quit (Schauer et al. 2015).

Nicotine is the most addictive ingredient in cigarettes (Le Foll and Goldberg
2006). Nicotine binds to nicotinic cholinergic receptors (nAChRs), which are ligand-
gated ion channels. The reinforcing effects of nicotine are mediated through the
release of various neurotransmitters including dopamine, which plays a fundamental
role in reward, as well as acetylcholine, vasopressin, serotonin, norepinephrine,
glutamate, gamma-aminobutyric acid (GABA), and beta-endorphins (David et al.
2014; Le Foll 2013). Researchers are continuously searching for medications that
target one or more of these neurotransmitter systems in the hopes of finding new
effective smoking cessation aids (Bozinoff and Le Foll 2018).

There are currently three pharmacotherapies for smoking cessation that are
approved by the Food and Drug Administration (FDA): nicotine replacement ther-
apy (NRT), bupropion hydrochloride, and varenicline tartrate (Le Foll and George
2007; Prochaska and Benowitz 2016). NRT products include gum, patches, inhalers,
nasal and oral sprays, and lozenges, and their main benefits are the reduction of
craving and withdrawal symptoms induced by tobacco cessation (Stead et al. 2012).
Bupropion hydrochloride acts by blocking nAChRs, as well as norepinephrine and
dopamine reuptake, which reduces smoking cessation-induced craving, withdrawal
symptoms, and negative mood (Kotlyar et al. 2011; McCarthy et al. 2008).
Varenicline tartrate, a selective α4β2� nicotinic receptor partial agonist (the asterisk
indicates the potential presence of other subunits) (Cahill et al. 2013), is thought to
be the most effective medication for smoking cessation. Although FDA-approved
medications increase abstinence rates, relapse remains the most likely outcome, with
abstinence rates of only 20–30% at 1 year posttreatment (Cahill et al. 2007). New
pharmacotherapies are needed for TUD in order to achieve higher rates of long-term
abstinence.

2 Cholinergic System

The addictive effects of tobacco are thought to arise from activation of nicotinic
acetylcholine receptors (nAChRs) in the ventral tegmental area and the nucleus
accumbens (Weinberger and Sofuoglu 2009). Hence, a great deal of smoking
cessation research has focused on drugs that target nAChRs. However, not all
drugs targeting nAChRs act in the same way. For instance, varenicline acts as a
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partial agonist at α4β2� (Coe et al. 2005), whereas bupropion is a noncompetitive
antagonist at α3β2, α4β2�, and less effectively at α7 (Slemmer et al. 2000). The
different nAChR subtypes have been extensively characterized in preclinical studies
(Benowitz 2010; Mineur and Picciotto 2008).

2.1 Agonists

In the past decade, three nAChR agonists without FDA approval have been tested for
use as smoking cessation aids: dianicline, encenicline, and cytisine. Dianicline is a
partial agonist of the α4β2� nicotinic acetylcholine receptor subtype. It showed
promising effects in Phase I and II studies. However, in a Phase III trial, researchers
found no benefit of dianicline treatment on abstinence rates compared to placebo
(Tonstad et al. 2011), and the drug was withdrawn from future development. Around
the same time, it was shown that binding affinity to α4β2� nAChRs is two orders of
magnitude lower for dianicline compared to varenicline (Rollema et al. 2010).
Similarly, encenicline, an α7 nAChR partial agonist, did not show any benefit for
smoking cessation when compared to placebo or when co-administered with nico-
tine replacement therapy (Schuster et al. 2018).

Cytisine is a partial agonist of α4β2� derived from plants of the Leguminosae
(Fabaceae) family (Izaddoost et al. 1976). In 1964, cytisine (Tabex®) was marketed
as a smoking cessation aid in Central and Eastern Europe (Tutka and Zatonski 2006).
However, it still has not been approved in Western countries, except in Canada
where it was approved as a natural health product in 2016 (Government of Canada
2018). Cytisine has been shown to be both a beneficial smoking cessation aid and a
cost-effective treatment. A typical course of treatment with cytisine lasts 25 days and
costs as little as $20, whereas varenicline treatment typically lasts 12 weeks and costs
around $500 (Prochaska et al. 2013). Many clinical trials have demonstrated benefi-
cial effects of cytisine, such as one study that found that 10.6% of participants given
cytisine were continuously abstinent after 26 weeks, as compared to 1.2% of
participants given placebo (Vinnikov et al. 2008). A similar trial was conducted
investigating abstinence rates at 12 months (West et al. 2011). Rates of abstinence in
the cytisine group were 8.4%, compared to 2.4% in the placebo group. When
compared to nicotine replacement therapy, cytisine was found to be superior at
1 week, 1 month, 2 months, and 6 months of follow-up (Walker et al. 2014). It
should be noted that over the 6 months, those given cytisine reported more adverse
effects, mainly nausea, vomiting, and sleep disorders. The next step will be to
determine whether cytisine is as effective as varenicline. Currently, there is an
ongoing clinical trial investigating this in Maori smokers (Clinicaltrial.gov identifier
NCT02957786) (Walker et al. 2018).
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2.2 Antagonists

Mecamylamine is a nonselective and noncompetitive nAChR antagonist (Philip
et al. 2012). Earlier smoking cessation trials with mecamylamine have demonstrated
mixed results (Glover et al. 2007; Rose et al. 1994, 1996). More recently, researchers
reanalyzed the results of a randomized placebo-controlled clinical trial evaluating the
use of mecamylamine to treat alcohol use disorder in smokers and non-smokers
(Roberts et al. 2018). They found no effect on smoking outcomes. However, it
should be noted that motivation to quit smoking was not measured as this study was
focused on the treatment of alcohol use disorder; hence participants may not have
been interested in quitting smoking.

2.3 Positive Allosteric Modulators and Acetylcholinesterase
Inhibitors

Positive allosteric modulators (PAM) of nicotinic acetylcholine receptors have been
developed for smoking cessation. JNJ-39393406 is a PAM of the α7 subtype of
nAChRs recently developed by Janssen Research and Development LLC. A group
of researchers ran two studies, one with healthy smokers (n ¼ 31) and another with
smokers with schizophrenia (n ¼ 56), but both studies were negative (Perkins et al.
2018). JNJ-39393406 did not improve abstinence rates, craving, or withdrawal when
compared to placebo. Although this was not a large clinical trial, the researchers
concluded that further research is not warranted at this particular dose (100 mg BID).

Two acetylcholinesterase inhibitors have recently been tested for smoking cessa-
tion. Galantamine, in addition to being an acetylcholinesterase inhibitor, is also a
PAM of the α4β2� receptor. A recent 7-week trial randomized participants (n ¼ 60)
to 8 or 16 mg of galantamine per day or placebo (MacLean et al. 2018). During the
pre-quit period, both doses of galantamine reduced urine cotinine levels and smok-
ing in a laboratory choice task compared to placebo, but did not decrease self-
reported cigarette smoking. Results following the quit attempt have not yet been
published. Another acetylcholinesterase inhibitor, rivastigmine, has also been tested
in alcohol-dependent smokers and methamphetamine-dependent smokers. In the
alcohol dependence study, participants (n ¼ 26) were randomized to either 6 mg/
day of rivastigmine or placebo for 4 weeks. Rivastigmine was found to decrease the
number of daily cigarettes consumed (�30%), tobacco craving (�18%), and carbon
monoxide (CO) levels (�32%) (Diehl et al. 2009). In the methamphetamine depen-
dence study, participants were randomized to 3 or 6 mg of rivastigmine or placebo
for 9 days. They found that rivastigmine did not have any effects on smoking
measures, but a trend was observed for reduction in urges to smoke (De la Garza
and Yoon 2011). However, it should be noted that the sample size was small
(n ¼ 13), the participants were nontreatment seeking, and the duration of treatment
was short. Further studies are necessary to determine whether rivastigmine is
effective in smokers without comorbid addiction.
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3 Endocannabinoid System

Weight gain is a serious concern for smokers who wish to quit, especially females.
It is thought that nicotine increases basal metabolic rate and smoking cessation can
lead to increased appetite and decreased energy consumption (Filozof et al. 2004).
The current FDA-approved medications are not effective at preventing the weight
gain associated with smoking cessation. For example, bupropion and NRT delay
weight gain to some extent, but their effects do not last after treatment cessation
(Parsons et al. 2009). It would be an asset if one agent could reduce both smoking
rates and abstinence-related weight gain.

The endocannabinoid system is one of the central nervous system’s neuro-
modulator systems. It is formed of cannabinoid receptors, endogenous cannabinoids
(endocannabinoids), and various enzymes responsible for the synthesis or the
degradation of the endocannabinoids. The cannabinoid receptors 1 and 2 (CB1
and CB2) are the main cannabinoid receptors which mediate the actions of
endocannabinoids as well as the exogenous cannabinoids (Lu and Anderson
2017). Endocannabinoid system modulators facilitate weight loss in obesity
(Drewnowski et al. 1995; King et al. 2013) and have also been shown to decrease
nicotine self-administration in animal models (Cohen et al. 2002). These
medications might be helpful in individuals who have difficulty quitting due to
fear of weight gain or in individuals who relapse following smoking cessation-
induced weigh gain.

3.1 CB1 Receptor Inverse Agonists

Rimonabant is a CB1 inverse agonist and has been previously used as a treatment for
obesity (Curioni and Andre 2006; Sloan et al. 2017). Recently, the results of several
large clinical trials for smoking cessation were published (Robinson et al. 2018).
An analysis of the pooled data from these three trials (n ¼ 2097) found that
individuals treated with 20 mg of rimonabant had significantly higher rates of
abstinence even at 48 weeks post-quit date compared to placebo (OR ¼ 1.50, 95%
CI: 1.03, 2.17) (Robinson et al. 2018). Nevertheless, the rimonabant group showed
higher rates of side effects such as nausea, vomiting, diarrhea, and anxiety. The high
rate of psychiatric side effects led to the voluntary withdrawal of rimonabant from
the European market in 2008.

Other CB1 inverse agonists were also examined for smoking cessation. For
example, surinabant was assessed at three different doses, 2.5 mg/day (n ¼ 199),
5 mg/day (n ¼ 204), or 10 mg/day (n ¼ 205) vs. placebo (n ¼ 202), during an
8-week treatment phase and 6-week follow-up and was not found to be effective
(Tonstad and Aubin 2012). Another CB1 inverse agonist, taranabant, was also
ineffective (Morrison et al. 2010). The poor efficacy of CB1 inverse agonists in
these studies may have been at least partially due to the unfavorable side effect
profile of these medications.
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3.2 Cannabidiol

Cannabidiol (CBD), a non-psychoactive exogenous cannabinoid, acts on multiple
non-cannabinoid receptors including serotonin 1A (5HT1A), peroxisome
proliferator-activated receptor gamma (PPAR γ), and transient receptor potential
vanilloid 1 (TRPV1) cation channels (Laprairie et al. 2015). Although CBD was
previously thought to antagonize CB1 (Pertwee 2008), recent evidence suggests that
it may actually function as a negative allosteric modulator (Tham et al. 2018). In a
recent small trial (n ¼ 24), smokers were randomized to treatment with cannabidiol
(400 μg) or placebo inhalers. Those treated with cannabidiol showed a 40% decrease
in the number of cigarettes smoked during the treatment period (1 week) and at
follow-up (2 weeks after treatment) compared to those treated with placebo (Morgan
et al. 2013). However, this trial was limited by the small sample size, short duration
of follow-up, and the use of smoking reduction rather than cessation as an outcome.
Nevertheless, given that CBD seems to have a better safety profile than rimonabant
(Bergamaschi et al. 2011), further investigation remains worthwhile.

4 Naltrexone

Mu-opioid receptor antagonists may facilitate smoking cessation and weight reduc-
tion (Epstein and King 2004; Hutchison et al. 1999; King and Meyer 2000; Lee et al.
2005; Wewers et al. 1998). Naltrexone is a mu-opioid receptor antagonist that is
FDA approved to treat alcohol and opioid use disorders. Researchers have consid-
ered its use as an adjunctive agent to augment the effect of nicotine replacement and
to prevent weight gain following smoking cessation (King et al. 2006; O’Malley
et al. 2006).

A recent randomized trial found that naltrexone in combination with NRT
(n ¼ 162) decreased weight gain and increased quit rates versus NRT with placebo
(n ¼ 154). The weight gain reduction was observed more in females (King et al.
2012). However, in 2013, a Cochrane review pooled data from 8 trials and
concluded that naltrexone (25–100 mg/day) was not effective as a long-term smok-
ing cessation aid either alone or in combination with NRT (RR 0.97; 95% CI
0.76–1.24, 1,213 participants) (David et al. 2013). It should be noted that many
trials used nontreatment-seeking smokers and different groups tested different
dosages, monitoring processes, and quitting plans, all of which could have affected
the end results.

Naltrexone has also been examined in combination with bupropion, as this
combination has been approved for weight loss in individuals with obesity. It is
thought that weight loss is achieved through dual action: naltrexone decreases food
reward by blocking endorphins and bupropion inhibits appetite (Tek 2016). Obese
smokers were treated with naltrexone and bupropion in an open-label trial for
24 weeks. The results showed a decrease in tobacco use but no change in weight
(Wilcox et al. 2010). A 24-week clinical trial using the combination of naltrexone
and bupropion was also conducted in individuals with schizophrenia, who have high
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rates of both smoking and obesity (Marder et al. 2004; Morisano et al. 2009). This
trial did not show a significant effect of treatment with naltrexone plus bupropion
(n ¼ 11) over placebo (n ¼ 10) for either smoking cessation or weight reduction
(Lyu et al. 2018).

5 Lorcaserin

Lorcaserin (Belviq®) is a drug approved by the FDA for weight loss (US Food and
Drug Administration 2018a). It is a selective serotonin 5-HT2C receptor agonist.
In humans, 5-HT2C receptors are mainly located in the central nervous system,
primarily in the choroid plexus, prefrontal cortex, basal ganglia, and hippocampus
(Roth et al. 1998). Given that obesity and drug addiction are thought to share similar
neurobiological mechanisms (Volkow and Wise 2005), pharmacotherapies that are
effective for obesity could potentially be used to treat substance use disorders
as well.

In rats, lorcaserin has been found to reduce nicotine self-administration and
nicotine-seeking behavior (Higgins et al. 2012; Levin et al. 2011). These favorable
results led to the first clinical trial investigating lorcaserin for smoking cessation.
A 12-week randomized controlled trial was conducted in which 603 participants
were randomized to 10 mg of lorcaserin once a day (QD), 10 mg twice a day (BID),
or placebo (Shanahan et al. 2017). At the end of 3 months of treatment, the BID
group had a significantly higher abstinence rate compared to QD and placebo groups
(15.3% for BID, 8.7% for QD, and 5.6% for placebo). Participants assigned to 10 mg
BID of lorcaserin had the highest CO-confirmed abstinence rate, although these
results did not reach significance. A single-arm trial investigating a combination of
varenicline and lorcaserin for smoking cessation and post-cessation weight gain has
also been published (Hurt et al. 2017). Among the 20 participants, 10 achieved
prolonged smoking abstinence at the end of 12 weeks of treatment. Waist circum-
ference increased by 0.2 � 6.0 cm and weight increased by 1.1 � 3.9 kg. There is
also a completed clinical trial evaluating a combination of lorcaserin and the nicotine
patch for smoking cessation, but to our knowledge, no data have been published as
of yet (Clinicaltrial.gov identifier NCT02906644).

6 Antidepressants

Antidepressants constitute several classes of medication including selective seroto-
nin reuptake inhibitors (SSRIs), serotonin and norepinephrine reuptake inhibitors
(SNRIs), monoamine oxidase inhibitors (MAOIs), and tricyclic antidepressants
(TCAs). The idea of treating TUD with antidepressants stemmed from observations
that smokers were more likely to have a history of depression than non-smokers and
that quitting smoking may lead to depression (Anda et al. 1990; Benowitz and
Wilson Peng 2000). There have been even higher levels of interest in antidepressants
as smoking cessation aids ever since bupropion (Zyban®), an antidepressant which
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inhibits norepinephrine and dopamine reuptake, was approved as a smoking
cessation treatment (Richmond and Zwar 2003).

6.1 Selective Serotonin Reuptake Inhibitors

Selective serotonin reuptake inhibitors (SSRIs) are a class of antidepressants that
function by blocking the reuptake of serotonin in presynaptic nerve terminals (Stahl
1998), thereby increasing synaptic levels of serotonin. There are various SSRIs on
the market including fluoxetine, fluvoxamine, paroxetine, sertraline, citalopram, and
escitalopram. Fluoxetine is the most studied SSRI for smoking cessation. There is
evidence that its efficacy may be dependent on the population studied. For example,
smokers with symptoms of depression or past history of major depressive disorder
have been shown to benefit most from fluoxetine (Blondal et al. 1999; Dalack et al.
1995), although not all studies have found long-term efficacy (Spring et al. 2007).
Nonetheless, these studies led researchers to focus on fluoxetine as a treatment for
smokers with depressive symptoms.

Within the past decade, two clinical trials have been completed using fluoxetine
for smoking cessation, both directed at smokers with depressive symptoms.
Researchers evaluated whether administration of fluoxetine for longer periods
prior to the target quit date would improve abstinence rates (Brown et al. 2014).
They found that administering fluoxetine for 8 weeks instead of 2 weeks prior to the
target quit date was more beneficial. However, the decrease in point prevalence
abstinence was more evident at 6-month follow-up than 12-month follow-up,
indicating a potential lack of long-term effectiveness. Another study found that
treatment with fluoxetine 8 weeks prior to the target quit date did not affect
abstinence rates compared to placebo (Minami et al. 2014). However, this study
found that fluoxetine treatment reduced pre-quit depressive symptoms and craving in
women and withdrawal-related negative affect in men, suggesting potential
sex-specific effects.

6.2 Monoamine Oxidase Inhibitors

Monoamine oxidases (MAO) are enzymes that metabolize monoamine and
indolamine neurotransmitters (e.g., dopamine, serotonin, norepinephrine) leading
to their inactivation (Fiedorowicz and Swartz 2004). MAOs are divided into two
subtypes, MAO-A and MAO-B. MAO-A selectivity metabolizes norepinephrine,
serotonin, epinephrine, and dopamine, whereas MAO-B selective metabolizes dopa-
mine and β-phenylethylamine (Krishnan 2007). Studies have shown smokers to have
reduced MAO activity compared to non-smokers (Lewis et al. 2007; Rose et al.
2001). The rationale for using MAO inhibitors in smoking cessation is to mimic the
reduced enzymatic activity found in smokers, which was hypothesized to facilitate
quitting.
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Selegiline, a selective inhibitor of monoamine oxidase B that is currently used to
treat treatment-resistant depression (US Food and Drug Administration 2018b) and
Parkinson’s disease (US Food and Drug Administration 2018c), has been tested as a
smoking cessation aid. Oral selegiline was initially shown to improve abstinence
rates when compared to placebo or when used in conjunction with nicotine replace-
ment therapy (NRT) (Biberman et al. 2003; George et al. 2003). However, these
results are inconsistent with more recent trials. One trial testing oral selegiline for
8 weeks found that subjects given placebo had numerically higher rates of abstinence
at the end of treatment (16% for selegiline and 20% for placebo) (Weinberger et al.
2010). Transdermal selegiline was also found to have no benefit in two other trials
(Kahn et al. 2012; Killen et al. 2010). Most recently, EVT302, a new monoamine
oxidase B inhibitor, was tested in a Phase II trial. EVT302 showed no superiority
over placebo. Administering a nicotine patch along with EVT302 also did not show
any additional benefit (Berlin et al. 2012).

6.3 Tricyclic Antidepressants

Tricyclic antidepressants are another class of antidepressant that affects serotonin
and norepinephrine signaling (Feighner 1999). One particular tricyclic antidepres-
sant, nortriptyline, has been studied extensively and is approved as a smoking
cessation aid in New Zealand (Hughes et al. 2014). A meta-analysis of six clinical
trials demonstrated a significant benefit of nortriptyline monotherapy on long-term
smoking cessation rates compared to placebo (Hughes et al. 2014). More recently,
two clinical trials were completed testing nortriptyline in conjunction with NRT.
One study (n ¼ 901) found that although both individual therapies were effective,
combining the two treatments did not provide further benefits (Aveyard et al. 2008).
Another study in a prison population (n ¼ 425) also found no increased benefit of
combining nortriptyline with NRT (Richmond et al. 2013). When these recent trials
were analyzed together with two older but similar trials, there was insufficient
evidence to suggest that the combination of nortriptyline and NRT was superior to
NRT monotherapy (Hughes et al. 2014).

6.4 Nontraditional Antidepressants

Two nontraditional antidepressants, available primarily as supplements, have been
tested for smoking cessation in healthy smokers. St. John’s wort is an herbal
supplement that is thought to inhibit the reuptake and metabolism of norepinephrine,
dopamine, and serotonin (Butterweck 2003). In mice, St. John’s wort decreased
signs of nicotine withdrawal (Catania et al. 2003). However, when tested in a
randomized clinical trial, various doses of St. John’s wort did not increase smoking
abstinence rates or decrease nicotine withdrawal when compared to placebo (Sood
et al. 2010a). The dietary supplement, S-adenosyl-L-methionine (SAMe), is also
thought to increase dopamine, norepinephrine, and serotonin levels (Sood et al.
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2012) and is used as an antidepressant. When tested for smoking cessation, it was
found that SAMe, like St. John’s wort, did not increase abstinence rates or decrease
tobacco withdrawal (Sood et al. 2012).

7 The Noradrenergic System

Preclinical studies indicate that the noradrenergic system may play a critical role in
mediating nicotine reinforcement and nicotine seeking (Forget et al. 2010). Norad-
renergic modulators such as labetalol, clonidine, and guanfacine have shown some
success at decreasing nicotine craving in human laboratory paradigms (McKee et al.
2015; Sofuoglu et al. 2003) and some clinical trials (Gourlay et al. 2004). Clonidine
is a centrally acting α2-adrenergic receptor agonist which lowers heart rate and
peripheral resistance. A placebo-controlled trial testing clonidine showed weak
evidence for its use as a smoking cessation aid based on abstinence results at
12 weeks of treatment (Gourlay et al. 2004). Side effects such as dizziness, dry
mouth, and postural hypotension might limit its use. Doxazocin is an α1-adrenergic
receptor antagonist. Its ability to reduce alcohol and cocaine use has been shown in
prior studies (Kenna et al. 2016; O’Neil et al. 2013; Shorter et al. 2013). In a pilot
study, titrated doses of doxazocin from 4–8 mg/day over 21 days showed a signifi-
cant reduction in stress-precipitated smoking lapse and tobacco craving compared to
placebo (Verplaetse et al. 2017). Large randomized controlled trials (RCTs) with
longer follow-up duration are needed to investigate noradrenergic modulators as
smoking cessation aids.

8 Anti-epileptic Drugs

8.1 Gabapentin and Pregabalin

Gabapentin is a drug that binds to the α2-δ subunit of voltage-gated calcium channels
and reduces the release of neuronal glutamate. It is also thought to increase the
concentration of GABA in the brain (Sood et al. 2007). The clinical evidence for
gabapentin’s use as a smoking cessation aid is limited. One study found bupropion to
be associated with higher abstinence rates compared to gabapentin (White et al.
2005). An open-label study investigated the effects of 8 weeks of gabapentin 600 mg
3 times/day and found an abstinence rate of 24% at 6 months and a significant
decrease in the number of cigarettes smoked compared with baseline (Sood et al.
2007). However, a follow-up study that compared two doses of gabapentin, 600 mg
3 times/day or 900 mg 3 times/day, to placebo found no significant difference in
abstinence rates between groups at 12 weeks posttreatment (Sood et al. 2010b).
Pregabalin, like gabapentin, also binds to voltage-gated calcium channels and has
been tested as a smoking cessation aid. A double-blind study compared 300 mg/day
of pregabalin to placebo for a 4-day duration and found no benefit on smoking
behavior but some reduction in withdrawal symptoms (Herman et al. 2012).
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Unfortunately, this trial was of insufficient duration to determine whether pregabalin
has any clinical utility.

8.2 Topiramate and Zonisamide

Topiramate is an FDA-approved anticonvulsant and prophylactic treatment for
migraine. It has multiple mechanisms of action. It antagonizes glutamatergic
receptors, inhibits sodium and L-type calcium channels, and increases GABAergic
neurotransmission via GABA-A receptors (Johnson 2004). These actions have been
postulated to counterbalance the effects of nicotine, although subjective effects of
nicotine are not affected by topiramate (Le Foll et al. 2008a). In 2008, the first
randomized, double-blind, placebo-controlled trial investigating topiramate for
smoking cessation found sex-specific effects, such that men taking topiramate
were almost 16 times more likely to quit smoking compared to women receiving
treatment (Anthenelli et al. 2008). A subsequent three-arm pilot study comparing the
effects of topiramate and NRT, topiramate monotherapy, and placebo found that
topiramate in conjunction with NRT increased continuous abstinence rates com-
pared to placebo (37% vs. 5%, respectively) (Oncken et al. 2014). Topiramate
monotherapy also produced higher abstinence rates compared to placebo, but this
did not reach significance. However, since there was no NRT monotherapy group, it
is unclear if topiramate plus NRT is superior to NRT alone. Several studies testing
topiramate in men concurrently diagnosed with alcohol use disorder and TUD have
also been conducted. A 12-week trial comparing topiramate (300 mg/day) to nal-
trexone (50 mg/day) and placebo found reductions in cigarettes smoked per day in
the topiramate versus placebo groups and a trend for greater effect in the topiramate
versus naltrexone group (Baltieri et al. 2009). On the other hand, a trial with
129 alcohol-dependent smokers who were given topiramate (200 mg/day) or placebo
for 12 weeks found no effects on smoking cessation or alcohol relapse (Anthenelli
et al. 2017). Zonisamide is an anti-epileptic drug that functions similarly to
topiramate but has less adverse side effects (Verrotti et al. 2013). One trial tested a
300 mg dose in combination with varenicline for 10 weeks (Dunn et al. 2016). The
combination of zonisamide and varenicline decreased self-reported smoking, nico-
tine withdrawal, and craving compared to varenicline and placebo, but did not
produce any significant differences in cotinine measurements.

9 Gamma-Aminobutyric Acid (GABA) Receptors

Baclofen is a GABA-B receptor agonist that is FDA approved for the treatment of
spasticity and has also been extensively studied as a treatment for alcohol use
disorder. It has been suggested that this medication may be effective as a smoking
cessation aid (Le Foll et al. 2008b; Malcolm 2003; Markou et al. 2004). A 9-week,
double-blind, placebo-controlled trial in treatment-seeking smokers showed that
80 mg/day of baclofen reduced the number of cigarettes smoked per day compared
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to placebo (Franklin et al. 2009). However, there was a high rate of non-completion
in this trial. Currently, the same group is running a Phase II trial investigating the
effects of baclofen on brain and behavior in cigarette smokers (ClinicalTrials.gov
identifier NCT01821560). The study has been completed, but to our knowledge,
results have not yet been published. Another single-arm trial tested baclofen (60 mg/
d) in combination with bupropion (300 mg/day) for 7-week duration (White et al.
(2011). Eleven out of the 20 participants maintained continuous abstinence over the
last 4 weeks of treatment. These preliminary results show early promise for baclofen
as a smoking cessation aid, but further studies are warranted.

10 Glucagon-Like Peptide-1 (GLP-1) Receptor Agonists

GLP-1 is involved in glucose homeostasis. It functions by increasing insulin secre-
tion and decreasing glucagon release in the periphery (Holst and Seino 2009). GLP-1
also acts centrally on receptors in the hypothalamus and brain stem to produce
hypoglycemic effects (Gutniak et al. 1992; Matsuyama et al. 1988). GLP-1 agonists
are therefore used as weight control agents for obese diabetic and nondiabetic
patients. Preclinical studies indicate that GLP-1 receptor agonists attenuate the
substance-induced reward effects of nicotine (Egecioglu et al. 2013a) and other
drugs of abuse (Egecioglu et al. 2013a, b, c; Erreger et al. 2012; Graham et al.
2013). This may be due to the fact that GLP-1 receptors are also expressed in the
mesolimbic dopamine reward system (Merchenthaler et al. 1999) and may be
involved in reward signaling induced by various substances of abuse. Studies
showed that the administration of a GLP-1 receptor agonist blunted the rewarding
and reinforcing effects of drugs of abuse (Alhadeff et al. 2012). Exenatide, a GLP-1
agonist and a treatment for type 2 diabetes mellitus, is currently being tested as a
smoking cessation aid in prediabetic individuals who are overweight (n ¼ 90).
All smokers received transdermal NRT and behavioral counseling during the
6-week study period (2 weeks of treatment before quit day and 4 weeks after). No
results have been published as of yet (ClinicalTrials.gov identifier NCT02975297).
There is also an ongoing clinical trial investigating the effects of Dulaglutide,
a GLP-1 receptor agonist, on smoking cessation (Clinicaltrial.gov identifier
NCT03204396).

11 Statins

Statins are 3-hydroxy-3-methyl-glutaryl-coaenzyme A (HMG CoA) reductase
inhibitors that are used to treat hypercholesterolemia (Law and Rudnicka 2006).
Statins reduce nicotine-induced reinstatement in animals, although the mechanism
for this remains unclear (Chauvet et al. 2016). Only one study has tested a statin for
smoking cessation in humans. A 3-month placebo-controlled RCT (n ¼ 118) found
no effect of 40 mg of simvastatin on craving, number of cigarettes smoked per day,
or sustained abstinence. However, the authors suggest that this may have been due to
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differences in simvastatin brain penetration between animals and humans (Ingrand
et al. 2018); therefore studying statins with greater brain penetrance may prove
worthwhile.

12 Stimulants and Atomoxetine

12.1 Attention Deficit Hyperactivity Disorder (ADHD) Medications

Individuals with ADHD are at higher risk of developing nicotine dependence and
have lower rates of smoking cessation (Pomerleau et al. 1995). The main treatments
for ADHD in all age groups are stimulants such as methylphenidate-based and
amphetamine-based products (Faraone and Buitelaar 2010; Faraone and Glatt
2010). Two trials have tested stimulants in smokers with ADHD. The first study
randomized smokers with ADHD to 72 mg/day of methylphenidate (n ¼ 127) or
placebo (n ¼ 128) for 11 weeks. During the study, brief weekly individual smoking
cessation counseling and 21 mg/day nicotine patches were provided. Unfortunately,
methylphenidate treatment did not increase smoking cessation rates in this trial
(Winhusen et al. 2010). Another trial randomized smokers with ADHD to 70 mg/
day of lisdexamfetamine, an amphetamine prodrug, plus NRT, or placebo plus NRT.
Lisdexamfetamine significantly reduced ADHD symptoms but did not reduce smok-
ing abstinence rates compared to placebo (Kollins et al. 2014). Therefore, stimulant
treatment in combination with NRT has not been found to be effective in smokers
with ADHD to date, and it is not known if they provide any efficacy in smokers
without ADHD.

12.2 Atomoxetine

Atomoxetine is another medication used to treat ADHD that functions as a noradren-
aline reuptake inhibitor (Garnock-Jones and Keating 2009). A small trial
investigated atomoxetine in nontreatment-seeking smokers with ADHD (n ¼ 15)
in experimental laboratory sessions. Atomoxetine reduced nicotine withdrawal
symptoms after overnight abstinence (Gehricke et al. 2011). Another human labora-
tory study in nontreatment-seeking smokers (n ¼ 50), which employed a placebo-
controlled crossover design, found reduced withdrawal symptoms under the
atomoxetine condition (Ray et al. 2009). Finally, a 14-day double-blind trial that
treated smokers diagnosed with schizophrenia (n ¼ 12) with atomoxetine (0, 40, or
80 mg/day) found that treatment with atomoxetine led to a 22% decrease in the
number of cigarettes smoked per day (Sacco et al. 2009). However, it is not clear
whether atomoxetine could be used to reduce smoking rates for a sustained period
of time.
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12.3 Modafinil

Modafinil is a medication that is used to promote wakefulness in individuals with
daytime sleepiness (Ballon and Feifel 2006). It was thought that modafinil’s putative
cognitive enhancing effects could reduce nicotine withdrawal symptoms and
improve quit rates (Lerman et al. 2002). A group of researchers tested modafinil
(200 mg/day) versus placebo for smoking cessation in treatment-seeking smokers
(n ¼ 157) for 8 weeks. Interim analyses were negative. Moreover, the group treated
with modafinil showed more abstinence-induced negative mood and withdrawal
symptoms. Therefore, the trial was discontinued, and it was concluded that modafinil
is not a promising smoking cessation aid (Schnoll et al. 2008).

13 N-Acetylcysteine

N-Acetylcysteine (NAC) is a cysteine prodrug used to treat acetaminophen over-
dose. In the central nervous system, NAC is converted to cystine (Olive et al. 2012),
extracellular cystine is then exchanged for intracellular glutamate, thereby leading to
higher levels of extracellular glutamate (Baker et al. 2002). NAC was initially
studied as a smoking cessation aid due to emerging evidence that glutamate signal-
ing contributed to addiction (Kalivas et al. 2009). For example, preclinical work
found that glutamate reduced the rewarding effects of nicotine and decreased
withdrawal (Kenny et al. 2003; Liechti et al. 2007).

In 2009, the first placebo-controlled human study investigating NAC for smoking
cessation found decreased cigarette smoking in the NAC versus the placebo group,
but no differences in CO levels (Knackstedt et al. 2009). Shortly afterward, a small
human laboratory study found that participants in the NAC arm rated cigarettes as
less rewarding than in the placebo arm (Schmaal et al. 2011). A 12-week double-
blind randomized control trial in participants with TUD found that treatment with
NAC significantly reduced the number of cigarettes smoked and CO levels. Also,
47.1% of participants treated with NAC quit smoking compared to 21.4% of
participants given placebo (Prado et al. 2015). A single-arm pilot trial (n ¼ 19)
using a combination of NAC (2.4 g/day) and varenicline (2 mg/day) for 4 weeks
showed a significant decrease in the number of cigarettes smoked at the screening
visit (16 � 2) compared to the follow-up visit (5 � 1). However, point prevalence
abstinence rates at the end of the treatment remained low. Despite these preliminary
results, studies testing NAC to date have employed small samples, short follow-up
duration, and variable doses of NAC. Large clinical trials of longer duration need to
be conducted before NAC can be used for treatment of TUD.
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14 N-Methyl-D-Aspartate (NMDA) Receptors

N-methyl-D-aspartate (NMDA) receptors are thought to modulate drug self-
administration and relapse (Kenny et al. 2009; Trujillo 1995) and could represent
a potential target for smoking cessation. Preclinical work has shown that
GW468816, a selective antagonist at the glycine site on NMDA receptors, prevents
nicotine relapse in short- and long-term models of smoking cessation. Despite these
promising preclinical findings, a double-blind, placebo-controlled trial in humans
demonstrated that GW468816 had no effect on abstinence rates at the end of 5 weeks
of treatment (Evins et al. 2011). D-cycloserine, a partial NMDA agonist, is an
FDA-approved antibiotic used for the treatment of tuberculosis (US Food and
Drug Administration 2018d). It has been studied for its possible role in enhancing
cue exposure therapy in the treatment of addictions (Elrashidi and Ebbert 2014).
However, three trials found no benefit to adding D-cycloserine to psychotherapy for
smoking cessation (Kamboj et al. 2012; Santa Ana et al. 2009; Yoon et al. 2013).
Currently, there is an ongoing clinical trial evaluating the effect of D-cycloserine on
smoking cessation in motivated smokers with panic attacks (Clinicaltrial.gov identi-
fier NCT01944423).

15 Progesterone

Progesterone is a steroid hormone that is synthesized in the ovaries and adrenal
glands (Lynch and Sofuoglu 2010). Progesterone has been shown to interact with
multiple receptors such as GABA-A and nicotinic cholinergic receptors (Lynch and
Sofuoglu 2010; Pereira et al. 2002). In preclinical studies, female rats were more
motivated for nicotine when progesterone levels were low, and nicotine self-
administration decreased when females were pregnant with high levels of progester-
one (Lesage et al. 2007; Lynch 2009). Clinical work has been limited, but there is
some evidence for progesterone as a smoking cessation aid for both men and
women. In one study, researchers gave participants a single 200 mg dose of
progesterone or placebo followed by intravenous (IV) nicotine (Sofuoglu et al.
2009). They found that those given progesterone rated the nicotine as having
worse effects, had lower levels of “drug liking,” and a decreased urge to smoke.
Another study examined the effects of 200 or 400 mg/day of progesterone compared
to placebo on smoking urges and behaviors (Sofuoglu et al. 2011). They found that
400 mg of progesterone reduced smoking urges, but did not affect ad libitum
smoking behavior. A 12-week randomized, double-blind, placebo-controlled, trial
was conducted in which 46 abstinent postpartum females were given either 400 mg/
day of progesterone or placebo. This study found that participants given progester-
one had a higher prevalence of abstinence at 4 weeks (Allen et al. 2016). Researchers
also looked at the effect of 400 mg/day of progesterone on women who had achieved
abstinence during pregnancy (Forray et al. 2017). They were given progesterone
treatment or placebo immediately after delivery for 8 weeks. Women in the active
treatment arm were 1.8 times more likely to be abstinent at week 8, and the time to
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relapse was longer (10 vs. 4 weeks), although this finding did not reach statistical
significance. There is an ongoing clinical trial assessing the combination of proges-
terone and nicotine replacement therapy for smoking cessation (Clinicaltrial.gov
identifier NCT02685072). This trial is also fairly small; studies that are more
adequately powered will be needed to determine if progesterone treatment can be
used on a larger scale.

16 Conclusion

Every year, billions of dollars are spent treating smoking and related comorbidities
(Goodchild et al. 2018). In spite of this, abstinence rates following pharmacotherapy
remain low. A deeper understanding of the complex relationship between the
cholinergic system and other neurotransmitter systems will be necessary in order
to discover novel treatment targets for TUD. Among the pharmacotherapies
investigated in the past 10 years, some candidates show promising results such as
cytisine and endocannabinoid modulators, whereas others failed to produce signifi-
cant effects. However, many trials have been limited by small sample sizes and short
duration of follow-up. Larger trials that monitor long-term abstinence rates are
necessary.

It is unlikely that one medication will benefit all smokers due to individual
variability in neurochemistry and behavior. More research will be needed to deter-
mine how to tailor specific pharmacotherapies to subpopulations of smokers such as
smokers with obesity, mental illnesses, and other comorbidities with a consideration
of possible sex differences. It could also be of interest to investigate if treatment
using a combination of drugs yields any benefit. Hopefully such research will
provide clinicians with an improved pharmacological arsenal which can be used to
curb the growing burden of nicotine addiction.
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Abstract
Adolescent alcohol use in human populations dramatically increases the likeli-
hood of adult alcohol use disorder. This adolescent vulnerability is recapitulated
in preclinical models which provide important opportunities to understand basic
neurobiological mechanisms. We provide here an overview of GABAergic and
glutamatergic neurotransmission and our current understanding of the sensitivity
of these systems to adolescent ethanol exposure. As a whole, the preclinical
literature suggests that adolescent vulnerability may be directly related to
region-specific neurobiological processes that continue to develop during adoles-
cence. These processes include the activity of intrinsic circuits within diverse
brain regions (primarily represented by GABAergic neurotransmission) and
activity-dependent regulation of synaptic strength at glutamatergic synapses.
Furthermore, GABAergic and glutamatergic neurotransmission within regions/
circuits that regulate cognitive function, emotion, and their integration appears to
be the most vulnerable to adolescent ethanol exposure. Finally, using documented
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behavioral differences between adolescents and adults with respect to acute
ethanol, we highlight additional circuits and regions for future study.

Keywords
AMPAR · GABAA · NMDAR

1 Background and Overview

There is a robust literature in humans on the vulnerability of adolescents for the
development of alcohol use disorders (AUDs) following early drinking experiences.
Over seven million individuals ages 12–20 (~19% of all adolescents) report alcohol
use in the past month with approximately 77% of these exhibiting “risky” drinking,
like heavy or binge-like use (five or more drinks/occasion, SAMHSA 2017). The
lifetime prevalence for alcohol dependence drops tenfold as the age of first use
increases from early adolescence (~14 years old) into young adulthood (>20 years
old; Grant and Dawson 1997). Consistent with these findings, individuals reporting
first use of alcohol between the ages of 11 and 14 are five times more likely to
repeatedly use alcohol despite persistent negative consequences (abuse) over a
subsequent 20-year period and eight times more likely to develop alcohol depen-
dence (inability to quit drinking, withdrawal symptoms, increased tolerance to the
acute intoxicating effects) over the next 10 years compared to individuals initiating
alcohol use when they were >19 years old (DeWit et al. 2000). Longitudinal studies
confirm that adolescents who drink to intoxication during this period are at greatest
risk for developing AUD as adults (Warner et al. 2007). These findings all suggest
that adolescents are uniquely sensitive to the long-term consequences of ethanol
exposure. This age-group is characterized by dramatic development of brain
structures involved with fine motor skills, habit formation, executive function,
memory, and emotional regulation (Bundy et al. 2017). As a result, understanding
both the developmental changes in the neural systems regulating drinking behavior
and the neurophysiological consequences of adolescent ethanol exposure is particu-
larly important for defining the neurophysiological mechanisms governing vulnera-
bility to AUD in this population.

Identification of neurobiological mechanisms responsible for adolescent vulnera-
bility to AUD has required the development of preclinical models. These models,
primarily rodents but also including some studies in nonhuman primates, have strong
face validity. In rats, for example, adolescence is generally defined as the period
from postweaning (post-natal day 21–28 or P21–28) to young adulthood (~P60)
(Sengupta 2013). Adolescent rats are less sensitive to the locomotor impairing and
sedative effects of acute ethanol compared to adults (Pian et al. 2008; Schramm-
Sapyta et al. 2010; White et al. 2002). Notably, subjective feelings of intoxication in
humans are diminished in the sons of alcoholics (Schuckit 1984) who have greater
risk for the development of AUD. Adolescent rats also self-administer greater
amounts of ethanol compared to adults in many paradigms (Bell et al. 2011; Vetter
et al. 2007; Walker et al. 2008) and are less sensitive to aversive properties of ethanol
during noncontingent administration (Morales et al. 2014; Schramm-Sapyta et al.
2010, 2014), although this latter finding may be sex-specific (Morales et al. 2014).
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Preclinical studies thus parallel many aspects of human adolescent ethanol abuse and
have produced a number of important insights into the adult behavioral
consequences resulting from adolescent ethanol dependence-like exposures that
produce both heighten negative affective behaviors and acute withdrawal symptoms.
There have been a number of exceptional reviews highlighting these advances
(Crews and Boettiger 2009; Crews et al. 2016; Doremus-Fitzwater and Spear
2016; Maldonado-Devincci et al. 2010; Spear 2016; Spear and Swartzwelder
2014; White and Swartzwelder 2005). Most relevant for this chapter, adolescent
dependence-like exposure in rodents dramatically increases adult ethanol consump-
tion/preference (Alaux-Cantin et al. 2013; Amodeo et al. 2017; Criado and Ehlers
2013; Gass et al. 2014; Pascual et al. 2009), ethanol-seeking behavior (Amodeo et al.
2017), motivation to consume ethanol (Serlin and Torregrossa 2015), and decreases
sensitivity to ethanol impairment/aversion (Graham and Diaz-Granados 2006; Jury
et al. 2017; Mejia-Toiber et al. 2014). Preclinical models therefore provide
opportunities both to understand basic neurophysiological mechanisms conferring
adolescent vulnerability and may help identify potential therapeutic targets. This
chapter will summarize our understanding of these neurophysiological mechanisms
with a specific focus on glutamate and GABA neurotransmission and their alteration
by adolescent ethanol exposures.

2 Adolescence and Glutamate/GABA Neurotransmitter
Systems

After the perinatal period, glutamate and GABA act as the major excitatory and
inhibitory neurotransmitter systems in the central nervous system, respectively. Both
systems regulate neuronal activity through ion-conducting (ionotropic) and G
protein-coupled (metabotropic) neurotransmitter receptors. Glutamate ionotropic
receptors, all cation-conducting channels, consist of at least three pharmacologically
and biophysically identifiable subtypes – α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), kainate, and N-methyl-D-aspartate (NMDA)
receptors. AMPA receptors are homomeric or heteromeric assemblies of four
subunits arising from four different gene produces (GluA1–GluA4). GluA1–
GluA3 are widely expressed throughout the central nervous system at all develop-
mental stages, with GluA4 showing more restricted expression during early devel-
opment and restricted localization to thalamic subnuclei postweaning period.
Kainate receptors, pharmacologically, structurally, and functionally similar to
AMPA receptors, are composed of multi-subunit assemblies of tetramers arising
from five distinct genes (GluK1–GluK5). Although the neurophysiology of kainate
receptors is generally less well-characterized than AMPA receptors, they are highly
permeable to calcium and, in many instances, appear to be localized to presynaptic
glutamate terminals where they act as feedback facilitators of glutamate release
(Huettner 2003; Zhuo 2017). NMDA receptors are also tetrameric assemblies but
are believed to consist of two obligatory GluN1 subunits (eight alternatively spliced
isoforms) and, at most synapses, two subunits encoded by at least one of four
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different GluN2 subunits (GluN2A-D). Like kainate receptors, NMDA receptors are
also highly permeable to extracellular calcium but are more commonly localized at
postsynaptic sites (but see Bouvier et al. 2015; Dore et al. 2017). Postsynaptic
NMDA receptors are typically blocked by intracellular magnesium bound to the
channel pore which is displaced by membrane depolarizations, usually mediated by
AMPA receptors. This type of “coincidence” detection by NMDA receptors, requir-
ing both synaptic glutamate and membrane depolarization, likely underlies their role
in the activity-dependent changes in synaptic efficacy (plasticity) that is believed to
represent the synaptic correlate of learning and memory. GABAA receptors,
members of the Cys-loop family of ligand-gated ion channels, are all anion-selective
channels that mediated much of the “fast” inhibitory neurotransmission in the adult
central nervous system. Like other members of the Cys-loop family, these receptors
are pentameric assemblies that, for GABAA, contain at least alpha and beta subunits.
Synaptic GABAA receptors are believed to require gamma subunits as part of the
pore-forming complex since these subunits contain binding sites for gephyrin which
localizes GABAA receptors to postsynaptic sites. Delta subunits, which can replace
gamma subunits in the assembly, dramatically alter complex pharmacology, func-
tion, and localization. Delta-containing GABAA receptors are frequently found in
extrasynaptic GABAA receptors providing “tonic” inhibition mediated by GABA
spillover from synaptic site. In addition to ionotropic receptors, glutamate and
GABA also bind to heterotrimeric G protein-coupled receptors (mGluR and
GABAB, respectively). These receptors couple to a variety of signaling cascades
and can regulate the production of second messengers like intracellular calcium,
cyclic AMP, and inositol phosphates and can directly regulate the activity of ion
channels like voltage-gated calcium channels and inwardly rectifying potassium
channels. Compared to the ionotropic receptors, these metabotropic signaling events
occur somewhat slowly owing to their localization (generally peripheral to the active
zone) and their reliance on multistep signaling processes.

The late prenatal/early postnatal period is defined by rapid development of brain
structures and neurotransmitter systems. For example, the expression and synaptic
function of GABAA and ionotropic glutamate receptors generally mature during this
period, prior to adolescence. These receptors, as well as their associated postsynaptic
anchoring proteins which are involved with receptor trafficking and localization,
reach adult levels/distributions prior to weaning in rodents (Dong et al. 1999; Korpi
et al. 1993;Martin et al. 1998; Pandey et al. 2015; Virtanen et al. 2018; Yu et al. 2006;
Zhong et al. 1995). Similar observations have been reported for mGluRs (Defagot
et al. 2002) and GABAB receptors (Fritschy et al. 1999; Gaiarsa et al. 1995). The
developmental trajectories of these various neurotransmitter receptor systems in
nonhuman primates appear to be very similar (Gonzalez-Burgos et al. 2008; Shaw
et al. 1991). These findings suggest that the functional aspects related to “fast”
neurotransmitter systems like glutamate and GABA are largely in place prior to
adolescence. However, activity-related “plastic” changes in synaptic function of
these neurotransmitter systems appear to develop throughout the adolescent period
in many brain regions. For example, long-term potentiation (LTP) at glutamate
synapses, most typically characterized as activity-dependent upregulation of synaptic
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efficacy, is more robust in adults in brain regions like the prefrontal cortex
(Konstantoudaki et al. 2018), hippocampal dentate gyrus (Zitman and Richter-
Levin 2013), and interpeduncular nucleus (Koppensteiner et al. 2017). In contrast,
LTP in the barrel cortex (Konstantoudaki et al. 2018) and nucleus accumbens
(Schramm et al. 2002) either develops prior to adolescence (cortex) or is greater in
adolescents compared to adults (n. accumbens). These findings suggest that LTP
related to sensory processing and reward circuitry develop relatively early while
plasticity related to executive control, spatial memory/emotion regulation, and nega-
tive control of reward circuitry (interpeduncular nucleus, Nishikawa et al. 1986)
occurs postadolescence. On the other hand, long-term depression (LTD) at glutamate
synapses is typical in many adolescent brain regions (Bergerot et al. 2013; Zhang
et al. 2015) and may reflect processes related to the robust pruning of synapses during
this developmental period (Selemon 2013). Recent work also suggests that circuits
integrating emotional control and executive function are also established during
adolescence. In adults for example, ventral hippocampal (vHC) and basolateral
amygdala (BLA) inputs to the prefrontal cortex (PFC) converge to dynamically
regulate synaptic plasticity in the latter region. High-frequency stimulation of BLA
inputs in vivo produces LTP of PFC synaptic responses, while coincidental stimula-
tion of vHC inputs either de-potentiates (normalizes) or prevents, depending on the
temporal sequence of BLA and vHC input activation, BLA-mediated PFC plasticity.
vHC de-potentiation/block of BLA-mediated plasticity is notably absent in adoles-
cent rats (Thomases et al. 2014). Similarly, high-frequency stimulation of vHC inputs
to the PFC alone produces LTD of local field potentials in the PFC; picrotoxin, a
GABAA receptor noncompetitive antagonist, converts this depression to potentiation.
Both this picrotoxin-sensitive LTD and the resulting LTP are expressed in adult
animals but not adolescents (Caballero et al. 2014). This suggests a robust develop-
mental regulation of PFC GABAergic control of plasticity in this region. Further, the
development of GABAergic control of glutamatergic plasticity in the PFC appears
directly related to the maturation of local GABA circuits (Kang et al. 2018;
Konstantoudaki et al. 2018; Morishita et al. 2015).

Compared to glutamate synapses, less is known about the adolescent develop-
ment of GABAergic synaptic plasticity. However, the distribution and localization
of synaptic specializations associated with GABA neurotransmission may continue
to develop during adolescence as well. For example, gephyrin, the GABAA receptor
anchoring protein which stabilizes these receptors in postsynaptic compartments,
declines markedly in axonal initial segments of nonhuman primate medial prefrontal
cortical pyramidal neurons during adolescence (Cruz et al. 2009), while gephyrin
clusters on the dendritic shafts of these neurons appears to be stable prior to weaning
in rodents (Virtanen et al. 2018). These observations suggest a subtle shift in
GABAergic control over neuronal excitability during the adolescent period that
may be reflected by GABAergic adaptations to adolescent ethanol exposure
(below). Thus, while the basal function of many glutamate and GABA synapses
may be “adult-like” prior to adolescence, the processes involved with their dynamic,
activity-dependent regulation as well as the circuits themselves may continue
to develop throughout this period. In particular, adolescent development of
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glutamatergic and GABAergic synaptic function appears in regions like the
prefrontal cortex, hippocampus, and basolateral amygdala. This suggests that inte-
gration of emotional information, memory, and executive control continues devel-
oping during adolescence and may suggest why these processes are particularly
vulnerable to disruption by external influences including ethanol exposure.

3 Adolescent Ethanol Exposure

Longitudinal studies in humans show that adolescents who drink to intoxication are
at greatest risk of developing AUD as adults (Warner et al. 2007). Preclinical rodent
models have therefore relied primarily upon noncontingent ethanol exposure given
the limited self-administration in this species. Although there is limited data cur-
rently, adolescent self-administration in nonhuman primates appears to cause
disruptions in neurotransmitter function which parallel those using noncontingent
exposure in rodents suggesting that the exposure itself is a major factor in adolescent
vulnerability. Most rodent preclinical studies utilize repeating cycles of brief, robust
intoxication (ethanol delivered intraperitoneally, intragastrically, or through vapor
inhalation) followed by short-term withdrawal to mimic the binge-like drinking
patterns that are common in human adolescents. These adolescent exposures
dysregulate adult behaviors and suggest an overall increase in an “addiction-
prone” phenotype. For example, adult rats with a history of adolescent ethanol
exposure exhibit greater ethanol-seeking behavior (Amodeo et al. 2017; Gass et al.
2014), consumption (Amodeo et al. 2017; Criado and Ehlers 2013; Pascual et al.
2009), and preference (Pascual et al. 2009). Exceptional reviews highlighting an
array of adult behavioral consequences related to adolescent ethanol exposure are in
the literature (Crews and Boettiger 2009; Doremus-Fitzwater and Spear 2016; Spear
and Swartzwelder 2014; Varlinskaya et al. 2016; White and Swartzwelder 2005). In
general, these reviews suggest that adult outcomes can be characterized as a persis-
tent, adolescent-like behavioral phenotype in adults exposed to adolescent intermit-
tent ethanol. These phenotypes include reduced executive function, increased reward
sensitivity, and reduced sensitivity to ethanol sedation and motor impairment. While
there has been a few reviews integrating these rodent behavioral outcomes in the
context of dopamine neurochemistry/neurotransmission (Doremus-Fitzwater and
Spear 2016; Maldonado-Devincci et al. 2010; Spear 2016) and neuro-immune
function (Crews et al. 2016; Pascual et al. 2014; Ward et al. 2014), the current
review will focus on the central role of GABA and glutamate in the central nervous
system and their vulnerability to adolescent ethanol exposure.

3.1 Adolescent Ethanol Exposure and Glutamate
Neurotransmission

Dendritic Spine Morphology The morphological correlates of glutamatergic neu-
rotransmission are dendritic spines. These postsynaptic specializations oppose
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presynaptic release sites and contain glutamate receptors and signaling pathways
responsible for moment-by-moment synaptic activity as well as activity-dependent
changes in synaptic efficacy. During spine morphogenesis, immature spines appear
as thin filopodial-like projections that mature into mushroom-shaped specializations.
In general, adolescent ethanol exposure appears to influence adult spine density and
morphology (hence maturation) in a brain region-dependent manner. There is a
dramatic increase in both hippocampal principal neuron dendritic branching and
the number of mature spines during adolescence (Aoki et al. 2017); in the dentate
gyrus (Mulholland et al. 2018), adolescent ethanol exposure modestly reduces the
number of “immature” spines. In contrast, in the CA1 (Risher et al. 2015), adolescent
exposure increases the density of immature spines while decreasing the relative
number of mature spines. These ethanol-related alterations in adult spine morphol-
ogy may be an anatomical correlate of memory dysfunction in adults exposed to
adolescent ethanol (Swartzwelder et al. 2015).

Adolescent ethanol exposure produces similar outcomes in rat prelimbic cortex.
There ethanol exposure increases the density of immature spines (Trantham-
Davidson et al. 2017). In contrast, studies with Thy-1 transgenic mice (Jury et al.
2017) found that adolescent exposure had no effect on spine density in prelimbic
cortex but instead increased the width of mature spines. Both of these studies utilized
intermittent ethanol vapor exposure; it is therefore not clear if the differences
between the rat and mouse studies represent distinct, model-dependent outcomes
or other procedural differences like the use of pyrazole in mice to stabilize blood-
ethanol concentrations or higher blood-ethanol concentrations and longer exposures
in the rat study. Regardless, in the same study, Jury et al. also reported adolescent
ethanol exposure produced (1) similar effects in the basolateral amygdala (no effect
on spine density, increase in the width of mature spines) and (2) a completely novel
reduction in spine density and increase in mature spine width in the infralimbic
cortex. While changes in spine density and shape are difficult to interpret in the
context of synaptic function, these data nicely illustrate that adolescent ethanol
exposure alters the synaptic architecture associated with glutamate neurotransmis-
sion in a brain region-dependent manner.

Adolescent Ethanol and Glutamate Receptors Similar to the regionally-
dependent alterations in dendritic spine density and morphology, adolescent ethanol
exposure appears to regulate the expression/function of glutamate receptors in a
region- and age-specific manner. In a study comparing the short-term consequences
of ethanol exposure during adolescence (P23) and adulthood in rats (P60), Pian et al.
(2010) showed that adolescent exposure decreased cortical NR1 subunit protein
levels during the exposure which normalized within 24 h post-ethanol. There was no
effect on NR2A or NR2B subunit protein expression. In adults, cortical NR1, 2A,
and 2B subunit proteins were also decreased immediately after the exposure. While
NR1 levels normalized 2 weeks after the exposure (more slowly than adolescents),
NR2A and NR2B subunit levels were dramatically elevated at this later time point
albeit with distinct time courses. While adolescent exposure likewise decreases
hippocampal NR1 and NR2A subunit protein levels, the expression of both proteins
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is elevated following a 2 week withdrawal. There was no effect on adolescent
hippocampal NR2B subunits; exposure-dependent effects on these subunits in adults
rapidly normalize within 24 h. A more recent proteomic analysis of adult hippocam-
pal proteins following adolescent ethanol exposure focused on synaptic and
extrasynaptic proteins directly associated with the NMDA NR2B subunit
(Swartzwelder et al. 2016). This study again did not find significant effects of the
adolescent exposure on adult levels of NR2B in either the synaptic or non-synaptic/
extrasynaptic subcellular compartments. However, among the dozens of proteins
associated with NR2B that were altered by the adolescent ethanol exposure, the
treatment up-regulated pathways associated with the actin cytoskeleton in the syn-
aptic compartment providing some indication of the molecular mechanisms
controlling changes in spine density/morphology discussed in a previous paragraph.

In the non-synaptic fraction, adult NR1 subunit proteins associated with NR2B
were also upregulated by the adolescent ethanol exposure suggesting increased
function of NMDA receptors at these extra-synaptic sites. Importantly, extra-
synaptic, NR2B-containing NMDA receptors in the hippocampus appear to help
mediate long-term, activity-dependent regulation of glutamate neurotransmission
(Lu et al. 2001; Yang et al. 2017), excitotoxic insult (Lai et al. 2011; Liu et al.
2007), and neuron excitability/network synchrony (Papouin and Oliet 2014). In
contrast to these dynamic effects of ethanol exposure on adolescent NMDA subunit
proteins in the cortex and hippocampus, neither adolescent nor adult ethanol expo-
sure alter expression of NMDA receptor NR2 subunit mRNAs in lateral/basolateral
amygdala (BLA) tissue (Falco et al. 2009; Floyd et al. 2003) or in individual BLA
principal-like neurons (Floyd et al. 2003). However, NR1 subunit mRNA levels in
this region are increased by adolescent ethanol; this is associated with increased
NMDA receptor-mediated whole-cell currents (Floyd et al. 2003). Notably, the
Floyd et al. study also showed that adolescent ethanol exposure increases NMDA
current inhibition by the NR2B-selective antagonist, ifenprodil. These data, along
with changes in the biophysical properties and calcium permeability of NMDA-
mediated currents (Floyd et al. 2003), suggest increased functional contributions by
NR2B subunits in BLA principal neurons following adolescent ethanol despite
minimal impact of the exposure on subunit mRNAs or protein levels. These data
together suggest that adolescent ethanol exposure regulates NMDA receptor expres-
sion/function in a regionally-specific manner and can involve transcription, transla-
tion, receptor function, and potentially localization.

The sensitivity of adolescent AMPA-type glutamate receptors in general, and
particularly in the context of adult outcomes, is less well documented. In a study
examining differences between adolescent and adult mouse AMPA receptors in the
amygdala immediately following intermittent-access ethanol drinking, Agoglia et al.
(2015) found no effects on total protein levels of GluA1 subunit in either the
amygdala or striatum. In the amygdala however, adolescent drinking decreased
phosphorylation of Serine 831 (Ser831) on the GluA1 subunit, in contrast to adult
drinking which increased phosphorylation of this same site. The decreased phos-
phorylation in adolescents was associated with decreased phosphorylation of the
auto-regulatory Threonine 286 site on CamKII suggesting a mechanistic link
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between decreased CamKII activity and GluA1 phosphorylation at Ser831.
In contrast to these findings in mice, a dependence-like ethanol exposure in adoles-
cent rats increased phosphorylation of lateral/basolateral amygdala AMPA subunits
GluA1 at Ser831 as well as GluA2 at Ser880. This exposure also increased phos-
phorylation of the autoregulatory sites, Thr286 and Thr305, on CamKII and the
phosphorylation of the PKC substrate, neurogranin (Christian et al. 2012). Like the
mouse study, this rat study also found that an adolescent ethanol exposure had little
impact on total protein levels of AMPA receptor subunits. Notably, GluA1 phos-
phorylation at S831 and GluA2 at Ser880 are both associated with increased receptor
trafficking to the plasma membrane that is typically observed during activity-
dependent synaptic plasticity; increased trafficking of AMPA receptors to the plasma
membrane was directly demonstrated in the rat study (Christian et al. 2012). There
are numerous procedural differences between the Agoglia and Christian study
including exposure paradigm (hence level of intoxication), model system (mouse
versus rat), and a specific focus on the cortical-like lateral and basolateral
subdivisions in the rat study.

Adolescent Ethanol and Glutamate Synaptic Function In light of the regionally-
dependent effects of adolescent ethanol exposure on glutamate receptor expression,
it is perhaps no surprise that studies focused on glutamatergic neurotransmission
likewise appear to highlight alterations in synaptic function that are again dependent
upon the brain region. In the CA1 hippocampus for example, adolescent ethanol
exposure increases NMDA-mediated synaptic currents (Swartzwelder et al. 2017)
and increases the expression of long-term potentiation measured (LTP) with field
recordings (Risher et al. 2015; Sabeti and Gruol 2008). Similar ethanol exposures
during late adolescence/young adulthood actually decrease LTP expression (Sabeti
and Gruol 2008) suggesting the effects of ethanol on NMDA-mediated synaptic
currents and synaptic plasticity are age-dependent.

In the lateral/basolateral amygdala, chronic ethanol and withdrawal differentially
modulate pre- and post-synaptic properties of glutamatergic synapses in adolescent
rats. The BLA receives qualitatively distinct information from excitatory inputs
arising from both cortical and subcortical/thalamic brain regions, which project to
the BLA via the lateral external capsule or medial stria terminalis, respectively (Sah
et al. 2003). In line with these afferents arising from different brain regions and
entering the BLA through different anatomical pathways, the effects of adolescent
ethanol exposure on these glutamatergic synapses also differ. For example, the
subcortical/thalamic afferents entering the BLA through the medial stria terminalis
arise from regions like the medial prefrontal cortex, anterior cingulate cortex,
hippocampus, thalamus, and somatosensory cortex. In contrast, afferents entering
the BLA through the lateral external capsule originate from lateral cortical areas such
as the temporal, occipital, piriform, entorhinal, and insular cortices. Adolescent
ethanol exposure increases in ‘basal’ glutamate synaptic transmission in the BLA,
evidenced by increased frequency of spontaneous excitatory postsynaptic currents
(sEPSC) as well as an increase in the frequency and amplitude of action potential-
independent miniature EPSCs recorded in the presence of the sodium channel
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blocker, tetrodotoxin (Lack et al. 2007). Notably, this pre- and postsynaptic
facilitation of BLA glutamate neurotransmission occurs in an input-specific fashion.
Several studies have found increased presynaptic glutamate release following ado-
lescent ethanol exposure when stimulating the medial stria terminalis inputs, with no
presynaptic alterations at the lateral external capsule inputs (Christian et al. 2012,
2013; Lack et al. 2009; Morales et al. 2018). Christian et al. (2013) further revealed
that this increased presynaptic function was characterized by increased synaptic
glutamate concentrations, decreased ‘failure-rates’ (‘no response’ following minimal
electrical stimulation), and enhanced contributions by the readily releasable pool of
synaptic vesicles. These presynaptic physiological responses to adolescent ethanol
were also associated with increased levels of vesicle-associated proteins like
VAMP2 (part of the SNARE complex) and the vesicular glutamate proteins,
VGLUT1, and VGLUT2. Additionally, BLA CB1 cannabinoid receptors located
on medial stria terminalis terminals normally inhibit excitatory transmission.
Robinson et al. (2016) found that adolescent ethanol exposure impairs CB1 function
at these inputs and decreases CB1 protein expression.

Adolescent ethanol increases postsynaptic function, but not presynaptic function,
at external capsule afferents onto BLA principal neurons (Christian et al. 2012,
2013; Floyd et al. 2003; Lack et al. 2007, 2009; Morales et al. 2018). Using a
strontium (Sr2+) substitution method to specifically separate pre- and postsynaptic
function (Dodge et al. 1969) at these external capsule inputs, we found a significant
increase in the Sr2+-dependent EPSC (asynchronous EPSCs or aEPSCs) amplitude
but not effect on frequency (Christian et al. 2012; Morales et al. 2018). In addition to
postsynaptic AMPA receptor function, adolescent ethanol exposure also increases
synaptic function of postsynaptic NMDA (Floyd et al. 2003; Lack et al. 2007) and
kainate-type glutamate receptors (Lack et al. 2009). Notably, the input-specific
alterations in BLA glutamatergic synaptic transmission induced by adolescent
ethanol described above are also exposure duration- and sex-dependent. Morales
et al. (2018) recently found that increased presynaptic function at medial stria
terminalis inputs required shorter exposure durations relative to postsynaptic
alterations at lateral external capsule inputs; and this was true for both sexes.
However, synaptic alterations in females required longer ethanol exposures than
males. These data all suggest that adolescent ethanol up-regulates the synaptic
function of all three major subtypes of ionotropic glutamate receptors expressed
by BLA principal neurons and increases presynaptic function stria terminalis inputs
onto BLA principal neurons.

In contrast to the dynamic regulation of glutamate synapses in hippocampus and
lateral/basolateral amygdala, recent work (Cuzon-Carlson et al. 2018) compared
striatal miniature EPSC frequency (presynaptic), amplitude (postsynaptic), and
biophysical properties in ethanol drinking monkeys across age-at-first-access that
included adolescents (4–5 years old, equivalent to 15–18 years old humans), young
adults (5–6 years old, 20–24 years old humans), and mature adults (7–11 years old,
equivalent to 25–40 years old humans). After 14 months of drinking, the study found
no significant age-by-exposure interactions for mEPSC frequency or amplitude in
either the caudate or putamen. Similar studies in rodents showed no effect of
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adolescent exposure on extracellular glutamate concentrations in the caudate
(Boutros et al. 2014). These studies together show that the region-specific effects
of adolescent exposure on glutamate receptor expression function are likewise
reflected at the level of the synapse. Importantly, glutamatergic transmission in
reward- and habit-related regions appear to achieve adult-like resilience to ethanol
exposure during adolescence while synaptic function in regions involved with
executive function and emotional control remain vulnerable.

3.2 Adolescent Ethanol Exposure and GABA Neurotransmission

Adolescent Ethanol and GABA Receptors Like glutamatergic receptors, adoles-
cent ethanol exposure appears to produce region-dependent changes in the expres-
sion and localization of GABAA receptors. In the prelimbic cortex for example,
adolescent ethanol exposure does not appear to modulate total protein levels of the
α1, α4, α5, δ, or γ2 subunits and does not appear to alter the plasma membrane levels
of delta-containing receptors in adults (Centanni et al. 2017). But this contrasts with
substantive changes in GABAA-mediated extrasynaptic currents mediated by delta-
containing GABAA receptors that is produced by a similar exposure (below). In
contrast to the prelimbic cortex, GABAA protein expression in adult hippocampus is
dramatically altered by adolescent ethanol exposure. In a separate study, Centanni
et al. (2014) used total hippocampus and separated lysates into synaptic and
non-synaptic fractions. Adolescent exposure decreased α4 subunit protein in the
detergent-resistant, synaptic fraction and decreased δ subunit levels in the detergent-
soluble, extrasynaptic fraction. Thus, adolescent ethanol appears to shift the subunit
composition of adult hippocampal GABAA receptors. Surprisingly, α4 subunit
mRNA was increased by the adolescent exposure – a potential compensation to
changes in subunit protein levels. Adult ethanol exposure had no effect on either
subunit in hippocampus. Similarly, long-term adolescent ethanol drinking did not
alter levels of the GABAA α1 subunit mRNA in the lateral/basolateral amygdala;
although adult drinking experience increased levels of the subunit mRNA (Falco
et al. 2009). This contrasts with studies of GABAA subunit proteins in this brain
region which found that an adolescent dependence-like exposure decreased both α1
subunit proteins levels and diminished α1-containing receptors found on the plasma
membrane (Diaz et al. 2011). Although adult outcomes were not measured in the
Diaz et al. study, this work also found that adolescent ethanol increased the levels of
α4-containing receptors at the cell surface without altering total levels of α4 subunit
protein. GABAA gamma2 subunit and gephyrin protein levels were also increased
by the adolescent ethanol exposure; these proteins localize GABAA receptors to
postsynaptic specializations (Schweizer et al. 2003). While these findings highlight
the region-specific effects of the exposure, they indicate that adolescent ethanol
appears to also alter the proteins involved with receptor trafficking/localization.
Importantly, trafficking/localization can occur independently from or in conjunction
with alterations in protein or mRNA expression.
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Adolescent Ethanol and GABAergic Synaptic Function Like the effects on
subunit expression, adolescent ethanol exposure exerts region-specific effects on
adult GABAergic neurotransmission. Generally, those regions in which GABAergic
synaptic function are developing during adolescence remain sensitive to ethanol
exposure during this period. In prelimbic cortex for example, adult ‘basal’
GABAergic synaptic function, reflected by tetrodotoxin-resistant or ‘miniature’
inhibitory postsynaptic currents (mIPSCs), remains unaltered by adolescent ethanol
exposure. However, the amplitude of spontaneous IPSCs – which reflect both basal
transmission and the activity of intrinsic cortical GABAergic connections – is
decreased by adolescent ethanol (Centanni et al. 2017) highlighting the vulnerability
of developing adolescent GABAergic circuits in this brain region. Importantly,
adolescent ethanol exposure also decreases electrically-evoked, repetitive firing of
prelimbic cortical fast-spiking interneurons (Trantham-Davidson et al. 2017).
Together these findings suggest that ethanol-dependent modulation of GABAergic
circuitry may reflect direct effects on intrinsic interneurons or their synapses.
Importantly, extrasynaptic GABAA receptors, which mediate the tonic currents
expressed by prelimbic principal neurons, are also vulnerable to adolescent ethanol
exposure. During the transition from adolescence to adulthood, the number of
prelimbic layer 5/6 pyramidal neurons expressing tonic currents increases from
roughly 20% of these cells at P45 to 100% of neurons at P90; adolescent ethanol
exposure ‘freezes’ neurons in the adolescent phenotype such that number of adult
neurons expressing tonic currents is greatly reduced (Centanni et al. 2017). Thus,
both the intrinsic GABAergic circuitry and extrasynaptic GABAergic function in the
prelimbic cortex are shaped by adolescent ethanol exposure.

In the hippocampus, acute ethanol potentiates sIPSC frequency to a greater extent
in adults compared to adolescents, with minimal effects on mIPSCs (Li et al. 2003,
2006). This again suggests development of intrinsic hippocampal GABAergic
circuitry during adolescence. However, in contrast to the cortex, adolescent exposure
has no effect on adult sIPSC amplitude or frequency suggesting that hippocampal
GABAergic circuitry is more resilient than cortex during this period. In contrast, the
amplitude of tonic GABA currents in the dentate decrease from adolescence to
adulthood; adolescent exposure accentuates this decline (Fleming et al. 2013).
Acute ethanol facilitation of GABA tonic currents is also more pronounced in
adolescent-ethanol animals compared (Fleming et al. 2012, 2013). Thus, while
adolescent exposure has modest impact on adult GABAergic circuitry in the hippo-
campus, it produces persistent changes in both the tonic GABAergic currents and the
acute effects of ethanol on these extrasynaptic currents.

In the BLA, at least two anatomically and functionally distinct populations of
GABAergic interneurons, the lateral pericapsular intercalated cells (LPC) and local
interneurons, synapse onto principal neurons. LPCs are GABAergic interneurons
found in concentrated clusters along the external capsule while local GABAergic
interneurons that are scattered throughout the BLA (Spampanato et al. 2011). Similar
to the hippocampus, acute ethanol potentiates GABAA mediated inhibitory postsyn-
aptic currents (IPSCs) recorded from both distal LPCs and local interneuron synapses
in the BLA (Silberman et al. 2008). Chronic adolescent ethanol exposure robustly
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decreases presynaptic function at LPC GABAergic synapses which provide robust
feed-forward inhibition to principal neurons (Diaz et al. 2011). Interestingly, adoles-
cent ethanol does not alter GABAergic release from local interneurons. In addition to
these presynaptic changes, Diaz and colleagues reported an increase in the decay
kinetics of miniature IPSCs, likely arising from local interneurons which synapse
onto principal neuron soma and proximal dendrites, suggesting an ethanol-induced
modulation of postsynaptic function in intrinsic BLA GABAergic circuitry. This
paralleled changes in the GABAA receptor subunit composition (described above).

In contrast to the specific vulnerability of adolescent GABAergic synapses/
circuits in the cortex, hippocampus, and lateral/basolateral amygdala, adolescent
and adult ethanol drinking alter GABAergic neurotransmission in nonhuman pri-
mate caudate/putamen to a similar extent. At these synapses, there is a general trend
for an age-dependent increase in mIPSC frequency in both brain regions; an ethanol
drinking history suppresses mIPSC frequency regardless of age (Cuzon-Carlson
et al. 2018). There was no impact of drinking on mIPSC amplitude in these studies.
However, sIPSCs were not measured so the impact of ethanol drinking on intrinsic
GABAergic circuitry, particularly the excitability of GABA interneurons is not
yet certain.

4 Concluding Remarks

A critical observation for GABA and glutamate within this review is that synaptic
processes developing during adolescence appear to be the most vulnerable to ethanol
exposure. Fundamental aspects of GABAergic and glutamatergic neurotransmission
(i.e., presynaptic release, postsynaptic receptor function) are largely intact in many
brain region by adolescence with some notable exceptions. But, the literature
suggests that substantial components of GABAergic circuitry continue to develop
during adolescence. These components can include the localization of GABAergic
synapses on principal neurons (reflected by shifts in gephyrin immunoreactivity),
GABAergic neuron firing (circuit ‘activity’), and extrasynaptic receptor activity. All
these aspects of GABAergic neurotransmission are sensitive to adolescent ethanol
exposure. For glutamate synapses, activity-dependent modulation of synaptic effi-
cacy (‘plasticity’) likewise develops during adolescence and appears most vulnera-
ble to ethanol exposure. This may be a product of developing signaling cascades or
NMDA receptor function/activity/localization which can be influenced by subunit
composition. Although these conclusions are specific for GABA and glutamate,
similar outcomes are apparent for other neurotransmitters as well. With dopamine
for example, adolescence can be characterized as a ‘reward-focused period’
(Doremus-Fitzwater and Spear 2016). This reward-centric focus is highlighted
anatomically by a dramatic peak in dopaminergic projection development, particu-
larly fibers from the ventral tegmental area and substantia nigra to the striatum,
nucleus accumbens, and throughout the cortex (Doremus-Fitzwater and Spear 2016).
Functionally, there are also peaks in dopamine cell firing rates (Marinelli and
McCutcheon 2014) and receptor levels (Doremus-Fitzwater and Spear 2016) during
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adolescence. Adolescent ethanol exposure modulates the development of these
processes. In the prelimbic cortex for example, ethanol exposure reduces dopamine
fiber density and decreases D1-mediated regulation of pyramidal cell firing (Boutros
et al. 2014; Trantham-Davidson et al. 2017). Similar to dopamine, the cholinergic
system continues to develop during the transition from adolescence to adulthood
(Carcoba et al. 2014; Nordberg et al. 1992). Also, adolescent ethanol exposure
profoundly decreases the number of choline acetyltransferase-positive neurons in
the basal forebrain (Boutros et al. 2014; Coleman et al. 2011; Fernandez and Savage
2017; Swartzwelder et al. 2015; Vetreno et al. 2014; Vetreno and Crews 2018).
These data all suggest that vulnerability to ethanol exposure is directly related to
neural processes which continue to mature during adolescence.

A second, equally important observation from the literature is that adolescent
ethanol exposure alters GABA and glutamatergic neurotransmission in a brain
region-dependent manner. Exposure-dependent alterations in receptor expression
(mRNA or protein), phosphorylation, or localization vary across the regions are
highlighted here. However, region-specific disruption in receptor expression is not
specific to GABA or glutamate. For example, adolescent ethanol exposure signifi-
cantly decreasing dopamine D1 and D2 protein levels in the frontal cortex but only
D2 protein in the hippocampus and striatum (Pascual et al. 2009). Even subdivisions
within the same region can express unique alterations. For example, spine morphol-
ogy – an anatomical marker for glutamatergic synapses – is differentially impacted
by adolescent exposure in hippocampal subregions like dentate gyrus and CA1
(Mulholland et al. 2018; Risher et al. 2015) or in medial prefrontal cortical areas
like prelimbic and infralimbic cortex (Jury et al. 2017). It is perhaps no surprise then
that synaptic function and circuits are likewise altered by adolescent ethanol in a
regionally-specific manner.

A limitation associated with the current preclinical literature is that processes
maturing during adolescence remain poorly defined in many instances. The focus
of this review has thus been primarily on adolescent ethanol modulation of GABA
and glutamate neurotransmission in the context of executive function, memory, and
emotion – processes well recognized as exhibiting profound development during
adolescence. As highlighted in the Introduction, adolescents and adults also differ in
self-administration behavior and are differentially sensitive to ethanol sedation/
intoxication and aversion. Circuits and synaptic processes related to these behaviors
are therefore important targets for future preclinical studies. For example, outside of
the well described dopamine circuits influencing activity of nucleus accumbens
neurons (Doremus-Fitzwater and Spear 2016), glutamate and/or GABA signaling
in the lateral hypothalamus, dorsal striatum, central amygdala all regulate ethanol
self-administration (Hwa et al. 2017). The circuits/processes controlling ethanol
sedation/intoxication are less well-defined, but acute ethanol inhibits nicotinic
receptors in brainstem nuclei involved with motor performance, attention, and sleep
(McDaid et al. 2016). In a recent study with fMRI in humans, ethanol impairment of
simulated driving behavior had its greatest effect on hemodynamics in cingulate/
orbitofrontal circuits involved with attention and cerebellar/motor cortical circuits
involved with gross and fine motor control (Meda et al. 2009). Finally, recent work
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focused on aversion-like behavior suggests that projections from the lateral habenula
(LHb) to the ventral tegmental area (VTA) are promising targets for study as well.
The lateral habenula provides glutamatergic input to GABAergic neurons in the
rostromedial tegmental nucleus (RMTg) which negatively regulate VTA dopamine
neurons projecting to the nucleus accumbens (Lammel et al. 2012). Optogenetic and
lesion studies suggest this pathway is intimately involved with conditioned taste
aversion (Haack et al. 2014; Lammel et al. 2012). Importantly, electrical stimulation
of LHb reduces voluntary ethanol drinking (Li et al. 2016); neuron activity within the
LHb-RMTg pathway is highly correlated with ethanol conditioned taste aversion
(Glover et al. 2016). While additional circuit mapping studies are needed to under-
stand the brain regions controlling ethanol sedation/intoxication and aversion, a focus
on the adolescent development of the systems/circuits will help define synaptic
mechanisms impacted by ethanol exposure during this vulnerable period.

Finally, it is worth noting that a detailed neurophysiological understanding of
how sex regulates adolescent vulnerability to ethanol is largely missing in preclinical
studies. Clinical data suggest the effects of sex are likely to be subtle. For example,
sex does not predict lifetime drinking trajectory (i.e., those that go on to develop
drinking problems as adults) in adolescent drinkers (Warner et al. 2007). However,
lifetime prevalence for alcohol abuse and dependence following adolescent drinking
tends to be lower for females compared to males across the entire adolescent period
(Grant and Dawson 1997). Factors that influence sex-dependent drinking trajectories
are likely to be subtle and potentially species-specific. For example, parental
relationships appear to differentially regulate adolescent drinking in males and
females, with more ‘protective’ or ‘controlling’ relationships reducing alcohol
consumption in adolescent females and increasing it in males (Leung et al. 2014).
Female humans tend to consume more alcohol during early adolescence with these
relationships reversing to more ‘adult-like’ drinking (males>females) by late ado-
lescence/early adulthood (Patrick and Schulenberg 2013). Importantly, these studies
suggest that diagnostic criteria related to clinical interventions may need to be
refined to address subtle differences between sexes across the adolescent period.
Unfortunately, in a study examining adolescent alcohol and drug use in pediatric
care settings, Sterling et al. (2012) found that adolescent males were significantly
more likely than females to receive screening for alcohol use. Similar to these human
studies, there is a paucity of neurophysiological data in females from preclinical
studies. Behavioral studies may give some clue to potential circuits and neurotrans-
mitter systems. For example, there are marginal sex differences with respect to
cognitive function (Pavlovian conditioned approach; Madayag et al. 2017) and
anxiety-like behavior (Amodeo et al. 2018). Sex differences related to ethanol
locomotor impairment are also only evident in adult animals following long-term
ethanol drinking that begins during adolescence (Westbrook et al. 2018). Despite
this, adolescent male and female rats do differ with respect to the impact of stress
(Wille-Bille et al. 2017) and social context (Varlinskaya et al. 2015) on ethanol
drinking; sex interacts with social context to influence conditioned aversion to
ethanol (Morales et al. 2014; Vetter-O’Hagen et al. 2009), but this may be influenced
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by both the conditioning paradigm (Pautassi et al. 2011) and rat strain (Schramm-
Sapyta et al. 2014). Together, this literature suggests that subtle sex differences,
particularly related to affiliative and social relationships, may distinguish the vulner-
ability within unique adolescent populations.
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Abstract
Compared to other medical disorders, including other brain diseases, the number
of medications approved for alcohol use disorder (AUD) is very small. Disulfi-
ram, naltrexone (oral and long-acting), and acamprosate are approved by the
US Food and Drug Administration (FDA) to treat patients with AUD. These
medications are also approved in other countries, including in Europe, where the
European Medicines Agency (EMA) also approved nalmefene for AUD. Further-
more, baclofen was recently approved for AUD in France. These approved
medications have small effect sizes, which are probably the consequence of the
fact that they only work for some patients, yet a personalized approach to match
the right medication with the right patient is still in its infancy. Therefore,
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research is needed to expand the armamentarium of medications that clinicians
can use to treat their patients, as well as to better develop personalized
approaches. This book chapter reviews other medications, beyond those
approved by the FDA, that have shown efficacy in clinical trials, as well as
medications which are still in the early stages of evaluation in human studies.

Keywords
Alcohol use disorder · Clinical studies · Medication development ·
Pharmacotherapy

1 Introduction

Addictions, including alcohol use disorder (AUD), represent a chronic brain disorder
characterized by a compulsive-like seeking behavior and consumption of excessive
amounts of alcohol despite the knowledge of its negative consequences. As many
other medical disorders, AUD represents a heterogenous disease and is the product
of complex gene � environment interactions. There have been significant advances
in the neuroscience field that have shed light on the neurobiological pathways that
underline the development and maintenance of AUD. As reviewed in the previous
chapter (McCool and McGinnis 2019), we have now a much better understanding of
the molecular and neurobiological basis of AUD, and this knowledge has been
instrumental in identifying important druggable targets. Studying these targets has
resulted, in turn, in the development of medications that, combined with psychoso-
cial and behavioral interventions, may help patients with AUD to reduce or quit
drinking and prevent relapse.

In the USA, three medications have been approved by the US Food and Drug
Administration (FDA) for the treatment of AUD: disulfiram, naltrexone (oral and
extended-release injectable), and acamprosate. These medications are also approved
in other countries, including in Europe, where the European Medicines Agency
(EMA) also approved nalmefene for AUD. Furthermore, baclofen was recently
approved for AUD in France. As it is often the case in medication development,
especially in the neuroscience field, clinical trials testing these medications have
from time to time generated conflicting results, therefore questioning the efficacy of
these medications. Nonetheless, several meta-analyses do support the efficacy of
these medications to treat patients with AUD. In particular, one of the most recent
and comprehensive meta-analyses indicates that both acamprosate and oral naltrex-
one are associated with reduction in return to drinking, with no significant
differences between these two medications (Jonas et al. 2014).

Compared to other medical disorders, including other brain diseases, the number
of medications approved for AUD is very small. Furthermore, their effect sizes (e.g.,
numbers needed to treat) are small, which is probably the consequence of the fact
that these medications only work for some patients; however, a personalized
approach to match the right medication with the right patient is still in its infancy
(e.g., for a recent systematic review on potential subgroups who may respond better
to naltrexone, see Garbutt et al. 2014). Therefore, research is needed to expand the
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armamentarium of medications that clinicians can use to treat their patients, as well
as to better develop personalized approaches. Efforts made to test other medications
beyond those approved by the FDA are reviewed in this book chapter. Specifically,
here we briefly review medications that have exhibited efficacy in alcohol treatment
clinical trials and examples of medications which are still in the early stages of
evaluation in human studies.

1.1 Medications That Have Shown Efficacy in Research Clinical
Studies for AUD1

1.1.1 ABT-436 (Vasopressin V1b Receptor Antagonist)
Preliminary animal studies suggest that blocking the type 1b receptor (V1b) of the
antidiuretic hormone vasopressin results in a reduction in alcohol drinking (Edwards
et al. 2011; Zhou et al. 2011). Following on these preclinical findings, ABT-436
800 mg/day, a novel selected V1b receptor antagonist, was evaluated in a 12-week
multi-site randomized clinical trial (RCT) of 150 alcohol-dependent individuals
(Ryan et al. 2017). ABT-436 significantly increased the percent of days abstinent
compared with placebo, while there were no significant differences in heavy drink-
ing days nor on other measures of drinking or alcohol craving. Furthermore, in
subgroup analyses, individuals reporting higher baseline levels of stress responded
better to ABT-436 than to placebo. Tolerability and safety of ABT-436 in this RCT
were excellent. Diarrhea was the only side effect to be significantly more frequent in
the ABT-436 group than the placebo group, although only four participants stopped
ABT-436 as a result of gastrointestinal complaints. The ABT-436 group, compared
with the placebo group, had greater rates of anxiety and nausea, although these
differences were only at a statistical trend level. Overall, additional future studies
with this compound are warranted, but unfortunately, the manufacturer discontinued
development of this compound.

1.1.2 Aripiprazole
Aripiprazole is an atypical, antipsychotic drug, approved by the FDA to treat
schizophrenia and bipolar disorder and as adjunct treatment for major depression
(Litten et al. 2016). Aripiprazole has multiple pharmacological mechanisms, includ-
ing acting as a partial agonist for the dopamine D2 and serotonin 5-HT1A receptors
and as an antagonist to the 5-HT2 receptor (Fleischhacker 2005). Common side
effects of aripiprazole include fatigue, insomnia, restlessness, somnolence, anxiety,
and disturbances in attention.

Human laboratory studies suggest that aripiprazole may affect drinking behavior.
Kranzler et al. (2008) reported that aripiprazole (2.5 mg and 10 mg per day)
increased alcohol sedating effects and, to a lesser degree, reduced the euphoric
effects (N ¼ 18). Voronin et al. (2008) showed that, compared to placebo,

1Listed in alphabetical order.
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aripiprazole (up to 15 mg per day) reduced alcohol drinking but had no effect on self-
reported “high,” intoxication, or alcohol craving (N ¼ 30). Furthermore, Myrick
et al. (2010) conducted a neuroimaging study (N ¼ 30) which indicated that
aripiprazole (15 mg per day) blunted alcohol cue-induced brain activity in the
right ventral striatum. A recent human laboratory study of 99 alcohol-dependent
individuals found that aripiprazole (15 mg per day) had no main effect on alcohol
drinking during the naturalistic outpatient period (Anton et al. 2017). However,
aripiprazole significantly decreased alcohol self-administration among individuals
with low self-control and delayed the return to drinking in those with high impulsiv-
ity compared with placebo (Anton et al. 2017), suggesting the need for precision
medicine to elucidate the efficacy of aripiprazole. Further supporting the importance
of this future direction, an additional neurogenetic analysis from the same human
laboratory study suggested that polymorphisms in the dopamine transporter
1 (DAT1) and other dopamine-related genes may moderate aripiprazole effects on
alcohol cue-elicited striatal activation and alcohol self-administration (Schacht et al.
2018).

In a 12-week multi-site RCT (N ¼ 295), aripiprazole (titrated up to 30 mg per
day) was effective in reducing the number of drinks per drinking day compared with
the placebo group and also reduced the blood concentrations of carbohydrate-
deficient transferrin (CDT), a biomarker of excessive alcohol use, at weeks 4 and
8 (Anton et al. 2008). However, aripiprazole was not superior to placebo in percent
of days abstinent, number of heavy drinking days, and time to first drinking day
(Anton et al. 2008). In addition, 15 mg per day may be an optimal dose to test, given
the higher dropout rate in the active group, compared to placebo, especially with the
30 mg dose.

At present, a 12-week RCT is under way in outpatients with bipolar I or II
disorder (depressed or mixed mood state) and alcohol use disorder, with active
alcohol use (NCT02918370).

1.1.3 Baclofen
Several animal studies support that the GABAB agonist baclofen, currently approved
by the FDA for the treatment of muscle spasticity, may play a role in AUD (for a
review, see Colombo and Gessa 2018). From a biobehavioral mechanism standpoint,
several human laboratory studies suggest that baclofen may affect alcohol drinking
by changing the subjective effects of alcohol. These observations have been reported
in human laboratory studies with acute baclofen administration (40 mg or 80 mg) in
nondependent heavy drinkers (N ¼ 18; Evans and Bisaga 2009), as well as in a pilot
human laboratory study (N ¼ 14; Leggio et al. 2013) and in a relatively larger
follow-up human laboratory study (N ¼ 34, Farokhnia et al. 2017, 2018) with
alcohol-dependent heavy drinkers treated with baclofen 30 mg per day for approxi-
mately a week.

In clinical trials, following a positive small 4-week RCT with baclofen 30 mg per
day in alcohol-dependent patients (N ¼ 39; Addolorato et al. 2002), a relatively
larger 12-week RCT (N ¼ 84) was conducted in alcohol-dependent patients with
liver cirrhosis (Addolorato et al. 2007). This latter RCT indicated that baclofen
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30 mg per day was significantly more effective, as compared to placebo, in increas-
ing total alcohol abstinence, increasing the number of days abstinent, and reducing
alcohol craving. An additional analysis also showed that, despite the smaller sample
analyzed (N ¼ 24), baclofen still was significantly effective in promoting total
alcohol abstinence in a subgroup of patients with alcohol dependence, liver cirrhosis,
and hepatitis C infection (Leggio et al. 2012). In contrast, another 12-week RCT
conducted in 80 patients with alcohol dependence (without liver disease) did not find
differences between baclofen 30 mg per day and placebo in any of the alcohol-
related outcomes (Garbutt et al. 2010).

The mixed results of these studies suggest that baclofen might be an effective
medication only in those patients with higher severity of alcohol dependence
(Leggio et al. 2010). Consistent with this hypothesis, a 12-week RCT (N ¼ 30)
with baclofen (80 mg per day) in alcohol-dependent individuals who also were
smokers indicated that baclofen, compared with placebo, significantly increased the
number of days abstinent from alcohol and tobacco co-use, and this effect was
stronger in those patients with higher severity of alcohol dependence (Leggio et al.
2015). Furthermore, it is possible that the fact that baclofen was effective in those
alcohol-dependent patients with liver cirrhosis (Addolorato et al. 2007), but not in
those without (Garbutt et al. 2010), may indirectly reflect the different severity of
alcohol dependence of these patients. Two recent RCTs support this interpretation.
Specifically, a 12-week RCT with baclofen 30 mg per day in 180 veteran patients
with hepatitis C virus (HCV) coinfection did not find differences between baclofen
and placebo on alcohol-related outcomes; notably, the baseline levels of alcohol
were quite low in this trial, reflecting an overall low severity of dependence (Hauser
et al. 2017). In contrast, another 12-week RCT (N ¼ 104) found a significant effect
of baclofen (either 30 mg per day or 75 mg per day, without a dose-response effect)
on alcohol-related outcomes in patients (with and without alcoholic liver disease),
and the effect of baclofen was stronger in those alcohol-dependent patients with
alcoholic liver disease than those without (Morley et al. 2018a).

Some anecdotal case reports suggested that significantly higher doses of
baclofen, compared to those used in previous RCTs, may be effective in facilitating
alcohol abstinence, i.e., up to 140 mg per day (Bucknam 2007) or even up to 300 mg
per day (Ameisen 2005). Despite the anecdotal nature of these reports, they
prompted significant mass media interest and attention in the scientific community,
culminating in a few RCTs that tested high doses of baclofen. Muller et al. (2015)
conducted an RCT with baclofen up to 250 mg per day in 56 alcohol-dependent
individuals and found that baclofen, compared to placebo, increased the abstinence
rate and cumulative abstinence duration. In contrast, Beraha et al. (2016) conducted
an RCT of baclofen in 151 alcohol-dependent individuals who were administered a
relatively high dose (150 mg per day), a lower dose (30 mg per day), or placebo and
found no differences in time to first relapse or abstinence rates among the three
groups. In another multi-site 24-week RCT, baclofen (180 mg per day) or placebo
was administered to 320 alcohol-dependent individuals (Reynaud et al. 2017).
Although the baclofen and placebo group did not differ significantly for abstinence
or drinks per day, baclofen was more effective than placebo in reducing drinking in
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individuals who were drinking heavily at baseline. In conclusion, whether higher
doses are more effective remains unclear and controversial, although higher doses
may have a greater risk of adverse events, the most common being somnolence,
sleep disorders, asthenia, and dizziness. The French drug administration agency
recently approved the use of baclofen for AUD, but it limited the approved dose to
up to 80 mg per day (Medical Press 2018).

Two RCTs have recently been completed but results have not been published yet.
A 16-week RCT conducted in the USA compared placebo to baclofen 30 mg per day
and baclofen 90 mg per day in a community sample of alcohol-dependent patients
(NCT01980706). Another RCT conducted in France with alcohol-dependent
patients managed by primary care physicians compared placebo to baclofen up to
300 mg per day during a 52-week period (NCT01604330).

Notably, a recent international consensus statement highlighted the potential
efficacy of baclofen, calling for additional larger studies with baclofen but also
emphasizing the importance of tailoring doses based on safety, tolerability, and
efficacy (Agabio et al. 2018).

1.1.4 Gabapentin
Gabapentin is approved by the FDA for the treatment of seizures, neuropathic pain,
and restless legs syndrome. Its mechanism of action is thought to be related to its
inhibition of voltage-gated calcium channels, which indirectly modulate GABA
activity (Sills 2006).

An initial human laboratory study with 33 alcohol-dependent individuals
indicated that gabapentin (1,200 mg per day) was effective in reducing alcohol
craving and improving sleep quality (Mason et al. 2009).

A few short-term small RCTs have indicated the potential efficacy of gabapentin
in AUD patients (Furieri and Nakamura-Palacios 2007; Brower et al. 2008). It has
been also suggested that gabapentin may work best in patients with significant
withdrawal symptoms. Specifically, compared to placebo, gabapentin (up to
1,200 mg per day for about 6 weeks and combined with flumazenil 20 mg per day
for first 2 days) led to an increase in the percent of days abstinent and a longer delay
to heavy drinking in 60 alcohol-dependent patients; however, this effect was limited
to those patients with more alcohol withdrawal symptoms before treatment (Anton
et al. 2009).

Two larger single-site RCTs (N ¼ 150 in each trial) further support the role of
gabapentin in AUD. The first was a 16-week RCT which combined and compared
gabapentin to naltrexone and showed that the combined medication group experi-
enced a longer delay to heavy drinking, less heavy drinking days, and fewer drinks
per drinking days than the group taking naltrexone alone or receiving placebo
(Anton et al. 2011). Additionally, the patients with the combined gabapentin/
naltrexone reported significantly better sleep than the other two groups (Anton
et al. 2011). The second trial was a 12-week RCT of gabapentin testing two doses:
900 mg per day and 1,800 mg per day. In this second trial, compared to placebo,
gabapentin significantly improved the rates of abstinence and no heavy drinking
with greater efficacy in the 1,800 mg per day group than the 900 mg per day group
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(Mason et al. 2014). Furthermore, gabapentin reduced alcohol craving and improved
mood and sleep (Mason et al. 2014).

More recently, results from another RCT conducted in Thailand further supported
the efficacy of gabapentin (Chompookham et al. 2018). Specifically, 112 alcohol-
dependent patients were treated with either placebo or gabapentin (at least 300 mg
per day) for 12 weeks. Gabapentin significantly reduced the percent of heavy
drinking days per week and the weekly drinking days (Chompookham et al.
2018). On the other hand, no superiority of gabapentin compared to placebo was
found in a large recent RCT in the USA. The latter was a multi-site 6-month RCT in
346 alcohol-dependent patients treated with placebo or gabapentin enacarbil
extended-release, a prodrug formulation of gabapentin designed to increase its
bioavailability. This trial did not show efficacy of gabapentin enacarbil, compared
to placebo, in any of the alcohol-related primary or secondary outcomes (Falk et al.
2019a). A pharmacokinetic analysis, suggested that specific formulation used in this
RCT may have resulted in lower than expected absorption of the active medication
(Falk et al. 2019a).

Common side effects of gabapentin in these trials included fatigue, insomnia, and
headaches. Furthermore, it is important to mention that, while gabapentin is consid-
ered to have no abuse potential, a recent report indicates that gabapentin potentially
may be misused in individuals with substance use disorder, especially those who
abuse opioids (Smith et al. 2016).

Finally, a 16-week RCT is currently ongoing to investigate if gabapentin up to
1,200 mg per day has efficacy in a sample of patients with DSM-5 criteria for AUD
and for history of alcohol withdrawal (NCT02349477).

1.1.5 Ondansetron
Ondansetron is a selective serotonin 5-HT3 receptor antagonist approved by the
FDA for the treatment of nausea and vomiting. Initial human laboratory studies
indicated that ondansetron reduces the desire to drink and augments the biphasic
(i.e., stimulating and sedating) effects of alcohol (N ¼ 16 in Johnson et al. 1993;
N ¼ 15 in Kenna et al. 2009; N ¼ 12 in Swift et al. 1996).

In early clinical trials, an RCT by Sellers et al. (1994) tested ondansetron
(0.25 mg or 2 mg per day) in 71 alcohol-dependent individuals and found that,
compared to placebo, ondansetron significantly decreased alcohol intake in a sub-
group of individuals with relatively lower baseline drinking (10 or less drinks per
drinking day). Notably, an unexpected reversed dose effect was observed such that
the 0.25 mg dose was more efficacious than the 2 mg dose. A subsequent larger
11-week RCT (N ¼ 271) tested ondansetron 2 μg/kg, 8 μg/kg, or 32 μg/kg per day
in alcohol-dependent individuals divided as early- and late-onset of alcoholism
(25-year-old or younger vs. >25-year-old). This trial showed efficacy of
ondansetron only in early-onset patients, with 8 μg/kg being the most effective
dose (Johnson et al. 2000).

The selective effect of ondansetron in the early-onset subpopulation raised the
question of whether pharmacogenetics may further shed light on the potential
selective role of ondansetron in AUD. For example, the SLC6A4 gene encodes the
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serotonin transporter, 5-HTT, and the SLC6A4 promoter contains a functional
polymorphic region (50-regulatory region of the 5-HTT; 50-HTTLPR) with a long
form (L) that possesses an additional 44 base pairs that are absent in the short variant
(S). Alcohol-dependent individuals with the LL genotype, compared with those with
the SS genotype, have significantly less 5-HT uptake and reduced paroxetine
binding capacity (Javors et al. 2005; Johnson et al. 2008). Notably, 50-HTTLPR
polymorphisms have been associated with several psychiatric disorders including
AUD. Johnson et al. (2011) performed a 11-week RCT of ondansetron (8 μg/kg per
day) in 283 alcohol-dependent individuals randomized to 3 different genotypes: LL,
LS, and SS genotypes of the main results of this trial showed that LL genotype
patients treated with ondansetron had significantly lower drinks per drinking day and
higher percentage of days abstinent, as compared to those treated with ondansetron
but with the LS/SS genotypes and to those treated with placebo (Johnson et al.
2011). In a subsequent analysis from the same RCT, Johnson et al. (2013) found
additional functional genetic polymorphisms in the HTR3A and HTR3B genes that
encode the 5HT3 receptor, including AC polymorphism in the rs17614942 portion
in theHTR3B gene and AG and GG polymorphisms in the rs1150226 and rs1176713
portions of the HTR3A gene, respectively. Ondansetron was more effective than
placebo in reducing the number of drinks per drinking day and the number of heavy
drinking days and increasing the percent of days abstinent in people carrying one or
more of these genetic variants. However, it is important to keep in mind that the
potential functionality of rs1150226 and rs1176713 of HTR3A and rs17614942 of
HTR3B is unknown, and therefore their putative molecular mechanisms need to be
elucidated. It has been speculated that all three of these polymorphisms may alter
mRNA expression levels (Johnson et al. 2013). Finally, consistent with Johnson
et al. (2011), Kenna et al. (2014a) conducted a laboratory study of ondansetron and
sertraline in 77 nontreatment-seeking alcohol-dependent individuals and found that
ondansetron was effective in reducing the amount of drinking per drinking day in LL
genotype individuals. The same team also found that female, but not male,
participants who had the LL genotype, and equal or greater than seven exon III
repeats on the dopamine receptor D4 gene (DRD4), had significantly reduced
alcohol intake after taking ondansetron (0.5 mg per day for 3 weeks) (Kenna et al.
2014b). Notably, expression of the 7-repeat allele of DRD4 is associated with a
blunted effect of dopamine on cAMP levels in comparison to the 4-repeat allele, with
almost a threefold increase in dopamine concentration required to achieve the same
level of dopamine-induced cAMP inhibition as the 4-repeat allele (Asghari et al.
1995; Oak et al. 2000). A meta-analysis suggests DRD4 VNTR variation may be a
risk factor for problematic alcohol use; however there is a critical need for studies
with larger and more inclusive samples that account for sex and genetic ancestry to
fully understand this relationship (Daurio et al. 2019).

From a safety standpoint, ondansetron has been typically very well-tolerated in
these clinical trials with alcohol-dependent individuals. An FDA safety precaution
warns that cardiac QT prolongation is possible at doses typically used for its
approved indication (nausea and vomiting; https://www.fda.gov/Drugs/
DrugSafety/ucm271913.htm). However, this side effect may not be evident at the
lower doses used in the trials with AUD individuals.
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The promising pharmacogenetic effect of ondansetron is currently under further
investigation in an ongoing multi-site 16-week RCT testing ondansetron (0.33 mg,
twice daily) versus placebo in alcohol-dependent patients prospectively randomized
based on selected genotypes at the serotonin transporter and receptor genes
(NCT02354703).

1.1.6 Prazosin and Doxazosin
Prazosin is a selective α-1 adrenergic receptor antagonist approved by the FDA to
treat hypertension and benign prostatic hyperplasia. The off-label use of prazosin in
patients with PTSD led to the anecdotal observation that some patients taking
prazosin reduced or even stopped drinking alcohol, hence raising the question
whether prazosin may be useful in AUD patients. A small treatment 8-week RCT
(N ¼ 24; Simpson et al. 2009) and a preliminary human laboratory study (N ¼ 17;
Fox et al. 2012), both conducted in alcohol-dependent individuals, suggested the
potential efficacy of prazosin up to 16 mg per day, compared to placebo, in reducing
alcohol drinking and craving. Subsequently, Simpson et al. (2015) and Petrakis et al.
(2016) conducted two RCTs of prazosin (16 mg per day) in alcohol-dependent
patients with comorbid PTSD: one study was a 6-week RCT in 30 patients and
found a significant effect of prazosin in reducing alcohol-related outcomes (Simpson
et al. 2015). The other was a 13-week RCT in 96 patients and did not find an effect of
prazosin versus placebo on the alcohol-related outcomes (Petrakis et al. 2016).
Furthermore, neither study found prazosin improving PTSD symptoms.

More recently, Simpson et al. (2018) conducted a relatively larger RCT (N ¼ 92)
with alcohol-dependent patients (without PTSD) randomized to either prazosin up to
16 mg per day or placebo. Results indicated that the rates of drinking and heavy
drinking over time decreased to a larger extent in the prazosin group compared to
placebo. Consistent with previous reports, some side effects like drowsiness were
more common in the prazosin group.

Similar to prazosin, the α-1 adrenergic receptor antagonist doxazosin is also
approved by the FDA to treat hypertension and benign prostatic hyperplasia. How-
ever, compared to prazosin, doxazosin has a longer half-life; hence it requires only
once-a-day dosing compared with prazosin’s two to three dosages per day. Further-
more, frequency of side effects (e.g., drowsiness, dizziness, fatigue) is lower in
doxazosin than prazosin; and, unlike prazosin, doxazosin may be taken with or
without food (Leggio and Kenna 2013). These properties of doxazosin have made
doxazosin a potential intriguing candidate for AUD, given that medication adher-
ence is a critical challenge both in RCTs and in clinical practice. For this reason,
Kenna et al. (2015) conducted a 10-week RCT of doxazosin (up to 16 mg per day) in
41 alcohol-dependent individuals. While no significant differences were found in the
drinking outcomes between the doxazosin and placebo groups in the whole sample,
in a priori subgroup analysis, doxazosin-treated patients with higher density of
family history of alcoholism presented with a significant decrease in drinks per
week and heavy drinking days per week. Furthermore, in a later analysis from the
same RCT, Haass-Koffler et al. (2017) found that doxazosin, compared with pla-
cebo, reduced drinks per week and heavy drinking days per week in a subgroup of
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patients who had higher baseline standing blood pressure. Notably, these latter
results have been recently replicated in a 6-week RCT with prazosin (N ¼ 36;
16 mg per day) in AUD (Wilcox et al. 2018). Additional work is needed to identify
optimal personalized approaches for the use of alpha-1 receptor blockers for AUD
(Haass-Koffler et al. 2018b).

1.1.7 Topiramate and Zonisamide
Topiramate is approved by the FDA for treatment of seizures and migraines.
Furthermore, the FDA recently approved the combination of topiramate and phen-
termine for obesity. Topiramate antagonizes α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and kainate receptors, facilitates GABA activity,
blocks L-type calcium channels, reduces voltage-dependent sodium channel activ-
ity, and inhibits carbonic anhydrase (Arnone 2005).

Human laboratory studies with individuals not seeking treatment for alcohol
problems showed that topiramate at doses of 200 mg per day or 300 mg per day
reduced alcohol craving, alcohol drinking (heavy drinking or drinking days), and the
stimulating effects of alcohol (Miranda et al. 2008, 2016; Haass-Koffler et al.
2018a). Small RCTs with treatment-seeking individuals with AUD also support a
role of topiramate in reducing several alcohol drinking outcomes at doses of 300 mg
per day (Knapp et al. 2015) and 100 mg per day (Martinotti et al. 2014).

Furthermore, two larger RCTs (a single-site 12-week trial with 150 alcohol-
dependent patients and a multi-site 14-week trial with 371 alcohol-dependent
individuals) further indicate that topiramate, up to 300 mg per day, resulted in a
significant reduction in craving, drinks per day, and heavy drinking days and a
significant increase in abstinent days (Johnson et al. 2003, 2007). Side effects
included dizziness, paresthesia, psychomotor slowing, memory or concentration
impairment, nervousness, taste perversion, pruritus, and weight loss (Johnson et al.
2003, 2007). By contrast, topiramate did not show efficacy in another 12-week RCT
testing topiramate 200 mg per day in 129 alcohol-dependent male smokers who were
abstinent for 6 months at study entry (Anthenelli et al. 2017). Overall, these RCTs
suggest that topiramate may be more effective in initiating and facilitating abstinence
in current drinkers rather than in preventing relapse in individuals who are already
abstinent (Swift 2003; Litten et al. 2018).

Additional studies suggest a potential pharmacogenetic effect for topiramate in
AUD. An initial pilot human laboratory study showed that heavy drinkers with the
CC genotype of a single nucleotide polymorphism (SNP), rs2832407, of the GRIK1
gene encoding the glutamate kainate GluK1 receptor had significantly fewer
topiramate-related side effects and lower topiramate blood concentrations (Ray
et al. 2009). More recently, a 12-week RCT with 138 alcohol-dependent individuals
showed that topiramate 200 mg per day led to a significant reduction in heavy
drinking days and a significant increase in abstinent days, and these effects were
moderated by the rs2832407 SNP, such that topiramate was effective in the CC
genotype, but not in the AC and AA genotypes (Kranzler et al. 2014).

Like topiramate, zonisamide is FDA-approved as an adjunct treatment for partial
seizures and has similar pharmacological actions, i.e., blocking voltage-sensitive
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sodium channels and T-type calcium channels, facilitating GABA activity, and
serving as a weak inhibitor of carbonic anhydrase (Kothare and Kaleyias 2008).
Compared to topiramate, the side effect profile of zonisamide seems more favorable
(Kothare and Kaleyias 2008), hence the interest in testing it for AUD. In an initial
placebo-controlled human laboratory study of risky drinkers, zonisamide reduced
alcohol craving and alcohol self-administration (Sarid-Segal et al. 2009). Similarly,
a 12-week RCT with 40 alcohol-dependent patients indicated that, compared to
placebo, zonisamide, up to 500 mg per day, significantly reduced the number of
heavy drinking days, drinks per week, and alcohol craving (Arias et al. 2010).
Finally, Knapp et al. (2015) conducted a multigroup 14-week RCT with 85 alco-
hol-dependent individuals comparing zonisamide (400 mg per day), topiramate
(300 mg per day), levetiracetam (200 mg per day), and placebo. This study indicated
comparable results for both zonisamide and topiramate in reducing percent of
drinking days per week, drinks per day, and heavy drinking per week (levetiracetam
was only effective in decreasing the percent of heavy drinking days per week).
Moreover, zonisamide had a more favorable side effect profile than topiramate.

Larger RCTs are currently ongoing to test the efficacy of zonisamide in AUD
(NCT02900352; NCT02368431) and to test the pharmacogenetic-based efficacy of
topiramate in AUD (NCT02371889).

1.1.8 Varenicline
Varenicline, a partial agonist at α4β2 and a full agonist at α7, nicotinic acetylcholine
receptors (Mihalak et al. 2006), is currently approved by the FDA for smoking
cessation. Several proof-of-concept human laboratory studies in alcohol-dependent
individuals have indicated that varenicline reduced drinking, alcohol craving, alco-
hol self-administration, and the subjective reinforcing effects of alcohol (N ¼ 20 in
McKee et al. 2009; N ¼ 77 in Roberts et al. 2017a; N ¼ 60 in Roberts et al. 2017b;
and N ¼ 35 in Schacht et al. 2014). Small treatment randomized clinical trials have
also tested varenicline (titrated up to 2 mg per day) in heavy drinkers with AUD.
These preliminary studies found that, compared to placebo, varenicline reduced
alcohol craving (N ¼ 30 in Fucito et al. 2011; N ¼ 40 in Plebani et al. 2013),
heavy drinking days (Fucito et al. 2011), and drinks per week (N¼ 64; Mitchell et al.
2012).

More recently, these studies led to a larger 13-week multi-site RCT of varenicline
(2 mg per day) in alcohol-dependent individuals (N ¼ 200), approximately 40% of
whom were smokers (Litten et al. 2013). Compared to placebo, varenicline signifi-
cantly reduced alcohol craving and alcohol consumption outcomes, including heavy
drinking days, drinks per day, and drinks per drinking day. Furthermore, a subgroup
analysis suggested that varenicline was most effective in individuals with less severe
AUD and in those who reduced their smoking (Falk et al. 2015). However, another
multi-site 12-week RCT (N ¼ 160) conducted in Sweden did not show the same
efficacy in favor of varenicline. Specifically, there were no differences in self-
reported drinking outcomes or reduction in smoking between the varenicline and
placebo groups. However, there were significant reductions in alcohol craving, the
number of reported AUD symptoms (measured using the Alcohol Use Disorders
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Identification Test [AUDIT]), and blood levels of phosphatidyl ethanol (PEth), a
specific biomarker of alcohol consumption (de Bejczy et al. 2015).

Given that varenicline is approved for smoking cessation, a recent two-site RCT
in the USA tested its efficacy in patients with alcohol use disorder and comorbid
smoking seeking alcohol treatment and further evaluated its secondary effects on
smoking abstinence. A total of 131 patients were treated with either varenicline 2 mg
per day or placebo (O’Malley et al. 2018). There were no differences between the
two groups on the percentage of heavy drinking days in the whole group, although a
subgroup analysis indicated that varenicline may reduce the percentage of heavy
drinking days in men more than in women. Furthermore, varenicline increased
smoking abstinence in the overall sample (O’Malley et al. 2018).

Consistent with this latter trial, the potential role of varenicline for tobacco and
alcohol use comorbidity has been also investigated in combination with naltrexone.
Indeed, based on the promising results of an initial human lab study with heavy
drinking, daily smokers (Ray et al. 2014), a larger RCT is ongoing to test concomi-
tant smoking cessation and alcohol use reduction using a three group medication
design consisting of varenicline alone (2 mg per day), naltrexone alone (50 mg per
day), and the combination of both varenicline and naltrexone at the same doses as in
the monotherapy conditions (NCT02698215).

Varenicline is generally well-tolerated with typically mild to moderate side
effects which include nausea, constipation, and abnormal dreams. Notably, the
FDA recently removed the box warning on varenicline about possible neuropsy-
chiatric side effects but issued a warning that varenicline may change the way
patients respond to alcohol, affecting their ability to tolerate its effects. Moreover,
in rare accounts, seizures have been reported in patients taking varenicline (https://
www.fda.gov/Drugs/DrugSafety/ucm436494.htm).

1.2 Other Promising Medications or Compounds for AUD

In addition to the medications above, preclinical or preliminary proof-of-concept
human studies support the potential role of other medications on novel compounds
for the treatment of AUD (for details, see also Litten et al. 2018). Examples are the
glucocorticoid receptor antagonist mifepristone (Richardson et al. 2008; Simms et al.
2012; Vendruscolo et al. 2012; Vendruscolo et al. 2015), the hormone oxytocin (for
reviews, see Kenna et al. 2012; Lee et al. 2016), the nonselective phosphodiesterase
inhibitor ibudilast (Bell et al. 2013; Ray et al. 2017), D-cycloserine (a partial agonist
at the glycine modulatory site of the glutamate NMDA receptor; Seif et al. 2015;
Watson et al. 2011; Hofmann et al. 2012; MacKillop et al. 2015, Kiefer et al. 2015),
N-acetylcysteine (Morley et al. 2018b), and blockade of the receptor of the hormone
ghrelin (Lee et al. 2018; see also reviews: Zallar et al. 2017; Morris et al. 2018;
Farokhnia et al. 2019).
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2 Conclusions

This is an exciting time for medication development for AUD and addiction in
general. As basic neuroscience research starts to unfold the mechanisms that under-
line the development and maintenance of AUD, new targets are identified. These
targets may lead to the development of novel medications to be tested for their safety
and efficacy in patients with AUD. As such, the discovery of novel and more
effective targets is clearly a high priority. This is of paramount importance, given
that at present, we only have three medications approved by the FDA for AUD.

However, the history of these approved medications, as well as of the additional
medications tested in the past decades and reviewed in this chapter, also tells us that
no medication will work for all patients with AUD. AUD is a complex and heterog-
enous disorder; hence it is conceivable that different medications may work best in
certain subgroups of patients. Indeed, the challenge rests on identifying precision
medicine approaches where the right medication is matched with the right patient
(Litten et al. 2015, 2016, 2018). The literature reviewed above provides some
examples, including pharmacogenetics (e.g., ondansetron and topiramate); family
history or physiological markers (prazosin and doxazosin); severity of dependence
and/or medical comorbidity, like liver disease (baclofen); and severity of alcohol
withdrawal (gabapentin). However, it is very unlikely that a single factor is able to
predict a positive outcome for a specific medication. Rather, it is conceivable that
multiple factors will need to be taken into account toward the identification of
effective precision medicine approaches (Heilig and Leggio 2016; Litten et al.
2018).

Another important aspect to consider is that various RCTs have often used
different primary outcomes to define the efficacy of a specific medication. While it
may be important to tailor the specific outcome to the medication under investigation
(e.g., whether its mechanism of action is more likely to lead to reduction in
heavy alcohol drinking, abstinence, or release prevention), on the other hand,
standardization may also be critical. This is particularly important from a regulatory
standpoint in terms of acceptable outcomes for pivotal RCTs, especially given
growing evidence that non-abstinence-oriented outcomes may be quite beneficial,
e.g., percentage of subjects with no heavy drinking days (Falk et al. 2010) and
reductions in World Health Organization (WHO)-based drinking risk levels (Falk
et al. 2019b).

Last, but not least, medications for AUD are dramatically underutilized; there-
fore, basic science and human research efforts will need to be accompanied with
translational practice approaches, where effective novel medications and precision
medicine approaches are effectively translated from the research settings to the
clinical practice.
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Abstract
Drug use and the associated overdose deaths have been a serious public health
threat in the United States and the world. While traditional drugs of abuse such as
cocaine remain popular, recreational use of newer synthetic drugs has continued
to increase, but the prevalence of use is likely underestimated. In this review,
epidemiology, chemistry, pharmacophysiology, clinical effects, laboratory detec-
tion, and clinical treatment are discussed for newly emerging drugs of abuse in the
following classes: (1) opioids (e.g., fentanyl, fentanyl analogues, and
mitragynine), (2) cannabinoids [THC and its analogues, alkylindole (e.g.,
JWH-018, JWH-073), cyclohexylphenol (e.g., CP-47,497), and indazole
carboxamide (e.g., FUB-AMB, ADB-FUBINACA)], (3) stimulants and
hallucinogens [β-keto amphetamines (e.g., methcathinone, methylone),
pyrrolidinophenones (e.g., α-PVP, MDPV), and dimethoxyphenethylamine
(“2C” and “NBOMe”)], (4) dissociative agents (e.g., 3-MeO-PCP,
methoxetamine, 2-oxo-PCE), and (5) sedative-hypnotics (e.g., gabapentin, bac-
lofen, clonazolam, etizolam). It is critically important to coordinate hospital,
medical examiner, and law enforcement personnel with laboratory services to
respond to these emerging threats.

Keywords
Cannabinoids · Dissociative agent · Drug abuse · Opioids · Sedative-hypnotic ·
Stimulant
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1 Introduction

The world has witnessed a consistent and accelerating rise in overdose deaths for the
past 40 years (Jalal et al. 2018). A variety of drug classes have contributed to patterns
of recreational use, misuse, addiction, overdose, and death. Over the last two
decades, opioids have dominated attention given the unprecedented contribution of
this class of drugs to individual and cultural harm in addition to overdose deaths. The
overdose death rate tripled from 1999 to 2016 with more than 70,000 overdose
deaths reported in 2017, the majority of which were opioid related (Hedegaard et al.
2017; National Institute on Drug Abuse (NIDA) 2018). Nonfatal and fatal
overdoses, particularly involving heroin and prescription opioids as well as cocaine,
increased worldwide between 1980 and 2013 (Martins et al. 2015). The landscape of
drug use has shifted throughout that period within the opioid class of drugs.
Beginning in the late 1990s and through the first decade of this century, prescription
opioids were the primary cause of overdose mortality with annual overdose deaths
exceeding deaths from motor vehicle collisions in 2008. In 2010–2012, opioid
prescribing peaked and began to decline in the United States (Guy et al. 2017). At
the same time, the cost of high purity heroin was low (Drug Enforcement Adminis-
tration (DEA) 2017). Overdose death rates from heroin rose precipitously. Then, in
2014, fentanyl and associated analogues began to enter the illicit heroin market,
primarily from illicit manufacturers and distributors in China and Mexico (Drug
Enforcement Administration (DEA) 2018a). Due to the potency of these drugs and
the insidious nature of their introduction to the illicit opioid market, overdose deaths
from fentanyl and related synthetic opioids rapidly became the leading cause of
unintentional overdose deaths in the years following widespread availability
(National Institute on Drug Abuse (NIDA) 2018). Despite the prevalence of fentanyl
related compounds and their devastating toll, identification of continuously evolving
analogues has proven challenging. Coordination of hospital, medical examiner, and
law enforcement personnel with laboratory services has become increasingly impor-
tant as we continue to respond to this threat (Daniulaityte et al. 2017).

With increasing attention and targeted intervention, prescription opioid and illicit
opioid use has declined. However, non-opioid drug use has increased (Substance
Abuse andMental Health Services Administration (SAMHSA) 2018). The classes of
illicit drugs available for use have not changed significantly for decades. Classes
include stimulants, cannabinoids, sedative-hypnotics, and dissociative agents. How-
ever, the specific drugs within these categories have evolved in both receptor
specificity and potency leading to an ever-changing landscape of novel psychoactive
substances (NPS). Traditional drugs including cocaine, amphetamines,
methamphetamines, cannabis, and phencyclidine remain popular. Deaths associated
with cocaine and methamphetamine have risen significantly since 2014 (National
Institute on Drug Abuse (NIDA) 2018). However, the availability and use of newer
synthetic drugs have continued to increase (Drug Enforcement Administration
(DEA) 2018a). Due to the influx of newer drugs and variable chemical composition,
prevalence of use is likely underestimated given the difficulty in identification

Newly Emerging Drugs of Abuse 465



and the transient presence of individual drugs within a drug class. Moreover,
combinations of drugs such as cocaine adulterated with fentanyl or inclusion of
synthetic cannabinoids with fentanyl products have led to unintended and mixed
toxicity further complicating clinical management and laboratory identification.

Substance use and associated toxicity have been a continuous phenomena in the
United States for decades. The deaths of tens of thousands of Americans per year,
primarily from opioid toxicity, have drawn sharp attention to the issues of substance
use and addiction. Past experience demonstrates that while the drug of choice will
change over time, drug use will continue to be a critical focus of public health and
law enforcement policy. Recently, the variety of available drugs has expanded
significantly beyond the traditional drugs of just a decade ago. A summary of
emerging drugs is presented in Table 1. In order to properly respond to this changing
environment, accurate identification of a wide spectrum of drugs will be necessary
(Table 2).

2 Opioids

2.1 Epidemiology

Opioid use and misuse have expanded dramatically since the late 1980s–early 1990s.
Poorly treated pain as well as a misunderstanding of the potential adverse effects of
long-term opioid use combined with pharmaceutical company and regulatory
pressures to adequately relieve pain led to marked increases in opioid prescribing
from the 1990s through 2010 (Jones et al. 2018). As opioid prescribing began to
decline in 2010–2012, illicit use of heroin and then fentanyl rose precipitously
(Hedegaard et al. 2017). Starting in 2014, fentanyl and its analogues infiltrated the
illicit opioid market. Deaths related to illicitly manufactured fentanyl and associated
analogues rose 88% from 2013 to 2016 and rapidly became the most common cause
of unintentional overdose death in the United States (Hedegaard et al. 2017). In 2017,
16 fentanyl-related compounds and potent non-fentanyl synthetic opioids like
U-47700 were identified in drug seizures by DEA in addition to pure fentanyl
(Drug Enforcement Administration (DEA) 2018b). In the first half of 2018, fentanyl
accounted for ~75% of opioid identifications by the DEA and was mixed with heroin
in 48% of its identifications indicating the significant prevalence of fentanyl in the
drug supply as well as the potential for inadvertent use of fentanyl products (Drug
Enforcement Administration (DEA) 2018c). Since 2012, 28 new fentanyl analogues
have been identified in the European Union, with 18 of them being identified for the
first time in 2016–2017. It is important to note that seized products have included pills
pressed to look like prescription pharmaceuticals, nasal sprays, and vaping liquids.
Seventy percent of European opioid seizures in 2016 were fentanyl and associated
analogues (European Monitoring Centre for Drugs and Drug Addiction 2018). The
economic burden of the opioid crisis in the United States has been estimated at $78.5
billion/year for prescription opioids alone and at more than $500 billion in 2015when
considering all opioids (Florence et al. 2016). In 2017, the opioid crisis was declared a
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public health emergency. Given the profound impact opioids have had on medical
practice and society in the United States, thorough evaluation and understanding of
the effects of these drugs and accurate identification and surveillance are critical
(O’Donnell et al. 2017).

2.2 Chemistry and Chemical Structures

Opiates, such as morphine, are opium poppy Papaver somniferum-derived psycho-
active alkaloids consumed by human beings since the ancient Mesopotamia era circa
3,400 BC (Presley and Lindsley 2018). Opiates have the pentacyclic phenanthrene
ring structure (Fig. 1). The major psychoactive alkaloid included in opium poppy is
morphine, which is also a direct precursor of heroin. Heroin is 3,6-diacetylmorphine
that was pharmaceutically developed by diacetylation of morphine by Bayer in 1898
as a nonaddictive morphine derivative, but it turned out to be strongly addictive.
Thebaine, another opiate and biosynthetic precursor to morphine, is chemically
modified to develop naloxone (Fig. 1) (Devereaux et al. 2018).

Fig. 1 Chemical structures of
morphine and structurally
related compounds. The
pentacyclic phenanthrene ring
structure (ring A–E) and
numbering of morphine are
also provided in the figure
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Fentanyl was first developed by Dr. Paul Janssen, the founder of Janssen
Pharmaceuticals and innovative scientist, who developed more than 80 drugs in
1960. He hypothesized that a piperidine ring is the most important chemical structure
of morphine and meperidine in their analgesic effect; indeed, fentanyl was
synthesized as a piperidine-derivative analgesic and anesthetic agent (Domino
2008; Stanley 1992; Stanley et al. 2008).

Fentanyl and its analogues are synthetic phenylpiperidine or 4-anilidopiperidine
opioids (Vuckovic et al. 2009), and its chemical structure substantially differs from
that of opiates, even though fentanyl and opiates share the piperidine ring. The
fentanyl skeleton consists of N-alkyl chain, piperidine ring, amide group, and aniline
ring (Cayman Chemical 2018). Various fentanyl analogues have been developed
through substitution of these moieties (Fig. 2).

Nomenclature of these fentanyl analogues is confusing. Typically, the name of
the chemical moiety substituting the ethyl or ethoxy moiety in the amide group in
fentanyl is added in front of “fentanyl.” For example, an ethoxy moiety is replaced
with the acetyl moiety in acetylfentanyl, whereas an ethyl moiety is replaced with the
butyryl moiety in butyrylfentanyl. Chemical modification can be made in other
groups as well. For example, a methyl group is attached to the 3-position in the
piperidine ring in 3-methylfentanyl, whereas a carbomethoxy group is attached to
the 4-position in the piperidine ring in 4-carbomethoxy fentanyl or carfentanil. A
fluorine atom is attached to the para-position in the aniline ring in para-
fluorobutyrylfentanyl and para-fluoroisobutyrylfentanyl.

There are other classes of synthetic opioids. U-47700 was developed by a
pharmaceutical company Upjohn in the 1970s as a more potent opioid analgesic
(Szmuszkovicz 1976). It is a structural isomer of AH-7921, a synthetic analgesic
with cyclohexylmethylbenzamide structure (Fig. 3) (Brittain et al. 1973).

Mitragynine is a major alkaloid included in the plant Mitragyna speciosa, also
known as kratom, indigenous to Southeast Asia (Jansen and Prast 1988). 7-Hydroxy
mitragynine is a minor alkaloid in kratom, but it is a more potent opioid than
mitragynine (Takayama et al. 2002). Both mitragynine and 7-hydroxy mitragynine
are classified as monoterpenoid indole alkaloids. These compounds also do not have
a piperidine ring in their structure (Fig. 3).

2.3 Pharmacology and Physiology Overview

Opioid receptors exist throughout the CNS including the brain and spinal cord.
Traditionally, μ-, δ-, and κ-receptors have been described and studied with subtypes
of each and a fourth, nociceptin opioid receptor (NOP), receiving more recent
attention due to its distinct endogenous ligand-binding affinity relative to the other
opioid receptors (Shang and Filizola 2015). Each type of opioid receptor plays a role
in analgesia through a variety of peripheral, spinal, and cerebral activities. The
μ-opioid receptor has most typically been targeted as a potent analgesic but is also
responsible for undesired adverse effects (Ling et al. 1985). The κ- and δ-receptors
appear to contribute to spinal and supraspinal analgesia and represent targets of
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ongoing investigation for therapeutic investigation as well as recreational use, e.g.,
salvinorin and ibogaine (Gendron et al. 2016; Listos et al. 2011; Litjens and Brunt
2016; Roach and Shenvi 2018). Mitragynine and 7-hydroxy mitragynine, found in
kratom, are partial μ-opioid receptor agonists as well as κ- and δ-opioid receptor
antagonists. Adrenergic and dopaminergic receptor activation is also described

Fig. 2 Chemical structures of fentanyl and fentanyl analogues. The chemical structure of the
fentanyl skeleton is also provided. The ethoxy moiety of fentanyl is highlighted in green. The
substituting moiety in each fentanyl analogue is highlighted in red
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which results in stimulant properties at lower doses with opioid predominance at
higher doses (Kruegel and Grundmann 2018). Naloxone, a μ-receptor antagonist,
does not reverse the effects of κ- or δ-opioid receptor activity, and agonists at those
sites do not cause respiratory depression.

Time to onset of peak effect and potency of various opioids is conferred by a
combination of structural specificity for the opioid receptor as well as capacity to
enter the CNS rapidly. For instance, the synthetic opioid class of 4-anilidopiperidine
which includes fentanyl and its analogues provides much more potent stimulus of the
opioid receptor. Fentanyl is estimated to be 50–100 times as potent as morphine
(Vuckovic et al. 2009). Within that class of drugs, variable potency can be seen with
relatively minor changes in chemistry. 4-Carbomethoxy fentanyl, or carfentanil
(Fig. 2), for example, is approximately 20–30 times as potent as fentanyl and is
responsible for deaths throughout the world (Armenian et al. 2018; European
Monitoring Centre for Drugs and Drug Addiction 2018; Vuckovic et al. 2009).
Heroin results in more rapid onset of euphoria compared to morphine due to its
lipophilic addition of two acetyl groups accelerating delivery of morphine to the
CNS opioid receptors (Maas et al. 2018). The metabolite, 6-monoacetylmorphine
(6-MAM), is nearly pathognomonic for heroin exposure as morphine is not naturally
acetylated in the human body (Maas et al. 2018).

Some opioids confer pharmacologic effects other than pure opioid receptor
agonism. Serotonin receptor activation secondary to reuptake inhibition has been
demonstrated with opioids including tramadol, meperidine, dextromethorphan/
dextrorphan, and fentanyl (Baldo 2018). Delayed repolarization of cardiac
myocytes with associated QT interval prolongation and risk of polymorphic
ventricular tachycardia can be seen with methadone, ibogaine, and loperamide
(Behzadi et al. 2018). In addition to serotonin reuptake inhibition, blockade of
norepinephrine reuptake by meperidine, tramadol, and their metabolites can result
in seizures (Hassamal et al. 2018).

Finally, a variety of adulterating agents have been identified in illicit opioids
which may lead to mixed pharmacology and clinical effects. Opioids and other illicit

Fig. 3 Chemical structures of
U-47700, AH-7921,
mitragynine, and 7-hydoxy
mitragynine
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drugs typically are mixed with other compounds which may simply be diluents or
bulking agents, e.g., sugars, to deliver a certain weight while minimizing the amount
of valuable drug that is included. Adulterants are pharmacologically active
constituents that are intentionally included for a variety of reasons that may include
enhancing the effect, mitigating associated adverse drug effects, or simply as a lower
cost substitute for the primary drug (United Nations Office for Drug Control and
Crime Prevention (UNODCCP) 2001). Contaminants, on the other hand, are
substances which were not intentionally included and can include bacterial toxins
such as botulinum which has been reported worldwide (MacDonald et al. 2013;
Palmateer et al. 2013; Yuan et al. 2011). Pharmacologically active adulterants vary
significantly by time and geography. However, reported heroin adulterants have
included paracetamol/acetaminophen, diphenhydramine, clenbuterol, lidocaine,
xylazine, caffeine, diphenhydramine (aka “cheese”), phenobarbital, griseofulvin,
diazepam, procaine, quinine/quinidine, chloroquine, methaqualone, and dextrome-
thorphan (Broseus et al. 2016; Phillips et al. 2012; Ruiz-Colon et al. 2014; Solimini
et al. 2017). Depending upon the presence and relative concentration of an adulter-
ant, significant clinical effects may manifest that complicate and/or cloud the
presentation of a patient with acute opioid intoxication.

2.4 Clinical Effects

Therapeutic use of opioids results in desired effects including potent and rapid
reduction in pain as well as cough suppression. However, the distribution and
activity of primarily μ-opioid receptors in the medullary respiratory center and
gastrointestinal tract result in adverse effects and toxicity at supratherapeutic doses
(Minami and Satoh 1995). Additionally, indirect activation of mesolimbic dopamine
reward centers and intrinsically rewarding euphoric effects of opioids result in
habituation and addiction (Kreek et al. 2012). Opioid use results in constipation
with both short- and long-term use (Webster 2015). Acute opioid toxicity includes a
typical triad of clinical signs: sedation or coma, hypoventilation, and miosis. Addi-
tional toxicity may include seizures, cardiac dysrhythmias, and serotonergic effects
depending upon individual drug pharmacology. The onset of respiratory depression
and arrest can be rapid, within minutes (Boom et al. 2012). Early signs of respiratory
depression are typically hypercapnia followed by hypoxemia meaning that declines
in oxygen saturation on pulse oximetry are a later finding. Cyanosis, bluish discol-
oration of the lips and distal extremities, is a clinical indicator of respiratory failure.
Miosis may not be present with some opioids, particularly tramadol and meperidine
with concurrent serotonin- and norepinephrine-mediated toxicity. While opioids
exert myocardial depressant effects as well as histamine-mediated vasodilation
resulting in hypotension, cardiovascular toxicity is primarily the result of hypoxemia
and hypoperfusion secondary to respiratory failure. As respiratory failure progresses,
secondary cardiac failure and arrest can occur. Pulmonary edema is frequently noted
on postmortem examinations as well as in patients who have survived an overdose.
There is a reported association of development of pulmonary edema following rapid
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reversal of acute toxicity with naloxone, but it is unclear if naloxone contributes to
this process through catecholamine surge versus unmasking of developing
pulmonary edema as part of the natural course of opioid toxicity, sudden inspiration
against a closed glottis, or a combination of these factors (Megarbane and Chevillard
2013). Aspiration pneumonitis and pneumonia also frequently complicate opioid
toxicity with mental status depression particularly in the presence of vomiting
(Table 2).

2.5 Laboratory Detection and Methodology

Laboratory tests used in the clinical laboratories are subject to the law and
regulations in each country. In the United States, FDA clearance is required before
an immunoassay kit is used in clinical laboratories unless laboratory-developed tests
under the Clinical Laboratory Improvement Amendments (CLIA) regulation
(Genzen et al. 2017). FDA-cleared opiate immunoassays are included in routine
urine drug screening panels. Opiate immunoassays cross-reacts with morphine,
6-MAM, and heroin, but not naloxone, unless its concentration is extremely high
(Straseski et al. 2010). As 6-MAM is the immediate metabolite of heroin and
morphine is the metabolite of 6-MAM, heroin abuse can be screened by opiate
immunoassays, even though the half-life of heroin and 6-MAM is very short in the
blood (less than 10 min and 40 min, respectively) (Goldberger et al. 1993).
FDA-cleared 6-MAM immunoassays, such as Syva® EMIT® II Plus
6-Acetylmorphine kit (Siemens), are also available, allowing for the rapid screening
of previous heroin usage with better specificity to 6-MAM than opiate
immunoassays, but the positive results are regarded as “Presumptive” or “Uncon-
firmed” positive, and MS-based confirmatory testing should be conducted, espe-
cially for forensic purposes.

The identification of 6-MAM and/or heroin by mass spectrometry (MS)-based
assays is accepted as a proof of previous heroin usage; however, morphine and its
glucuronized metabolites are often the only opiates identified in the urine specimens
after heroin usage due to the rapid removal of heroin and 6-MAM through metabo-
lism. In this case, it is rather challenging to distinguish heroin usage from opium
poppy (e.g., poppy seed) consumption by the laboratory findings. This creates a
significant medicolegal issue known as “poppy seed defense” (Chen et al. 2014).

As discussed in the “Chemistry and Chemical Structures” section above, fentanyl
and its analogues have a distinct structure to opiates (Figs. 1, 2 and 3); thus, any
opiate immunoassays do not cross-react with these compounds (Liu et al. 2018).
Instead, various immunoassays have been developed for fentanyl; however, most of
them are for forensic or research use. Due to their strong structural similarity, these
fentanyl assays should detect various fentanyl analogues with their high cross-
reactivity. Currently there is only one FDA-cleared fentanyl immunoassay available
on the market (SEFRIA™ Fentanyl Urine Enzyme Immunoassay, Immunalysis,
Pomona, CA). The fentanyl immunoassay has not been incorporated in most
standard drug screen immunoassay panels yet.
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Similarly, any existing opiate immunoassays do not cross-react with U-47700,
AH-7921, mitragynine, and 7-hydroxy mitragynine. Even though there are several
immunoassay kits commercially available, these are for forensic or research use.
There is no FDA-cleared immunoassay kit for these compounds.

Wide availability of FDA-cleared immunoassay kits should enable clinical
laboratories to detect more cases of fentanyl (and/or fentanyl analogue) intoxication
and misuse in a timely manner, potentially saving more lives.

Besides immunoassays, mass spectrometry (MS) – either gas chromatography-
MS (GC-MS) or liquid chromatography-MS (LC-MS) – is used for identification of
these synthetic opioids for clinical and forensic cases (summarized in Liu et al.
2018). These compounds can be detected by GC-MS-based untargeted analysis, but
LC-MSMS-based targeted analysis is superior in the sensitivity of the assay (Liu
et al. 2018).

2.6 Treatment

The primary danger associated with opioid toxicity is respiratory depression with
hypercapnia, hypoxemia, and subsequent organ hypoperfusion injury, particularly of
the brain and heart. The priority in treatment is to restore ventilation and
oxygenation. Assisted ventilation through bag-valve-mask ventilation or endotra-
cheal intubation treats the life-threatening respiratory toxicity associated with
opioids. Naloxone, a μ-opioid receptor antagonist, is an effective antidote for acute
opioid toxicity. Naloxone was approved for medical use in 1971. More recently,
naloxone distribution for bystander use has resulted in reductions in opioid overdose
mortality (McDonald and Strang 2016; Walley et al. 2013). Naloxone can be
administered via intravenous, intramuscular, intranasal, and endotracheal routes. It
is rapidly effective with reversal occurring within minutes of administration (Boyer
2012). Assisted ventilation should not be delayed while preparing or administering
naloxone and should continue after administration until the patient is breathing
independently. The adverse effects associated with naloxone administration are
primarily related to induction of opioid withdrawal in opioid dependent patients
(Wermeling 2015). Higher doses of naloxone may be needed depending upon the
pharmacologic properties of different agents including receptor-binding affinity
(Kd) and potency. However, when delivered promptly and effectively, naloxone is
effective for reversal of even the most potent synthetic opioids and fentanyl
analogues, though repeated escalating doses may be necessary in some cases
(Armenian et al. 2018). If there is no response to even high-dose naloxone, intoxi-
cation with a non-opioid agent or advanced irreversible end-organ injury from
prolonged hypoperfusion should be suspected. In some cases, the duration of action
of the opioid will exceed that of naloxone. In such cases, repeated doses of naloxone
and a naloxone infusion may be necessary to maintain ventilation throughout
the course of toxicity, while the offending agent is metabolized and eliminated
(Boyer 2012).
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3 Cannabinoids

3.1 Epidemiology

Cannabis use dates back to ancient China in the fourth century BC and has been part
of both social and medical culture since that time (Brand and Zhao 2017). In 1970,
the US Controlled Substances Act classified marijuana as a Schedule I drug
indicating a high risk of abuse without currently accepted medical use in the United
States. However, cannabis-based medications have been approved by the FDA for
human medical use including nabilone for chemotherapy-associated nausea and
vomiting refractory to other agents; the Δ9-tetrahydrocannabinol (THC) product,
dronabinol, for appetite stimulation in anorexia associated with AIDS and nausea
treatment for patients on chemotherapy; and, most recently, the cannabidiol (CBD)
product, Epidiolex®, for treatment of specific seizure disorders. While cannabis
remains Schedule I at the federal level in the United States, many states have passed
legislation permitting the medical use of cannabis products with some states permit-
ting recreational sale of cannabis. Legal status of cannabis is variable throughout the
world. CBD, a constituent of marijuana without intoxicating properties, is not
scheduled when sold in products that contain<0.3% THC, the primary psychoactive
component of marijuana. Overall, marijuana use among Americans has risen signifi-
cantly since 2003 with approximately 26 million marijuana users over the age of
12 in the United States in 2017 (Substance Abuse and Mental Health Services
Administration (SAMHSA) 2018). Approximately 2.5% of the world’s population
consumes cannabis (World Health Organization Department of Mental Health and
Substance Abuse Management of Substance Abuse Team (NMH/MSD/MSB)
2019). In 2008, the use of synthetic cannabinoids began to be recognized, first in
Europe and then the United States (Auwarter et al. 2009; European Monitoring
Centre for Drugs and Drug Addiction 2009). Their presence was identified in
products sold as herbal incense products known colloquially as “K2” or “Spice,”
terms which have persisted and generally refer to myriad synthetic cannabinoid
structures. At that time, the most commonly identified products were JWH-018,
JWH-073, JWH-200, and CP-47,497 (Fig. 4) (Brents and Prather 2014). More
recently, an even more potent class of synthetic cannabinoids has evolved with
marked increases in reported exposures beginning in 2015 (Mowry et al. 2016). This
group of cannabinoids including FUB-AMB, ADB-FUBINACA (Fig. 4), and many
more are highly potent and result in much more significant toxicity (Table 1). The
prevalence of synthetic cannabinoid use is unclear but growing (Law et al. 2015).
Synthetic cannabinoids are the largest group of substances monitored by the EU
Early Warning System, and cannabinoids were the most frequently seized novel
psychoactive substances reported in 2016 (European Monitoring Centre for Drugs
and Drug Addiction 2018). A significant barrier to more precise evaluation of
prevalence is the difficulty in accurately identifying such a diverse group of contin-
uously evolving chemicals in biological matrices (Castaneto et al. 2014). Synthetic
cannabinoids can be identified in blood and urine specimens, but not in routine drug
testing in typical healthcare settings highlighting the need for ongoing research and
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Fig. 4 Chemical structures of phytocannabinoids and synthetic cannabinoids. Based on the
structure, these compounds are classified into four major groups: (1) Δ9-tetrahydrocannabinol
(THC) and THC analogues, (2) alkylindoles, (3) cyclohexylphenols, and (4) indazole carboxamide.
The alkylindoles are further classified: (2.1) naphthoylindoles, (2.2) phenylacetylindoles, (2.3)
benzoylindoles, (2.4) cyclopropylindoles, and (2.5) adamantylindoles. The core chemical structures
in each synthetic cannabinoid are highlighted in green in the figure. The dibenzopyran numbering
system of THC is also shown (Grotenhermen 2003; Mechoulam 1970)
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attention to the application and interpretation of drug testing and surveillance for
these compounds (Knittel et al. 2016).

3.2 Chemistry and Chemical Structures

THC is one of at least 113 phytocannabinoids identified in the Cannabis plant
(Aizpurua-Olaizola et al. 2016). CBD is another phytocannabinoid identified in
Cannabis. These cannabinoids are also synthesized in the laboratory. Other THC
analogues are also synthesized; nabilone was developed by Eli Lilly (Lemberger and
Rowe 1975), whereas HU-210 (11-OH-Δ8-THC-dimethylheptyl) was synthesized
by Dr. Raphael Mechoulam at Hebrew University (HU) in Israel (Howlett et al.
1990; Mechoulam 2000). Based on the structural similarity, dibenzopyran number-
ing is widely applied to cannabinoids, even though cannabinoids do not contain any
pyrans in their structure (Fig. 4) (Grotenhermen 2003; Mechoulam 1970).

Synthetic cannabinoids are classified into four major structural groups: (1) THC
analogue, (2) alkylindole, (3) cyclohexylphenol, and (4) indazole carboxamide
(Fig. 4) (Castaneto et al. 2014; Hill et al. 2018; Miliano et al. 2016; Smith et al.
2015; Wiley et al. 2015). Even though synthetic cannabinoids are potent CB1 (and
CB2) cannabinoid receptor agonists, non-THC analogue compounds have the
chemical structures distinct from that of THC.

The alkylindoles are further classified into several groups based on the structure
(Miliano et al. 2016): naphthoylindoles (e.g., JWH-018, JWH-073, and JWH-200),
phenylacetylindoles (e.g., JWH-250), benzoylindoles (e.g., AM-694),
cyclopropylindoles (e.g., XLR-11), and adamantylindoles (e.g., APICA) (Fig. 4)
(Hill et al. 2018; Miliano et al. 2016; Smith et al. 2015). The JWH-series of
compounds was originally synthesized by Dr. John W. Huffman at Clemson Uni-
versity in South Carolina as part of his pharmacological research program of
synthetic indole-derived cannabinoids (Wiley et al. 2015). The AM-series of
compounds was originally developed by Dr. Alexandros Makriyannis at Northeast-
ern University in Massachusetts. The cyclohexylphenols include CP-47.497 that was
developed by Pfizer scientists (Weissman et al. 1982). The indazole carboxamides
include FUB-AMB (also known as MMB-FUBINACA or AMB-FUBINACA),
ADB-FUBINACA, and APINACA (AKB-48) (Gatch and Forster 2018; Hill et al.
2018). APINACA also contains an adamantayl group and has the indazole group in
place of the indole ring in APICA, and thus it is structurally similar to APICA, an
adamantylindole which can also be classified as an indole carboxamide (Fig. 4).

3.3 Pharmacology and Physiology Overview

Hundreds of cannabinoids, termed phytocannabinoids, and terpenoids have been
identified in the Cannabis species of plants (Andre et al. 2016). The potential
contribution of clinical effects from many of these constituents remains unclear.
The primary focus of clinical and pharmacologic evaluation has been with the
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cannabinoids, THC and CBD. The cannabinoid receptor system is complex with
modulatory effects on multiple transmitter-receptor complexes and remains incom-
pletely understood. Endogenous cannabinoids (endocannabinoids), anandamide and
2-arachidonoylglycerol, exert effects upon two identified cannabinoid receptors,
CB1 and CB2 (Sugiura and Waku 2002). More recently, activity at the transient
receptor potential vanilloid 1 (TRPV1) has been described with implications on both
pain and hyperemesis syndromes (Zou and Kumar 2018). The CB1 receptor has
been identified throughout the central and peripheral nervous systems with a wide
variety of direct effects on neuronal, gastrointestinal, and immune cells as well as
pre- and postsynaptic modulation of other neurotransmitters including GABA,
acetylcholine, serotonin, glutamate, norepinephrine, and dopamine (Zou and
Kumar 2018). Alternatively, CB2 receptors are primarily located in the spleen,
testis, and with minimal role in the CNS reward system (Zou and Kumar 2018).
Given the wide distribution of cannabinoid receptors and interaction with multiple
neurologic pathways, activation results in a complex pattern of activity with many
observed and hypothesized effects. THC is a partial agonist at the CB1 and CB2
receptors, while CBD has been described as an allosteric antagonist at cannabinoid
receptors with serotonin and TRPV1 agonist activity (Boggs et al. 2018). The
relative concentrations of THC and CBD in a cannabis product contribute to the
variability in effect and experience with THC typically resulting in more
psychoactivating intoxication, while CBD is responsible for the nonintoxicating
effects described with cannabis use (Boggs et al. 2018). As opposed to the relatively
weak cannabinoid receptor activation by endocannabinoids and the partial agonist
and promiscuous activity of phytocannabinoids, synthetic cannabinoids have been
developed as full cannabinoid receptor agonists resulting in much more potent
activity by orders of magnitude depending upon the specific agent (Castaneto et al.
2014). Synthetic cannabinoids are often available as a liquid formulation which is
then applied to vegetative material, e.g., marijuana or tobacco, or used in a
vaporizing system. Onset of symptoms after inhalational use is rapid, typically
within minutes, and duration can be hours to more than a day depending upon the
dose and specific formulation (Castaneto et al. 2014). Marijuana metabolites can
persist on urine drug screening for weeks depending upon frequency and magnitude
of use (Lowe et al. 2009).

3.4 Clinical Effects

Given the diverse distribution and activity of cannabinoid receptors, there are a wide
variety of proven, anecdotal, and theoretical therapeutic opportunities for pharma-
ceutical modulation. There is growing interest and support, both scientific and social,
in the potential of cannabinoids for medical use, but high-level data are generally
limited. As of 2017, there was strong evidence to support the benefits of cannabinoid
use for nausea, appetite stimulation, modest reductions in chronic pain, and multiple
sclerosis related spasticity. Otherwise, available research was unavailable or
inadequate to draw definitive conclusions of benefit (National Academies of
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Sciences and Medicine 2017). As further research is performed, additional supported
indications for medical use may be validated. The diversity of cannabinoid effects
also leads to a variety of intended and unintended consequences depending upon the
formulation, route of delivery, and specific substance. For nonmedical use, intoxica-
tion and/or anxiolysis is typically the goal. Varying relative concentrations of THC
and CBD in leaf marijuana as well as edibles, vaping oils, and other formulations of
cannabinoids impact the nature and degree of intoxication with higher concentration
of THC relative to CBD resulting in greater intoxication, motor impairment, and
other adverse effects (Ford et al. 2017). There was a fourfold increase in THC
content identified in confiscated marijuana in 2014 compared to 1995 with an
increase in THC:CBD concentrations from 14 to 80 times (ElSohly et al. 2016).
This rise in potency with availability of high concentration and pure THC alternative
products as well as expanded availability has likely contributed to a rise in associated
emergency department visits (Zhu and Wu 2016).

Acute phytocannabinoid toxicity is not life-threatening outside of associated
trauma or secondary illness but can include impaired motor coordination, altered
judgment, impaired short-term memory, nausea, vomiting, tachycardia, vasodilation
with hypotension, syncope, paranoia, and psychosis (Volkow et al. 2014). Long-
term adverse effects include addiction, impaired cognitive development with
associated lower IQ (particularly in adolescent users), worsened educational
outcomes, diminished life satisfaction and career achievement, chronic bronchitis,
and increased risk of psychosis in individuals with an existing predisposition
(Volkow et al. 2014). Cannabinoid hyperemesis syndrome has been described as a
cyclical syndrome of vomiting, abdominal cramping, and dehydration in long-term
regular users of cannabis with the hallmark feature of patients reporting relief from
hot showers or baths (Sorensen et al. 2017).

Synthetic cannabinoids, as full cannabinoid receptor agonists, pose a much more
significant immediate threat. In addition to symptoms associated with THC stimula-
tion of cannabinoid receptors, synthetic cannabinoid use has been associated with
extreme agitation, delirium, seizures, ventricular dysrhythmias, hemodynamic insta-
bility, respiratory failure, rhabdomyolysis, anoxic brain injury, and death (Katz et al.
2016). The degree of agitation and hyperadrenergic toxicity witnessed with use of
these drugs is reminiscent of potent stimulant toxicity and may be clinically indis-
tinguishable at the time of initial presentation. Given the relatively recent advent of
synthetic cannabinoid availability, difficulty in identification, and limited experience
with regular use, data regarding long-term effects are not available (Table 2).

3.5 Laboratory Detection and Methodology

FDA-cleared cannabinoid immunoassays are commonly included in routine urine
drug screening panels. These kits are developed to target the inactive Δ9-THC
carboxy metabolite, the major urinary excreted form, but they can cross-react with
THC due to their structural similarity to the Δ9-THC carboxy metabolite. Some kits
can even cross-react weakly with CBD at very high concentrations, as indicated in
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the published data sheet (e.g., Syva® EMIT-II Plus Cannabinoid immunoassay kit,
Siemens) and a published literature (Simpson et al. 1997). Furthermore, CBD
products might contain a trace amount of THC (Bonn-Miller et al. 2017). Because
of these facts, a urine specimen obtained from a CBD product user might generate a
positive result of cannabinoid immunoassays either through its weak cross-reactivity
with the immunoassay kit and/or the trace amount of THC included in the CBD
products (Kulig 2017), especially if a large amount of CBD products is consumed
and a low cutoff is adopted in the immunoassay.

Development of an immunoassay to detect synthetic cannabinoids in urine, the
standard type of clinical specimens for analysis, is a challenging task. One major
reason is their extensive metabolism. Another confounding factor is the wide
structural diversity of these compounds (Fig. 4), which makes the development of
a single immunoassay covering the whole class of synthetic cannabinoids unfeasible.
Besides THC analogue HU-210, synthetic cannabinoids are structurally dissimilar to
Δ9-THC or Δ9-THC carboxy metabolite, as predicted by 2D similarity values to
Δ9-THC carboxy metabolite [e.g., JWH-018 (0.382), JWH-073 (0.345)]. That is
why synthetic cannabinoids except THC analogues do not cross-react with THC
immunoassays targeting Δ9-THC carboxy metabolite (Krasowski and Ekins 2014).
Commercially available immunoassays for synthetic cannabinoids (e.g., Randox)
can only cover relatively small groups of them with similar chemical structures
(Arntson et al. 2013; Namera et al. 2015). None of these kits have received FDA
clearance; thus, these kits cannot be used in clinical laboratories.

These limitations in immunoassays make LC-MSMS-based analysis the optimal
alternative for the analysis of synthetic cannabinoids (Knittel et al. 2016; Namera
et al. 2015; Scheidweiler and Huestis 2014). GC-MS seems not to be suitable for
detection of synthetic cannabinoids without proper derivatization pretreatments,
presumably because of their polar structures (Liu et al. 2018).

3.6 Treatment

The treatment of cannabinoid toxicity is largely supportive. There is no antidote
for cannabinoid toxicity or clinically available CB1 receptor antagonist. Phyto-
cannabinoid toxicity is self-limited, and treatment is aimed at symptom management
with antiemetics, IV fluids, safe environment, redirection, and anxiolysis if neces-
sary while intoxicated. Topical capsaicin has been recommended for the treatment of
acute exacerbations of cannabinoid hyperemesis syndrome (Sorensen et al. 2017).
The primary treatment for acute and chronic toxicity is cessation of use.

Management of synthetic cannabinoid toxicity is also supportive but typically
requires much more intensive intervention including escalating doses of parenteral
GABAA-agonist medications including benzodiazepines and/or barbiturates to
de-escalate agitated delirium associated with risk to both patients and care providers.
In cases of severe agitation unresponsive to initial sedation and/or respiratory failure,
endotracheal intubation may be necessary to provide adequate ventilation and
sedative administration such as propofol or high-dose barbiturates, e.g.,

Newly Emerging Drugs of Abuse 481



phenobarbital. Dosing should be titrated to sedation. Evaluation should include
assessment of myocardial ischemia, infarction, or dysrhythmia with electrocardio-
gram and cardiac enzymes in patients with significant intoxication and cardiovascu-
lar vital sign abnormalities. Providers should have a low threshold to evaluate for
rhabdomyolysis and associated kidney injury as well as aspiration pneumonitis/
pneumonia which are common complications of both stimulant and sedative toxic
syndromes. Patients with abnormal movements or encephalopathy out of proportion
with intoxication or treatment should be evaluated for nonconvulsive seizure activity
in addition to anoxic or traumatic brain injury (Castaneto et al. 2014; Katz et al.
2016).

4 Stimulants/Hallucinogens

4.1 Epidemiology

Cocaine and amphetamine/methamphetamine have been and remain the most com-
monly used illicit stimulants (Substance Abuse and Mental Health Services Admin-
istration (SAMHSA) 2018). Methamphetamine availability and purity are rising,
while cost has remained low nationally resulting in increased prevalence of use
(Drug Enforcement Administration (DEA) 2018a). Identification of cocaine and
methamphetamine in postmortem evaluation of unintentional overdose death victims
has risen steadily in recent years (Hedegaard et al. 2017). Additionally, prescription
stimulants have been increasingly prescribed and misused (Safer 2016; Substance
Abuse and Mental Health Services Administration (SAMHSA) 2018). A diverse
group of novel stimulant and hallucinogenic drugs has also grown in popularity.
The primary classes of newer stimulant psychoactive substances include
β-ketoamphetamines (cathinones), piperazines, tryptamines, and two carbon (2C)-
phenylethylamines (Fig. 5) (Graddy et al. 2018). Examples of these can be found in
Table 1. Approximately 1.2% of surveyed adults self-reported use of psychoactive
substances including cathinones and other novel phenylethylamines, while ~0.7% of
high school students reported cathinone use from 2012 to 2014 (Palamar et al. 2015;
Patrick et al. 2016). Cathinones are a group of stimulant chemicals derived from the
Catha edulis (khat) plant. Chewing khat is a common cultural practice in many
North African, Eastern Mediterranean, and Middle Eastern countries (Odenwald and
al’Absi 2017). Western Europe and US utilization of synthetic stimulants derived
from purified cathinone began to be reported in 2009–2010 at which time they were
marketed as “bath salts,” a name that has persisted and includes a wide variety of
distinct cathinone derivatives and other stimulants (Prosser and Nelson 2012). These
are often labelled, “Not for human consumption” in order to avoid regulation. While
the DEA has classified many of these stimulants as Schedule I, continuous updates
and changes to chemical structures make real-time accurate identification and

482 K. Tamama and M. J. Lynch



response by regulating agencies difficult (Weinstein et al. 2017). The United Nations
estimates that nearly 250 new drug analogues are created each year (Karch 2015).
Forensic and clinical laboratories are challenged to keep pace with this fluid market
of available stimulants (Glicksberg et al. 2016).

Fig. 5 Chemical structures of amphetamine, amphetamine-derived stimulants/hallucinogens, and
cocaine. The chemical structure and nomenclature of amphetamine or alpha-methylphenethylamine
are also provided in the figure. The core chemical structure of each class of amphetamine-type
stimulants is highlighted in green and blue (for N-benzylmethoxy moiety)
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4.2 Chemistry and Chemical Structures

The prototypal compound is amphetamine, contracted from alpha-methyl-
phenethylamine. Besides cocaine, these stimulants/hallucinogens are all amphet-
amine derivatives. These compounds are classified as β-keto amphetamines,
pyrrolidinophenones, and dimethoxyphenethylamines (Fig. 5) (Peters and
Martinez-Ramirez 2010; Petrie et al. 2013).

Cathinone is a prototypal β-keto amphetamine (Kalix 1992). There are numerous
β-keto amphetamines or cathinone derivatives, including, but not limited to,
methcathinone, mephedrone, methylone, and ethylone (Fig. 5).

Pyrrolidinophenones are another class of amphetamine-type stimulants which
contain a pyrrolidine ring in place of the amine in the amphetamine skeleton.
Examples of pyrrolidinophenones are α-pyrrolidinovalerophenone (α-PVP or
“Flakka”), pyrovalerone, and methylenedioxy-pyrovalerone (MDPV) (Fig. 5).

Dimethoxyphenethylamines contain two methoxy groups attached to the 2- and
5-positions of the benzene ring in the phenethylamine backbone. These two carbon
phenylethylamines are collectively called “2C.” A bromine atom is attached to the
4-position of the benzene ring in 2,5-dimethoxy-4-bromophenethylamine or “2C-
B,” whereas an iodine atom is attached to the 4-position of the benzene ring in
2,5-dimethoxy-4-iodophenethylamine or “2C-I” (Fig. 5).

Dimethoxyphenethylamines have N-benzylmethoxy or N-benzyl-oxy-methyl
derivatives called NBOMes. As the name indicates, a 2-methoxybenzyl group is
attached to the nitrogen atom of the dimethoxyphenethylamines in NBOMes. The
N-benzylmethoxy derivative of 2C-I or 25I-NBOMe [2-(4-Iodo-2,5-
dimethoxyphenyl)-N-[(2-methoxyphenyl)methyl]ethanamine] is the prototype of
NBOMe (Fig. 5) (Laskowski et al. 2015).

Cocaine or benzoylmethylecgonine is a primary psychoactive tropane alkaloid in
Erythroxylum coca leaves, structurally distinct from amphetamine-type stimulants/
hallucinogens (Fig. 5) (Goldstein et al. 2009).

4.3 Pharmacology and Physiology Overview

Phenylethylamines stimulate the release and inhibit the reuptake of the biogenic
amines norepinephrine, dopamine, and serotonin (Graddy et al. 2018). Structural
variation imparts distinct patterns of neurotransmitter effects. For instance,
methylenedioxymethamphetamine (MDMA) exerts greater serotonin effects leading
to a more hallucinogenic experience compared to predominantly adrenergic
symptoms with methamphetamine. The constellation of symptoms and clinical
effects associated with individual drugs is dictated by the relative intensity of
induced neurotransmitter activity. The “2C” compounds and their
N-benzylmethoxy derivatives, e.g., 25I-NBOMe (“N-Bombs” or “Smiles”), are
primarily potent serotonin receptor agonists with noradrenergic receptor activation,
as well (Suzuki et al. 2015). Phenylethylamine drugs can be taken orally, smoked, or
injected. 25I-NBOMe has also been sold on paper and referred to as “acid” which
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can lead to confusion as that colloquial term has been used to describe lysergic
diethylamide (LSD). Onset is typically rapid with duration of action of up to 8 h
depending upon the specific product (Graddy et al. 2018).

Tryptamines, e.g., 5-Methoxy-N,N-diisopropyltryptamine (5-MeO-DiPT), also
known as “Foxy” or “Foxy Methoxy,” and piperazines, e.g., 1-benzylpiperazine
(BZP) and 1-(3-Trifluoromethylphenyl)piperazine (TFMPP), have primarily seroto-
nergic effects (Arbo et al. 2012; Dinis-Oliveira 2017; Dominguez-Clave et al. 2016).

4.4 Clinical Effects

Stimulants have been used clinically for a variety of purposes, particularly treatment
of attention deficit hyperactivity disorder (ADHD) (Safer 2016). However, they also
represent a broad and diverse group of illicitly available drugs from cocaine and
methamphetamine to a variety of novel psychostimulants and hallucinogens. The
toxicity associated with each drug and drug class is conferred by its
neurotransmitter-receptor complex activity. Use of phenylethylamine compounds
result in a mixture of noradrenergic, dopaminergic, and serotonergic effects includ-
ing tachycardia, hypertension, diaphoresis, agitation, delirium, seizures, ventricular
dysrhythmias, hallucinations, choreiform movements due to dopamine effects,
tremor, hyperreflexia, and hyperthermia (Prosser and Nelson 2012). Tryptamines
and piperazines, meanwhile, cause primarily serotonergic effects which overlap
significantly but with more pronounced tremor and hyperreflexia and without evi-
dence of dopamine-mediated effects such as chorea (Graddy et al. 2018). Dopamine
and serotonin activity may both result in “hallucinations” though dopamine is more
commonly associated with psychotic and tactile hallucinations, while serotonin is
more likely to result in synesthesias (Rolland et al. 2014). Practically, differentiation
of the various causative agents is difficult and unlikely to change immediate man-
agement. Hyponatremia has been reported with stimulant use, primarily with
MDMA but also with the cathinone mephedrone (Prosser and Nelson 2012).

4.5 Laboratory Detection and Methodology

Currently there is no FDA-cleared immunoassay kit specifically targeting β-keto
amphetamines, pyrrolidinophenones, and dimethoxyphenethylamine. Due to their
moderate structural similarity to amphetamine (Fig. 5) [The 2D similarity value of
cathinone, methcathinone, and mephedrone to amphetamine are all 0.45 (Petrie et al.
2013)], β-keto amphetamines appear to cross-react weakly with AxSYM® Amphet-
amine/Methamphetamine II, CEDIA Amphetamine/Ecstasy kit, and Lin-Zhi Meth-
amphetamine enzyme immunoassays, but not EMIT® II Plus Amphetamines kit
(Krasowski and Ekins 2014; Petrie et al. 2013; Regester et al. 2015).

Pyrrolidinophenones, on the other hand, appear not to cross-react with EMIT® II
Plus Amphetamines kit, AxSYM® Amphetamine/Methamphetamine II, CEDIA
Amphetamine/Ecstasy kit, and Lin-Zhi Methamphetamine enzyme immunoassay
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due to weak structural similarity to amphetamine [The 2D similarity value of MDPV
to amphetamine is 0.22 (Krasowski and Ekins 2014; Petrie et al. 2013; Regester et al.
2015)], but MDPV weakly cross-reacts with Microgenics DRI Phencyclidine
enzyme assay, in accord with the moderate 2D similarity value of MDPV to PCP
(0.52) (Krasowski and Ekins 2014; Macher and Penders 2013).

Dimethoxyphenethylamines (“2C” compounds) have rather weak structural sim-
ilarity to amphetamine (Fig. 5) [The 2D similarity values of 2C-I and 2C-B to
amphetamine are both 0.33 (Petrie 2013 Excel)]; 2Cs seem not to cross-react with
AxSYM® Amphetamine/Methamphetamine II, CEDIA Amphetamine/Ecstasy kit,
and Lin-Zhi Methamphetamine enzyme immunoassay; however they weakly cross-
react with EMIT® II Plus Amphetamines kit (Petrie et al. 2013; Regester et al. 2015).

These amphetamine-derived stimulants/hallucinogens, at least β-keto
amphetamines and pyrrolidinophenones, are detectable by GC-MS-based untargeted
analysis without derivatization (Liu et al. 2018). Dimethoxyphenethylamines (“2C”
compounds) including NBOMe are also detectable by GC-MS, even without deriv-
atization (Ketha et al. 2017). These compounds are also detectable by LC-MS(MS)
(Glicksberg et al. 2016; Laskowski et al. 2015; Namera et al. 2015).

4.6 Treatment

The mainstay of therapy for stimulant and hallucinogen toxicity is sedation to
prevent harm associated with agitation. Early recognition and aggressive response
to hyperthermia are critical as hyperthermia is an indicator of severe toxicity
(Matsumoto et al. 2014). Treatment should include rapid titration of sedative agents
including benzodiazepines and barbiturates to both control agitation as well as
prevent potential seizures (Prosser and Nelson 2012). While tachycardia and hyper-
tension are key findings, appropriate sedation will often improve both abnormalities.
However, if sedation has been achieved, ancillary treatment of persistent severe
tachycardia and/or hypertension with agents including α1-adrenergic antagonists, α2-
adrenergic agonists, and calcium channel blockers is appropriate. Beta blockers are
not recommended in the treatment of patients with acute sympathomimetic toxicity
(Richards et al. 2017). Many patients will be volume depleted and require isotonic
fluid resuscitation. Assessment of sodium concentration should be performed given
the association of hyponatremia with some stimulants. Additionally, the psychomo-
tor agitation often associated with stimulant and hallucinogen toxicity can lead to
traumatic injuries and rhabdomyolysis with or without compartment syndrome.
Careful examination of muscle compartments and for evidence of trauma is impor-
tant in the management of agitated patients. While CT scan of the head is not
absolutely indicated in all patients with agitated toxic encephalopathy, the threshold
should be low given both the risks of trauma as well as the potential for intracranial
hemorrhage associated with sudden extreme blood pressure elevation (Lappin et al.
2017). Likewise, cardiac evaluation for ischemia, infarction, and dysrhythmia
should be performed. Cocaine, in particular, has sodium and potassium channel-
blocking properties that can result in QRS and QT prolongation with ventricular
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dysrhythmia that can be treated with sodium bicarbonate (Stankowski et al. 2015).
In addition to GABA agonist sedation, which may require endotracheal intubation to
achieve adequate sedation with airway protection, active cooling measures should be
employed for hyperthermic patients. Adjunctive therapy with α2-adrenergic
agonists, e.g., dexmedetomidine, is appropriate for sedation as well as sympatholytic
effects (Spiller et al. 2013). Patients with predominantly dopaminergic symptoms,
including chorea or tactile hallucinations despite appropriate sedation, can be man-
aged with parenteral antipsychotic agents (Wilson et al. 2012) (Table 2).

5 Dissociative Agents

5.1 Epidemiology

Arylcyclohexylamine derivatives of ketamine and phencyclidine have been used
illicitly for decades with street names such as “Special K” and “Angel Dust,”
respectively. Dextromethorphan use, sometimes called “Robotripping” owing to
its inclusion in Robitussin® cough suppressants, has also been common, particularly
among adolescents (Morris and Wallach 2014). More recently, novel derivatives in
this class have gained popularity including 3-methoxy-phencyclidine (3-MeO-PCP),
methoxetamine, and 2-oxo-PCE (eticyclidone). Methoxetamine, in particular,
emerged through online sales beginning in 2010 (Corazza et al. 2013).

5.2 Chemistry and Chemical Structures

Arylcyclohexylamine derivatives have a phenylcyclohexylamine skeleton (Fig. 6).
Phencyclidine or PCP (contracted from “1-(1-Phenylcyclohexyl)piperidine”) is the
prototypal compound in this class (Dove 1984). PCP was synthesized as a general
anesthetic by Victor Maddox at Parke-Davis in 1956. Even though PCP was quickly
abandoned in the clinical scene because of adverse effects in 1963, various
arylcyclohexylamine derivatives have been developed at Parke-Davis. A methoxy
group is added to the 3-position of the aromatic ring of PCP in 3-MeO-PCP
(3-methoxyl-phencyclidine). The piperidine ring of PCP is substituted with the
methylamino group in ketamine. Similarly, the piperidine ring of PCP is substituted
with the ethylamino group in N-ethyl-1-phenylcyclohexylamine (PCE) or
eticyclidine. An oxo (or “¼O”) group is attached to the 2-position of the cyclohexyl
ring of PCE in eticyclidone or 2-oxo-PCE. A methoxy group is added to the
3-position of the aromatic ring of PCE in 3-methoxyl-eticyclidine (3-MeO-PCE).
A methoxy group is further attached to the 3-position of the aromatic ring of
eticyclidone in methoxetamine (MXE) (Morris and Wallach 2014).
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5.3 Pharmacology and Physiology Overview

Dissociative agents typically exert their primary pharmacologic effect through
blockade of excitatory N-methyl-d-aspartate (NMDA) receptors (Lodge and Mercier
2015). NMDA receptors are stimulated by glutamate and glycine with resulting
influx of cations including calcium and sodium (Lakhan et al. 2013). Additional
activity as a relatively weak opioid and dopamine receptor agonist has been
described as well as effects on serotonergic and noradrenergic pathways (Peltoniemi
et al. 2016). The duration of action of phencyclidine and ketamine is relatively brief
with a half-life of 2–4 h (Sinner and Graf 2008). However, ketamine and phencycli-
dine derivative novel psychoactive substances are reported to have longer duration
of action than the parent compounds (Corazza et al. 2012). Novel ketamine and
phencyclidine derivatives and analogues would be anticipated to share mechanistic
function due to class effect, particularly given the reported similarity in clinical
syndromes, but dedicated pharmacologic and pharmacokinetic investigation of
newly emerging drugs cannot maintain pace with discovery.

5.4 Clinical Effects

Antagonists of the NMDA receptor are promising in the management of a number of
acute and chronic conditions. Dissociative agents have been used increasingly for
the management of pain, seizures, anesthesia, and alcohol withdrawal (Peltoniemi
et al. 2016; Pizon et al. 2018). More recently, there is a growing body of evidence
suggesting benefits in the treatment of depression with ketamine and its enantiomer,

Fig. 6 Chemical structures of arylcyclohexylamines. The phenylcyclohexylamine skeleton is also
provided in the figure. The core phenylcyclohexylamine skeleton is also highlighted in each
compound in green
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s-ketamine (Molero et al. 2018). Dextromethorphan, while technically an opioid, is
used primarily for its NMDA antagonizing activity (Morris and Wallach 2014).
Dissociative symptoms serve as the basis for both desired as well as unintended
effects in clinical and recreational use. Despite the common media narrative of
severe agitation and superhuman strength associated with use of phencyclidine,
the reality is typically much less severe. Clinical effects include a dissociation of
thought from the body which can contribute to psychotomimetic effects and the
potential for agitation with a detachment of central perception from peripheral pain
and action (Morris and Wallach 2014). Additionally, tachycardia, hypertension,
catatonia, and nystagmus are hallmark features. A spiritual or “near death” experi-
ence is also frequently reported (Corazza et al. 2013).

5.5 Laboratory Detection and Methodology

PCP immunoassays are included as part of routine urine drug screening panels. PCP
immunoassays should cross-react with 3-MeO-PCP due to its structural similarity;
indeed, the EMIT-II Plus PCP immunoassay exhibits 100% cross-reactivity with
3-Me-PCP (Skaugen et al. 2019). Other arylcyclohexylamine derivatives such as
2-oxo-PCE are not expected to cross-react with PCP immunoassay kits due to the
limited structural similarity unless the concentrations of these compounds are very
high in the specimen. PCP immunoassays are also known to cross-react various
drugs of other classes, such as dextromethorphan, venlafaxine, or tramadol, due to
remote structural similarity to PCP (King et al. 2013; Krasowski et al. 2009; Sena
et al. 2002).

5.6 Treatment

Toxicity associated with arylcyclohexylamines and related NMDA receptor
antagonists is primarily related to the potential for agitation as well as injury
associated with dissociative intoxication. Significant cardiovascular toxicity from
tachycardia and hypertension as well as seizures have also been reported with the
use of newer, more potent analogues (Morris and Wallach 2014). Initial treatment
includes providing a safe environment, redirection and reassurance if the patient is
demonstrating dysphoric effects, and observation with hydration. However,
patients displaying agitation posing a threat to themselves or others should be
treated with escalating doses of GABAA agonists, primarily benzodiazepines
(Helander et al. 2015) (Table 2).
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6 Sedative-Hypnotics

6.1 Epidemiology

Sedative-hypnotic use and misuse have historically involved prescription
pharmaceuticals, e.g., alprazolam, lorazepam, and clonazepam. As opioids have
become more tightly regulated and prescribing has declined, prescription
alternatives for pain and muscle relaxation have been increasingly utilized with
associated rises in misuse and toxicity. Gabapentin and baclofen are commonly
used as non-opioid analgesics for neuropathic and musculoskeletal pain. Since 2012,
toxicity associated with recreational use of each has accelerated (Shulman et al.
2017). Gabapentin misuse has been estimated as affecting 1% of the population,
particularly affecting patients who have an associated opioid use disorder (Smith
et al. 2016). At the same time, designer benzodiazepines unavailable for legal
prescription or sale in the United States including etizolam and clonazolam,
among others, have become increasingly available (Carpenter et al. 2018). Other
emerging sedative-hypnotics include phenibut, which is available on the Internet.
Phenibut overdose cases have been observed sporadically (Downes et al. 2015;
Wong et al. 2015).

6.2 Chemistry and Chemical Structures

γ-aminobutyric acid (GABA) is an inhibitory neurotransmitter in the brain. Most
sedative-hypnotics are GABA receptor agonists and/or GABA derivatives. Baclo-
fen, gabapentin, and phenibut (β-phenyl-γ-butyric acid) are all GABA derivatives
(Fig. 7). Baclofen was first developed in 1962 by Heinrich Keberle of Ciba in Basel,
Switzerland, by adding an aromatic ring to the GABA molecule to increase penetra-
tion of the blood-brain barrier (Lapin 2001; Yogeeswari et al. 2006). Similarly,
phenibut was developed by Perekalin in Russia in 1964 (Lapin 2001). Gabapentin
was developed by adding a cyclohexane ring to GABA molecule at Parke-Davis in
1974 (Satzinger et al. 1975).

Fig. 7 Chemical structures of
γ-aminobutyric acid (GABA)
and its derivatives: baclofen,
phenibut (β-phenyl-γ-butyric
acid), and gabapentin
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The prototypal benzodiazepine chlordiazepoxide was first developed in 1960 by
Leo Sternbach at Hoffmann-La Roche as a novel synthetic tranquilizer (Sternbach
1979). As the name implies, the benzodiazepine skeleton has a characteristic ring
structure with the benzene ring (A) fused to a 1,4-diazepine ring (B). In addition, an
aryl group (ring C) is attached to the 5-position of the diazepine ring (B) (Childress
and Gluckman 1964) (Fig. 8). Various modifications have been made to develop
numerous benzodiazepines. Clonazolam has a triazole ring fused to the
1,4-diazepine ring (B) of the benzodiazepine skeleton. Etizolam also contains a
triazole ring fused to the 1,4-diazepine ring (B); however, the diazepine ring is
fused to thiophene, not to the benzene ring. That is why it is classified as
thienotriazolodiazepine, not benzodiazepine (Tahara et al. 1978).

6.3 Pharmacology and Physiology Overview

Benzodiazepines and other sedative-hypnotics typically act on GABA receptors.
From a clinical perspective, the primary GABA receptor subtypes are GABAA

ionotropic and GABAB metabotropic inhibitory receptors. Each type leads to hyper-
polarization, thus causing decreased cellular activity (Jembrek and Vlainic 2015).
GABAA receptor ligands include prescription and designer benzodiazepines,

Fig. 8 Chemical structures of benzodiazepines and thienodiazepine. The benzodiazepine skeleton
is comprised of the benzene ring (A) fused to a 1,4-diazepine ring (B) and an aryl group (ring C)
attached to the 5-position of the diazepine ring (B). A triazole ring (highlighted in red) is fused to the
diazepine ring (B) in clonazolam. A thiophene (highlighted in green) substitutes the benzene ring
(A), and a triazole ring (highlighted in red) is fused to the diazepine ring (B) in etizolam, one of the
thienotriazolodiazepines. The chemical structure of the prototypal benzodiazepine chlordiazepox-
ide is also shown as a reference in the figure
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thienotriazolodiazepines, and other sedatives. Both benzodiazepines and
thienotriazolodiazepines bind to an allosteric site on the GABAA receptor; thus,
their action depends upon endogenously available GABA (Sanger 2004; Sieghart
2015). GABAB receptor ligands include baclofen and phenibut among others.
GABAB receptors are distributed on both pre- and postsynaptic membranes and
play roles in glutamate release and feedback inhibition of GABA release leading to a
heterogeneity of clinical response. Gabapentin is structurally analogous to GABA
but does not appear to affect GABA receptors rather inducing sedative effects
through the inhibition of voltage-gated calcium channels resulting in reduced excit-
atory neurotransmitter release (Bockbrader et al. 2010).

6.4 Clinical Effects

As the class name implies, the primary associated clinical effect of sedative use is
relaxation, anxiolysis, and sedation, particularly with GABAA agonists. Typically,
individuals suffering GABAA-agonist toxicity will be sedate with relatively minimal
effect on heart rate and blood pressure. Airway protective reflexes can be dimin-
ished, and reduction in respiratory drive may be observed, especially with concurrent
use of another sedative or opioid (Horsfall and Sprague 2017). GABAB-agonist
toxicity can be much more diverse. Given the presynaptic distribution of GABAB

receptors with associated inhibition of GABA neurotransmitter release in addition to
glutamatergic modulation, GABAB receptor agonist toxicity may result in sedation,
agitation, or an alternating syndrome with both mental states. Additionally, sinus
tachycardia, hyperreflexia, and myoclonic jerks may be present unlike with GABAA

toxicity (Schep et al. 2012).

6.5 Laboratory Detection and Methodology

Benzodiazepine immunoassays are included as part of routine urine drug screening
panels. Clonazolam and etizolam are moderately detectable by some benzodiazepine
immunoassay kits (e.g., CEDIA Benzodiazepine Assay), but these compounds are
less detected by other kits (e.g., Syva® EMIT-II Plus Benzodiazepine Assay)
(Pettersson Bergstrand et al. 2017; van Wijk et al. 2018). The immunoassays cannot
discern designer benzodiazepines/thienodiazepines from prescribed ones because
the immunoassays are only capable of screening the presence of multiple
compounds within the same class. MS-based assays are required for the identifica-
tion and confirmation of these compounds, specifically. Indeed, these compounds
are successfully identified in serum and urine by LC-high resolution MS (van Wijk
et al. 2018).

Regarding the GABA derivatives (baclofen, gabapentin, and phenibut), there are
no immunoassays for these compounds commercially available. These compounds
are, however, detectable by either GC-MS (Lee et al. 2017; Van Lente and Gatautis
1998) or LC-MS (MS) (Downes et al. 2015; Grinberga et al. 2008; Hou et al. 2014).
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Several reference laboratories offer LC-MS(MS)-based quantitative assays for
gabapentin and baclofen, but no reference laboratories offer a phenibut assay in
the United States (Table 2).

6.6 Treatment

The management of GABA-mediated toxicity is primarily supportive with endotra-
cheal intubation and ventilator therapy for patients who are either unable to protect
their airways or who demonstrate evidence of respiratory failure. Flumazenil, a
benzodiazepine-specific antagonist on the GABAA receptor, can be considered in
the management of acute sedative-hypnotic toxicity for both therapeutic and diag-
nostic purposes. Its use is primarily recommended in pediatric populations, patients
with isolated benzodiazepine toxicity without known dependence, or those in whom
iatrogenic benzodiazepine sedation has resulted in significant adverse effects in
order to avoid respiratory complications. However, given the relatively low but
real risk of serious adverse events including cardiac dysrhythmias, seizures, agitation
associated with abrupt induction of precipitated withdrawal, and/or unmasking of
co-occurring stimulant toxicity in contrast to the relatively low risk of toxicity in a
medically supervised setting, routine use of flumazenil is not recommended
(Penninga et al. 2016).

7 Conclusion

Nonmedical use of medications and illicit drugs represents a critical public health
threat worldwide. In the United States, the life expectancy of Americans in 2018
declined due to unintentional overdose and suicide. Overdose deaths have risen
substantially in a relatively short period of time and continue to rise each year. In
addition to the incredible toll substance use has had on mortality, the overall effect
across society is even greater. The nature and prevalence of drugs have evolved over
time with a recent acceleration in the variety of chemicals available for use in
conjunction with increased ease of access. The result is an incredibly diverse
group of novel psychoactive substances derived from traditional categories of
drugs which pose significant challenges to healthcare, public health, regulatory,
and law enforcement systems. Coordination of these systems built upon accurate
identification and surveillance of the rapidly changing environment of drug use is
necessary to inform effective and timely therapeutic and policy response to this
public health crisis. FDA-cleared immunoassay kits covering these emerging drugs
of abuse are required for rapid detection of these drugs in the clinic and hospital
(Table 2).
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