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The Role of Synaptic Plasticity in the
Pathophysiology of Cocaine Addiction

Miriam A. Daneff'” and Nafisa M. Jadaviji'

Cocaine is a widely abused illicit substance and has been gaining global popularity in recent years. It is understood that cocaine alters
the normal functioning of the brain’s dopaminergic system to increase the amount of dopamine (DA) available to bind to receptors,
subsequently potentiating DA’s euphoric effects. Knowledge regarding cocaine’s long-term addictive qualities is limited. Findings
presented in this review demonstrate that DA D1 receptors (D1R) modulate the activity of the transcription factor AFosB, a marker
of synaptic plasticity. Following cocaine use, dopaminergic activity is increased, subsequently causing the upregulation of AFosB.
This upregulation of AFosB is correlated with an increase in expression of the N-methyl-d-aspartate receptor (NMDAR), which acts
as a core component of long-term potentiation (LTP), a process underlying learning and memory. Thus, alterations to the normal
synaptic functioning involved in learning and memory could explain the long-term impact of cocaine addiction, such as relapse.
Based on the findings discussed in this review, further investigation of the role of these pathways in cocaine addiction is warranted.

INTRODUCTION

Addiction is a disease characterized by the repeated engagement
of a behavior to achieve a temporary reward despite the negative

consequences (Sussman and Sussman, 2011). Core components of N —

addiction include tolerance and withdrawal (Gupta and Kulhara, d P
2007). Tolerance involves the need to engage in the behavior at a @) ’
greater level to achieve the appetitive effects. Withdrawal refers =~ NUCLEUS ACCUMBENS S~ SN :

VEMTRAL TEGMENTAL

to a dependence on the addictive behavior with physiological -

discomfort resulting from discontinuation of the behavior
(Sussman and Sussman, 2011). S

Addiction affects the functioning of brain reward-system cir-
cuitry (Gardner, 2011). The brain reward circuit, also referred to as
the mesolimbic pathway, consists primarily of neuronal projections
from the midbrain, specifically from the Ventral Tegmental Area
(VTA) to the Nucleus Accumbens (NAc), followed by the transfer
of this information to the prefrontal cortex (Figure 1) (Volkow and
Morales, 2015). Midbrain dopaminergic connections projecting
from the VTA are known for their role in reward processing and
positive motivation (Bromberg-Martin et al., 2010). Interactions
with these midbrain dopaminergic systems are thought to underlie

Figure 1. The flow of information in the brain reward pathway, from
the ventral tegmental area to the nucleus accumbens (NA) to the
prefrontal cortex (National Institute on Drug Abuse, 2016; Lynch, 2006).

the addictive properties of drugs, as preclinical studies generally
show that drug abuse increases the functioning of the brain’s re-
ward pathway (Gardner, 2011).
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Cocaine is a stimulant and an extremely addictive drug. Its
effects at the synaptic level are extremely prominent in the NAc
(Adinoff, 2004). Cocaine works by competitively blocking the
dopamine transporter (DAT) located on the presynaptic neuron,
thereby blocking the reuptake of DA and potentiating its reinforc-
ing effects. This can cause users to feel euphoric and later continue
chasing that high feeling (Beuming et al., 2008). The route of ad-
ministration can also influence the addictive properties of cocaine
as it determines the speed and duration of the high. For example,
when smoking, the maximal concentration and effects of cocaine
are attained almost instantly (Quenzer and Meyer, 2013). In con-
trast, intranasal administration produces a slower achievement of
peak drug concentration as well as lower reports on the intensity of
the high (Kiluk et al., 2013). Thus, these differences in the rate and
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magnitude of cocaine’s effects, as caused by the route of admin-
istration, contribute to the addictiveness of cocaine (Kiluk et al.,
2013). Consistent with the general characteristics of drug addic-
tion, cocaine users can experience tolerance as well as dependence
on the drug, further contributing to cocaine’s addictive properties
(Gardner, 2011).

The global cultivation of cocaine reached a peak in 2000,
followed by a downward trend until 2013 (United Nations Office
on Drugs and Crime, 2018). From 2015 to 2016, the global cocaine
market underwent a significant expansion; global cultivation
increased by 36%, global production by 25%, global drug seizures
by 23%, and the global number of users by 7% (United Nations
Office on Drugs and Crime, 2018). In 2016, the worldwide
prevalence of cocaine abuse was determined to be approximately
18.2 million people (United Nations Office on Drugs and Crime,
2018). The number of deaths involving cocaine abuse has also
increased in recent years, further demonstrating the severity and
growing level of cocaine abuse worldwide (United Nations Office
on Drugs and Crime, 2018).

Currently, there is no accepted pharmacological treatment
for cocaine addiction (Hernandez et al., 2018). Psychological
therapies such as Cognitive Behavioral Therapy (CBT) are often
the only method of treatment (Nestler, 2005). However, long-
term characteristics of addiction, such as relapse, are pervasive
and commonly observed in those seeking treatment for cocaine
addiction. For example, a study from a substance abuse treatment
center in the United States found that over 75% of individuals
enrolled in a one-year treatment program for cocaine addiction
relapse before being discharged (Sinha, 2011). Additional research
is needed to better understand the neurobiological mechanisms
underlying such long-term components of cocaine addiction.
Research on synaptic plasticity and cocaine addiction provides
novel insight to such factors.

Synaptic plasticity refers to the strengthening or weakening
of synaptic transmission due to the activity or inactivity of neural
circuits (Citri and Malenka, 2008). Synaptic plasticity is a core
component of learning and memory (Takeuchi et al.,, 2014).
Thus, drug-elicited changes in the normal functioning of synaptic
plasticity may affect the processes involved in learning and memory
(Liischer and Malenka, 2011). The effects of drugs on synaptic
plasticity could explain long-term characteristics of addiction,
such as relapse (Kalivas and O’Brien, 2008). Therefore, future
research is warranted to investigate the temporal implications
of synaptic plasticity in cocaine addiction. Such research could
provide insight for the future direction of potential pharmaceutical
treatments. The aim of this paper is to provide an integrated and
comprehensive overview on the role of synaptic plasticity in the
context of cocaine addiction.

MECHANISM OF COCAINE IN THE MESOLIMBIC DA
PATHWAY

Understanding cocaine’s mechanisms of action in the brain is
paramount to research on potential pharmacological treatment for

PRESYNAPTIC NEURDN

DOPAMINE

DOPAMINE TRANSPORTER
DOPAMINE RECEPTOR

POSTSYNAPTIC NEURON

Figure 2. The release of DA from a presynaptic neuron, with arrival at
DA D1 and D2 receptors on the postsynaptic neuron and DA reuptake
by DAT on the presynaptic neuron (Quenzer and Meyer, 2013).

cocaine addiction. The dopamine transporter has been identified
as the primary target of cocaine (X. Huang et al., 2009). It is a
membrane-spanning protein located on the presynaptic neuron; the
functioning of DAT is essential to the proper neurotransmission of
DA (Blocketal., 2015). The dopamine transporter is responsible for
the removal of extracellular DA, transporting the neurotransmitter
from the synapse back into the cytosol of the presynaptic neuron
(Figure 2) (Vaughan and Foster, 2013). Preclinical studies utilizing
DAT knockout mice demonstrate that cocaine is unable to hinder
the clearance of synaptic DA in these rodents (Budygin et al., 2002;
Giros et al., 1996; Jones et al., 1998). The inability of cocaine to
affect the removal of DA in DAT knockout mice highlights the
importance of DAT in cocaine’s mechanism of action in the brain.

Molecular studies seek to determine the location of the bind-
ing site of cocaine on DAT. The tertiary structure of DAT has not
yet been characterized in detail; however, the structure of DAT’s
bacterial homolog, the leucine transporter (LeuT), is well defined
(Beuming et al., 2008). Thus, LeuT permits for homologous mod-
els of cocaine binding to be constructed (Beuming et al., 2008).
Molecular research utilizing the LeuT homolog demonstrates
that the initial binding sites of DA and cocaine on LeuT differ
(X. Huang et al., 2009). Initially, cocaine binds to a site capable
of accommodating it at a location that remains separate but near
the DA binding site (X. Huang et al., 2009). Subsequently, confor-
mational changes occur in the transporter that enable cocaine to
move to the binding site of DA, thereby blocking DA from binding
(X. Huang et al., 2009). Thus, this molecular evidence produced
with the homologous LeuT model provides support for the com-
petitive inhibition at the DAT binding site by cocaine.

Cocaine’s inhibition of DAT occurs primarily on presynaptic
dopaminergic mesolimbic neurons (Kuhar, Ritz and Boja, 1991).
Activation of the mesolimbic pathway is heavily implicated in the
mediation of reward, with the activity of DA causing feelings of
euphoria (Adinoff, 2004). Potentiation of DA’s euphoric effects
by cocaine is thought to be the cause of the reinforcing and ad-
dictive properties of cocaine (Kuhar et al., 1991). Furthermore,
the amount of extracellular DA is increased due to competitive
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inhibition of DAT (N. D. Volkow et al., 1997). The intensity of the
high experienced by cocaine users is positively correlated with the
rate at which cocaine blocks DAT (N D Volkow et al., 1999). Thus,
cocaine’s mechanism of action in the mesolimbic pathway is at
DAT; inhibition of DAT is responsible for prolonging DA’s effects,
producing the feelings of euphoria typically experienced by users
following cocaine administration.

AFosB IN THE LIMBIC SYSTEM AND COCAINE
ADDICTION

In total, five DA receptors have been identified and labelled as
D1-5 receptors (Tarazi, 2001). Dopamine D1 receptors (D1R) are
located in the mesolimbic pathway and have been implicated in the
pathophysiology of cocaine addiction (Self, 2014). For example,
preclinical studies utilizing DIR knockout mice demonstrate
a failure by these rodents to exhibit cocaine self-administration
behavior (Self, 2014).

A member of the Fos family of transcription factors, AFosB,
has been heavily implicated in drug addiction (Lobo et al., 2013;
Nestler et al., 2001). Transcription factors such as AFosB are
present inside of neurons and are responsible for activating or
repressing gene expression (Vaquerizas et al., 2009). The AFosB
transcription factor is located in small quantities in medium spiny
neurons (MSN) in the NAc (Nestler, 2005). These MSN express
many DIR that have been shown to modulate AFosB activity in
the striatum (Moratalla et al., 1996; Muller and Unterwald, 2005).
Acute administration of DA agonists, such as cocaine, increases
levels of AFosB (Young et al., 1991). Experiments utilizing the
administration of a selective DIR antagonist versus a selective
D2R antagonist examine which DA receptor is responsible for the
modulation of AFosB (Young et al., 1991). Antagonism of DIR
resulted in lower levels of AFosB whereas antagonism of D2R had
no effect on AFosB levels (Young et al., 1991). These results pro-
vide support for the hypothesis that D1Rs are linked to the regula-
tion of AFosB.

The self-administration of cocaine produces a positive
feedback loop, wherein sensitivity to cocaine’s reinforcing effects
is propagated. Cocaine has a transient effect on limbic AFosB
concentrations, mediated by the activation of mesolimbic DIR
(Kelz et al., 1999). In the occurrence of chronic self-administration
of cocaine, AFosB accumulates in the MSN of the NAc, persisting
in large concentrations for long periods of time (Perrotti et al.,
2008). As AFosB is a transcription factor, it is responsible for the
regulation of gene expression (Vaquerizas et al., 2009). Therefore,
AFosB is capable of inducing long-term molecular changes in the
brain (Vaquerizas et al., 2009). Thus, researchers hypothesize that
the accumulation of AFosB due to overactive DIR may underlie
the mechanisms of prolonged sensitivity to cocaine (McClung et
al., 2004; Nestler et al., 2001). In this way, a positive feedback
loop is created, leading to continued cocaine use.

Preclinical studies utilizing transgenic rodents seek to
investigate the implications of the accumulation of AFosB in
cocaine administration. Mice that are engineered to overexpress

AFosB display enhanced behavioral phenotypes when given
cocaine (Kelz et al., 1999). For example, in comparison to wild-
type mice, transgenic mice demonstrated an approximate 50%
greater increase in locomotor activity when given cocaine (Kelz
et al., 1999). Mice overexpressing AFosB demonstrate enhanced
sensitivity to the reinforcing effects of cocaine, self-administering
higher doses of the drug than the control mice (Kelz et al., 1999).
Thus, the transcription factor AFosB may modulate the strength of
the reinforcing effects of cocaine that are experienced by a user,
thereby contributing to cocaine addiction.

The plasticity of cocaine’s effects on AFosB levels has been
investigated through the use of western blot analysis in cocaine-
dependent mice (Ehrlich et al., 2002). Results showed that limbic
AFosB was upregulated in periadolescent mice but not in adult
mice (Ehrlich et al., 2002). As young adolescent brains are still
developing, molecular responses to psychostimulant drugs such
as cocaine may differ from adult brain responses (Ehrlich et al.,
2002). Thus, adolescents may be more vulnerable to cocaine
addiction. These results highlight and provide an example of the
brain’s unique plasticity and the role this plays in the regulation of
cocaine’s effects on AFosB levels.

By increasing DA binding to DIR in the mesolimbic
pathway, the administration of cocaine upregulates the activity
of the transcription factor AFosB and subsequently alters gene
expression. Upregulation of AFosB is correlated with an increase in
sensitivity to the reinforcing effects of cocaine, thereby facilitating
cocaine addiction. However, AFosB has a life span of only two
months. Thus, the accumulation of AFosB alone cannot explain
why recovering cocaine abusers often times relapse after months
or years of abstinence (Nestler, 2005). Instead, long-term structural
and functional changes that are induced by transcription factors
such as AFosB may underlie the long-lasting effects of cocaine;
this is known as synaptic plasticity (Kaste, 2009; Nestler, 2005).

SYNAPTIC PLASTICITY AND COCAINE ADDICTION

Synaptic plasticity can be defined as changes to the normal
functioning of synaptic neurotransmission (Kauer and Malenka,
2007). Exposure to drugs such as cocaine can induce these long-
term synaptic adaptations through modulation of the activity of
molecular targets (Liischer and Malenka, 2011). Researchers
postulate that drug-evoked synaptic plasticity in the mesolimbic
pathway results in long-term abnormalities in the functioning of
reward circuitry (Kauer and Malenka, 2007; Yuan et al., 2013).
The Neural Rejuvenation Hypothesis characterizes drug addiction
in terms of synaptic plasticity mechanisms that are involved
in learning and memory processes (Dong and Nestler, 2014).
This hypothesis of drug addiction posits that addictive drugs act
on dormant mechanisms that are normally responsible for the
mediation of development, such as the mechanisms involved in
learning and memory (Dong and Nestler, 2014). By hijacking these
mechanisms, drugs are able to produce strong addiction-related
memories, such as environmental cues with cocaine administration
(Huang, et al., 2015). These memories are long-lasting and stable
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with mechanisms acting in the mesolimbic reward pathway (Huang
et al., 2015). The activation of such addiction-related memories
can lead to compulsive drug use, consequently increasing the
likelihood of relapse (Goodman and Packard, 2016).

The formation of such strong, long-lasting memories is
facilitated through a process known as long-term potentiation
(LTP), amodel of learning and memory that takes place at a synaptic
level (Bliss and Collingridge, 1993). An essential component in
the process of LTP is the glutamate receptor N-methyl-d-aspartate
(NMDA) (Bliss and Collingridge, 1993). The presence of NMDA
receptors (NMDAR) is vital in the initiation of LTP (Liischer and
Malenka, 2012; Zorumski and Izumi, 1998). Simultaneous activity
between pre- and post-synaptic neurons triggers a large influx of
calcium through NMDAR into the postsynaptic neuron (Liischer
and Malenka, 2012). Subsequently, multiple a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (AMPAR) are
inserted into the postsynaptic neuron’s membrane (Liischer and
Malenka, 2012). This increase in AMPAR expression is believed
to underlie the strengthened synaptic transmission that is critical in
LTP (Makino and Malinow, 2009).

As the Neural Rejuvenation Hypothesis postulates that
cocaine “hijacks” learning and memory pathways, research
seeks to investigate whether administration of cocaine results
in abnormalities in LTP functioning. This has been examined
through analysis of NMDAR activity (Mameli and Liischer, 2011).
Additionally, AMPAR activity has been investigated in the context
of cocaine affecting LTP functioning, further providing support
for the role of LTP in addiction (Mameli and Liischer, 2011).
Molecular studies seek to investigate NMDAR functioning at a
transcriptional level. Results demonstrate that the transcription
factor AFosB has a role in the expression of NMDAR in the
mesolimbic pathway (Hiroi et al., 1998; McClung and Nestler,
2003). Upregulation of AFosB, such as that occurring due to long-
term cocaine administration, has been implicated in the observed
increase in NMDAR expression by MSN in the NAc (Dong
and Nestler, 2014; Grueter et al., 2013). These results therefore
demonstrate that cocaine increases NMDAR expression in the
mesolimbic reward pathway through increased levels of synaptic
DA, resulting in increased transcriptional activity of AFosB. As an
increase in NMDAR expression is correlated with an increase in
LTP, these results provide evidence suggesting that new addiction-
related memories may be formed following cocaine administration
(Bliss and Collingridge, 1993). Therefore, this research indicates
a possible mechanism underlying the long-lasting addictive
behavior that is exhibited in cocaine abusers, such as that observed
in certain recovered cocaine addicts who relapse after long periods
of abstinence.

DISCUSSION

This review highlights the role of the dopaminergic system in the
pathophysiology of cocaine addiction. Cocaine acts directly on
the dopaminergic system, increasing levels of extracellular DA
through competitive inhibition of DAT. This review discusses

research on alterations in the functioning of the dopaminergic
system that may be present in subjects with cocaine addiction.

Molecular studies have demonstrated that increases in the
levels of synaptic DA due to cocaine have downstream effects
underlying cocaine addiction. The transcription factor AFosB
accumulates due to increases in DA binding to DIR following
cocaine abuse. An increase in the concentration of AFosB is
correlated with an increase in sensitivity to the reinforcing effects
of cocaine. Thus, upregulation of AFosB due to increases in
synaptic DA influences cocaine addiction. The preclinical study
examined in this review by Kelz and colleagues (1999) produced
results in accordance with these findings. This study, however,
utilized adult mice only. As discussed previously, the regulation
of AFosB in response to cocaine can differ between cocaine-
dependent adult and periadolescent mice (Ehrlich et al., 2002).
Thus, future research may benefit from investigating the effects of
overexpression of AFosB in periadolescent mice.

Increased AFosB also correlates with an increase in NMDAR
expression, a core component of LTP. Thus, by increasing the
expression of NMDAR, cocaine alters the normal synaptic
functioning involved in learning and memory processes. This
cocaine-induced synaptic plasticity can consequently produce
long-lasting, addiction-related memories. Thus, synaptic plasticity
due to cocaine could explain symptoms of cocaine addiction such
as cue-related cravings and relapse.

A comprehensive understanding of the neural mechanisms
underlying cocaine addiction is vital in the research for novel
treatments of cocaine addiction. The implications of synaptic
plasticity in the pathophysiology of cocaine addiction, as
discussed in this review, provide promise and direction for future
research in pharmacological treatment for this disease. Based
on literature discussed in this review, research investigating the
effectiveness of the inhibition of AFosB or NMDAR in cocaine
addiction is justified. For example, antagonists of AFosB that
inhibit its binding to target genes could aid in preventing cocaine-
induced, altered gene expression (Wang et al., 2012). Antagonists
of NMDAR could aid in inhibiting cocaine-induced LTP, thereby
impeding the formation of addiction-related memories (Bisaga and
Popik, 2000).

In addition to pharmaceutical treatments, the role of synaptic
plasticity in the pathophysiology of cocaine addiction provides
insight for the direction of psychological therapies. Contingency
management (CM) is a psychotherapy treatment used for substance
abuse (Rash et al., 2017). The use of CM treatment in conjunction
with other psychological interventions has demonstrated the
ability to increase cocaine abstinence (Schierenberg et al., 2012).
Contingency management utilizes the principles of operant
conditioning, a method of learning, to increase desired behavior
(Trotman and Taxman, 2011). As demonstrated with the Neural
Rejuvenation Hypothesis, cocaine, through its effects on LTP,
alters the normal functioning of learning. Thus, psychotherapies
such as CM that target learning processes may aid in the creation
of new behaviors that replace cocaine-learned behaviors.
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Therefore, this review provides support for the research and use of
psychotherapies to target learning processes.

This review provides evidence for the role of synaptic plasticity
in the pathophysiology of cocaine addiction. Given that cocaine is
a highly addictive drug of abuse with severe consequences and no
currently-approved pharmacological treatment, continued research
on the pathophysiology and treatment of cocaine addiction is vital.
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