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Abstract

In 1998 we published a perspective review describing how drug-induced neuroadaptations might
serve towards understanding drug craving. We proposed experimental perspectives to help discern
data relevant to long-lasting brain changes, and to distinguish dopamine-related changes that were
largely pharmacological from glutamatergic changes that were based on drug-environment
associations. These perspectives are embedded in drug abuse research, and the last 18 years has
witnessed marked development in understanding addiction-associated corticostriatal glutamate
plasticity. Here we propose three new perspectives on how the field might approach integrating
and using the emerging data on glutamatergic adaptations. 1) Consider adaptations produced in
kind across drug classes as most useful towards understanding shared characteristics of addiction,
such as relapse. 2) Consider how drug-induced changes in glia and the extracellular matrix may
contribute to synaptic alterations. 3) Make measurements not only at late withdrawal, but also
during drug-seeking events to capture transient changes that mediate active drug seeking that are
shared across drug classes.
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Introduction

In the 1998 article we proposed a critical role for glutamate transmission in cocaine
addiction, and summarized the relatively scant data supporting this view. In this brief update,
we are pleased to report that substantial progress has been made in testing and supporting
this hypothesis. At that time, we were concerned that the field of addiction was becoming
confused with a variety of seemingly contradictory data generated due to high variability of
experimental protocols. We proposed two criteria to help organize the literature and energize
future studies. The first criterion was to recognize that there were transient adaptations that
could be identified within minutes to days after the last drug administration that were being
conflated with enduring adaptations measured after weeks of withdrawal. Thus, to
understand the long-lasting disorder of drug addiction it was best to focus on the enduring
changes measureable after longer withdrawal periods. We reasoned that while short-lived
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adaptations are likely important for establishing addiction, the actual disorder is enduring,
and so should the corresponding neurobiological underpinnings.

The second criterion was derived from the fact that at that time most data had been
generated using noncontingent cocaine injection and focused on the pharmacological actions
of the drug. In contrast, addiction is a disorder that is derived from a combination of drug
pharmacology and learned associations made between the drug experience and the
environment. Moreover, we proposed that studying only the pharmacology of the drug
created a bias towards prepotent involvement of dopamine transmission in addiction, when
in fact the learned associations ultimately driving craving and relapse depend more on
corticofugal glutamate transmission. Did these approaches bear fruit over 18 years?

The good news is that the brain circuitry involving cortical and allocortical (amygdala and
hippocampus) glutamate transmission has become central to our understanding of the long-
term changes produced by cocaine, and are now studied using a variety of contingent drug
use models that incorporate a withdrawal period. For example, it is generally accepted that
the glutamatergic projection from the medial prefrontal cortex to the nucleus accumbens
core mediates reinstated drug-seeking (Kalivas, 2009; Luscher and Malenka, 2011). For this
reason, many in the field have expended great effort to characterize the neurobiological
adaptations produced at this synapse after drug use.

The bad news is that as we have come to measure more subtle adaptations, glutamatergic
plasticity has proven to be even more dependent on experimental conditions than we
proposed 18 years ago. Thus, beyond simply differences between contingent and
noncontingent drug administration, different drugs, durations of contingent drug
administration, and varying withdrawal or abstinence conditions seem to produce distinct
adaptations in glutamate transmission. Thus, the capacity of our field to identify a coherent
role for glutamate that can be used as a rationale for developing drugs to treat addiction
continues to be challenged by long-term neuroadaptations in corticofugal glutamate
projections that are distinct between different classes of addictive drugs, and between
dissimilar dosing and treatment protocols.

Here we briefly assess the status of glutamate transmission in drug addiction. In doing so,
we suggest criteria and perspectives on how we might organize the rapidly emerging surfeit
of data on changes in glutamatergic circuitry that may underpin drug addiction.

Discerning criteria for identifying relevant cocaine-induced changes in brain

Over the last 10 years, most investigators with a goal of elucidating the neurological basis of
relapse to drug use have adopted a substantial withdrawal period (typically weeks).
Unfortunately, even by using self-administration paradigms and extended withdrawal,
marked differences between some studies remains, especially if different addictive drugs are
employed. Here, we suggest new criteria that may help disentangle the literature and assist
in distilling the neuroadaptations critical to the uncontrollable motivation to seek drug.

Criterion #1: Can the adaptation be observed after withdrawal from self-
administration of different classes of addictive drug?—Since the vulnerability to
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relapse is a shared endophenotype of addiction to all drugs, the underlying biology should
contain shared circuits and cellular plasticity. The exemplar of a need for this criterion is the
immense amount of work conducted to discern the signaling pathways underpinning the
increased spine density produced in the nucleus accumbens after withdrawal from
contingent or noncontingent cocaine administration (Russo et al., 2010). Unfortunately, this
morphological adaptation is not produced by opioids (Robinson and Kolb, 2004; Shen et al.,
2011), yet both cocaine and heroin engender an enduring vulnerability to relapse. This is not
to say that the knowledge obtained with cocaine does not have great value in understanding
mechanisms of synaptic plasticity, just that it seems unlikely that this work will reveal
molecular targets for neuropathologies of drug addiction that are shared by psychostimulants
and opioids.

Criterion #2: Consider involvement of the entire tetrapartite synapse—The
study of neuroadaptations produced by drugs has focused on both pre- and postsynaptic
changes in neurotransmission. However, over the last 20 years it has become clear that glia
are involved in synaptic plasticity and regulating synaptic transmission. Accordingly,
neuroadaptations in the patterned expression of glial proteins, such as glutamate
transporters, need to be considered to understand how drugs of abuse may provoke enduring
or transient neuroadaptations in glutamate transmission (Vijayaraghavan, 2009; Bridges et
al., 2012). More recently, involvement of signaling in the extracellular space has come into
focus as a fourth component of the synapse where drug-induced neuroadaptations may affect
glutamate transmission (Smith et al., 2015). The extracellular space is composed of proteins
secreted by neurons and glia and constitutes ~20% of neuropil volume. The protein
extracellular matrix (ECM) serves an important role in intra- and extracellular signaling that
is catalyzed by synaptic activation of matrix metalloproteases (MMPS) (Senkov et al., 2014;
Huntley, 2012). Thus, synaptic plasticity arises from coordination amongst all four
components of the tetrapartite synapse: presynapse, postsynapse, astroglia and ECM (Figure
1).

Criterion #3: Make measurements during a highly motivated drug-seeking
event—In addition to training rats to self-administer drug, and measuring enduring changes
after a withdrawal period, one can also make important measurements during a highly
motivated state of drug seeking. Understanding the neurobiological consequences of the
drug-seeking event is critical to understanding the uncontrollable desire elicited when
addicts are presented with stimuli associated with the drug experience. Indeed the strong
drive to use drug and relapsing to drug use are cardinal endophenotypes shared by addiction
to all drug classes.

Figure 2 illustrates two popular routes for studying relapse (Venniro et al., 2016). The first,
forced abstinence, is withdrawal from daily drug use in a non-drug environment (usually the
home cage), then returning the animals to the drug-paired context to elicit a dramatic drug-
seeking response (typically pressing the lever or nose-poking without drug delivery). The
second model, extinction, involves pairing drug delivery during self-administration with a
discrete cue, such as a light and tone. During withdrawal the drug-seeking response elicited
by the drug context is extinguished by daily exposure to the context without drug. Later,

J Psychopharmacol. Author manuscript; available in PMC 2017 January 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spencer et al.

Page 4

restoring drug-associated cue(s) to the extinguished context motivates animals to
aggressively seek drug without drug delivery. Using either model it is possible to measure
changes in the glutamatergic corticostriatal system that parallel the time-course of the drug-
seeking event, and are produced in animals trained to self-administer different drug classes.

Enduring corticostriatal adaptations in glutamate transmission that are shared between
classes of addictive drug

The most complete literature on enduring adaptations in corticostriatal glutamate synapses
after withdrawal from drug self-administration has been obtained with cocaine (Wolf, 2010;
Luscher and Malenka, 2011; Dong and Nestler, 2014). Enduring adaptations have been
reported in all tetrapartite compartments, including changes that are indicative of synaptic
potentiation, such as increased presynaptic release probability, increases in AMPA currents
and increases in dendritic spine density and/or head diameter (Conrad et al., 2008; Dietz et
al., 2012; Moussawi et al., 2011). Unfortunately, none of these adaptations are produced
after withdrawal from opioid self-administration (Robinson and Kolb, 2004; Shen et al.,
2011), and thus do not meet criterion #1 listed above.

However, by considering the entire tetrapartite synapse, certain adaptations have been
discovered that span across drug classes (Figure 1). In the core subcompartment of the
nucleus accumbens (NAcore), astrocytes show reduced glutamate transport via EAAT?2 after
withdrawal from addictive drugs, including cocaine, nicotine, heroin and alcohol
(Mulholland et al., 2016). In the cortico-accumbens projection there is also reduced
mGIuR2/3 presynaptic signaling due to a down-regulation of the receptor and/or an increase
in the Gi subunit binding protein Activator of G-protein Signaling-3 (AGS-3). Increased
AGS-3 reduces mGIuR2/3 coupling to Gi by binding to Gi and preventing the reformation of
the G-protein heterotrimer. AGS-3 is increased after withdrawal from cocaine, heroin and
alcohol, and mGIuR2/3 is down-regulated after cocaine or alcohol (Bowers et al., 2004;
Bowers et al., 2008; Yao et al., 2005; Mulholland et al., 2016). A final enduring change in
corticostriatal synapses that crosses drug classes is a loss in the ability to induce LTP or
LTD. An enduring loss of corticostriatal synaptic plasticity has been shown for alcohol,
cocaine and heroin (Shen and Kalivas, 2013; Moussawi et al., 2009; Martin et al., 2006;
Pascoli et al., 2014; Marty and Spigelman, 2012).

Transient neuroadaptations during induced drug-seeking that are present across drug

classes

A typical relapse event consists of two stages, a highly motivated drug-seeking phase, which
if successful terminates in a drug-taking phase. Surprisingly, neurobiological changes
produced during the relapse event itself are not widely studied. Recently, we have used the
animal model in Figure 2 to examine changes associated with drug-seeking that are initiated
by a drug-associated cue. We have identified a number of transient synaptic alterations that
are shared across drug classes and involve the entire tetrapartite synapse. Importantly, these
measurements are made during a state of highly motivated drug seeking, but without drug
access.
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The down-regulation of EAAT2, combined with reduced negative regulation of presynaptic
glutamate release probability by mGIuR2/3 increases the spillover of synaptic glutamate in
the NAcore during reinstated drug seeking in animals extinguished from alcohol, cocaine,
heroin, methamphetamine and nicotine self-administration (Mulholland et al., 2016).
Prelimbic cortex projections to the NAcore are critical contributors to the spillover since
inhibiting activity in prelimbic cortex prevents spillover. The spillover is transient and
triggers activation of MMP-9, which is a necessary mediator of the induction of transient
synaptic potentiation (t-SP) in medium spiny neurons (MSNs) (Smith et al., 2014).
Transient-SP has been shown ex vivo using brain slices obtained after initiating
reinstatement to measure increases in AMPA glutamate receptor currents and spine head
diameter, or /n vivo using evoked responses in the NAcore elicited by electrical stimulation
of the prelimbic cortex (Gipson et al., 2013a; Gipson et al., 2013b; Shen et al., 2011;
Famous et al., 2008). Transient-SP returns to pre-reinstatement baseline by 120 min after
initial presentation of the drug-associated cue. Importantly, the extent of t-SP (AMPA/
NMDA ratio and spine head diameter) is positively correlated with the intensity of the drug-
seeking response (lever pressing) over the first 15 min after initiating cue presentation
(Gipson et al., 2013a).

Potential therapeutic utility of using the three criteria and conclusions

Addiction to all classes of abused drugs shares a defining characteristic of being a chronic,
relapsing disorder typified by an overwhelming motivation to use the drug in spite of
negative consequences. As a shared endophenotype of all drug addiction, Criterion #1 poses
that the most significant neurological adaptations to study in animal models of addiction will
be those shared by different drug classes. In studying shared adaptations, Criterion #2 poses
the need to consider not just classic synaptic transmission and plasticity, but to include
adaptations in astroglia and the extracellular space, which together with the pre- and
postsynapse constitute the tetrapartite synapse. Figure 1 outlines four such adaptations
measured in the NAcore that are enduring and involve tetrapartite synaptic activity. Directly
or indirectly manipulating any four of these adaptations inhibits drug seeking in animal
models (Pascoli et al., 2014; Moussawi et al., 2009; Bowers et al., 2008; Bossert et al.,
2006), and two are readily drugable targets, EAAT2 and mGIuR2/3. Indeed, trials have been
conducted with N-acetylcysteine to restore EAAT?2 that show good efficacy at reducing the
motivation to seek drug (craving), and more modest efficacy in reducing relapse to drug use
(McClure et al., 2014; Rushworth and Megson, 2014). This profile may help explain why N-
acetylcysteine is also modestly effective in treating a variety of psychiatric disorders
including major depression, post-traumatic stress disorder, gambling and trichotillomania
(Kalivas and Kalivas, 2016). Similar to craving in addiction, in all of the disorders where N-
acetylcysteine has shown efficacy intrusive thoughts can initiate psychiatric symptoms of the
disorder.

Finally, following on the logic of Criterion #1 that the motivation to seek drug is a shared
endophenotype of all addictive drugs, Criterion #3 is that transient adaptations seen across
drug classes during a state of high motivation to seek drug may be possible targets for
treating addiction. Figure 1 outlines three shared, transient events produced by presenting a
drug-conditioned cue to initiate drug seeking. Of these, the most readily available for drug
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development in treating addiction is MMP-9. Unfortunately, earlier trials with MMP
inhibitors for other disorders have been largely abandoned due to unacceptable side-effects
(\Vafadari et al., 2015). Nonetheless, research in addiction adopting Criterion #3 is nascent,
and other potentially drugable targets may emerge as new neuroadaptations produced during
a relapse event are discovered.
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Figure 1. Adaptationsin glutamate synapses are shared across drug classes and produced in the
NAcore of withdrawn animals (enduring adaptations) and in animals under going cue-induced
drug-seeking (transient adaptations)

The arrows indicate direction of change from control animals (enduring adaptations) or from
withdrawn animals (transient adaptations). The transient adaptions appear within 15 min
after cue initiation and return to baseline by 120 min. The boxes are color-coded according
to where in the tetrapartite synapse they are measured. (ECM= extracellular matrix).
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Figure 2. Self-administration animal modelsfor inducing a drug-free state of highly motivated
drug-seeking and measuring neuroadaptations

Following self-administration of an addictive drug, animals are placed in an extended
withdrawal period, either with extinction training or without (forced abstinence). Both
enduring and transient adaptations will be expected if measures are made shortly (0.5-72
hours) after discontinuing self-administration (red arrow). Transient changes may be part of
a signaling sequence that establishes enduring changes. Enduring neuroadaptations are
measured at the end of an extended (weeks) withdrawal period (red arrows). Highly
motivated drug-seeking can then be induced by either placing the animal in an un-
extinguished, drug-paired context, or within an extinguished context by presenting the
animal with drug-conditioned discrete cues, such as a light or tone. To estimate neurological
adaptations elicited by entering a highly motivated drug-seeking state, animals are examined
at different times after initiating drug seeking with context or cues. Importantly, while the
extent of self-administration training and withdrawal period varies, for studying motivated
drug seeking these two approaches are the most simple to interpret and widely used.
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