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Abstract

In light of the current worldwide addiction epidemic, the need for successful therapies is more
urgent than ever. Although we made substantial progress in our basic understanding of addiction,
reliable therapies are lacking. Since 40-60% of patients treated for substance use disorder return to
active substance use within a year following treatment discharge, alleviating the vulnerability to
relapse is regarded as the most promising avenue for addiction therapy. Preclinical addiction
research often focuses on maladaptive synaptic plasticity within the reward pathway. However,
drug induced neuroadaptations do not only lead to a strengthening of distinct drug associated cues
and operant behaviors, but also seem to increase plasticity thresholds for environmental stimuli
that are not associated with the drug. This form of higher order plasticity, or synaptic
metaplasticity, is not expressed as a change in the efficacy of synaptic transmission but as a change
in the direction or degree of plasticity induced by a distinct stimulation pattern. Experimental
addiction research has demonstrated metaplasticity after exposure to multiple classes of addictive
drugs. In this review we will focus on the concept of synaptic metaplasticity in the context of
preclinical addiction research. We will take a closer look at the tetrapartite glutamatergic synapse
and outline forms of metaplasticity that have been described at the addicted synapse. Finally we
will discuss the different potential avenues for pharmacotherapies that target glutamatergic
synaptic plasticity and metaplasticity. Here we will argue that aberrant metaplasticity renders the
reward seeking circuitry more rigid and hence less able to adapt to changing environmental
contingencies. An understanding of the molecular mechanisms that underlie this metaplasticity is
crucial for the development of new strategies for addiction therapy. The correction of drug-induced
metaplasticity could be used to support behavioral and pharmacotherapies for the treatment of
addiction.
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1. Introduction

The recent addiction epidemic is a social burden that imposes excruciating suffering for
families, erodes communities and entails immense socio-economic costs. With more than 90
people dying from opioid overdose every day, drug-related death is currently the leading
cause of death among Americans under 50 (U.S. Department of Health and Human Services,
2016). In light of this epidemic the need for successful addiction therapies is more urgent
than ever. After 80 years of addiction research we made enormous advances in our
knowledge about the reward system and neuroadaptations underlying compulsive drug
seeking. We have learned that drug addiction is a chronic neuropsychiatric disorder
associated with distinct neurobiological markers rather than a deficit in discipline or will
power (Kalivas & Volkow, 2005; Koob & Volkow, 2010). But despite the progress in basic
understanding of the disease, reliable pharmacotherapies are still missing.

The first step in an individuals fight against drug addiction is the desire to stop drug use, and
there are numerous ways to support patients to take this first step, for example by treating
acute withdrawal symptoms (National Institute on Drug Abuse, 2012). However, after
successfully achieving abstinence, the biggest challenge for patients is to withstand the
persistent vulnerability to relapse, even after many years of abstinence. Within a year
following treatment discharge 40-60% of patients treated for substance use disorder return to
active substance use (Mclellan, Lewis, O'Brien, & Kleber, 2000). Alleviating this
vulnerability to relapse might therefore be the most promising avenue for addiction therapy.
Accordingly, a major research goal is to gain deeper understanding of the neurobiology of
relapse. The propensity to relapse, despite negative consequences suggests drug-induced
deficits in brain regions regulating motivated behaviors to increase positive and decrease
negative behavioral outcomes. Recent findings indicate that compulsive drug seeking is
controlled by cortico-limbic-striatal circuitry. One central component of this circuit is the
nucleus accumbens (NAc). The NAc is conceptualized as the « gatekeeper » of the basal
ganglia; it receives glutamatergic input from cortico-limbic areas, as well as dopaminergic
input from the midbrain, and is thus ideally positioned to integrate changes in environmental
contingencies that shape adaptive behavioral responses (Floresco, 2015). The acquisition of
drug-reward associations depends on the convergence of dopamine and glutamate release
within the NAc, whereas drug cue induced reinstatement is mostly driven by glutamate
(Kalivas & Volkow, 2005; Koob & Volkow, 2010; Scofield, Heinsbroek, et al., 2016).

Experimental research has long focused on how drugs of abuse “hijack” synaptic plasticity
in corticostriatal circuitry to change the strength of glutamatergic synaptic transmission in
the NAc. However, this aberrant synaptic plasticity not only strengthens distinct drug
associated cues and operant behaviors, but also seems to increase plasticity thresholds for
environmental stimuli that are not associated with the drug. This form of higher order
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plasticity, that is not expressed simply as a change in the efficacy of synaptic transmission
but as a change in the threshold or rules to induce plasticity, is termed metaplasticity
(Abraham & Bear, 1996). Metaplasticity is a common denominator of drug induced
neuroadaptations in the brain (Lee & Dong, 2011; Mameli & Luescher, 2011), and can be
seen as the gatekeeper for synaptic plasticity. Thus, by setting plasticity rules metaplasticity
precludes runaway weakening or strengthening of synaptic transmission and allows the
synapses to maintain a functional dynamic range, increasing information storage capacity
and ensuring network stability (Fusi & Abbot, 2007).

The weakening of behavioral flexibility to reduce drug seeking behaviors in the presence of
negative outcomes is seen in addicts and can be modeled in rodents, and has contributed to a
characterization that addiction is a learning disorder (Keramati, Durand, Girardeau, Gutkin,
& Ahmed, 2017). Here we will argue that aberrant metaplasticity renders the reward seeking
circuitry more rigid and hence less able to adapt to changing environmental contingencies,
and that this is a contributing cause of the learning disorder characterized by behavioral
inflexibility in drug seeking. Drug induced metaplasticity can be deployed by many different
cell signaling and morphological adaptations at glutamatergic synapses. We postulate that
targeting these neuroadaptations can restore plasticity thresholds, and thereby normalize
computational capacity in reward seeking circuitry. Accordingly, we begin this review by
introducing the basic animal models used to study addiction (Section 1.1.) After outlining
the connectivity of the NAc within brain reward circuitry (Section 1.2), we provide an
overview of synaptic plasticity and metaplasticity (Section 1.3). Then we will take a closer
look at glutamatergic synapses, introduce the tetrapartite synapse and outline which forms of
metaplasticity can occur and have been described at the addicted glutamatergic synapse
(Section 2). Finally we will discuss the different potential avenues for pharmacotherapies
that target glutamatergic synaptic plasticity and metaplasticity (Section3).

1.1. Rodent models of reward learning and addiction

Studies on the neurobiological underpinnings of addiction behavior usually employ rodent
models because it is necessary to use a species that is capable of performing complex
behavioral tasks (self-administration and reinstatement) and has a brain reward system that
is sufficiently similar to the human brain. Addiction models can be grouped into the subclass
of non-contingent models, where the experimenter delivers the drug and contingent models,
where the drug is self-administered by the subject. Non-contingent models are popular,
because they are inexpensive and some of the biological changes elicited by non-contingent
drug administration are thought to drive addiction. However, self-administration models are
believed to simulate the human behavior more accurately, i.e. have greater face validity.

1.1.1. Non-contingent models

Locomotor sensitization: Drug sensitization is defined as the locomotor response induced
by acute drug administration, which is progressively augmented with repeated
administration and usually persists for weeks or months after the last drug injection. It has
been hypothesized that the neuroadaptations that are caused by non-contingent drug
exposure and drive locomotor sensitization also contribute to the pathological reward-
seeking characteristic of addiction (Robinson & Berridge, 2000).
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Conditioned place preference (CPP): CPP involves a two- or three-chambered apparatus
in which the chambers are distinguished by wall color and/or floor texture. The drug is
administered over several days in one of these chambers and the ability of addictive drugs to
establish learned contextual associations is studied (Tzschentke, 2007).

1.1.2. Contingent models — Self-administration—The acquisition of drug self-
administration occurs over the course of several sessions in which an animal learns to
conduct an operant response (lever pressing or nose poking), which is reinforced by IV or
oral availability of a drug of abuse. A conditioned stimulus (typically a visual (light) and/or
auditory (tone) stimulus) occurs simultaneously with the drug administration. In models
using /imited access, the self-administration sessions are shorter (e.g. 2 hours/10 days)
compared to the extended access model (e.g. 6 hours/45 days). Extended access usually
results in an increase of drug intake over sessions and is thought to model the escalation of
drug use during the development of addiction. The period of self-administration acquisition
and maintenance is then followed by a period of withdrawal, where the access to the drug is
discontinued. The withdrawal period can be with or without extinction training. During
extinction training the animal continues with daily exposure to the operant box but the
operant response does not result in cue presentation or drug infusion. During reinstatement,
the extinguished operant responding for the drug is reinstated by non-contingent re-exposure
to the drug (drug priming), drug-associated cues or stress, however, the operant response
remains unrewarded. Reinstatement aims to model stimulus-induced craving prior to
achieving drug use. If the animal has not undergone extinction training, return to the drug-
paired context will initiate robust drug seeking that may also include cue presentation.

Contingent natural reinforcers: it is important to evaluate and discriminate between
neuroadaptations induced by natural reinforcers (i.e. sucrose) and neuroadaptations induced
by exposure to drugs of abuse. To this aim, a control group of animals is often trained in the
same operant paradigm as for drug delivery in order to control for neuroadaptations
produced by operant responding and Pavlovian conditioning.

1.2 Nucleus accumbens connectivity and function

The NAc has been conceptualized as the « gatekeeper » of the basal ganglia and plays an
essential role in motivation and reward (Scofield, Heinsbroek, et al., 2016). It receives
glutamatergic input from cortico-limbic areas, as well as dopaminergic input from the
midbrain, and is therefore ideally positioned to integrate changes in environmental
contingencies to shape adaptive behavioral responses (Floresco, 2015). The NAc can be
subdivided into a central core (NAcore) and a surrounding shell (NAshell) region, and these
sub-regions are involved in distinct reward related tasks. The NAcore receives afferents from
the prefrontal cortex (prelimbic, anterior cingulate, anterior insular) the perirhinal and
entorhinal cortex, the basolateral amygdala (BLA) and the paraventricular thalamus, and is
involved in the learning of reward associated goal-directed behavior (Floresco, 2015) and
cue induced drug seeking (Kalivas, 2009). The prelimbic-NAcore projections are necessary
to elicit drug primed-, stress- or cue-induced reinstatement of seeking for many classes of
drugs of abuse (McFarland & Kalivas, 2001; StefanikS Kupchik, & Kalivas, 2015). The
NAshell receives inputs from the infralimbic cortex (Sesack 1989), the BLA and the ventral
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hippocampus (Britt et al., 2012), and processes the incentive motivational value of reward.
Inhibition of the ventromedial NAshell elicits cocaine seeking in rats extinguished from
cocaine self administration (Peters, LaLumiere, & Kalivas, 2008), indicating that NAshell
activity is necessary to inhibit non-reinforcing or goal-irrelevant behaviors (Floresco, 2015).

Like the dorsal striatum, the NAc network is composed of cholinergic interneurons, fast
spiking interneurons, low threshold spiking interneurons and medium spiny neurons (MSNS)
(Kreitzer, 2009). While all cell types have specific roles in regulating NAc circuit activity
and are involved in motivational tasks (Cachope et al., 2012; Smith et al., 2017; Yu et al.,
2017) most studies have focused on MSNs, which comprise 90-95% of all neurons in the
striatum and are the sole output neurons from the NAc (R. J. Smith, Lobo, Spencer, &
Kalivas, 2013). The GABAergic MSNs can be divided into two subpopulations based on
their expression profile for receptors and neuropeptide co-transmitters: D1 receptor—
expressing MSNs also co-express dynorphin, substance P, and M4 cholinergic receptors,
whereas D2 MSNs express enkephalin, neurotensin, and A2a adenosine (R. J. Smith et al.,
2013). Many studies using cell type specific expression of activity regulators such as channel
opsins and DREADDs, reveal that D1- and D2-MSNs differently regulate reward behaviors.
The consensus of these studies is that D1 MSNs promote drug-seeking behavior and are the
major target of drug-induced neuroadaptations, whereas D2 MSNs negatively modulate
reward seeking behavior (Calipari et al., 2016; Heinsbroek et al., 2017; Lobo et al., 2010).

Medium spiny neurons in the NAc project either directly or indirectly (via the ventral
pallidum) to the ventral mesencephalon. While the dorsal striatum has a relatively strict
segregation with D1-MSN contributing to the direct and D2-MSNs to the indirect
projections, this is not true for the NAc. For both, the NAcore (Kupchik et al., 2015) and the
NAshell (Creed, Ntamati, Chandra, Lobo, & Lischer, 2016) there is a substantial D1-MSN
contribution to the indirect projection to the ventral pallidum. Thus, for the NAc, D1-MSNs
contribute to both the direct as well as the indirect pathway, while akin to the rest of the
striatum, D2-MSNSs are restricted to the indirect pathway.

While MSNs receive input from all major neurotransmitters and neuromodulators, the
acquisition of drug reward associations depends on the convergence of dopamine and
glutamate release within the NAcore, and it has been shown that cue-induced relapse to
drugs is mostly driven by glutamatergic inputs to the NAcore from the prelimbic cortex and
basolateral amygdala (Kalivas & Volkow, 2005; Koob & Volkow, 2010; Scofield,
Heinsbroek, et al., 2016; Stefanik & Kalivas, 2013). Accordingly, for the purpose of this
review, we rely mainly on data regarding glutamatergic transmission and, more specifically
drug-induced adaptations of glutamatergic synaptic plasticity on MSNs.

1.3. Synaptic plasticity and metaplasticity at glutamatergic synapses

Synaptic plasticity is the selective weakening and strengthening of synaptic connections in
response to distinct patterns of activity, and has been proposed as the neurobiological
manifestation of learning (Kandel, 2001). Glutamate is the major excitatory neurotransmitter
in the brain and acts on ionotropic and metabotropic glutamate receptors to regulate
neuronal activity. The main effectors of glutamatergic transmission are the ionotropic a.-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARS), homo- or
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heterotetramers composed of four pore-forming subunits GluA1-4 (Greger, Watson, & Cull-
candy, 2017). N-methyl-D-aspartic acid receptors (NMDARS) are hetero-tetramers
composed of 7 differentially expressed subunits: GIuN1, four GIuN2 (GIuN2A-D) and two
GIuN3 (Paoletti, Bellone, & Zhou, 2013) and are the key determinant for the expression of
many different forms of postsynaptic plasticity (Malenka & Bear, 2004). Metabotropic
glutamate receptors, coupled to G-proteins, link glutamate binding to downstream signaling
pathways and are also implicated in the induction and expression of many different forms of
synaptic plasticity (Anwyl, 2009; Atwood, Lovinger, & Mathur, 2014). A change in efficacy
of glutamate transmission is most frequently attributed to a change in the probability of
presynaptic neurotransmitter release (Castillo, 2012) or a change in the density (insertion or
removal) and/or functionality (post-translational modification, change in subunit
composition) of postsynaptic AMPAR (Malenka & Bear, 2004). Although many distinct
signaling pathways can lead to the expression of synaptic plasticity, pre- and postsynaptic
calcium signaling is involved in a majority. The most prominent forms of glutamatergic
plasticity depend on the activation of postsynaptic NMDAR or metabotropic glutamate
receptors.

Synaptic plasticity can be non-associative or depend on the orchestrated activation of the
presynaptic afferent and postsynaptic neuron. Hebbian plasticity is the primary theoretical
model describing the neuronal basis of associative learning, and has been demonstrated in
many model systems. The general principles of Hebbian plasticity, such as input specificity,
associativity and bidirectionality, can be applied to many forms of pre- and postsynaptic
plasticity. The direction of plasticity depends on distinct activity patterns of pre- and
postsynaptic neurons (either induced by sensory experience or by experimenter-induced
stimulation patterns) with low activity (or low synchrony between pre and postsynapse)
leading to long-term depression (LTD) and higher activity (or high synchrony between pre
and postsynapse) leading to long-term potentiation (LTP) (Figure 1a). However, models
show that networks that rely exclusively on activity dependent plasticity thresholds are
unstable. Left uncontrolled they cause a feed forward, ‘runaway’, strengthening or
weakening of synapses. The resulting occlusion of plasticity makes further plasticity
impossible and limits information processing. The Bienenstock-Cooper-Munro theory
(BCM theory) found a theoretical solution for these limitations by adding an activity
dependent plasticity threshold ® (Figure 1A) (Cooper & Bear, 2012). The implementation
of the BCM theory in network models has demonstrated that the modified © thresholds is
necessary to maintain a functional dynamic range, to increase information storage capacity
and to ensure network stability (Fusi & Abbot, 2007). For example, upon strong network
activity ®; is biased towards the induction of LTD, thereby keeping synapses within a
dynamic range. The success of the BCM theory led to the search of the biological
implementation of adjustable plasticity thresholds within the nervous system which were
subsequently discovered at different synapses in many brain nuclei (Abraham, 2008; Cooper
& Bear, 2012). This form of higher order plasticity was termed metaplasticity (Abraham &
Bear, 1996).

Just as the varied mechanisms involved in synaptic plasticity, the diversity of metaplasticity
mechanisms is vast (Figure 1B). Metaplasticity mechanisms can either affect i) how afferent
activity is translated into neurotransmitter release, ii) how glutamate release is coupled to

Neurobiol Learn Mem. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neuhofer and Kalivas

Page 7

receptor activation and intracellular calcium signaling and iii) how downstream molecules
react to this calcium signal. Hence, a change in expression and function of any signaling
molecule within a synaptic plasticity pathway can induce metaplasticity. For a more detailed
introduction to the many forms of metaplasticity (i.e. heterosynaptic metaplasticity,
metaplasticity of inhibitory transmission) the reader is referred to a number of excellent
reviews on these topics (Abraham, 2008; Abraham & Bear, 1996; Antonov, Kandel, &
Hawkins, 2010; Jones, 2015).

2 Metaplasticity in drug addiction

After a protracted drug-free period, NAc neurons from cocaine-experienced animals show a
potentiation of AMPAR-mediated synaptic transmission in the NAshell (Kourrich, Rothwell,
Klug, & Thomas, 2007) and NAcore (Gipson, Kupchik, et al., 2013). A similar
strengthening of synapses has been shown for methamphetamine (Jedynak et al., 2016),
nicotine (Gipson, Reissner, et al., 2013), ethanol (Spiga et al., 2014) but not for heroin
(Shen, Moussawi, Zhou, Toda, & Kalivas, 2011). Several studies indicate that withdrawal-
induced strengthening of synapses could depend on cell type (D1 versus D2 MSNSs) (Pascoli,
Turiault, & Lischer, 2012) and afferent input (Britt et al., 2012; MacAskill, Cassel, &
Carter, 2014; Pascoli et al., 2014). Lischer and colleagues have demonstrated in several
studies that reversing this synaptic potentiation can prevent reinstated drug seeking,
indicating that these drug-induced alterations of glutamatergic synaptic transmission in the
NAc could harbor the cellular substrates for drug seeking and relapse vulnerability (Pascoli
etal., 2014, 2012). In addition to this constitutive potentiation of synapses after drug
withdrawal, exposure to cues associated with drug use elicits rapid and transient
morphological and electrophysiological changes at glutamatergic synapses in the NAcore
(Gipson, Kupchik, & Kalivas, 2014).

In addition to modulating the efficiency of glutamatergic transmission, drugs of abuse have
been shown to affect the capacity of glutamatergic synapses to undergo plasticity. Table 1
gives as overview of the literature describing drug-induced metaplasticity at glutamatergic
synapses onto MSNs in the NAc. Although the variability of drug administration protocols
makes direct comparisons somewhat difficult, one common form of impaired plasticity is a
loss of NMDA-dependent LTD. This LTD has a postsynaptic locus and is usually induced by
a low frequency pairing protocol (LFSp-LTD 1-5 Hz stimulation + depolarization of the
postsynaptic cell to -50 mV). NMDAR-dependent LTD is abolished in vitro after withdrawal
from non-contingent cocaine injections (Thomas, Beurrier, Bonci, & Malenka, 2001), as
well as in vitro and in vivo after withdrawal or extinction from cocaine self-administration
(Kasanetz et al., 2010b; Martin, Chen, Hopf, Bowers, & Bonci, 2006; Moussawi et al.,
2009), in vivo after extinction from heroin self administration (Shen et al., 2011) and in vitro
after chronic ethanol exposure (Jeanes, Buske, & Morrisett, 2014; Renteria, Jeanes, &
Morrisett, 2014; Spiga et al., 2014). These studies indicate that, despite the different
pharmacological properties of cocaine, heroin and ethanol all drugs induce similar
impairments in synaptic plasticity. However in most studies in Table 1, the description of
drug-induced metaplasticity is phenomenological and the detailed underlying synaptic
mechanisms remain to be revealed. Accordingly, the next section will give an overview of
distinct metaplasticity substrates at the tetrapartite synapse, describe how some of these
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substrates are affected by the exposure to drugs of abuse allowing changes in synaptic
plasticity and behavior.

2.1 Potential metaplasticity substrates and drug induced adaptations at the tetrapartite

synapse

Although the vast majority of studies demonstrating either synaptic plasticity or synaptic
metaplasticity use pre- and postsynaptic physiology as the experimental read-out, it has
become increasingly clear that the view of synaptic physiology being determined only by the
canonical pre- and postsynapse is over-simplified. Recently, a number of studies in the field
of addiction have demonstrated an active role for perisynaptic astroglial processes (PAPS)
and the extracellular matrix signaling domain in regulating excitatory synaptic plasticity in
the NAc and other brain regions (Mulholland, Chandler, & Kalivas, 2016). This awareness
has resulted in conceptualizing the functional synapse as a ‘tetrapartite synapse’, where all
four components (pre- and postsynapse, astroglia and extracellular matrix) function in
concert (Dityatev & Rusakov, 2011). Indeed, when considering the constitutive changes in
synaptic function produced by activity that guide metaplasticity, the noncanonical
components appear to play an especially important role.

2.1.1 The Presynaptic Terminal—Presynaptic long-term plasticity is manifested as a
change in the magnitude and reliability of glutamate release (Castillo, 2012; Y. Yang &
Calakos, 2013). It can be either induced directly via repetitive afferent stimulation or
involves retrograde messenger released from the postsynaptic cell. The most prominent
forms of presynaptic LTP involve the activation of adenylate cyclase (AC) and subsequent
increase in cyclic adenosine monophosphate (CAMP) which activates protein Kinase A
(PKA). PKA has been demonstrated to promote neurotransmitter release by directly acting
on substrates in the transmitter release machinery (Castillo, Schoch, Schmitz, Stidhof, &
Malenka, 2002). The activation of AC can occur due to strong afferent activation, usually
100 Hz (Castillo, 2012) and can be facilitated by activation of Gs coupled presynaptic
receptors (Bartsch et al., 2015; Li & Rainnie, 2014).

Many forms of presynaptic LTD involve the activation of presynaptically located Gi/o
coupled G-protein coupled receptors (GPCRs) such as D2R (Calabresi et al., 1997),
cannabinoid 1 receptors (CB1R) (Robbe, Kopf, Remaury, Bockaert, & Manzoni, 2002),
mGIuR2/3 (Robbe, Bockaert, et al., 2002) or mu-opioid receptors (MOR) (Heinsbroek et al.,
2017). Upon activation of these receptors, the G-Protein dissociates into Gai and G-y
subunits. Both of these subunits contribute to the inhibition of neurotransmitter release
(Atwood et al., 2014). The Gp+y subunits have been shown to activate K+ channels and to
inhibit voltage-gated calcium channels (VGCC) (Atwood et al., 2014). These actions result
in decreased excitability and reduced activity dependent Ca2+ entry into the presynaptic
terminal, which decreases the probability of vesicle fusion. In addition, GBy might also have
a direct inhibitory influence on components of the vesicular release machinery (Blackmer,
2001). The Gai subunits inhibit AC, resulting in decreased CAMP levels.

Presynaptic adaptations and metaplasticity: While metaplasticity is well documented for
postsynaptically expressed forms of long-term plasticity, metaplasticity of presynaptically
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expressed forms of long-term plasticity has received less attention. Many forms of
presynaptic metaplasticity described seem to be related to a change in transmitter release
probability (McHail & Dumas, 2015). Goussakov and colleagues have demonstrated that
weeks after a status epilepticus episode, the hippocampal mossy fiber pathway exhibits
increased transmitter release probability and a marked loss in presynaptic LTP, indicating
occlusion of LTP at already potentiated synapses (Goussakov, Fink, Elger, & Beck, 2000).
Although previous work has described that priming activation of metabotropic receptors can
induce metaplasticity, most of these studies did not unequivocally examine the locus of
plasticity (Bortolotto, Bashir, & Collingridge, 1994; Mellentin & Abraham, 2001).

How presynaptic release probability can affect postsynaptic plasticity: Presynaptic release
probability and short-term plasticity influence the amount of glutamate released during
plasticity induction. Accordingly could presynaptic release probability have direct impact on
thresholds for postsynaptic plasticity, or changes in release probability drive postsynaptic
metaplasticity. However, surprisingly few studies have examined the direct effect of changes
in neurotransmitter release probability on postsynaptic metaplasticity. Safo and Regehr have
demonstrated that the activation of presynaptic CB1R is necessary for the induction of a
postsynaptically expressed LTD (Safo & Regehr, 2005). However, the authors suggested that
CBI1R activation induced the release of an anterograde messenger that ultimately acts on the
postsynaptic cell to induce LTD. Interestingly, Safo and Regehr did not consider that
presynaptic modulation of transmitter release during LTD induction could also account for
the CB1R dependence of postsynaptic LTD. A very elegant study by Blundon et al has
demonstrated that a “critical period” for plasticity at synapses between the thalamus and the
auditory cortex is ended after the establishment of presynaptic gating by Adenosinel
Receptors (A1R) (Blundon & Zakharenko, 2013). The activation of A1R leads to a strong
short-term inhibition of glutamate release during LTD induction and prevents postsynaptic
LTD. The blockade of ALR does not only reestablish postsynaptic LTD but also reopens the
“critical period” at thalamo-cortical synapses in adult mice and improves auditory
perception (Blundon et al., 2017).

Another example of how presynaptic release probability could potentially affect
postsynaptic metaplasticity comes from Lee, Yasuda & Ehlers. The authors have shown that
spontaneous glutamate release can set the subunit composition of postsynaptic NMDR and
drives metaplasticity at glutamatergic synapses in hippocampal neurons (M.-C. Lee, Yasuda,
& Ehlers, 2010). These results indicate that presynaptic plasticity can act as a very powerful
modulator of postsynaptic metaplasticity.

Drug induced presynaptic neuroadaptations and metaplasticity: It is well established that
adaptations in NAc glutamatergic transmission are a core feature of addiction-related
pathophysiological states (Kalivas, 2009), however our understanding of postsynaptic
alternations (see section 2.1.2) exceeds those of presynaptic adaptations.

Using optogenetic tools it was demonstrated that presynaptic release probability (Pr) of NAc
shell afferents was enhanced after short-term (1 d) and long-term (45 d) withdrawal from

either non-contingent (i.p. injection) or contingent (self-administration) exposure to cocaine.
The increase of release probability was specific for afferents from PFC and PVT; no change
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was found for BLA afferents indicating a procedure- and pathway-specific effect (Neumann
etal., 2016; Suska, Lee, Huang, Dong, & Schluter, 2013). This increased release probability
could bias the general responsiveness of the NAc shell towards PFC and PVT afferents and
also favor establishment of new synapses and synapse specific potentiation for these
afferents. Which adaptations in the presynapse are driving the pathway specific changes in
release probability remains to be investigated. For the NAc core it has been demonstrated
that decreased function of mGIuR2/3 can drive metaplasticity and contributes to drug
seeking behavior (Figure 2). Non contingent cocaine as well as withdrawal from nicotine
and cocaine SA down-regulates presynaptic mGluR2/3 receptor function and expression
(Cleva & Olive, 2012). Similarly, down-regulation of mGIuR2/3 is observed in PFC neurons
following chronic exposure to ethanol (Meinhardt et al., 2013). Decreased mGIluR2/3
function seems to result from several different neuroadaptations such as reduced protein
expression (Kasanetz et al., 2013), receptor phosphorylation (Xi et al., 2002), reduced basal
glutamate tone (Moran, McFarland, Melendez, Kalivas, & Seamans, 2005) and/or up-
regulated expression of activator of G protein signaling 3 (AGS3) (Bowers et al., 2004). The
drug-induced impairment of this presynaptic feedback control has been demonstrated to
contribute to a transient glutamate spillover during cue-induced reinstatement, which drives
a transient postsynaptic potentiation of glutamatergic synapses as well as drug seeking.
Decreased mGIuR2/3 has been directly linked to metaplasticity induced by cocaine self-
administration. The ability to induce presynaptic LTP in PFC glutamatergic afferents to the
NAcore is markedly impaired in cocaine-extinguished animals compared to drug naive
animals, which arises from synaptic occlusion at already potentiated synapses.
Pharmacological restoration of the basal glutamate tone on mGIluR2/3 was able to reverse
this drug-induced metaplasticity (Moussawi et al., 2009).

The activation of mGIuR2/3 (Justinova et al., 2016; Peters & Kalivas, 2006), restoration of
Cystine/Glutamate exchange (Moran et al., 2005) as well as inhibition of AGS3 (Bowers et
al., 2004, 2008) has been furthermore shown to prevent reinstated drug seeking.

These results indicate that the pathway specific presynaptic alteration may interact with and
contribute to other drug-induced cellular adaptations to shift the functional output of NAc
neurons, contributing to the addictive emotional and motivational state.

2.1.2 The Postsynapse—Postsynaptic plasticity is manifested as a change in the density
(insertion or removal) and/or functionality (phosphorylation, change in subunit composition)
of postsynaptic AMPAR receptors (Malenka & Bear, 2004). Multiple forms of plasticity can
be induced by activation of NMDAR, VGCCs and metabotropic glutamate receptors and the
postsynaptic Ca2* transient has been demonstrated to serve as a major instructor for the
induction of postsynaptic plasticity (Holbro, Grunditz, Wiegert, & Oertner, 2010). However,
how Ca%* dynamics determine the outcome of postsynaptic plasticity is not completely
understood. Common theories state that the peak calcium concentration (Lisman, 1989), the
duration of the calcium elevation, as well as the location of the calcium source can
determine the direction of plasticity (Evans & Blackwell, 2015). Peak calcium concentration
can influence the sign of plasticity by balancing the activation of kinases and phosphatases
activated by binding proteins with different affinities for Ca2*. Ca2*/calmodulin-dependent
protein kinase ii (CaMKii), and calcineurin (CaN, also known as PP2B) are prominent
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examples of a plethora of different calcium-binding proteins involved in synaptic plasticity.
CaMKii is a serine/threonine protein kinase that phosphorylates AMPARS and thereby
increases their conductance but is also involved in the activity dependent exocytosis of
AMPARSs (Lisman, Schulman, & Cline, 2002). The protein calcineurin (CaN) is a Ca* -
dependent serine/threonine phosphatase that is implicated in the activity dependent
dephosphorylation of AMPAR as well as activation of other phosphatases (for example
PPT-1) leading to AMPAR endocytosis and LTD (Collingridge, Peineau, Howland, & Wang,
2010). Interestingly, CaMKii and CaN show different affinities for Ca2*. Due to it's low
affinity for Ca2*, CaMKii activation necessitates a high amplitude postsynaptic calcium
signal which corresponds with the fact that induction of LTP usually needs strong and/or
coincident pre and postsynaptic activity (Dan & Poo, 2004; Stanton, 1996). CaN has a
higher affinity for Ca2* and therefore it can be activated by lower neuronal activity to induce
LTD (Lisman, 1989).

Besides the prevailing idea that local Ca2* amplitude determines synaptic plasticity, the Ca*
location within certain micro-domains in dendrites and spines could be equally important
(Evans & Blackwell, 2015). Indeed it has been shown that diverse calcium sources such as
NMDARs, L-type channels or internal Ca2* stores seem to contribute to different forms of
synaptic plasticity (Tigaret, Olivo, Sadowski, Ashby, & Mellor, 2016). The distinct dendritic
distribution of these Ca2* sources associated with upstream and downstream signaling
molecules can create specific plasticity micro-domains on the dendritic spine (Colgan &
Yasuda, 2014; Evans & Blackwell, 2015). Distinct plasticity micro-domains could be
activated, depending on intensity and mode of transmitter release (i.e synaptic versus extra-
synaptic, for example via astrocytes (see section 2.1.3)) and functional changes of these
plasticity micro-domains could drive metaplasticity. While we cannot cover all components
of this highly inter-dependent protein network, we will highlight the most prominent
upstream receptors that are known to be involved in postsynaptic metaplasticity and to be
modulated by exposure to drugs of abuse.

NMDAR subunit composition and metaplasticity: N-methyl-D-aspartic acid receptors
(NMDARS) are hetero-tetramers composed of 7 differentially expressed subunits: GIuUN1,
four GIuN2 (GIuN2A-D) and two GIuN3 (Paoletti et al., 2013). The subunit composition
determines the functional properties of NMDARS, such as opening kinetics and calcium
conductance. The magnitude of calcium flow through open NMDAR channels is a key
determinant for the expression of many different forms of postsynaptic plasticity (Malenka
& Bear, 2004). Accordingly, NMDAR subunit composition and functionality are a major
determinant of synaptic metaplasticity (Yashiro & Philpot, 2008). NMDAR containing the
GIuN2BR subunit have a higher Ca2* conductance and thus a higher capacity to activate
CaMKii, a kinase which has a low affinity for Ca2* and is strongly implicated in activity-
dependent synaptic strengthening (Herring & Nicoll, 2016). Indeed, it has been shown that
functional enhancement of GIUN2BR signaling can make synapses more susceptible to
undergo long-term potentiation (Pérez-Otafio & Ehlers, 2005). Despite the dependence of
postsynaptic LTP on NMDAR activation, a priming activation of NMDAR prior to induction
can increase the threshold for LTP (Y. Y. Huang, Colino, Selig, & Malenka, 1992) and
facilitate the expression of LTD without any change in basal transmission (Christie &
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Abraham, 1992). The mechanisms of this NMDAR priming induced metaplasticity are not
completely understood, but it was suggested that it might involve a long term depression of
NMDAR (Abraham, 2008). Indeed, it is now known that NMDAR function and expression
is highly plastic and can be changed in an activity dependent manner (Hunt & Castillo,
2012; Kombian & Malenka, 1994; Larkman, Hannay, Stratford, & Jack, 1992; Paoletti et al.,
2013; Rebola, Srikumar, & Mulle, 2010).

Drug induced changesin NMDAR subunit composition and metaplasticity: Withdrawal
from nicotine (Gipson, Reissner, et al., 2013) and heroin self-administration (Shen et al.,
2011) but not cocaine self-administration (Yang et al., 2017) enhances the expression of
GIluN2BR-containing NMDARSs in the NAc core (Figure 3). Short term withdrawal from
non-contingent cocaine increased GIUN2BR in the NAc shell (Y. H. Huang et al., 2009). The
drug-induced enrichment of NR2B is often associated with the generation of silent synapses.
Silent synapses show only NMDAR- but no AMPAR-mediated currents and are therefore
unclaimed substrates for synaptic plasticity (B. R. Lee & Dong, 2011). Drug induced
increase in GIUN2BR was suggested to depend on the functional up-regulation of CREB,
since the expression of a dominant negative form of CREB prevents cocaine-induced
increases in the GIUN2BR/GIUN2A ratio at excitatory synapses in the NAc shell and blocks
motor sensitization to cocaine (Brown et al., 2011). The enrichment of GIUN2BR does not
occur after withdrawal from sucrose self-administration (H.-J. Yang et al., 2017), and is not
dependent on contingent drug exposure (Brown et al., 2011). It has been furthermore shown
that GIUN2BR selective antagonists block CPP induced by morphine, but not that by natural
reinforcers (Y. Y. Ma et al., 2006). Although these studies implicate that GIuN2BR
enrichment results from the pharmacodynamics of drug exposure and withdrawal rather than
being a molecular manifestation of reward learning, the metaplasticity induced by the
enrichment of GIUN2BR is likely to set the stage for future relapse events. Indeed, it has
been demonstrated that the NR2B selective antagonist, ifenprodil, can rescue bidirectional
synaptic plasticity after cocaine self-administration (Debacker et al., 2014) as well as
decrease cue-induced reinstatement of heroin (Shen et al., 2011) and nicotine (Gipson,
Reissner, et al., 2013).

Calcium permeable AMPAR (CP-AMPAR): AMPARs are homo- or heterotetramers
composed of four pore-forming subunits GluA1-4 (Greger et al., 2017) and the main
effectors of glutamatergic synaptic transmission. The most abundant AMPARs are
heteromers containing the GIuA2 subunit, which results in receptor subtypes with linear
voltage response and a low Ca?* conductance. AMPAR lacking the GIuA2 subunit are
highly permeable for Ca* and show a non-linear voltage response due to a block of the
channel pore by intracellular polyamines at depolarized membrane potentials (Donevan &
Rogawski, 1995).

In the adult brain, GIuA2 lacking AMPAR are mainly expressed on aspiny interneurons
where they have been shown to be involved in several distinct forms of synaptic plasticity
(Liu & Zukin, 2007). In excitatory neurons, CP-AMPAR are relatively rare under baseline
conditions, however, neuronal activity and neuronal insults can increase CP-AMPAR
content. CP-AMPAR, shown to be involved in homeostatic plasticity, are dynamically up-
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regulated during induction and necessary for the initiation of LTP in the CA1 region of the
hippocampus (Plant et al., 2006). In general, these studies suggest that the up-regulation of
CP-AMPAR can modify the threshold for all forms of plasticity whose induction needs a
postsynaptic rise in Ca2* level.

Drug induced changesin AMPAR subunit composition and metaplasticity: Following
prolonged abstinence (>45 days) from extended-access cocaine self-administration in adult
rats, CP-AMPARs accumulate at NAc core synapses and mediate the expression of
intensified “incubated” cue-induced craving (Conrad et al., 2008). Expression of CP-
AMPAR on mPFC to D1-MSN terminals in the NAc core was also found after standard
access cocaine self-administration in mice (Pascoli et al., 2014). A 13 Hz optogenetic
stimulation protocol reversed this insertion of CP-AMPAR and inhibited cue-induced
cocaine seeking. These studies demonstrate that accumulation of CP-AMPAR on NAc
medium spiny neurons contributes to the behavioral drive for cue-induced drug seeking.
Whether this behavior is caused by metaplasticity or by an overall enhanced excitatory drive
due to the high conductance of CP-AMPAR remains to be investigated. It is, however,
noteworthy that CP-AMPAR show higher conductance at hyperpolarized membrane
potentials and CP-AMPAR mediated plasticity therefore does not follow hebbian rules
(Laezza & Dingledine, 2011). The pathophysiological accumulation of CP-AMPAR during
drug withdrawal can thereby cause metaplasticity by inverting physiological learning rules.
This has been demonstrated for glutamatergic synapses of VTA neurons in vitro (Mameli,
Bellone, Brown, & Lischer, 2011) but remains to be investigated in the nucleus accumbens.

MGLURL/5: mGIuR5 and mGIuR1 belong to the group 1 metabotropic glutamate receptors
and are located at the perisynaptic annulus of dendrites (Katona & Freund, 2008). The
activation of both receptor subtypes launches the canonic Gq signaling cascade that involves
phospholipase C (PLC), PKC and the release of Ca2+ from intracellular stores but it can
also activate PI3 kinase, tyrosine kinase and phosphatase, and generate endocannabinoids
(Katona et al., 2006). Although mGIuR1/5 signal through the same class of G proteins and
are often co-expressed on the same cells, they can also have different functional roles
(Poisik, Mannaioni, Traynelis, Smith, & Conn, 2003).

The positive interaction of mGIuR5 with NMDAR (Pisani et al., 2001) suggests its role in
synaptic plasticity and learning. Indeed mGIuR1/5 activation is known to induce LTD or
LTP in many different brain areas (Anwyl, 2009; Bellone, Luscher, & Mameli, 2008) and to
enhance extinction learning (Cleva et al., 2011), whereas mGIuR5 antagonism impairs
spatial learning, and contextual fear conditioning (Simonyi, Schachtman, & Christoffersen,
2010).

mGIuR1/5 are also mediators of metaplasticity. It has been shown that a priming activation
of group | mGIluRs with the selective group | agonist 3,5-dihydroxyphenylglycine (DHPG)
can decrease the threshold for LTP (Cohen, Raymond, & Abraham, 1998) or cause a
leftward shift of the frequency-response function at CA1 synapses favoring LTP over LTD
(van Dam et al., 2004). Diverse mechanisms for this metaplasticity have been proposed, such
as potentiation of NMDAR (Macdonald, Jackson, & Beazely, 2007) or the increase of
postsynaptic excitability (Cohen, Coussens, Raymond, & Abraham, 1999).
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The membrane localization of mGIuR1/5 and its coupling with downstream effectors is
promoted by crosslinking via the long isoforms of the adaptor protein Homer 1b/c
(Kammermeier & Worley, 2007; Park et al., 2013). Homer 1a is a short isoform that acts as a
dominant negative to uncouple C-C homer isoforms from mGIuRb5. The induction of Homer
1a expression by salient stimuli can act as a switch between different forms of mGIuR5
mediated signaling (Park et al., 2013; Roloff, Anderson, Martemyanov, & Thayer, 2010).
While the expression of Homerla alone induces LTD, H1a expression in combination with
mGIuR5 phosphorylation leads to a conformational change of mGIuRS5 and potentiation of
NMDAR and LTP (Marton, Shuler, & Worley, 2015). The level of expression of different
Homer isoforms therefore not only regulates the membrane expression and localization of
mGIuR1/5, but also the plasticity pathways in which the receptors can engage upon
activation.

Drug induced changesin mGIluR1/5 and metaplasticity: The NAc is one of the brain areas
with the highest expression of mGIuR5 (Abe et al., 1992), suggesting the involvement of
mGIuR5 signaling in reward learning. Accordingly mGIuR5 knock-out mice show deficits in
the acquisition of cocaine self-administration (Chiamulera et al., 2001). Likewise the
mGIuR5 receptor antagonists MPEP and MTEP reduce self-administration of addictive
drugs such as cocaine and nicotine and block cue induced reinstatement (Mihov & Hasler,
2016; A. C. W. Smith et al., 2017). Positive allosteric modulation of mGIuR5 receptors
facilitates extinction of cocaine contextual memory (Cleva et al., 2011). A single exposure to
cocaine or THC can reduce mGIuR5 expression in the NAC core and PFC and abolish LTD
of glutamate release (Fourgeaud et al., 2004; Mato et al., 2004). mGIuR5 dependent LTD at
PFC to NAc synapses is abolished in vivo in cocaine extinguished rats and rescued using
longer LTD protocols, indicating an increase in LTD threshold (Moussawi et al., 2009). A
reduction of mGIuR5 function has also been suggested after withdrawal from long access
cocaine SA (McCutcheon et al., 2011). The authors found that while DHPG drives a CB1R
dependent presynaptic LTD in saline controls, it can reverse the accumulation of CP-
AMPAR in the nucleus accumbens after extended access cocaine SA (McCutcheon et al.,
2011). Interestingly, the DHPG induced LTD in the saline group was mGIuR5 mediated,
whereas DHPG-LTD in the cocaine group was mGIluR1 mediated. Because the authors
found no defect in CB1R function, they suggested that the impairment of mGIuR5 causes
the metaplastic transition from mGIuR5 to mGIuR1 signaling and thereby is profoundly
altered (McCutcheon et al., 2011). The changed function and expression of mGIuR1/5 might
be caused by a drug-induced change in phosphorylation of mGIuR1/5 residues by protein
kinases that regulate trafficking, subcellular/subsynaptic distribution, and function. An
alternative explanation could be a deregulation of Homer proteins. Extinction training from
cocaine self-administration or non-contingent exposure to cocaine increases Homer 1b/c
levels in the NAc and inhibits LTD by decreasing mGIuR5 surface expression (Fourgeaud et
al., 2004; Knackstedt, Moussawi, et al., 2010). This signaling cascade has furthermore been
proposed as the synaptic basis of locomotor sensitization to cocaine (Park et al., 2013).

These studies highlight the multidimensional involvement of mGIuR1/5 in drug induced
changes of synaptic plasticity at different stages of drug abuse and indicate that targeting this
receptor class is a promising but also challenging therapeutic avenue for the treatment of
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addiction. Which type of mGIuR1/5 based treatment could be successful might depend on
the drug abuse history of individual patients (i.e. mode of exposure, type and duration of
withdrawal).

2.1.3 Astroglia—Astrocytes are a subset of glial cells that outnumber neurons in the
human brain (Nedergaard, Ransom, & Goldman, 2003). Regardless of their high abundance,
for a long time they were simply considered as a passive scaffold, the glue of the brain. Only
recently have we started to understand that astrocytes actively contribute to synaptic
signaling not only by providing metabolic support but also by agonist induced, activity
dependent release of gliotransmitters such as glutamate (Araque, Li, Doyle, & Haydon,
2000; Bezzi et al., 2004), ATP (Gordon et al., 2005), and D-Serine (Schell, Molliver, &
Snyder, 1995). Glutamate release from astrocytes can occur via different mechanisms such
as Ca2+ and SNARE dependent vesicular release (Araque et al., 2000), glutamate exchange
via the Na2+ dependent cystine-glutamate antiporter and reverse exchange via GLT-1
(Malarkey & Parpura, 2008). The astrocytic release of glutamate and D-Serine is thought to
modulate NMDAR function and thus the ability to induce plasticity or set plasticity
thresholds (Han et al., 2012; Panatier, Theodosis, Mothet, Touquet, & Pollegioni, 2006).
Astrocytic glutamate release close to presynaptic terminals has furthermore been shown to
modulate presynaptic release probability (Gomez-Gonzalo et al., 2015; R. Martin, Bajo-
Graneras, Moratalla, Perea, & Araque, 2015), which is also likely to modulate metaplasticity
(see section 3.1).

Astrocytes are also pivotal in maintaining synaptic microenvironments via perisynaptic
processes that ensheath synapses (perisynaptic astroglial protrusions; PAPS), and restrict the
diffusion of neuro- and gliotransmitters (Piet, Vargova, Sykova, Poulain, & Oliet, 2004;
Verkhratsky & Nedergaard, 2014). These diffusion barriers are not static but can undergo
activity dependent restructuring that controls the abundance of transmitters and co-
transmitters in the synaptic vicinity (Haber, Zhou, & Murai, 2006; Oliet, Piet, & Poulain,
2001; Perez-alvarez, Navarrete, Covelo, Martin, & Araque, 2014) and has been proposed as
a mechanism for metaplasticity (Jones, 2015).

Astrocytes are also the predominant location of GLT-1, a glutamate transporter that accounts
for 95% of the glutamate uptake activity in the brain and tightly regulates the diffusion of
glutamate (Danbolt, Furness, & Zhou, 2016). Glutamate uptake via GLT-1 allows for a
focused local glutamate transmission and prevents system over-activation and excitotoxicity.
Neuronal activity can rapidly and reversibly slow glutamate clearance via modulation of
astrocytic GLT1-dependent glutamate transport (Armbruster, Hanson, & Dulla, 2016) but
also induce long lasting changes in GLT1 function (Cheung, Sibille, Zapata, & Rouach,
2015). Since the regulation of glutamate uptake correlates so tightly with the occurrence of
glutamatergic synaptic plasticity, it has been suggested to be an integral component of
plasticity (Pita-Almenar, Sol Collado, Colbert, & Eskin, 2006) and metaplasticity (Abraham,
2017; Jones, 2015) at glutamatergic synapses.

Drug induced adaptations of astrocytic metaplasticity substrates: The morphology and
function of astrocytes have been shown to be markedly affected by exposure to drugs of
abuse and these adaptations are thought to contribute to drug induced synaptic adaptations
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and metaplasticity and by that to the neurobiological basis of addiction (Miguel-Hidalgo,
2009; A. C. W. Smith, Scofield, & Kalivas, 2015) (see Figure 4).

Chronic exposure to both cocaine and nicotine reduces cysteine glutamate antiporter Xct
expression on astrocytes, which results in a reduced basal extracellular glutamate tone acting
on presynaptic mGIluR2/3 autoreceptors in the nucleus accumbens (Moran et al., 2005). The
resulting decrease in mGIluR2/3 dependent autoinhibition has been proposed as a mechanism
for the exacerbated cue induced glutamate release into the nucleus accumbens core during
drug relapse (Kalivas, 2009) (see Section 2.1.1).

Another major drug induced glioadaptation in the nucleus accumbens is the down-regulation
of GLT-1, which was reported after extinction from cocaine (Knackstedt, Melendez, &
Kalivas, 2010), heroin (Shen, Scofield, Boger, Hensley, & Kalivas, 2014), nicotine (Gipson,
Reissner, et al., 2013) as well as for the striatum and hippocampus after exposure to ethanol
and metamphetamine (Alshehri, Althobaiti, & Sari, 2017). The compromised glutamate
clearance due to the down-regulation of GLT-1 is possibly further aggravated by a decreased
association of PAPs with NAcore synapses, as has been demonstrated in rats extinguished
from cocaine self-administration (Scofield, Li, et al., 2016). Taken together, all these drug-
induced adaptations in astrocytes contribute to the dysregulation of glutamate homeostasis in
the nucleus accumbens. These astroglial adaptations drive a constitutive synaptic
potentiation in the nucleus accumbens core (Moussawi et al., 2011) as well as enhance
spillover of glutamate upon vigorous afferent activation, as was demonstrated to occur
during cue induced reinstatement to heroin, cocaine and nicotine (Gipson, Reissner, et al.,
2013; LaL.umiere & Kalivas, 2008; A. C. W. Smith et al., 2017). The subsequent activation
of extra-, peri- and even heterosynaptically located receptors such as GIUN2BR or mGIuR5
has been demonstrated to enable cue-induced transient synaptic potentiation and drug-
seeking behavior (Gipson et al., 2014).

Interestingly, both GLT-1 down-regulation (Reissner et al., 2015), cocaine withdrawal
induced synaptic potentiation (Moussawi et al., 2011) as well as retraction of PAPs can be
reversed by treatment with the p-lactam antibiotic ceftriaxone (Scofield, Li, et al., 2016),
and the rescue of these astrocyte functions also inhibits cue induced reinstatement
(Knackstedt, Melendez, et al., 2010). Ceftriaxone does also restore LTP and LTD in cocaine
extinguished rats (Moussawi et al., 2009). The direct involvement of astrocytes in the control
of cue induced drug seeking has been demonstrated in a study with Gq DREADDS
(designer receptors exclusively activated by designer drugs) selectively expressed in
astrocytes using a cell type specific adeno virus approach (Scofield et al., 2015). Activation
of these Gq DREADDSs and hence depolarization of astrocytes inhibited cue induced
reinstatement (Scofield et al., 2015).

2.1.4 Extracellular Matrix—The brain extracellular matrix (ECM) is a complex assembly
of glycosaminoglycan (i.e. hyaluronic acid, chondroitin sulfate), proteoglycan (i.e aggrecan,
versican, neurocan, brevican), glycoproteins and secreted proteins (tenascin, fibronectin,
laminin, thrombospondin and reelin) (Dityatev & Schachner, 2003). The ECM serves as a
structural scaffold, contributes to brain development such as cortical layer organization
(Frotscher, 2010) and acts as a physical barrier that confines receptor mobility (Frischknecht
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et al., 2009). The ECM undergoes significant changes in structure and composition during
neuronal development (Gundelfinger, Frischknecht, Choquet, & Heine, 2010). Originally it
was thought that the adult ECM is less permissive for structural changes and synaptic
plasticity, but recent studies have shown that experience dependent activation of matrix-
shaping enzymes such as proteases and hyaluronidases can remodel the adult ECM, drives
synaptic plasticity and change behavior. The regulated remodeling of the ECM exposes
binding sites for cell surface receptors to orchestrate neuronal proliferation as well as
structural and functional synaptic potentiation (Dityatev, Schachner, & Sonderegger, 2010).
For instance the fibronectin interaction with integrin receptors facilitates the induction of
LTP via SFK dependent phosphorylation of NMDAR and thus increase Ca2+ conductance
(Dityatev et al., 2010). Integrin receptor activation has furthermore been shown to induce the
actin polymerization needed for the enlargement of dendritic spines (Wang et al., 2008). One
prominent class of ECM-shaping enzymes are a class of Zn2+-dependent endopeptidases,
the so called matrix metalloproteinases (MMPSs) (Huntley, 2012). Historically, MMPs were
investigated for their roles in tumor cell invasion, early neurogenesis and injury triggered
circuit remodeling (Huntley, 2012; A. C. W. Smith et al., 2015). Now it is known that brain
derived MMPs are synthesized and secreted by neurons and glia and their localized and
rapid activation drives plasticity and synaptic circuit remodeling (Allen et al., 2016; Nagy,
Bozdagi, & Huntley, 2007; Wang et al., 2008). The most studied MMPs in the brain are
MMP-2 and MMP-9. MMP-9 especially has recently emerged as important regulator of
glutamatergic plasticity: MMP-9 activity in the hippocampus is increased upon LTP
induction (Huntley, 2012) and it's activity is necessary for the late phase of LTP (Nagy et al.,
2006). The facilitation of LTP could be achieved by an MMP induced enhancement of
NMDAR signaling, as MMP-9 has been shown to control NMDA receptor surface diffusion
through integrin betal signaling (Michaluk et al., 2009).

Drug induced adaptations of the ECM and metaplasticity: Evidence is emerging that
some forms of plasticity of excitatory synapses that are induced by exposure, withdrawal
and relapse to drugs might necessitate the reorganization of the ECM (A. C. W. Smith et al.,
2015). It has been shown that activity of MMP-9 is increased in the mPFC after CPP
reinstatement to cocaine (Brown, Forquer, Harding, Wright, & Sorg, 2008) and that
reinstatement can be blocked by a broad spectrum MMP inhibitor (Brown et al., 2007). In a
self-administration reinstatement paradigm Smith et al found enduring increased accumbal
MMP-2 activity in rats after withdrawal from self-administered cocaine and transient
increases in MMP-9 during cue-induced cocaine relapse. This increased MMP activity is
required for both cocaine relapse and relapse-associated structural and functional transient
synaptic potentiation of glutamatergic synapses in the nucleus accumbens core (A. C. W.
Smith et al., 2014). And although MMP-9 knockout mice consume the same amounts of
alcohol, they show impaired alcohol seeking during a motivation test and do not express the
same alcohol withdrawal induced changes in synaptic plasticity in the central amygdala as
their wild-type littermates (Stefaniuk et al., 2017). All these studies highlight the relevance
of ECM remodeling for changes in synaptic plasticity along various stages of drug abuse,
however the downstream signaling pathways that lead to metaplasticity, synapse remodeling
and changed behavioral outcomes remain largely unknown and open an important direction
of future research.
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3. Clinical relevance: Metaplasticity as a treatment strategy for addiction

For several clinical conditions like motor impairments after stroke (Takeuchi & Izumi, 2015)
or Alzheimer's disease (Jang & Chung, 2016) it has been demonstrated that increased
thresholds of synaptic plasticity are contributing to the full blown clinical picture. Targeting
these synaptic deficits with “correctional metaplasticity” is currently investigated as
therapeutic avenue to support behavioral therapies and rehabilitation.

In the following section we describe which current treatment strategies are used to target
addiction and propose how they could be improved by taking aberrant metaplasticity into
account.

3.1 Pharmacotherapies - Targeting glutamate signaling at the tetrapartite synapse

Since many studies have demonstrated that the disruption of glutamate homeostasis as well
as function of ionotropic and metabotropic receptors in the corticostriatal system are
disrupted in addiction models, targeting the glutamatergic system is a major avenue to
pharmacotherapies for drug addiction. Since preclinical studies have demonstrated the
augmentation of NMDAR subunit composition and function in many animal models of drug
abuse (see section 3.1.2), the NMDAR were targeted with antagonists like Memantine,
Ketamine or ifenprodil in several clinical trials and have shown mixed results for the
treatment of diverse classes of substance use disorder (Scofield, Heinsbroek, et al., 2016;
Tomek, LaCrosse, Nemirovsky, & Olive, 2013).

As we have learned in section 3.1.3, there is ample of pre-clinical evidence on the
downregulation of GLT1 on diverse pre-clinical addiction models and it has been shown that
rescue of GLT1 function can restore plasticity thresholds and prevent relapse (Alshehri et al.,
2017; Knackstedt, Melendez, et al., 2010; Moussawi et al., 2009; Reissner et al., 2015; Shen
et al., 2014). Therefor another therapeutic approach aims to reestablish GLT1 function and
glutamate homeostasis. In particular, two compounds have been studied extensively in this
regard, N-acetylcysteine (NAC) and ceftriaxone, however so far only NAC was tested in
clinical trials with mixed but promising results (Roberts-Wolfe & Kalivas, 2015; Spencer &
Kalivas, 2017). Although preclinical studies have demonstrated the strong implication of
mGlurl/5 and mGIluR2/3 function in neuradaptations after exposure to drugs of abuse as
well as in cue induced drug seeking, there are currently no clinical trials targeting this
receptor group for the treatment of drug addiction.

Although overall these clinical trials targeting the glutamate system allow some optimism,
the high outcome variability might pose problems for the translational advancement from
bench to bedside. One major problem could be the ubiquitous expression and diverse
function of glutamate receptors and transporters. Since the available approaches of drug
application do not allow for the targeting of specific brain areas or cell populations, all the
pharmacotherapies suggested so far certainly raise concern about interfering off target
effects. This problem could partially be tackled by the use of positive or negative allosteric
modulators (PAMs and NAMs). Allosteric modulators usually act by modulating the affinity
of ligands and in that way preserve the spatial and temporal activity pattern of the receptors
(Foster & Conn, 2017). Another advantage is that since allosteric modulators typically bind
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to sites that are less conserved than the orthosteric neurotransmitter binding sites, drug
development can achieve much higher receptor selectivity with allosteric modulators than
with classic agonists or antagonist (Foster & Conn, 2017). Positive allosteric modulators of
glutamate signaling could help to support behavioral therapies such as cue exposure therapy
(CET) that aims to reduce the strong reactivity to drug associated cues by exposing abstinent
drug users to these cues while preventing drug use.

Although CET is an established and successful approach for the treatment of phobias,
anxiety disorders and posttraumatic stress disorder, there is currently no consistent evidence
for the efficacy of cue-exposure in treatment of addiction (Conklin & Tiffany, 2002). It has
been suggested, that CET could be boosted by combination with cognitive enhancers that
could lower the threshold for synaptic plasticity. A well-studied molecule in this regard is
the NMDAR co-agonist D-cycloserine (DCS). DCS has been demonstrated to enhance
extinction of drug associated CPP and SA in rodent models, and exposure therapy for divers
phobias and social anxiety and indeed, there is some clinical evidence of efficacy of DCS in
exposure therapy for nicotine and cocaine addiction (Myers, Carlezon, & Davis, 2011). As a
co-agonist of NMDAR, DCS does not directly affect synaptic strength but can modulate the
induction of synaptic plasticity. Interestingly it has been shown that DCS can reverse the
stress-induced suppression of LTP (Richter-Levin & Maroun, 2010), indicating that the
positive effect on CET could be driven by metaplasticity.

The administration of PAMs for mGIuRS5 restores cocaine induced impairments in LTD
(Knackstedt, Trantham-Davidson, & Schwendt, 2014), facilitate extinction of cocaine CPP,
ethanol SA and cocaine SA (Cleva et al., 2011; Gass et al., 2014; Gass & Olive, 2009) and
decreases reinstatement in a preclinical model of CET (Perry, Reed, Zbukvic, Kim, &
Lawrence, 2016). Given these positive preclinical trials the combination of CDPPB with
CET could be a promising approach to increase the outcome of CET for substance use
disorders.

3.2 non-invasive brain stimulation

Non-invasive brain stimulation (NIBS) techniques are quickly translating from research into
clinical practice and they have recently drawn a lot of public attention as very promising
therapeutic interventions for addiction.

There are two main approaches that differ in the stimulation techniques used: transcranial
direct current stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS).
tDCS uses two scalp electrodes, usually 3-7 cm apart to apply direct current stimulation in
the 1 mA range to the brain. tDCS is thought to modulate the excitability within the target
brain region and it reaches a spatial resolution of around 1 cm, however focal stimulation
becomes more difficult for deeper structures (Dunlop, Hanlon, & Downar, 2017; Nitsche et
al., 2008). rTMS uses a handheld induction coil placed against the scalp to apply magnetic
field pulses. rTMS is thought to modulate synaptic strength within the target brain region,
with the direction of the change depending on intensity duration and stimulation pattern
(Dunlop et al., 2017). rTMS is already approved for the treatment of major depressive
disorders in the United states, Europe and Canada and is currently in clinical trials for
effectiveness in the treatment of substance use disorders. Most clinical trials so far have
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targeted the “cold” executive control circuits by application of dorsolateral prefrontal cortex
(dIPFC) stimulation in cocaine, nicotine and alcohol addicts and aimed to decrease craving.
The outcome of these trials is variable, with about half of the studies showing a main effect
of rTMS on craving, whereas the other half showed no effect (Hanlon et al., 2015). A recent
study by Hanlon et al for the first time targeted the “hot” limbic circuitry by medial
prefrontal/frontal pole stimulation (Hanlon et al., 2015). Continuous theta burst stimulation
over the MPFC leads to decreased activity in the prefrontal cortex, nucleus accumbens and
anterior insular and decreases cocaine craving (Hanlon et al., 2015). These results
demonstrate that NIBS (so far mainly with rTMS) holds promising potential for the
treatment of substance abuse disorders. In general, NIBS have been reported to have a high
compatibility; the most frequently describe side but rarely occurring side effect are seizures.
However, the global strengthening and weakening of synaptic connections within neuronal
networks might also have off target effects that have not been thoroughly investigated yet
(Wassermann, 2000). Another major drawback of NIBS is the huge variability of effect
(Dunlop et al., 2017; Hanlon et al., 2015). To find the best stimulation parameters and
experimental design to reduce this variability will be one of the big challenges for therapy
development. One caveat could be that although NIBS allows for a pathway specific
modification of brain circuits, which makes this approach somewhat more precise than a
pure pharmacological approach, it does not allow to selectively target the specific cell
ensembles that have been demonstrated to carry drug associated memories (Bobadilla et al.,
2017). The interference with other emotional memories could be one explanation for the
highly variably outcomes of rTMS. An alternative strategy would be to use subthreshold
stimulations that do not change synaptic strength but induce metaplasticity to prime brain
areas or cell ensembles that become subsequently engaged in a behavioral task. This
approach is already used in motor rehabilitation therapies for stroke patients, capitalizing on
metaplasticity to enhance the effects of behavioral therapy. rTMS is used to prime the motor
cortex to make subsequent behavioral therapy more effective (Cassidy, Gillick, & Carey,
2014). In that regard it would be very interesting to see whether a combination of NIBS and
CET could be used to improve the outcome of therapies for substance use disorders.

4. Conclusions

In this review we aimed to give an overview on the characteristics of synaptic metaplasticity
in preclinical addiction models. We illustrated the general concept of homosynaptic
plasticity and metaplasticity and described which drug induced adaptations at the tetrapartite
glutamatergic synapse can lead to metaplasticity. An extensive list of preclinical publications
has demonstrated that metaplasticity is a common denominator of drug-induced
neuroadaptations, across multiple classes of addictive drugs. Therefore, we propose that the
investigation of the underlying mechanism of drug-induced metaplasticity will be an
essential avenue for future addiction research. Targeting drug-induced metaplasticity to reset
the capacity for synaptic plasticity in combination with behavioral therapies for substance
use disorders could be a promising treatment strategy for the future.
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Highlights
. Metaplasticity is a higher order plasticity, which is not expressed as a change
in synaptic strength but as a change in the threshold or rules to induce
plasticity.
. Chronic drug abuse can lead to adaptations at the tetrapartite synapses can

change plasticity rules and induce metaplasticity in preclinical models.

. Targeting these synaptic adaptations can restore physiological plasticity and
inhibit drug seeking.

. “correctional metaplasticity”, i.e. the restoration of physiological plasticity
thresholds could lead to more efficient addiction therapies.
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Figure 1. Synaptic Metaplasticity: Concept and mechanisms

A) BCM theory: A sliding synaptic plasticity threshold prevents synapses from saturating.

The solid blue line illustrates the change in synaptic strength as a function of afferent

activity in control conditions. Low afferent activity causes LTD whereas LTP is induced

upon reaching a certain threshold ®. An overall increase in network activity shifts the

synaptic plasticity threshold to the right (®i, see arrow), which prevents saturation of the
synapse. B) Metaplasticity mechanisms can affect i) how afferent activity is translated into
neurotransmitter release, ii) how glutamate release is coupled to receptor activation and
intracellular calcium signaling, and iii) how downstream molecules react to the calcium

signal
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Figure 2. Presynaptic metaplasticity substrates
Impaired presynaptic Gi/o function (i.e. mGIuR2/3) at the addicted synapse (either via

decreased receptor expression or up-regulation of AGS3 signaling) leads to presynaptic
potentiation. Enhanced glutamate release probability causes high amounts of glutamate to be
released in response to afferent activity. This enhanced excitatory drive is thought to
contribute to transient synaptic potentiation during cued drug seeking, probably via
decreased thresholds for LTP.
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Figure 3. Postsynaptic metaplasticity substrates

Accumulation of CP-AMPAR and NR2BR at the addicted synapse increases postsynaptic
Ca2+ upon activation. The functional down-regulation and internalization of mGIuR5
impairs LTD. These adaptations increase thresholds for or abolish LTD and decrease
thresholds for LTP.

Ca2+ Store
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Figure 4. Astroglial metaplasticity substrates
The down-regulation of the glutamate antiporter XCT and the glutamate transporter GLT-1

results in decreased extracellular glutamate tone and glutamate spillover in response to
afferent stimulation. The synaptic microenvironment is furthermore disrupted by a retraction
of perisynaptic astroglial protrusions.
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Drug induced metaplasticity at glutamatergic MSN synapses in the NAc.

Table 1

plasticity Postsynaptic plasticity

Page 39

Presynaptic

but not core

Drug Treatment paradigm Metaplasticity Potential Mechanism Reference
. Loss of eCB-LTD in NAc core | Decrease of surface (Fourgeaud et al.,
1x1P+1dWithdrawal MSNs mGLUR5 2004)
. Reduced LFSp-LTD in NAc (Thomas et al.,
5xIP+Withdrawal shell MSNs N/A 2001)
1 day abstinence: LFSp-LTD is
abolished in MSN shell and -
SA+Abstinence core21 days abstinence: LFSp- | N/A gz)lldﬁl\)/lartln etal,
LTD is abolished in MSN core
but NOT in MSN shell
Decreased threshold for acute - (Kourrich et al.,
P cocaine induced LTD Depotentiation 2007)
A Loss of HFS-LTP impaired . : . (Moussawi et al.,
SA+Extinction LFS-LTD LTP: occlusion LTD: N/A 2009)
LFSp-LTD remains abolished
\S/@J:grggﬁcess SA1d in an ‘addicted’ subpopulation N/A %aligzr)letz etal,
but is restored in most rats
(Knackstedt,
Moussawi,
Cocaine SA-+Extinction Ig)ijtsi?]((:)tfiorg(;l;ﬁ%-LTD after mGLURS function Lal.umiere,
9 Schwendt, & Kalivas,
2010)
- Loss of eCB-LTD in NAc core (Grueter, Brasnjo, &
1xIP+1dWithdrawal D2 MSNs N/A Malenka, 2010)
Loss of DHPG and LFSp-LTD
5d IP+27d Withdrawal -LTD in MSNs of NAc shell D1R signaling (C.-C. Huang et al.,

2011)

DHPG-LTD: Switch from
mGIuR5-eCB signaling to

(McCutcheon et al.,

SA+245 Withdrawal MGLURL-CP-AMPAR Deregulation of mGIuR5 2011)
signaling
Loss of HFS-LTP in NAc shell : .
D1 MSNS Occlusion (Pascoli et al., 2012)
Appearance of LFSp-LTD - (B.R. Leeetal
SA+245d Withdrawal LTD in BLA-NAc Shell Increase of CP-AMPAR 20'13)‘ N
synapses
: Appearance LFSp-LTD -LTD ~ (Y.-Y.Maetal.,
SA+245d Withdrawal in mMPEC-NAC Shell synapses Increase of CP-AMPAR 2014)

MSNs

D-amphetami ne Locomotor sensitization LFSp-LTD in shell MSNs N/A (Brebner et al., 2005)
Morphine 7d IP+ 7D withdraw al ﬁlgifjjegge'“m/ 3agonist | n/A ﬁ;ﬁf&fgggg‘;“’ &
Heroin SA+Extinction E ei%rienaisr?gutggsﬂ?gj for acute NR2B function (Shenetal., 2011)
THC/ WINS5,212-2 | 7d IP+1d Withdrawal Loss of eCB-LTD in NAc shell | 51010 desensitization éﬂﬁfﬁl‘? r:éc(lj_ﬁpica,

2003)

THC/WIN55,212-2

1d IP+1d Withdrawal

Loss of eCB-LTD NAc core
MSNs

CBL1 desensitization

(Mato et al., 2004)

Ethanol

Chronic intermittent

Switch from LFSp-LTD to
LTP

Defect eCB signaling

(Renteria et al.,
2014)
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Drug

Treatment paradigm

Metaplasticity

Potential Mechanism

Reference

Chronic intermittent

D1 MSNs Switch from LFSp-
LTD to LTP D2 MSNs Switch
from no plasticity to LFSp-
LTD

D1: upregulation of NMDAR
D2 MSNS: downregulation
of NMDAR

(Jeanes et al., 2014;
Renteria, Maier,
Buske, & Morrisett,
2017)

Chronic

loss of LFSp-LTD in NAc
shell MSNs in EtOH
withdrawn animals

Dopamine levels and/or
occlusion

(Spiga et al., 2014)
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