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Astrocytes as cellular mediators of cue reactivity in addiction
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Abstract

Relapse to addictive drug use remains a major medical problem worldwide. In rodents, glutamate
release in the nucleus accumbens core triggers reinstated drug seeking in response to stress, and
drug-associated cues and contexts. Glutamatergic dysregulation in addiction results in part from
long-lasting adaptations in accumbens astroglia, including downregulation of the glutamate
transporter GLT-1 and retraction from synapses after withdrawal from psychostimulants and
opioids. While their capacity to clear glutamate is disrupted by drug use and withdrawal,
accumbens astrocytes undergo rapid, transient plasticity in response to drug-associated cues that
reinstate seeking. Cued reinstatement of heroin seeking, for example, restores synaptic proximity
of astrocyte processes through ezrin phosphorylation, and enhances GLT-1 surface expression.
These adaptations limit drug seeking behavior and largely occur on non-overlapping populations
of astroglia. Here we review the growing literature supporting a critical role for accumbens
astrocytes in modulating glutamate transmission during drug seeking in rodent models of relapse.
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Introduction

Glutamate spillover in the nucleus accumbens core (NAcore) is a characteristic feature of
reinstatement induced by drug-associated cues and contexts in rodent models of relapse [1].
Many years of work have demonstrated adaptations in the NAcore induced by multiple
classes of addictive drugs, but not by natural rewards such as sucrose, that increase the
likelihood of glutamate spillover in response to reward-associated cues that stimulate
seeking [2]. While much of the work in the field has focused on neural signaling and its
contribution to reinstated seeking, NAcore astroglia contribute to aberrant glutamate
homeostasis after chronic drug intake, and astrocytes in the NAcore undergo constitutive
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adaptations that facilitate glutamate spillover after self-administration and withdrawal from
various classes of addictive drugs. Recent studies also demonstrate that NAcore astroglia are
dynamic during drug cue exposure and undergo plasticity that serves to attenuate reinstated
drug seeking. Thus, accumbens astrocytes support cue reactivity, an important indication of
relapse vulnerability in humans [3], through long-term drug-induced changes and also retain
mechanisms for suppressing drug-seeking behavior, making this cell type a compelling
target for interventions aimed at preventing relapse in human patients. Here we integrate the
recent literature supporting a role for nucleus accumbens astrocytes in glutamate regulation
and dysregulation in rodent models of drug addiction and relapse.

Glutamatergic dysregulation and drug seeking

Astrocyte

While drugs of abuse derive their rewarding properties through increasing dopamine
transmission in the striatum [4], long-lasting reactivity to drug-associated cues and contexts
characteristic of drug addiction relies upon glutamatergic signaling within the NAcore [1].
Relapse vulnerability is modeled in rodents through operant training with addictive
substances that are delivered coincident with environmental cues (i.e. lights, tones). After a
withdrawal period, re-introduction of these cues stimulates robust drug seeking behavior [5].
Previous studies using such models point to glutamate release from prefrontal cortical
terminals in the NAcore as a causative trigger of cue-reinstated drug seeking behavior [6].
Furthermore, the inability to update behaviors based on new contingencies, such as apparent
lack of drug availability or emergence of negative consequences, is a behavioral feature of
addiction, and follows from repeated intake of addictive drugs, but not natural rewards. For
example, rats that have undergone a similar training schedule described above using
palatable reward delivery in place of intravenous drug delivery are able to more rapidly
update their behavior when no reward is present [7]. Likewise many aspects of glutamatergic
dysregulation noted in rodents after self-administration and withdrawal from addictive drugs
are not observed after similar training using sucrose. The cellular machinery that controls
glutamate transmission is altered by drugs of abuse (but not sucrose) such that drug-paired
cues and contexts that trigger synaptic glutamate release lead to glutamate spillover at
NAcore synapses and robust and perseverative behavioral responding [2]. Thus, efforts to
understand adaptations underlying glutamate spillover have been an important goal of drug
addiction research.

regulation of synaptic glutamate transmission

Presynaptic glutamate release has the capacity to increase glutamate concentration to >1

mM in the synaptic space [8], and since glutamate cannot be degraded extracellularly, its
uptake through transporters terminates glutamatergic neurotransmission. The bulk of
glutamate uptake in the adult rat brain occurs through GLT-1 (EAAT-2 in humans), which is
expressed largely by astrocytes [9] that shape glutamate transmission through both
expression and perisynaptic proximity of GLT-1 [10]. While high affinity GLT-1 captures
glutamate in ~1 ms [11, 12], the time course of glutamate uptake through a single transporter
is relatively slow (~70 ms [13]), requiring a high density and rapid surface diffusion of
GLT-1 near excitatory synapses [10, 14]. Quantum dot tracking of GLT-1 in mixed
hippocampal cultures shows that clusters of GLT-1 are remodeled within milliseconds in
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response to neural activity and that surface diffusion of GLT-1 toward and away from
synapses impacts the time course of excitatory transmission [10].

Astrocytes in the striatum also modulate synaptic transmission through glutamate release.
Perhaps the most well-studied and undisputed mechanism of glutamatergic transmission by
astrocytes is through the cystine-glutamate antiporter, system xc- [15]. System xc- releases
glutamate in a 1:1 stoichiometric exchange for cystine, which is used to maintain
intracellular levels of the antioxidant glutathione and preserve redox homeostasis [16, 17]. In
the NAcore, roughly 60% of basal extracellular glutamate derives from cystine-glutamate
exchange [18]. System xc- is expressed most highly by astrocytes [19, 20] and exerts a
measure of control over presynaptic glutamate release by providing glutamatergic tone on
presynaptic mGIluR2/3, which induces autoinhibition of transmitter release during excitatory
transmission [21, 22].

A critical factor in the efficacy of astroglial glutamate transporters and exchangers is the
perisynaptic localization of astroglial peripheral processes. While synaptic proximity of
GLT-1 and system xc- would be expected to facilitate control of glutamatergic transmission,
studies indicate that synaptic insulation by astrocyte processes is highly variable in the
striatum [23, 24]. Technical advances allowing high throughput assessment of synaptic
proximity of astrocyte processes on a nm scale demonstrate that approximately half of
synapses in the dorsolateral striatum receive astrocyte insulation at <10nm. The nearest
astroglial contact for the remaining synapses is anywhere between 10 and 400 nm [24],
raising important questions regarding causes and consequences of high vs. low synaptic
insulation by astrocytes. Perisynaptic astrocyte processes are morphologically plastic and
exhibit rapid actin-dependent remodeling in response to neural activity through Gg-coupled
[25], and perhaps other astroglial receptors [26]. Importantly, theoretical models estimate
that astrocyte insulation along ~50% of the synaptic perimeter effectively doubles glutamate
concentration within the glial sheath through spatial buffering [27]. Additionally, the glial
sheath is biased towards the postsynapse in brain regions like the hippocampus and
cerebellum, facilitating spillover towards the presynapse where inhibitory autoreceptors are
located and negatively regulate presynaptic release probability [27]. Thus, through their
synaptic proximity and expression of glutamate transporters and exchangers, astrocytes play
an unmistakable role in maintaining synaptic glutamate homeostasis.

Astrocyte adaptations that facilitate the spillover of synaptic glutamate

after drug

use

Glutamatergic dysregulation in the NAcore after chronic self-administration of a number of
drugs of abuse, including pscyhostimulants and opioids, have been tied directly to disrupted
astroglial mechanisms of glutamate regulation in the NAcore. The most well-characterized
mechanism whereby drugs of abuse promote cue reactivity in animal models is through
downregulation of GLT-1 on NAcore astrocytes [28] leading to reduced glutamate uptake
capacity. In general, it appears that GLT-1 downregulation in the NAcore is more often a
consequence of self-administered, rather than experimenter-administered drug paradigms (as
in [29]), and reductions in GLT-1 expression appear to be strongly influenced by drug intake
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and duration of withdrawal, with both increased drug intake and extended withdrawal
durations exacerbating GLT-1 downregulation [30]. Importantly, pharmacological treatments
that upregulate expression of GLT-1 and system xc- serve to attenuate cue-reinstated drug
seeking in animal models [31, 32] and measures of craving in human patients [33]. It is
possible that GLT-1 downregulation follows from reduced extracellular glutamate tone,
perhaps through reduced expression, function, or synaptic proximity of system xc-. Cocaine
[18] or nicotine [29], but not heroin-induced [34] downregulation of system xc- expression
or function contribute to drug-induced reductions in basal extracellular glutamate, which is
largely regulated through cystine-glutamate exchange [18]. The downregulation of system
xc- would also be expected to enhance synaptic glutamate release through reduced tone on
presynaptic mGIluR2/3 [35].

Finally, withdrawal from self-administration of psychostimulants and opioids produces a
robust retraction of astroglial processes from NAcore synapses [36-38], exacerbating the
downregulation of GLT-1 by delaying glutamate uptake and permitting glutamate escape
from the synapse and perisynaptic annulus. Thus, the downregulation of GLT-1 and synaptic
retraction by astroglial processes sets the stage for drug cue-induced synaptic glutamate
release to stimulate perisynaptic and extrasynaptic glutamate receptors. As mentioned above,
synaptic coverage by astroglia is biased towards the postsynapse, making drug-induced
astroglial retraction especially impactful at the postsynaptic annulus where heroin use and
withdrawal elevates the density of NMDA receptors containing GIuN2B subunits (NR2B)
[39]. Stimulating these receptors promotes synaptic potentiation and is required for cue-
induced heroin and nicotine seeking [40]. Retraction of astrocyte processes may also lead to
stimulation of glutamate receptors on neighboring synapses within the neuropil [41]. Indeed
this has been observed in a number of studies using microdialysis, where cued and drug-
induced reinstatement of seeking in animal models stimulates elevations in glutamate above
baseline in drug-addicted animals relative to controls [6], and at least for cued heroin and
cocaine seeking, activates mGIuR5 on nearby nNOS-expressing interneurons. Recruitment
of nNOS interneurons increases nitric oxide synthesis and promote transient post-synaptic
potentiation at accumbens medium spiny neurons (MSNs), which is required for cue-
induced reinstatement [42, 43]. Figure 1 illustrates the actions of synaptic glutamate
spillover that contribute to cue-induced reinstatement of drug seeking and result from
astroglial synaptic retraction and downregulation of GLT-1. As illustrated in Figure 1, the
astroglial changes that permit glutamate spillover, including synaptic retraction of astrocyte
processes and downregulation of GLT-1, have not been found to occur after operant training
with sucrose [38, 44].

plasticity in response to drug cues attenuates seeking

While astrocytes were long thought to be inert homeostatic support cells, recent evidence
points to their dynamic role in shaping synaptic physiology and behavioral outputs [38, 45,
46]. For instance, extracellular glutamate dynamics are impacted by GLT-1 surface diffusion,
which is uniquely high compared with other neurotransmitter transporters [10]. While GLT-1
is relatively immobile in cultures lacking neurons, it exhibits surface diffusion in the
presence of glutamate and is stabilized near glutamatergic synapses [10]. Interestingly, while
GLT-1 appears to target glutamate release sites, glutamate release events increase surface
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diffusion of GLT-1 away from the synaptic compartment [10]. This effect is thought to
increase the efficiency of glutamate removal given the relatively slow kinetics of glutamate
uptake through GLT-1 [13] by allowing synaptically released glutamate access to unbound
transporter molecules. Perhaps related to the glutamate release-induced lateral diffusion of
GLT-1 away from the synapse, presenting heroin-associated cues to reinstate heroin seeking
transiently upregulates surface expression of GLT-1 despite its overall downregulation after
withdrawal [34]. However, it appears that surface GLT-1 may not target synaptic sites during
15-min of cued reinstatement, since increased synaptic co-registration of GLT-1 is not
observed at this time point in reinstated animals [44].

In addition to GLT-1 trafficking, astrocyte cytoarchitecture is highly plastic in response to
drug-associated cues that reinstate seeking behavior [38]. In rats extinguished from heroin
self-administration, 15-min exposure to cues that reinstate seeking produces a transient
increase in synaptic proximity by astroglial processes in the NAcore. The cue-induced
morphological plasticity requires phosphorylation of ezrin [38], an actin binding protein
selective for astrocyte peripheral processes [47]. The enhanced synaptic insulation by
astroglial processes serves to suppress seeking behavior, since its inhibition enhances the
duration of cued reinstatement [38]. Research is ongoing to uncover the signaling cascade
linking extracellular glutamate to ezrin phosphorylation and astrocyte process elongation
[48]. Interestingly, while both forms of transient astroglial plasticity, enhanced
morphological plasticity and increased surface expression of GLT-1, are expected to limit
cued drug seeking [38, 44], both occur on largely non-overlapping subpopulations of
NAcore astroglia during cued reinstatement [44], suggesting discrete mechanisms that
trigger their initiation. Figure 1 illustrates these two types of astroglial plasticity and our
hypotheses on how this drug cue-induced plasticity can dampen cued drug seeking. On one
hand, type | plasticity, where cues produce morphological plasticity to temporarily re-
associate astroglial processes with the synapse, may inhibit postsynaptic diffusion to NR2B.
However, because there is no restoration of GLT-1, this plasticity may be less effective in
preventing diffusion to extrasynaptic glutamate receptors, including mGIuR5 on nNOS
interneurons, a known target mediating cue-induced drug seeking [43]. A complementary
strategy for blunting cued drug seeking is seen in type Il plasticity where GLT-1 surface
expression is elevated by cues outside of the synapse. In this situation, diffusion of synaptic
glutamate would continue to have access to glutamate receptors on the postsynaptic annulus,
but diffusion to more distant receptors would be blunted by the increase in GLT-1.
Combined, these effects would synergize to dampen, but not prevent cue-induced drug
seeking.

Finally, as mentioned above, astrocytes also impact glutamate neurotransmission through
their own mechanisms of glutamate release. Gg-coupled signaling in astroglia has been
shown to induce astroglial glutamate release in the NAcore that suppresses cue-reinstated
cocaine seeking through stimulation of presynaptic mGIluR2/3 [45]. The same signaling in
sucrose-trained rats does not impact cued seeking behavior [45]. Whether this or other
mechanisms of gliotransmission are engaged in response to drug-associated cues is an open
and fundamental question. Indeed there may be multiple mechanisms whereby a single
neuron elicits a range of responses from a single astrocyte (as in [49]) and astrocyte
responses may be highly variable within and between brain regions [23, 50]. For example, in
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a previous study, stimulation of astroglial mGIuRS5 in the nucleus accumbens was linked
with NR2B receptor-dependent slow-inward currents in nearby medium spiny neurons
(MSNss) through extrasynaptic receptors [51]. Although Gg-coupled GPCR stimulation of
glutamate release from NAcore astroglia inhibits cued seeking [45, 52], it has not yet been
linked to induction of morphological plasticity or changes in surface diffusion of GLT-1.
Since signaling through group | mGIuRs is required for astrocyte process extension toward
hippocampal synapses [53], it seems a likely possibility that glutamate release by NAcore
astrocytes may involve those astrocytes that exhibit type | morphological plasticity.
Alternatively, astroglial glutamate release in response to drug cues may represent an
independent mechanism whereby NAcore astrocytes modulate drug seeking behavior.

Conclusions and perspectives

Astroglia are important regulators of glutamatergic signaling, and drugs of abuse trigger
glutamatergic dysregulation through astroglial mechanisms that promote reinstatement
vulnerability. Despite constitutive changes that enhance cue reactivity in animal models,
recent studies show that astroglia appear to be equipped with two or more discrete
mechanisms enacted transiently by drug-associated cues to suppress reinstated seeking.
Understanding the signaling cascades that lead to transient compensatory astroglial plasticity
or restore the capacity of striatal astrocytes to regulate glutamate transmission after drug use
remains a research priority. An important direction will be to understand how unique
adaptations in subpopulations of astrocytes differentially signal within the NAcore. The
NAcore is composed of mostly MSNs and is only ~5% interneurons. Despite their relatively
low numbers, NAcore interneurons are capable of coordinating robust behavioral outputs,
such as cued drug seeking [43]. However, astroglial signaling with striatal interneurons has
not yet been demonstrated. On the other hand, astrocytes in the dorsal striatum signal
uniquely with D1- or D2-type MSNs, but not both [54]. This poses the intriguing possibility
that astroglial subpopulations engaging in distinct type | and type 11 astroglial plasticity in
response to drug cues may segregate according to MSN subtype in the NAcore.

While it is clear that astrocytes are an important cell type to study and manipulate to restore
glutamate homeostasis in the striatum, astroglial regulation of transmission has been less
well characterized in the circuitry up and downstream from the NAcore that coordinate to
produce drug seeking behaviors, though it is an important area of ongoing research [55].
Together, these studies will lead to an improved understanding of whether and how astroglia
contribute to regulating other transmitter systems such as dopamine or GABA, if and how
astroglial regulation of these transmitter systems is altered by use of addictive drugs, and
whether there appear to be ways to therapeutically target these adaptations in animal models
and in humans.
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Highlights

Astrocytes in the nucleus accumbens core undergo morphological remodeling
after self-administration of addictive drugs, including cocaine,
methamphetamine, and heroin, resulting in their reduced proximity at
excitatory synapses.

Repeated administration of psychostimulants or opioids causes
downregulation of the astroglial glutamate transporter GLT-1.

These long-lasting drug-induced astroglial adaptations potentiate glutamate
spillover that drives drug seeking induced by drug-associated cues.

Cued reinstatement of drug seeking produces transient adaptations in nucleus
accumbens astrocytes, including increased surface expression of GLT-1,
phosphorylation of the actin binding protein ezrin, and increased synaptic
proximity of astroglial processes. We predict that these adaptations dampen
drug-seeking behavior by limiting synaptic glutamate spillover.
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Figure 1. Hypothesized model of how astroglial adaptations impact reinstated heroin seeking.
A) Following yoked saline delivery, synaptic glutamate release is easily accommodated by

the presence of GLT-1 on astroglial processes near the synapse. Perisynaptic astroglial
insulation favors the postsynapse, biasing glutamate spillover towards presynaptic
mGIuR2/3 autoreceptors that regulate release. B) Although operant training with sucrose
reduces surface expression of GLT-1, synaptic proximity by astrocyte processes is
maintained, leading to sufficient glutamate uptake and mGIuR2/3 autoreceptor stimulation to
prevent synaptic spillover from activating mGIuR5 on nNOS interneurons or extrasynaptic
NR2B on the postsynapse in response to sucrose-associated cues. C) Following heroin
withdrawal there is both reduced GLT-1 and reduced astroglial proximity to the synapse.
This allows for maximal spillover and glutamatergic stimulation of mGIuR5 on nNOS
interneurons and extrasynaptic NR2B, initiating postsynaptic potentiation through AMPA
receptor insertion, and amplifying the behavioral motivation to reinstate heroin seeking. D)
By 15 min of cued heroin reinstatement, astroglia have undergone two distinct adaptations
that each partly dampen reinstated heroin seeking via distinct mechanisms. In type |
astroglia, synaptic proximity returns, presumably to the postsynapse that biases access of
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synaptic glutamate spillover towards mGIluR2/3 autoreceptors and away from postsynaptic
NR2B. However, we hypothesize that more distant diffusion of glutamate to mGIuR5 on
nNOS interneurons to amplify reinstated heroin seeking is not prevented. Conversely, in type
Il astroglia GLT-1 on the surface is increased extrasynaptically, perhaps impairing diffusion
of glutamate spillover to extrasynaptic mGIuR5 on nNQOS interneurons, limiting
postsynaptic potentiation.
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