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Abstract

Despite the enormous societal burden of alcohol and drug addiction and abundant research 

describing drug-induced maladaptive synaptic plasticity, there are few effective strategies for 

treating substance use disorders. Recent awareness that synaptic plasticity involves astroglia and 

the extracellular matrix is revealing new possibilities for understanding and treating addiction. We 

first review constitutive corticostriatal adaptations that are elicited by and shared between all 

abused drugs from the perspective of tetrapartite synapses, and integrate recent discoveries 

regarding cell-type specificity in striatal neurons. Next, we describe recent discoveries that drug-

seeking is associated with transient synaptic plasticity that requires all four synaptic elements and 

is shared across drug classes. Finally, we prognosticate how considering tetrapartite synapses can 

provide new treatment strategies for addiction.
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 The Fourth Dimension of Drug Addiction

Iconic synaptic connections between neurons consist of specialized morphology and 

patterned expression of proteins in both pre- and post-synaptic elements. The traditional 

bipartite synapse provides mechanisms for regulating transmitter release probability and 

grading postsynaptic responses through ionotropic receptor-mediated ion fluxes and 

metabotropic receptor intracellular signaling cascades. Excitatory glutamatergic synapses 

constitute a majority of synaptic contacts in the brain, and extensive research over the last 50 

years provides deep understanding not only of signaling produced by acute transmitter 

release, but how different stimulation patterns change synaptic efficacy by causing enduring 
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changes in release probability and/or postsynaptic responses. Thus, long-term potentiation 

(LTP) and depression (LTD) are canonical changes in synaptic efficacy whereby the brain 

codes environmental experiences, and links these experiences to both adaptive behaviors and 

the behavioral changes characterizing drug addiction [1].

Glia account for over 50% of all cells in the brain, and traditionally function as structural 

and metabolic support for neurons [2]. In 1999, Araque et al. coined the term ‘tripartite’ 

synapse to account for the emerging role by astroglia in contributing to bipartite synaptic 

neurotransmission [3]. Astroglial processes tightly ensheath many excitatory synaptic 

contacts, and the patterned expression of glial excitatory amino acid transporters (EAAT1 

and EAAT2) near the synaptic cleft is critical for eliminating synaptically released glutamate 

and maintaining the fidelity of synaptic transmission [4, 5]. More recent studies reveal that 

astroglia can release neuroactive molecules and thereby regulate synaptic transmission, 

termed gliotransmission (see Glossary). Changes in glial protein expression and 

morphology accompany enduring synaptic plasticity [6–9], and accumulating data 

demonstrate that astroglia have an important role in dynamically regulating drug-induced 

structural and functional plasticity [10].

The last 10–15 years has seen the gradual recognition that a fourth signaling domain plays a 

remarkable role in regulating synaptic transmission. Dityatev and colleagues proposed the 

term ‘tetrapartite’ synapse in 2010 to include the proteinacious extracellular matrix (ECM) 

as a key fourth element [11]. The ECM surrounds all components of the tripartite synapse 

(Figure 1A) and binds to glial and neuronal membrane receptors via cell adhesion molecules 

(CAMs). Transmembrane CAMs, such as integrins, ephrins, and cadherins play key roles in 

the development and maintenance of synapses and synaptic plasticity in the adult brain 

mediated via cell-cell and cell-ECM signaling cascades [12–15]. ECM proteins are secreted 

by both neurons and glia, which also release proteins that regulate ECM signaling via 

protein degradation [14, 16, 17], and, as first identified in 2002 by Kaczmarek and 

colleagues [18], catabolic activation of the ECM regulates dendritic spine morphology and 

synaptic plasticity in the mature CNS (for reviews, see [14, 17]). Key catabolic regulators of 

ECM signaling are the matrix metalloproteases (MMPs) that respond to synaptic activity and 

activate or inactivate proteins in the ECM [19]. Given the facts that the ECM thoroughly 

populates the extracellular space and that the extracellular space accounts for ~20% of 

human neuropil volume [19, 20], it is surprising that the ECM has been so slow to emerge as 

a critical component of drug-induced synaptic plasticity. MMP degradation of the ECM was 

first implicated in addiction by Wright and colleagues in 2003 ([21]; for reviews, see [17, 

22–24]), and in this review we highlight the recent findings indicating that the deep focus on 

drug-induced synaptic plasticity in corticostriatal synapses needs to consider all four 

synaptic elements (Figure 2). Additionally, embedded throughout this review is a 

comparison of the synaptic plasticity induced by different chemical classes of addictive 

drugs that allows us to explore the hypothesis that the molecular underpinnings of synaptic 

plasticity that are shared between classes of addictive drug are most relevant for treating 

shared symptoms of drug addiction, such as the persistent vulnerability to relapse. We 

further suggest tetrapartite synaptic mechanisms of addiction may be a platform for 
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integrating the relevant literatures generated for each drug class into a more unified 

understanding of the neurobiology of relapse to drug use.

 Modeling Drug Addiction to Study Maladaptive Synaptic Plasticity

Research into the neurobiology of drug use generally focuses on two phases of the clinical 

syndrome. 1) Study of the transitory effects of acute drug administration and effects of early 

withdrawal from repeated drug use (see Box 1 for animal models used to provoke drug 

seeking). This strategy is most useful to understand the sequence of events that lead to the 

acquisition of drug dependence and compulsive drug-seeking behaviors. In general, research 

into the acquisition of drug seeking behaviors has triangulated on shared involvement of 

drug-facilitated dopamine release and signaling for developing drug-seeking behaviors 

across all chemical classes of addictive drug [25, 26]. 2) The second strategy is to study the 

long-lasting, constitutive changes in brain biology that underpin the enduring vulnerability 

to relapse. Akin to the ‘common mechanism’ status achieved by dopamine transmission as 

necessary for developing drug-seeking behaviors regardless of class of addictive drug, in this 

review we propose that shared corticostriatal glutamatergic plasticity is a ‘common 

mechanism’ for all addictive drugs. Accordingly, we focus discussion on the second phase of 

the clinical syndrome, the constitutive synaptic plasticity that endures after many weeks of 

withdrawal and may underpin the enduring vulnerability to relapse. In addition, we 

introduce recent experiments studying a third phase of the clinical syndrome, the synaptic 

plasticity accompanying the execution of drug seeking behavior that is initiated by a drug-

associated contexts and cues.

 Drug Withdrawal and Constitutive Corticostriatal Synaptic Plasticity

 Presynaptic and astroglial constitutive plasticity

Among the earliest observations regarding enduring shared adaptations in corticostriatal 

synapses is drug-induced down-regulation of signaling through mGlu2/3 presynaptic 

inhibitory autoreceptors and/or decreased expression and function of EAAT2 astroglial 

glutamate transporters [27–32]. For example, there is a deficit of mGlu2 expression in the 

prefrontal cortex (PFC) and nucleus accumbens of alcohol and cocaine treated rats and in 

human anterior cingulate cortex from alcoholics [31, 33–35]. Reduced mGlu2/3 signaling 

arises from down-regulated protein expression and/or up-regulated activator of G-protein 

signaling 3 (AGS3), which binds to and thereby inactivates Gia and promotes Gβγ signaling 

through mGlu2/3 [34, 36–38]. One or both of these constitutive adaptations are shared by 

alcohol, heroin, methamphetamine, and cocaine (Table 1). By increasing release probability 

and reducing glutamate elimination, these presynaptic and glial adaptations, respectively, 

facilitate elevated extracellular glutamate levels and glutamate spillover in the accumbens 

core (NAcore) during withdrawal and drug-, stress-, or cue-induced reinstatement of drug-

seeking behavior. Synaptic glutamate spillover is derived from PFC afferents in NAcore [39, 

40], and it occurs during reinstated drug-seeking for cocaine [39–43], methamphetamine 

[44], heroin [45], nicotine [28] and alcohol [46–48], but not for natural rewards such as 

food- or sucrose-seeking. In addition to driving elevated extracellular glutamate levels, these 

presynaptic and glial adaptations are critical for maintaining drug intake since stimulating 
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mGlu2/3 agonists or inhibiting AGS3 binding to Gia prevent drug seeking in alcohol [31, 36, 

47], heroin [38, 49], cocaine [37, 50, 51], methamphetamine [52], or nicotine [53] trained 

rodents. In support of the hypothesis that loss of mGlu2 autoreceptor control of 

glutamatergic signaling in the PFC is a key mechanism driving relapse, restoring mGlu2 

expression in the infralimbic PFC prevents escalated drinking in alcohol dependent rats [34]. 

Similarly, restoring EAAT2 or chemogenetically stimulating astrocytes in NAcore inhibits 

reinstated drug-seeking across drug classes [8, 9, 43, 54–56], which is mediated by 

preventing synaptic glutamate spillover [32, 55, 57, 58]. Thus, mGlu2/3- and EAAT2-

regulation of glutamatergic signaling are shared constitutive neuroadaptations across 

multiple drugs of abuse that may promote continued drug seeking behaviors.

 Postsynaptic Constitutive Plasticity during Withdrawal

Recent research has identified a number of postsynaptic changes in corticostriatal circuitry 

that are best characterized in cocaine or alcohol treated animals, and include increases in 

AMPA receptor currents [30, 59–63], adaptations in thin dendritic spine density [63–68] and 

spine head size [30, 64, 65, 69–74], and altered capacity to induce synaptic plasticity [30, 

61, 62, 66, 71, 75–80] (Table 2). These functional and morphological measures are 

consistent after protracted withdrawal from cocaine, nicotine and alcohol and constitute 

constitutive synaptic potentiation (c-SP) in corticostriatal circuits (Figure 1B), which occurs 

predominantly in dopamine D1R-, and to a lesser extent or not at all in D2R–expressing 

striatal medium spiny neurons (MSNs) [28, 63, 77, 81–83]. However, withdrawal from 

opioids does not produce any of these postsynaptic biomarkers of c-SP [84, 85]. This 

discrepancy indicates that postsynaptic c-SP may not be a candidate for the drug-induced 

plasticity critical for the shared behavioral phenotype of cue/context-reinstated drug-seeking. 

Nonetheless, although not shared across all drug classes, drug-seeking associated with drug-

specific c-SP can be inhibited by reversing that specific adaptation. For example, withdrawal 

from cocaine is associated with the incorporation of calcium permeable AMPA receptors, 

and selectively blocking with Naspm or optogenetically reversing expression of these 

receptors selectively in D1 MSNs prevents augmented cocaine seeking after extended 

withdrawal (referred to as incubation, Box 1) [83, 86]. Also, the incubation of cocaine 

seeking is prevented by optogenetically depotentiating prelimbic cortex to NAcore synapses 

[87]. In addition, manipulating presynaptic (mGlu2/3) or astroglial (EAAT2) drug-induced 

adaptations in cocaine-withdrawn rats prevents postsynaptic c-SP and cue-induced 

reinstatement [57].

In contrast to postsynaptic potentiation produced by all addictive drugs except opioids, there 

is reduced capacity to electrically induce corticostriatal LTP and/or LTD in animals 

withdrawn from cocaine, heroin, or alcohol (Table 2) [66, 75–80]. The loss of LTD after 

extended cocaine exposure is associated with perseverative lever pressing in the presence of 

footshock stress [78]. For alcohol, the loss of LTD is present in D1R–expressing MSNs [75, 

77]. Taken together, the literature indicates that the constitutive postsynaptic plasticity 

produced across classes of addictive drugs in accumbens neurons is a reduction in the ability 

to induce LTP and LTD, while changes in AMPA receptor insertion or spine morphology are 

drug specific, notably not produced by opioids such as morphine or heroin.
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In addition to the accumbens, c-SP is produced by addictive drugs in deep-layer 

orbitofrontal cortex (OFC) and PFC pyramidal projection neurons [61, 71]. Chronic 

intermittent alcohol exposure markedly enhances spike timing-dependent LTP in layer V 

pyramidal neurons in the OFC and prelimbic PFC [61, 71]. This aberrant LTP is associated 

with deficits in behavioral flexibility, morphological adaptations in dendritic spines, and 

increases in synaptic glutamate receptor function [61, 65, 71]. Similarly, repeated cocaine 

produces robust LTP [88], enhances AMPA:NMDA current ratios [33], and reduces both 

endocannabinoid-and mGlu2/3-mediated LTD in prelimbic PFC [33]. Thus, while less 

studied than corticostriatal synapses, c-SP adaptations in PFC excitatory synapses also 

appear likely to promote relapse to drug-seeking across multiple classes of abused drug.

 Constitutive Plasticity in the Extracellular Matrix

The brain parenchyma ECM is subdivided into two specialized compartments: perineuronal 

nets (PNNs) and interstitial neuropil ECM. PNNs are large stable aggregations primarily 

composed of hyaluronan, chrondroitin sulfate proteoglycans (CSPGs; e.g., aggrecan, 

brevican, neurocan, phosphocan, and versican), hyaluronan-CSPG link proteins, and 

Tenascin R [89]. In the case of parvalbumin-containing interneurons, PNNs support the high 

firing frequency of these fast-spiking cells by enveloping their soma and proximal dendrites 

[89]. To a lesser extent, PNNs also surround glutamatergic pyramidal neurons in cortex [63]. 

Neuropil ECM is ubiquitous in the extracellular space, and like PNNs, contains collagen, 

laminin, and fibronectin and associates with pre- and post-synaptic CAMs [90]. Through 

interactions with CAMs, perisynaptic ECM proteins function in mature brains to stabilize 

dendritic spine structure, and can be restructured through catabolism to regulate 

glutamatergic transmission and synaptic plasticity [13]. ECM degradation is accomplished 

largely by constitutive and inducible activity of MMPs (Box 2) [90]. Because study of the 

ECM is relatively new in the addiction field, in contrast to the rest of this review, below we 

describe constitutive ECM neuroadaptations produced in many brain areas by addictive 

drugs, then bring focus back to corticostriatal projections.

Binge-like ethanol drinking in mice increases PNNs and elevates expression of CSPGs 

aggrecan, brevican, and phosphacan in the insula, but not anterior cingulate or primary 

motor cortex [91]. In the OFC, PNNs and CSPGs brevican and neurocan are elevated in 

adult mice exposed to alcohol during adolescence [92]. Neurocan, a glial CSPG, is enhanced 

in stratum oriens of the CA1 and cultured astrocytes following short-term (24 hr) ethanol 

exposure [93]. Acute ethanol exposure also reduces MMP-9, but not MMP-2 levels in the 

hippocampus and PFC, and the acute ethanol-induced spatial memory deficits depend on 

disruption of MMP-9 activity [21]. Of translational relevance, MMP-9 activity is elevated in 

the dorsolateral PFC or hippocampus and serum of alcohol, cocaine and heroin addicts [94–

97]. More specific for corticostriatal projections, a proteomic screen after extinction from 

heroin self-administration revealed a reduction in two PNN proteins, Tenascin R and 

brevican, in both prelimbic PFC and NAcore [98]. In cocaine extinguished rats MMP-2 

activity is increased in the NAcore, and blocking MMP-2 inhibits cue-induced cocaine 

reinstatement [99]. In parallel with some forms of c-SP (Table 2), MMP-2 activity is also 

increased in the NAcore of nicotine, but not heroin extinguished rats [99]. Repeated 

methamphetamine treatment increases MMP-2/9 activity in the PFC and accumbens, and 
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methamphetamine-induced behavioral sensitization and CPP is inhibited in MMP-deficient 

mice or by blocking MMPs [100, 101].

A number of studies point to enduring changes in CAM protein content produced by 

addictive drugs. For example, cocaine increases polysialylated neural CAM (NCAM) in the 

PFC [102], and NrCAM knock-out mice show reduced rewarding effects by alcohol, 

morphine, cocaine and amphetamine [103, 104]. Integrins are perhaps the most well 

characterized CAMs in terms of synaptic plasticity [105]. Extinction from cocaine self-

administration is associated with an increase in the β3 integrin subunit in the NAcore [106], 

and treatment with the RGD peptide antagonist that prevents the binding of integrins to the 

ECM attenuates the increase in β3-integrin as well as the constitutive reduction in surface 

expression of GluR2 seen after withdrawal from cocaine [86, 107]. Integrin regulation of 

psychostimulant behavior is further supported by augmented cocaine-induced locomotor 

behavior in mice harboring homozygous deletion of the integrin β1 subunit or the β1 integrin 

signaling kinase Arg [108]. Finally, an elegant study linked Ras suppressor 1 (Rsu1) to a β 

integrin signaling pathway that destabilizes actin filaments and regulates alcohol intake, and 

polymorphisms in RSU1 are associated with alcohol dependence in adults and increases in 

NAc activation during reward processing and lifetime drinking in adolescents [109].

Pharmacological degradation of PNNs and perisynaptic ECM is used to demonstrate an 

important role of constitutive expression of the ECM in synaptic activity and plasticity (Box 

2). For example, local chondroitinase-ABC (Ch-ABC) administration enhances the firing 

rate of hippocampal pyramidal neurons and increases the number of spontaneously active 

ventral tegmental area dopamine neurons [110]. Perhaps more dramatic, recombinant 

MMP-9 produces LTP in hippocampus without electrical stimulation [111]. Relevant to drug 

abuse, intra-hippocampal Ch-ABC administration enhances the locomotor response to acute 

amphetamine [110]. Depletion of PNNs in the amygdala prevents morphine- and cocaine-

induced CPP when combined with extinction training. Also when combined with extinction 

training, intra-amygdala injections of Ch-ABC enhanced expression of plasticity-related 

proteins (i.e., BNDF and AMPA receptors) [112]. Degradation of PNNs in the prelimbic 

PFC reduces acquisition and reconsolidation without affecting the rate of extinction or 

spontaneous recovery of cocaine-induced CPP [113]. These authors also demonstrate that 

depletion of PNNs in the prelimbic PFC reduces inhibitory drive onto pyramidal neurons 

while enhancing intrinsic excitability [113].

 General conclusions regarding withdrawal associated constitutive synaptic plasticity

Clearly the four elements of the tetrapartite corticostriatal synapse undergo enduring, 

constitutive adaptations following withdrawal from using addictive drugs. By filtering these 

adaptations through the hypothesis that those shared in common between different classes of 

addictive drug are likely most critical for shared symptoms of addiction, such as 

vulnerability to relapse, we can narrow the field of known adaptations to reduced 

elimination of synaptically released glutamate via down-regulated astroglial EAAT2 and to 

reduced presynaptic regulation of synaptic release probability via mGlu2/3. Also, addictive 

drugs share a diminished capacity for cortico-accumbens LTD and LTP, and in so far has 

been tested, this loss of postsynaptic plasticity depends on glutamate spillover since 
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preventing spillover by restoring EAAT2 or tone onto mGlu2/3 receptors restores the 

capacity to induce LTP or LTD [79]. Unfortunately, studies with the ECM are too few to 

triangulate across classes of addictive drugs. None the less, widespread changes in PNNs, 

ECM proteins and MMPs occur in PFC and accumbens following withdrawal from addictive 

drugs, and future studies will determine which of these changes are shared across drug 

classes and can be reversed by restoring other shared tetrapartite adaptations, such as 

reduced EAAT2 and mGlu2/3 receptor signaling or reduced LTP/LTD.

 Transient Corticostriatal Synaptic Plasticity

 Postsynaptic Transient Plasticity during Reinstatement

In addition to studying corticostriatal c-SP produced by drug withdrawal, a research strategy 

has recently emerged to evaluate the synaptic plasticity associated with drug seeking 

induced by drug-associated cues or noncontingent drug injection. This has been termed 

transient synaptic potentiation (t-SP) [69], and is a transient LTP-like event that parallels the 

time course of drug-seeking behavior during reinstatement. Thus, 15 min after inducing 

drug-seeking by a cue, MSNs in the NAcore show increased electrophysiological 

(AMPA:NMDA ratio) and morphological (spine head diameter) measures of synaptic 

potentiation that are positively correlated with the number of active lever presses (drug-

seeking) emitted during 15 min of cue-reinstated behavior [69] (Figure 1C). Both active 

lever pressing and t-SP return to levels measured in extinguished rats within 120 min after 

initiating drug seeking. Similar t-SP is present after context and cocaine-induced 

reinstatement [30, 72], and elevated AMPA receptor function appears to facilitate 

reinstatement of alcohol-seeking behavior [114, 115]. Also, 30 min after reinstating lever 

pressing with a cocaine injection there is an increase in Ser880 phosphorylation of GluR2, 

increased surface AMPA receptor expression, and enhanced prevalence of dendritic spines in 

NAshell [74, 116]. Cued reinstatement of nicotine seeking also produces t-SP in the NAcore 

that peaks in parallel with behavior after 15 min [28]. Noncontingent heroin administration 

induces t-SP with a similar time course to cocaine, with an increase in spine head diameter 

and density after 45 min of reinstatement [84]. Heroin administration enhances in-vivo field 

EPSPs in the NAcore of heroin-extinguished rats, beginning almost immediately after 

injection and enduring for nearly 3 hr before returning to baseline [84]. Interestingly, 

optogenetic inhibition of PFC afferents in the NAcore prevents drug-seeking behavior and 

morphological t-SP adaptations [117], suggesting that PFC inputs into the accumbens 

critically regulate t-SP.

 Transient plasticity in the extracellular matrix during reinstatement

Evidence of the emerging role for the ECM in regulating synaptic plasticity, in particular the 

essential role of MMP-9 activity for inducing hippocampal LTP [19], led to studies 

examining whether the ECM participates in t-SP and reinstated lever pressing. Inhibiting 

ECM binding to integrins by microinjecting RGD into NAcore inhibits cocaine-induced 

reinstatement [107]. Similarly, inhibiting MMP activity suppresses the reinstatement of 

cocaine CPP, and the increases in MMP-9, but not MMP-2/3 activity in the PFC following 

cocaine-primed reinstatement of CPP [118]. Selectively inhibiting MMP-9 prevents cue- and 

cocaine-induced reinstatement of cocaine self-administration [99]. The role of MMP-9 in 
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reinstated cocaine seeking is paralleled by a marked, transient increase in MMP-9 activity 

following cue-induced reinstatement, which also occurs at 15 min after cue-induced 

reinstatement of heroin and nicotine seeking. The induction of t-SP is linked to MMP-9 

activation since inhibiting MMP-9 activity prevents both cue-induced increases in 

AMPA:NMDA current ratios and spine head diameter in NAcore MSNs [99]. In addition to 

MMP regulation of t-SP and reinstated drug seeking in the NAcore, treatment with a broad-

spectrum MMP inhibitor (FN-439) into prelimbic PFC attenuates cue-induced heroin 

seeking [98] and escalated operant self-administration of alcohol [119].

 General conclusions regarding transient synaptic potentiation during drug seeking

These initial studies demonstrate that reinstated drug seeking is associated with postsynaptic 

measures of t-SP that correlate with the intensity of drug seeking, and that postsynaptic t-SP 

occurs across multiple classes of addictive drug, including cocaine, nicotine and heroin. The 

co-occurrence of t-SP and some forms of c-SP across drug classes poses the question of 

whether t-SP in induced by spillover of synaptic glutamate arising during reinstated behavior 

that is also common across drugs. One strong indication that they are related is that 

inhibiting PFC inputs to the NAcore prevents both glutamate spillover and the t-SP induced 

during cocaine seeking [40, 69]. Although the mechanism of how c-SP influences t-SP is 

unknown, these studies identify MMPs as necessary for t-SP and the reinstatement of drug-

seeking behaviors. MMP-9 is particularly promising target for regulation of shared plasticity 

across multiple abused drugs, and the development of highly selective MMP-9 inhibitors 

(e.g., GS-5747 [120]) that overcome the limitations of broad-spectrum MMP inhibitors 

[121] provide new therapeutic opportunities to treat addiction.

 Therapeutic Implications and Concluding Remarks

The functional, biochemical, and morphological adaptations in tetrapartite synapses 

discussed in this review are emerging mechanisms driving drug-induced plasticity in 

corticostriatal circuits. Clearly experimental evidence involving glia and the ECM in drug-

induced synaptic plasticity is nascent, and there are inconsistencies and gaps in the literature 

that leave open many questions (see Outstanding Questions). To parse this emerging 

literature, we have endeavored to highlight recent studies demonstrating similarities between 

multiple classes of abused drugs inducing c-SP, t-SP, and ECM adaptations. Generally, the 

findings summarized here suggest that withdrawal from alcohol, nicotine, psychostimulants 

and opioids inhibits the induction of LTD and LTP in accumbens. Also, with the notable 

exception of opioids, addictive drugs induce postsynaptic c-SP in accumbens MSNs 

quantified as increases in dendritic spines and AMPA currents, and the shared aspects of c-

SP occur preferentially in dopamine D1R-, not D2R–containing MSNs.

If one considers only the shared aspects of synaptic plasticity, a number of potential 

pharmacotherapeutic targets emerge that may span across drug classes. For example, 

restoring down-regulated EAAT2 with drugs like N-acetylcysteine or ceftriaxone, or 

mGlu2/3 signaling with mGlu2/3 agonists or AGS3 peptide inhibitors reduces drug seeking 

across drug classes in animal models. Similarly, reversing the shared loss of electrically-

induced LTD in NAc MSNs with either with N-acetylcysteine or through stimulating PFC 
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inputs inhibits drug seeking (shown in alcohol, heroin and cocaine trained animals). Finally, 

the shared down-regulation of EAAT2 and the resulting transient glutamate spillover from 

PFC synapses in NAcore during reinstated drug-seeking, stimulates MMP-9 activity to 

initiate t-SP during cocaine-, heroin- and nicotine-seeking. This discovery opens additional 

therapeutic possibilities, including inhibitors of MMP-9 or the CAM effectors of ECM 

catabolism, such as integrins. While considerable work remains to fully integrate the ECM 

and tetrapartite synaptic physiology into the neurobiology of drug addiction, we propose that 

considering contributions by all four synaptic compartments in constitutive and drug-seeking 

induced transient synaptic potentiation is necessary for understanding synaptic plasticity that 

is shared across drug classes. Moreover, a more inclusive understanding of tetrapartite 

synaptic plasticity that is in common across drug classes is an unifying approach for moving 

forward our understanding of addiction and towards identifying pharmacotherapeutic targets 

for treating symptoms of drug addiction shared between all classes of addictive compounds.
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 Glossary

Cell adhesion molecules (CAMs)
are cell surface proteins that bind with extracellular matrix proteins and intracellular 

signaling systems that regulate synaptic function and morphology

Chrondroitin sulfate proteoglycans (CSPGs)
are proteoglycans that provide structural support and stabilize the extracellular matrix

Chondroitinase ABC (ChABC)
is an enzyme that degrades the glycosaminoglycan component of chondroitin sulfate 

proteoglycans

Constitutive synaptic potentiation (c-SP)
are persistent neuroadaptations in tetrapartite synapses that occur after chronic drug 

exposure

Excitatory amino acid transporter 2 (EAAT2)
is a glutamate and aspartate transporter that is highly expressed in astroglia and is essential 

for rapid removal of glutamate from the synaptic cleft

Extracellular matrix
is a lattice-like support scaffold produced by neurons and glial cells that envelopes the soma, 

dendrites and synapses and functions in the mature brain to stabilize dendritic spine structure 

and regulate neurotransmission

Gliotransmission
is bidirectional communication between astrocytes and neurons through the release of 

chemical transmitters, including taurine, ATP, D-serine, and glutamate
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In-vivo zymography
is a method to measure ECM remodeling using high-resolution imaging of the fluorescent 

degradation products of the introduced substrates

Long-term potentiation (LTP)
is the persistent increase in the efficacy of synapses that is considered a critical cellular 

mechanism for learning and memory

Long-term depression (LTD)
is a persistent weakening in synaptic strength that can influence storage of motor learning 

and memory

Matrix metalloproteinases (MMPs)
are a large family of proteolytic zinc-containing endopeptidases that degrade specific ECM 

proteins. MMPs are either secreted into the extracellular milieu as proenzymes or are 

expressed in the plasma membrane

Perineuronal nets (PNNs)
are ECM structures that surround the soma and proximal dendrites of some neurons (e.g., 

parvalbumin-containing fast-spiking interneurons in the cortex). Degradation of PNNs in the 

adult brain can influence synaptic plasticity

Tetrapartite synapses
consist of pre- and post-synaptic compartments, astroglial fine membranous processes that 

surround the perisynaptic space, and the extracellular matrix

Transient synaptic potentiation (t-SP)
is synaptic plasticity associated with drug seeking produced by drug-associated cues or 

noncontingent drug injection
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Box 1

Animal Models of Addiction Used to Study Corticostriatal Plasticity

Animal models of addiction can be readily broken into two general protocols, 

noncontingent investigator administered drug and contingent self-administration of drug. 

Over the last 30 years there has been a migration away from noncontingent towards the 

more anthropomorphic self-administration models. Furthermore, the endeavor to 

anthropomorphize the self-administration model has inspired continuing evolution in 

duration of drug exposure and in characterizing an ‘addicted’ phenotype in a vulnerable 

subpopulation of animals. The evolution in model complexity is a trade-off in the 

experimental efficiency of noncontingent paradigms in favor of increasing face-validity, 

but it remains to be seen whether the anthropomorphic evolution of rodent models will 

benefit the treatment of human addiction. Nonetheless, when operationally defined in 

terms of rodent not human behavior, the distinct and overlapping neuroadaptations 

produced with different models identifies an array of molecular and circuit mechanisms 

that may be shared with humans.

To study addiction-associated adaptations in tetrapartite corticostriatal synapses, the 

various models employ the three stages shown below. Measurements are made at the end 

of Phase 2 to assess long-term, constitutive changes produced by drug administration that 

may create susceptibility to relapse. To assess the neurobiology of the drug seeking event 

itself, measurements are made during Phase 3. Almost all data discussed in this review 

are derived from Phase 2 and 3 using contingent drug self-administration in Phase 1, and 

the reader is referred to recent reviews outlining the noncontingent protocols [122, 123].

Contingent self-administration of drug in Phase 1 involves the intravenous or oral 

delivery of drug that is initiated by the animal. This can be an operant protocol where the 

animal lever presses or nose-pokes for drug, or it can be simply choosing between a 

bottle containing alcohol or water. Regardless, the animal learns to obtain drug and in the 

process develops learned associations with the drug-paired context and discrete 

environmental cues, such as a light or tone that signal drug delivery.

Drug seeking after forced abstinence [124]

When an animal is made abstinent without extinction training (Phase 2), return to the 

drug-paired context, with or without discrete cues previously associated with drug 

delivery triggers operant responding without drug delivery (Phase 3). Associated with 

this protocol is an ‘incubation’ process whereby the intensity of drug-seeking increases in 

proportion to the length of abstinence.

Reinstated drug seeking after extinction training [124]

Drug seeking can be triggered in an extinguished context by restoring a discrete cue 

previously associated with drug delivery or by providing a novel stress such as footshock. 

Thus, the animal is placed into the drug context without drug delivery until the operant 

response is extinguished (Phase 2), then the discrete cue (typically a light or tone) is 

restored to the operant response and the animal reinstates operant responding in the 

absence of drug delivery (Phase 3).
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Protocols with increasing face validity [125]

Efforts to anthropomorphize self-administration and reinstatement behavior have 

involved two general modifications. First, the animal is allowed greater access to the drug 

(longer time per day and/or more days). In this case drug use generally escalates over 

time, which is proposed to model compulsive drug use. The second approach is to 

associate drug delivery with punishment, such as footshock, and set the punishment 

threshold such that a subpopulation of animals will continue to seek drug. These 

punishment ‘resistant’ animals are proposed to equate to the subpopulation of humans 

that develop addicted drug use.

Protocols unique to alcohol consumption

Like humans, rodents readily self-administer most addictive drugs, however, they 

typically do not drink alcohol in large enough amounts to model alcohol use disorder. 

Two strategies are employed to engender persistent heavy alcohol intake in rodents. The 

first is to give animals intermittent access to alcohol (24 h access with 24–48 h abstinence 

between drinking days), which causes the animals to escalate drinking over several weeks 

before reaching a stable baseline of heavy consumption and pharmacologically relevant 

blood alcohol levels (>0.08 g/dL). A second strategy for producing high drinking in 

rodents is to mix noncontingent with contingent drug administration. Most studies expose 

rodents to alcohol vapor in inhalation chambers in an intermittent fashion (16 h 

inhalation/8 h withdrawal) for 1–4 weeks, and contingent home-cage drinking or operant 

responding for oral alcohol self-administration is monitored before and after dependence 

is noncontingently induced in the inhalation chambers. This model is extensively used to 

study Phase 2 c-SP in corticostriatal circuitry, and may prove useful for studying the 

neurobiology of Phase 3 alcohol seeking.
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Box 2

Experimental approaches to measure and regulate the extracellular matrix

Below is a brief description of common methods that can be used to study how ECM 

proteins influence drug-related behaviors. (A) The structure of perineuronal nets (PNNs) 

are enzymatically degraded by chondroitinase ABC (ChABC), an enzyme that degrades 

the glycosaminoglycan component of chondroitin sulfate proteoglycans that provide 

structural support and stabilize the extracellular matrix. ChABC is microinjected through 

guide cannula into discrete brain regions, and the degradation of the PNNs can persist for 

up to 4 weeks. Penicillinase, a β-lactamase, does not degrade PNNs and is typically used 

as a control. Drug-related behaviors can then be performed during this 4-week time 

window. At the end of the behavioral paradigm, multiplexed immunofluorescence that 

target PNN constituents can then determine extent of PNN degradation in certain cell 

types. Wisteria floribunda agglutinin (WFA) is a plant lectin that binds to terminal N-

acetylgalactosamine residues predominantly expressed in PNNs. A representative image 

of WFA and paralbumin (PV) staining to label PNNs (green) and GABAergic 

parvalbumin-expressing interneurons (red) in mouse cortex is shown (image courtesy of 

Drs. Amy Lasek and Hu Chen). (B) Matrix metalloproteinases (MMPs) are proteolytic 

zinc-containing endopeptidases that degrade specific ECM proteins. MMP-2/9 are 

gelatinases, and an in-vivo zymography assay is used to directly measure gelatinase 

activity of MMP-2/9. A quenched, fluorescein-labeled gelatin is microinjected into a 

specific brain region, and a linear increase in fluorescence can be measured, the slope of 

which is a function of MMP-2/9 activity. Typically, microinjections are made at various 

times before or during drug seeking behaviors to assess the relationship between 

MMP-2/9 activity and behavior. Newer approaches for making in vivo estimates of 

fluorescence promise to markedly improve the capacity to dynamically evaluate 

MMP-2/9 activity over time during reinstated behavior (image courtesy of Dr. Michael 

Scofield, ac- anterior commissure). Also, while work in addiction has been based on a 

regional change in fluorescence, it is possible to quantify increases in MMP-2/9 activity 

at the level of neurons or synaptic puncta. (C) Microinjections of pharmacological 

inhibitors or MMP antibodies can be used to determine specific MMPs regulating drug-

seeking behaviors.

Current small molecule inhibitors are useful, but proper experimental design is required 

to insure specificity. For example, when assessing MMP-2 versus MMP-9 activity, 

relative ligand specificity and the difficulty in controlling the actual concentration of drug 

diffusion through the neuropil after microinjection requires showing that both drugs have 

differential effects. Additionally, combining these pharmacological compounds with 

microinjections of fluorescein-labeled substrates can determine which MMPs are 

responsible for degradation of the ECM during drug-seeking behaviors (see micrograph 

comparison of fluorescence induced during reinstated in the presence or absence of an 

MMP-9 inhibitor) [99]. In vivo activation of MMPs is most readily achieved by 

microinjecting recombinant activated MMP. In addition to these approaches, transgenic 

and knockout rats and mice (e.g., MMP-9 KO mice and over-expressing transgenic rats, 
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Thy-1.2-tissue plasminogen activator transgenic mice) and viral approaches can be used 

to study the ECM in models of drug addiction.
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Outstanding Questions

• Are shared mechanistic adaptations that are common between all abused 

drugs high priority pharmacotherapeutic targets for treating high rates of 

relapse in addicts?

• Will a better understanding of drug-induced plasticity in the ECM and 

tetrapartite synapses in the corticostriatal circuitry provide effective targets 

to reduce drug-seeking behaviors?

• How does synaptic glutamate spillover lead to the increase in MMP-9 and t-

SP during cue-induced drug seeking?

• Does restoring down-regulated EAAT2 or mGlu2/3 signaling reduce drug-

seeking across all drug classes?

• Which ECM proteins are critical substrates for the role played by MMPs in 

regulating drug seeking?

• Which cell adhesion molecules mediate the transient synaptic potentiation 

produced by MMP-mediated catabolic activation of the ECM, and what is 

the subsequent intracellular signaling cascade underpinning the increase in 

AMPA receptors and dendritic spine head diameter?

• Will inhibiting transient synaptic plasticity of the ECM induced by drug-

associated cues or noncontingent drug injection reduce seeking behavior for 

other drugs like it has for cocaine?

• What are the critical constitutive adaptations in tetrapartite synapses that 

contribute to transient synaptic plasticity that underpins the drive to seek 

cocaine?

Mulholland et al. Page 21

Trends Neurosci. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Trends Box

• Drug-induced plasticity involves all aspects of tetrapartite synapses.

• Relapse involves common mechanisms that span multiple classes of abused 

drugs.

• Tetrapartite synapses are novel targets for treating addiction.
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Figure 1. 
Overview of the structural components of tetrapartite corticostriatal synapses (panel A), the 

constitutive adaptations (c-SP) seen after extended withdrawal from drug use (panel B), and 

the transient changes (t-SP) produced during cue- or drug-induced reinstatement of drug 

seeking (panel C). (A) Tetrapartite cortico-accumbens synapse consists of a pre- and 

postsynapse, astroglial fine processes surround the synaptic cleft, and the lattice-like 

structure of extracellular matrix (ECM) proteins. Signaling in the ECM is regulated by the 

catabolic activity of MMPs. Also shown are a subset of critical proteins that are affected by 

abused drugs, including AMPA and NMDA receptors, glial glutamate transporters (EAAT2), 
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presynaptic mGlu2/3 signaling to provide inhibitory regulation of glutamate release 

probability, and cell adhesion molecules (CAMs). (B) Overview of the constitutive changes 

in protein function seen after extended withdrawal from addictive drugs. Constitutive 

changes shared by all drugs examined include down-regulated EAAT2 and signaling through 

presynaptic mGlu2/3 due to an increase in AGS3. Constitutive changes shared by all drugs 

tested except opioids include increases in AMPA receptors (including CP-receptors in the 

incubation paradigm), MMP2 activity to catabolically activate the ECM, and spine head 

diameter and/or spine number (not illustrated). None of these latter adaptations associated 

with postsynaptic c-SP are seen after withdrawal from heroin or morphine. (C) Illustration 

of the transient changes produced by presenting a drug-conditioned cue to reinstate lever 

pressing that are shared by all drugs tested to date (cocaine, nicotine and heroin). All 

transient changes illustrated occur in parallel with reinstated behavior and dissipate along 

with reinstated lever pressing by 120 min. Because of down-regulated EAAT2 and mGlu2/3, 

glutamate is more readily released and diffuses outside the synaptic cleft (seen for heroin, 

alcohol, nicotine, methamphetamine, cocaine). There is a marked increase in spine head 

diameter (not illustrated) and AMPA:NMDA ratio. Finally, there is an increase in MMP-9 

activity and catabolic signaling through CAMs, possibly integrins.
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Figure 2. 
Circuit diagram depicting glutamatergic corticostriatal projections that are affected by 

multiple classes of addictive drugs. Excitatory projections from PFC pyramidal neurons 

innervate dopamine D1R–and D2R–expressing medium spiny neurons in the dorsal and 

ventral subregions of the striatum. Pyramidal neurons in the lateral orbitofrontal cortex 

(OFC) project to neurons in the dorsomedial (DMS) and nucleus accumbens shell (NAshell). 

Excitatory projection neurons in the prelimbic and infralimbic prefrontal cortex (PFC) 

innervate the nucleus accumbens core (NAcore) and NAshell, respectively, and prelimbic 

pyramidal neurons also send excitatory projections to the DMS. Green line indicates that 

corticostriatal synapses in all three striatal subregions undergo one or another form of 

constitutive synaptic potentiation (c-SP), orange line indicates that only the PFC projections 

to the NAcore have to date been shown to undergo transient synaptic potentiation (t-SP) in 

response to a cue-, context-, or drug-induced reinstatement of drug-seeking.
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Table 1

Similar presynaptic and astroglial constitutive plasticity in cortico-accumbens glutamatergic synapses across 

drug classes that facilitate drug seeking behaviors.

Presynapses Astrocytes Cue-induced Synaptic
Glutamate Spillover Refs

Alcohol
↑ AGS3
↓ mGlu2

↓ EAAT2 Yes [9, 31, 32, 34, 36,
46, 55]

Cocaine
↑ AGS3
↓ mGlu2

↓ EAAT2 Yes [27, 29, 35, 37,
39, 40]

Nicotine No data ↓ EAAT2 Yes [28]

Heroin ↑ AGS3 ↓ EAAT2 Yes [38, 45, 58]
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Table 3

Transient drug-induced synaptic plasticity mechanisms of cortico-accumbens glutamatergic synapses that are 

shared during the execution of drug seeking behaviors.

AMPA Receptor
Function

Spine Head
Diameter MMP-9 Activity Refs

Alcohol ↑ No data No data [114, 115]

Cocaine ↑ ↑ ↑
[30, 69, 72,
74, 99, 116]

Nicotine ↑ ↑ ↑ [28, 99]

Heroin ↑ * ↑ ↑ [84, 99]

*
measured as field EPSPs
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