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Abstract

Addiction to alcohol and drugs is a major social and economic problem, and there is considerable 

interest in understanding the molecular mechanisms that promote addictive drives. A number of 

proteins have been identified that contribute to expression of addictive behaviors. NMDA 

receptors (NMDARs), a subclass of ionotropic glutamate receptors, have been of particular interest 

because their physiological properties make them an attractive candidate for gating induction of 

synaptic plasticity, a molecular change thought to mediate learning and memory. NMDARs are 

generally inactive at the hyperpolarized resting potentials of many neurons. However, given 

sufficient depolarization, NMDARs are activated and exhibit long-lasting currents with significant 

calcium permeability. Also, in addition to stimulating neurons by direct depolarization, NMDARs 

and their calcium signaling can allow strong and/or synchronized inputs to produce long-term 

changes in other molecules (such as AMPA-type glutamate receptors) which can last from days to 

years, binding internal and external stimuli in a long-term memory trace. Such memories could 

allow salient drug-related stimuli to exert strong control over future behaviors and thus promote 

addictive drives. Finally, NMDARs may themselves undergo plasticity, which can alter subsequent 

neuronal stimulation and/or the ability to induce plasticity. This review will address recent and 

past findings suggesting that NMDAR activity promotes drug- and alcohol-related behaviors, with 

a particular focus on GluN2B subunits as possible central regulators of many addictive behaviors, 

as well as newer studies examining the importance of non-canonical NMDAR subunits and 

endogenous NMDAR cofactors.

Addiction to drugs and alcohol extracts enormous physical, social and economic costs 

(Blincoe et al. 2002; Bouchery et al. 2011; CDC 2014; Sacks et al. 2013; SAMHSA 2015; 

WHO 2014). Clinical treatment of addictive drives is challenging, in part because of the high 

motivation for intoxicants, combined with the habitual drives that develop across long-term 

intake of abused substances. Thus, it is critically important to identify the brain regions and 

molecular signaling pathways that mediate motivation for intoxicants, since these could 

provide novel pharmacological and perhaps behavioral interventions to counteract the 

negative consequences associated with addictive behaviors.
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NMDA receptors (NMDARs) have received considerable attention in relation to addictive 

behaviors (e.g. Burnett et al. 2015; Gass & Olive 2008; Landa et al. 2014; Tomek et al. 

2013) and more generally for behavioral regulation and memory formation (Cull-Candy & 

Leszkiewicz 2004; Traynelis et al. 2010). Glutamate release is typically transient, leading to 

rapid activation of AMPA-type glutamate receptors (AMPARs) and depolarization of the 

neuron. In contrast, NMDARs are generally inactive at hyperpolarized resting membrane 

potentials due to block by magnesium ions on the inside of the receptors. As a consequence, 

NMDARs are only active after sufficient depolarization, which is often mediated by 

AMPARs. However, once active, NMDARs have long-lasting electrical currents and are 

permeable to calcium. Thus, NMDARs allow for prolonged neuronal stimulation under 

conditions where a cell is undergoing strong and/or synchronized activation, thus sustaining 

the impact of more potent stimulation.

Like many receptor families, there is some complexity related to different receptor subunits 

and other areas of regulation that can impact NMDAR function (for review, see Cull-Candy 

& Leszkiewicz 2004; Traynelis et al. 2010). NMDARs are heteromers composed of two 

GluN1 subunits, and two other subunits from among GluN2A–D and/or GluN3A–B. The 

functional properties of the resultant NMDARs can vary considerably in terms of decay time 

of the current, synaptic vs. extrasynaptic localization, trafficking, regulation by 

phosphorylation and other modifications, and calcium permeability. For example, while 

GluN1/2A and GluN1/2B NMDARs are both widely abundant across the brain, GluN1/2B 

NMDARs have slower decay time and greater localization to extrasynaptic sites. Recent 

studies have also underscored the importance of non-canonical NMDARs, containing 

GluN2C–D and/or GluN3A–B subunits, which are relatively resistant to the magnesium ion 

block and thus are active at hyperpolarized membrane potentials. This review will not 

attempt to address these many different factors, except as they pertain to NMDAR regulation 

of addictive behaviors.

More generally, NMDARs can modulate neuronal activity directly by acute depolarization of 

neurons, and also by regulating induction of synaptic plasticity. Since NMDARs are 

generally only active after a strong depolarization, this makes them an attractive mechanism 

to allow strong, synchronized stimulation to produce long-lasting functional changes. One 

such example is long-term potentiation (LTP) of AMPAR function, which occurs as a 

consequence of NMDAR-mediated calcium influx and activation of kinases and other 

signaling molecules (Park et al. 2013; Sweatt 2016). Such changes could mediate storage of 

memories that allow modification of future behavior based on previous experience. 

Importantly, addiction has been considered a maladaptive expression of memory, where 

drug-related stimuli produce powerful, enduring drug-related memories that allow drug-

related cues to exert strong behavioral control and drive addiction. In this case, NMDARs 

might contribute to the development of future addictive drives but not acutely regulate 

behavior. However, NMDAR-mediated induction of synaptic plasticity can occur within 

minutes, e.g. where a rapidly developing NMDAR-dependent increase in AMPAR function 

promotes drug seeking (Gipson et al. 2013a, 2013b; Shen et al. 2011). Thus, NMDAR-

mediated depolarization, induction of plasticity, or both may drive addictive behavior, and 

unless synaptic plasticity mechanisms are directly examined, the exact NMDAR mechanism 

would remain unclear.
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Functional increases in NMDARs, which are observed after repeated exposure to many 

drugs or alcohol, could enhance NMDAR-mediated depolarization or plasticity induction. 

However, it can be challenging to definitively demonstrate whether an NMDAR adaptation 

is critical for driving a given behavior. There is often substantial NMDAR function in the 

control state, and the behavioral impact of an NMDAR blocker may reflect the NMDAR 

adaptation or just a requirement for NMDARs in general. In some cases, studies compare a 

related control behavior (e.g. self-administration of a natural reward) where the NMDAR 

blocker has no effect, suggesting that the NMDAR adaptation does not promote behavior 

more generally. However, this still may not be conclusive, since the control behavior may 

not require the brain region in which NMDAR plasticity is observed. Thus, it can be difficult 

to verify that NMDAR plasticity is essential for a given behavior, especially when there is 

strong NMDAR function in the control condition.

One important question is whether there are common patterns of NMDAR regulation across 

different intoxicants, e.g. through particular NMDAR subunits. NMDARs are likely critical 

for forming many types of intoxicant-related memories, perhaps through neuroadaptations in 

other signaling molecules, which would then drive future addictive behaviors. It is also 

likely that strong, sustained neuronal activity would lead to NMDAR activation, and allow 

NMDARs to directly promote expression of behavior. For example, continuous proximity to 

a drug-related cue could cause sustained activation of glutamatergic areas that process 

salient cues (such as the cortex and amygdala), which in turn would lead to prolonged 

NMDAR-mediated depolarization of downstream target regions that directly activate 

behavior, such as the nucleus accumbens (NAc). Finally, the contribution of NMDARs may 

be defined by the circuitry recruited during expression of a behavior. In particular, if a 

common circuit promotes addiction to different intoxicants, then NMDARs within a 

particular region (such as the NAc) may drive intake for all these intoxicants.

In addition, while a number of studies have examined the impact of NMDAR inhibitors that 

do not have clear subunit selectivity, many studies of addiction implicate GluN2B subunits. 

GluN2B subunits are interesting in that there can be a sizable population of extrasynaptic 

receptors, which can be rapidly trafficked into the synapse, and can produce differential 

regulation of plasticity induction relative to synaptic NMDARs (deBacker et al. 2015; 

Newpher & Ehlers 2009; Traynelis et al. 2010). There are also relatively selective 

antagonists for GluN2B subunits (ifenprodil, Ro 04–5595, deBacker et al. 2015, but see 

Trovero et al. 2016). The increasing evidence for a central role for GluN2B might, in part, 

reflect the presence of selective tools to interrogate GluN2B subunits, and subunits other 

than GluN2B may be assessed as more selective antagonists for other subunits are 

developed.

Given the vast literature, this review will not attempt to comprehensively address the many 

facets of NMDAR biology. Instead, we will address issues most relevant to NMDARs and 

addictive behaviors. We will examine the NMDAR contribution for each class of intoxicants, 

with a focus on particular brain regions (cortical, striatal and others). We will also address 

possible common and divergent roles for NMDARs, and identify where particular 

experiments could be valuable for enhancing our overall understanding of NMDAR 

regulation of addictive behavior. In addition, we seek to highlight studies which identify a 
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central role for GluN2B subunits, as well as recent findings which underscore the 

importance of non-canonical NMDAR subunits and endogenous NMDAR cofactors for 

controlling addictive behaviors.

Brief synopsis of behavioral models of addiction and brain areas

Preclinical behavioral models of addiction

Before addressing the contribution of NMDARs to addiction, we must first understand the 

different behavioral paradigms used to model different aspects of intoxicant exposure, 

reward, intake and motivation. In general, there are two main types of addiction paradigms, 

involving passive vs. active drug exposure (for review, see Sanchis-Segura & Spanagel 2006; 

Koob & Volkow 2010; Weiss 2010; Belin-Rauscent et al. 2016; Everitt & Robbins 2016).

Passive, experimenter-administered drug exposure allows precise control over the timing and 

dose of intoxicant experience. There are two main paradigms, place conditioning and 

behavioral sensitization. During place conditioning, the potential rewarding or aversive 

properties of a compound can be assessed by pairing the compound with a particular 

context, while vehicle is paired with a second adjacent context. For rewarding substances, 

this results in conditioned place preference (CPP), where the individual spends more time in 

the reward-paired context in future sessions ( Tzschentke 2007). Conditioned place 

preference can be extinguished by repeated exposure to the context without drug reward, and 

then re-established (‘reinstated’) by drug exposure or a drug-paired cue. Behavioral 

sensitization is characterized by progressively increasing drug-induced locomotor activation 

which develops after repeated exposure to nearly every type of intoxicant (Robinson & 

Berridge 2001). Interestingly, sensitization to psychostimulants has been observed in 

humans (Landa et al. 2014). In addition, sensitization often persists long after the end of the 

drug exposure (Robinson & Berridge 2001), and has been associated with greater drug self-

administration (de Vries et al. 1998; Piazza et al. 1990; Zapata et al. 2003) or CPP (Ahn et 

al. 2010; Bernier et al. 2011). Thus, sensitization may reflect a long-lasting enhancement of 

incentive salience of an intoxicant and associated cues, increasing the ability of these factors 

to drive intake and relapse after protracted abstinence. Similar to sensitization, CPP likely 

reflects enduring reward memories, except evoked by a specific drug-paired context. Also, 

many studies utilizing repeated passive administration may be studying a comparable state, 

even if behavioral effects are not measured.

Addiction in humans involves voluntary intake. Thus, animal models of drug self-

administration have been developed where an animal makes operant responses (typically a 

lever press or nose poke) in order to gain access to a reward, which may be consumed orally 

(alcohol, sweet or fatty food) or delivered intravenously (cocaine, heroin, nicotine). Some 

studies compare the impact of brief (1–2 h) vs. extended (6–8 h) daily intake sessions, since 

extended access leads to escalation of intake and thus may model the escalation in humans 

that is indicative of development of addiction (Koob & Volkow 2010). Also, after operant 

self-administration has been established, animals can undergo repeated extinction sessions, 

where the operant response occurs but no reward is delivered, which eventually extinguishes 

responding. Relapse can then be modeled via reinstatement, where responding resumes after 

exposure to a drug-paired cue or context, a stressor, or by a small dose of the drug itself, all 
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of which are strong contributors to relapse in humans (Epstein et al. 2006; Venniro et al. 

2016). Thus, these preclinical models help to examine mechanisms driving voluntary intake 

and different aspects of relapse.

Since alcohol drinking occurs through oral intake in humans, bottle-based oral intake 

paradigms are often used in rodents. In many cases, this involves two-bottle choice, where 

animals have concurrent access to a bottle containing alcohol and a second bottle of water. 

In part, changes in water intake provide an internal control for possible non-specific effects 

on consumption. In addition, one or more weeks of abstinence from alcohol can lead to a 

dramatic enhancement of intake when access to alcohol is restored, which is known as the 

Alcohol Deprivation Effect, a model for relapse (Sanchis-Segura & Spanagel 2006). Finally, 

since alcohol is easily volatilized, a number of studies have used repeated, passive exposure 

to alcohol vapor, interspersed with withdrawal from alcohol (often termed chronic 

intermittent alcohol, CIE). Chronic intermittent alcohol allows for very high blood levels of 

alcohol, leading to dependence, withdrawal symptoms, and elevated alcohol drinking, and 

may model dependence in human alcoholics (Becker & Hale 1993; O’Dell et al. 2004; 

Radke et al. 2015a).

Compulsive aspects of addiction where voluntary intake persists despite negative physical, 

social and economic consequences, are a major obstacle to treatment in humans, (for review 

and complete discussion, see Hopf & Lesscher 2014). Thus, there is considerable interest in 

understanding the mechanisms that allow continued intake despite negative consequences. 

Several rodent paradigms have been developed to model compulsive aspects of human 

addiction, where self-administration persists even when paired with an aversive 

consequence. Intake despite footshock is considered a robust indicator of compulsion-like 

intake, and has been observed for both cocaine and alcohol (see Hopf & Lesscher 2014). 

Also, many studies utilize a quinine-resistant alcohol intake paradigm; a similar cortico-NAc 

circuitry mediates alcohol intake paired with shock or paired with the bitter taste of quinine 

(see below, Seif et al. 2013), validating the many studies utilizing the quinine-resistant 

model. Thus, these aversion-resistant intake models may provide valuable insights into the 

molecular and circuit mechanisms that promote continued intake in the face of negative 

consequences.

Finally, it is important to point out that addictive behavior can be driven by different 

underlying motivational phenomenon. For example, intoxicant intake during earlier sessions 

(across weeks of intake) may be driven by the acute rewarding, reinforcing impact of the 

intoxicant, which is generally called positive reinforcement. In contrast, after many sessions 

of exposure, self-administration may be driven by negative reinforcement, where intake 

relieves the negative affect or physical symptoms which accumulate across repeated 

exposure (see Koob & Volkow 2010). Thus, reduced expression of addictive behaviors by 

NMDAR blockers could reflect decreased addictive drives involving either positive or 

negative reinforcement. For example, in some cases, NMDAR inhibition can reduce both 

CPP and self-administration of a given intoxicant. However, since CPP can involve fewer 

exposure sessions than self-administration, the motivational mechanisms mediated by 

NMDARs may be different after a fewer or greater number of exposure sessions.
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Brain areas implicated in addictive behaviors

Behaviors are generated through concerted activity within a series of brain circuits, and thus 

it is critical to understand how particular brain areas act to drive specific aspects of behavior. 

A complete description of brain areas implicated in addiction-related behaviors is beyond 

the scope of this review (see Gremel & Lovinger 2016; Koob & Volkow 2010; Saunders et 

al. 2015), but we briefly mention the most-studied regions. The NAc, the ventral portion of 

the striatum, promotes goal-directed and motivated behaviors, and the majority of studies we 

describe below address NMDAR adaptations in the NAc. Further, the NAc core subregion 

has been implicated more in regulation of behaviors by conditioned stimuli, while the NAc 

shell is implicated more in control of behavior by primary rewards, as well as inhibition of 

certain types of responding. Dorsal striatal (DStr) regions also play a central role in 

addiction, with the lateral DStr implicated in habitual behavior, and the medial DStr 

contributing to goal-directed behaviors where actions occur in relation to the outcomes they 

produce. Also, striatal regions have two largely distinct populations of neurons, the direct-

pathway cells and indirect-pathway cells, which have been considered to promote and 

reduce behavioral activity, respectively.

These striatal regions often act in concert with cortical areas that regulate the execution of 

many types of behavior. The medial prefrontal cortex (mPFC) has received considerable 

attention for its role in decision making, error and conflict processing and goal-directed 

action, while the orbitofrontal cortex (OFC) is implicated in behavioral flexibility and 

encoding value of stimuli and actions. Finally, midbrain neurons from the ventral tegmental 

area (VTA) provide inputs to striatal, cortical, and other regions, and can promote addictive 

behaviors through diverse mechanisms including invigoration of behavior. These 

connections in part contain dopamine, but recent studies have underscored the importance of 

VTA neurons that release other neurotransmitters (Morales & Root 2014).

It is also important to note that the large number of studies within a particular region, such as 

the NAc, does not per se imply that the region is ‘more important’ than lesser-studied areas. 

Brain regions act within interconnected circuits (Kalivas & McFarland 2003), and 

adaptations and/or basal signaling in many other brain regions are likely critical for 

promoting addictive behaviors, whether they have been identified yet or not.

NMDAR contributions to psychostimulant addiction

As described below, NMDAR action within particular brain regions regulates a number of 

psychostimulant-related behaviors. In some cases, such as psychostimulant sensitization, 

systemic administration of NMDAR blockers has produced mixed results across the large 

literature (for review, see Bespalov et al. 2000a,2000b; Landa et al. 2014). However, 

systemic NMDAR inhibition can alter the acute locomotor response to cocaine (Carmack et 

al. 2013), which complicates the interpretation of NMDAR effects on sensitization. Thus, 

we focus primarily on studies of intracranial interrogation of NMDARs and 

psychostimulant-related addictive behaviors.

The NAc is critical for expression of many motivated behaviors, and NAc NMDARs, 

especially GluN2B subunits, are altered by repeated, passive psychostimulant exposure. 
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Repeated methamphetamine reduces synaptic GluN2B in the NAc, and inhibiting NAc 

GluN2B with shRNA results in greater locomotion with acute Meth treatment and occludes 

the development of sensitization, suggesting that greater GluN2B mediates the expression of 

sensitization (Mao et al. 2009). However, cocaine sensitization has been associated with both 

decreased GluN2B in the NAc (Liu et al. 2016a,2016b) and increased GluN2B in the NAc 

shell subregion (Zhang et al. 2007), and drug treatments that reverse sensitization also undo 

the NAc shell GluN2B increase, again suggesting that greater GluN2B drives sensitized 

responses (Zhang et al. 2007). In addition, passive cocaine exposure has also been associated 

with a transient increase in GluN2B–enriched synapses in the NAc which are ‘silent’ 

because they lack AMPAR currents (Dong & Nestler 2014; Huang et al. 2015), and may 

represent an immature-like population of silent synapses which mature into AMPAR-

containing synapses devoted to drug-related memories.

Genetic knockout (KO) studies have also implicated striatal NMDARs in behaviors related 

to passive psychostimulant exposure, especially within specific striatal cell populations. 

Cocaine CPP and sensitization are prevented by expression of mutant NMDARs that do not 

pass calcium within direct-pathway striatal neurons (Heusner & Palmiter 2005), in 

agreement with the importance of NMDAR-derived calcium for LTP formation. Also, KO of 

GluN1 in all striatal neurons prevents cocaine CPP (Agatsuma et al. 2010). However, GluN1 

KO in only direct-pathway striatal cells does not prevent cocaine CPP, but does reduce cue-

primed reinstatement of cocaine CPP (Joffe et al. 2016), while KO in indirect-pathway 

striatal cells has no effects on cocaine behaviors (Joffe et al. 2016) but can impair a number 

of other forms of learning (Lambot et al. 2016). The reason for these discrepant findings 

remains unclear, although one caveat of KO studies is the possibility of homeostatic changes 

after removing NMDARs throughout the animal’s lifetime. For example, KO of GluN1 in all 

striatal projection neurons could have different compensatory effects from KO only in a 

subset of projection neurons. Also, since these studies involve KO across the striatum, these 

findings may reflect NMDAR action within the NAc, dorsal striatum or both. However, 

repeated methamphetamine reduces synaptic GluN2B in DStr as well as NAc (Mao et al. 

2009), suggesting possible importance of both NAc and DStr NMDARs.

Together, there is evidence that striatal NMDARs are required for forming different 

conditioned associations related to psychostimulant exposure, which would agree with the 

importance of NMDARs for memory formation in general. In addition, systemic NMDAR 

blockers alter the development of cocaine CPP (Carmack et al. 2013; Lin et al. 2011), but 

there are mixed results regarding NMDAR antagonists and expression of cocaine CPP (Lin 

et al. 2011; Maldonado et al. 2007). Divergent results may in part relate to differences across 

studies in the number of drug exposures, drug dose, and/or number of withdrawal days 

before testing (e.g. Turchan et al. 2003). Thus, studies systematically varying different 

dosing regimens and withdrawal durations would be very helpful. In fact, a robust 

relationship between the appearance of NMDAR adaptations and the expression of 

sensitization or CPP, and retention of NMDAR changes across protracted withdrawal, would 

support the importance of NMDAR adaptations as a causal mechanism.

In contrast to behaviors related to passive psychostimulant exposure, NAc NMDARs are 

considered unnecessary for the expression of voluntary psychostimulant intake. For 
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example, systemic inhibition of GluN2B subunits does not reduce responding for cocaine 

(deBacker et al. 2015). Also, NAc NMDARs are not required for the expression of different 

forms of cocaine self-administration (Suto et al. 2009; Vanderschuren et al. 2005), although 

extrasynaptic NMDAR function in the NAc shell is altered (Ortinski et al. 2013). In contrast, 

NMDAR blockers in the NAc (Backstrom & Hyytia 2007) and systemically (Bespalov et al. 

2000a,2000b) inhibit cue-induced reinstatement for cocaine. An NMDAR role during 

reinstatement but not self-administration could reflect the different brain circuits recruited, 

e.g. where cued reinstatement may be driven more by conditioned associations, while self-

administration is also driven, at least in part, by primary reinforcing effects (Kalivas & 

McFarland 2003). There is also little information at present about NAc NMDAR changes 

related to voluntary psychostimulant intake, as seen in the cortex (below). Since NAc 

NMDAR do not seem to regulate self-administration, it would be interesting if NAc 

NMDAR adaptations only appear after protracted withdrawal, an ‘incubation’ effect that has 

been observed for AMPAR adaptations (Chen et al. 2008; Conrad et al. 2008).

When trying to understand whether similar or different mechanisms promote addiction-

related behaviors involving passive vs. active exposure models, it is also important to note 

that passive and active exposure paradigms often involve different numbers of drug 

exposures and dose, which could lead to qualitatively different types of conditioned 

associations, as well as differential adaptations. However, studies where passive drug dose 

and timing is carefully matched for active exposure still observe divergent neuro-adaptive 

changes (Chen et al. 2008). Nonetheless, it is interesting that extant studies implicate NAc/

striatal NMDARs in regulation of sensitization, CPP and reinstatement, all of which may be 

more dependent on conditioned associations relative to self-administration. Thus, the brain 

circuitry recruited for the expression of a given behavior may be particularly important in 

determining whether striatal NMDARs promote that behavior, in addition to any NMDAR 

adaptations that may occur.

Cortical regions are critical for expression of many forms of behaviors, and cortical 

NMDAR adaptations are likely to profoundly influence the expression of addiction. In this 

regard, repeated methamphetamine exposure decreases GluN2B levels in the mPFC 

(Lominac et al. 2016) (see also Gonzalez et al. 2016). Furthermore, both extended and brief 

cocaine self-administration decrease mPFC GluN1 and GluN2B levels and tyrosine 

phosphorylation of GluN2B, which is required for surface expression of GluN2Bs (McGinty 

et al. 2015). Protracted extinction after cocaine self-administration is also associated with 

decreased cortical GluN1 levels (Crespo et al. 2002). However, another study found elevated 

mPFC GluN2B levels after 2 weeks withdrawal from extended but not brief daily cocaine 

access (Ben-Shahar et al. 2009). Also, both decreased (Crespo et al. 2002; McGinty et al. 

2015) and increased (Ben-Shahar et al. 2007) mPFC NMDARs have been observed just after 

self-administration.

Although there are some mixed results, one comprehensive interpretation is that self-

administration leads to long-lasting decreases in cortical NMDARs, including GluN2B, 

although excessive intake can increase NMDAR function under some conditions. Decreased 

NMDAR function could contribute to the cortical hypofunction that can promote cocaine 

seeking, likely by decreasing cortical control over behavioral inhibition and regulation (Chen 
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et al. 2013; McGinty et al. 2015; Murphy et al. 2012). However, systemic GluN2B inhibition 

does not reduce lever-pressing for cocaine (deBacker et al. 2015), which might not be 

predicted if reducing cortical NMDAR function promotes self-administration. One 

possibility is that more moderate GluN2B changes (after drug intake) could have different 

effects relative to more complete GluN2B inhibition (by pharmacological blockers). 

Alternately, inhibiting GluN2B within multiple brain regions could produce offsetting or 

opposing effects (see, e.g. ‘NMDAR Contributions to Food Addiction’ below). Thus, it 

would be valuable to examine mPFC NMDAR adaptations and the behavioral impact of 

lower doses of NMDAR antagonists at different time points across self-administration, 

extinction and reinstatement. In fact, moderate GluN2B inhibition in the mPFC might only 

enhance intake at times when reductions in GluN2B are not yet observed (perhaps early in 

self-administration training). Also, while OFC NMDAR adaptations are observed with 

alcohol exposure (see below), the importance of OFC NMDARs for psychostimulant-related 

behaviors remains largely unknown.

Given the behavioral importance of VTA neurons, including dopaminergic projections, it is 

also interesting that NMDAR inhibition within the VTA suppresses both acquisition and 

expression of cocaine CPP (Zhou et al. 2012). This concurs with studies using KO of 

NMDARs within midbrain dopamine cells (with KO in both VTA and nearby substantia 

nigra), which overall observe impaired cocaine CPP and sensitization (although with some 

mixed results, Engblom et al. 2008; Zweifel et al. 2008). These studies are consistent with 

the importance of VTA dopamine and NMDARs for learning, and also suggest that VTA 

NMDAR activity is acutely required for expression of CPP. In addition, repeated 

methamphetamine increases NMDAR function within VTA neurons, facilitating LTP 

induction, which is related to magnitude of the methamphetamine-induced CPP (see below 

in ‘Interaction of NMDARs with other receptor types’). Thus, VTA NMDARs can promote 

expression of some psychostimulant-related addictive behaviors, and future studies using 

subunit-specific shRNAs and antagonists can address the importance of particular NMDAR 

subunits.

Recent studies have identified cocaine-related NMDAR changes in the bed nucleus of the 

stria terminalis (BNST), a subcortical region which plays a critical role in anxiety and other 

emotion-related behaviors. Cocaine self-administration increases the decay time of NMDAR 

currents in BNST, suggesting an increase in GluN2B subunits (deBacker et al. 2015), and 

also impairs NMDAR-dependent LTD induction in the BNST. Interestingly, impaired LTD 

induction could be reversed by blocking GluN2B function, indicating that greater GluN2B 

function can actually impair some forms of synaptic plasticity. However, systemic inhibition 

of GluN2B subunits did not reduce responding for cocaine (deBacker et al. 2015), 

suggesting that BNST GluN2B adaptations do not regulate ongoing self-administration. An 

interesting alternate possibility for this study, and other studies where adaptations are 

observed but do not seem to have behavioral consequences, is that GluN2B regulate the re-

forming of drug-related memories during intake. In this case, GluN2B inhibition would 

impact intake on future sessions rather than the current session (see Keiflin et al. 2013). This 

also underscores the importance of not taking a too simplistic perspective when interpreting 

NMDAR adaptations. Adaptations certainly can occur which have little behavioral impact. 

However, our animal behavioral models also tend to focus on specific aspects of the broad 
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behavioral repertoire. Thus, assessment of different aspects of addictive behaviors may 

uncover a more selective contribution of a given adaptation that is not apparent in simple 

measures of intake.

Finally, it is notable that preclinical studies find limited evidence for NMDARs regulation of 

cocaine self-administration. In this regard, the NMDAR inhibitor memantine, which is FDA 

approved for Alzheimer’s disease, is of great interest as a possible NMDAR intervention for 

other human conditions including addiction. However, studies from human addicts (Bisaga 

et al. 2010; Collins et al. 1998) and primates ( Newman & Beardsley 2006) show little 

impact of memantine on cocaine intake. Nonetheless, given that preclinical studies 

implicating NMDARs in CPP and reinstatement, it would be interesting if NMDAR blockers 

did reduce other addiction-related phenomenon in humans, such as human variants of place 

conditioning (e.g. Childs & de Wit 2009) and relapse. This would give greater validity to 

preclinical findings, especially that NMDAR inhibitors are effective against more specific 

aspects of addiction (e.g. relapse).

NMDAR contributions to alcohol addiction

A substantial literature has examined the importance of NMDARs for alcohol-related 

physiology and behavior. As described below, alcohol has a more unique relationship to 

NMDARs, since it is the only widely used intoxicant that directly inhibits NMDARs. Also, 

alcohol increases NMDAR function across many brain areas. In addition, NMDARs can 

directly promote several types of alcohol intake and relapse. Thus, although alcohol is 

known to interact with a number of cellular targets (see other reviews within this volume), 

NMDARs play a prominent role in regulating alcohol behaviors, and vice versa.

Direct inhibitory effect of alcohol on NMDARs

Unlike many other intoxicants, alcohol has direct, inhibitory effects on NMDARs (Ron & 

Wang 2009), although phencycline (PCP) and ketamine are NMDAR blockers that are also 

abused by humans. Alcohol inhibition of NMDARs was first identified in cultured neurons 

(Lovinger et al. 1990), and has since been observed in many brain regions, and can be 

mediated through GluN2B subunits (Wang et al. 2007; Wills et al. 2012). Importantly, 

alcohol inhibition of NMDARs is thought to contribute to the rewarding or intoxicating 

effects of alcohol (Hodge & Cox 1998). For example, animals can learn to press a lever 

when the interoceptive impact of a given compound is similar to the interoceptive effect of 

alcohol, indicating that they ‘feel’ the same (i.e. they have similar discriminative properties). 

Systemic NMDAR blockers substitute for the discriminative stimulus properties of alcohol 

(Grant & Colombo 1993) but not cocaine (Sanger et al 1992). Furthermore, infusion of 

noncompetitive NMDAR inhibitors such as MK-801 within the NAc substitutes for alcohol, 

suggesting that NAc inhibition in this manner ‘feels’ similar to alcohol, while the 

competitive NMDAR antagonist (RS)-CPP in the NAc does not (Hodge & Cox 1998, but see 

Kostowski & Bieńkowski 1999). It is also noteworthy that humans report alcohol-like effects 

of NMDAR blockers such as ketamine and memantine (Dickerson et al. 2010; Krupitsky et 

al. 2007; Krystal et al. 1998, 2006). Thus, NMDAR inhibition by alcohol may contribute to 

the rewarding and/or intoxicating effects of alcohol.
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The ability of NMDAR inhibition within the NAc to mimic alcohol’s interoceptive effects is 

interesting, since animals will self-administer NMDAR blockers within the NAc, suggesting 

that this inhibition may be directly rewarding. In particular, animals will self-administer 

several different types of NMDAR blockers [MK-801, (RS)-CPP, PCP] directly into the NAc 

shell, although not into the NAc core (Carlezon & Wise 1996a). In agreement with a direct 

rewarding effect, the same NMDAR inhibitors within the NAc shell also enhance the reward 

elicited by medial forebrain bundle stimulation (Carlezon & Wise 1996b). Also, animals will 

self-administer these same NMDAR blockers directly into the mPFC (Carlezon & Wise 

1996a), suggesting that cortical NMDAR inhibition may also be rewarding. However, these 

effects are quite different from NMDAR inhibition and alcohol. Alcohol’s discriminative 

stimulus effects occur within the NAc core but not the mPFC, and only a subclass of 

NMDAR blockers within the NAc substitute for systemic alcohol (Hodge & Cox 1998). 

Also, NMDAR inhibition by alcohol is more moderate (<50% reduction of currents 

observed ex vivo) relative to pharmacological blockers. Thus, strong NMDAR inhibition 

within the NAc shell and cortex can be rewarding, but a different mechanism, within the 

NAc core, allows alcohol to inhibit NMDARs and produce rewarding and/or intoxicating 

effects.

Alcohol inhibition of NMDARs can complicate the interpretation of experiments examining 

NMDAR blockers and alcohol drinking. NMDAR antagonists could suppress alcohol-related 

behavior simply because NMDAR activity is required to drive intake. Alternately, if an 

NMDAR inhibitor mimics the intoxicating effect of alcohol, this could act as a satiety 

signal, indicating that an individual has already consumed alcohol, which could reduce the 

drive to drink more. For example, memantine decreases alcohol intake but not responding 

for alcohol under a progressive ratio, a measure of motivation (Alaux-Cantin et al. 2015). 

This has been interpreted as memantine substituting for interoceptive effects of alcohol, 

rather than reducing motivation for alcohol (see also Holter et al. 2000). However, it is also 

clear that competitive NMDAR antagonists such as AP-5 can decrease alcohol consumption 

under particular paradigms (see below), and AP-5 within the NAc also inhibits expression of 

alcohol CPP (Gremel & Cunningham 2009). Thus, NMDARs may directly promote alcohol 

reward and drinking behaviors, separate from or in addition to possible interoceptive and/or 

rewarding effects of NMDAR inhibition by alcohol itself. These multiple and perhaps 

opposite effects of NMDARs on alcohol behaviors may have very different implications 

relative to other abused drugs (addressed in the following sections).However, it may also 

allow NMDAR inhibitors to have greater clinical efficacy for decreasing excessive alcohol 

intake in humans.

Alcohol-related increases in NMDARs across many brain regions

A number of studies of alcohol exposure and intake have converged on the idea that 

NMDAR function increases across repeated exposure. This has been thought to occur as a 

compensation for direct alcohol inhibition of NMDARs, and has been observed in many 

brain regions. Greater NMDAR function can have a number of functional implications, 

including elevated neuronal activity and withdrawal symptoms (reviewed in Stuber et al. 

2010), and perhaps greater consumption. Here, we will primarily examine recent studies of 
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alcohol-related NMDAR changes in particular brain regions, especially GluN2B–related 

adaptations, and their impact on induction of synaptic plasticity.

Original studies in cultured hippocampal and cortical neurons and brain slices found that 

chronic alcohol exposure upregulates NMDAR function and synaptic targeting of GluN1 

and GluN2B but not GluN2A subunits; also, no changes were observed in AMPAR currents, 

suggesting a receptor-specific effect (Carpenter-Hyland et al. 2004; Qiang et al. 2007). 

These simpler models have allowed the discovery of important aspects of alcohol exposure, 

especially that intermittent alcohol exposure, with intervening periods of withdrawal, can 

have greater effects than continuous alcohol exposure, such as larger and more persistent 

changes in GluN2B (Sheela Rani & Ticku 2006). Since then, alcohol exposure in the intact 

animal has been shown to increase NMDAR function in a number of brain areas, often with 

changes in GluN2Bs when subunits are examined (for review, see Wills et al. 2015).

In the NAc, repeated injection of alcohol increases GluN2B (McGuier et al. 2015). In 

addition, shorter term CIE (repeated alcohol vapor, see above) increases NMDAR currents 

and facilitates LTP induction in direct-pathway NAc cells, while CIE decreases NMDAR 

function and facilitates LTD induction in indirect-pathway NAc cells (Renteria et al. 2016). 

Thus, increased GluN2B in NAc direct-pathway cells may promote AMPAR plasticity and 

activity of these neurons, which could increase alcohol intake (cf. Beckley et al. 2016).

Alcohol also alters NMDAR function in several cortical regions. In the medial OFC, CIE 

increases NMDAR currents and mRNA levels for GluN1 and GluN2A but not GluN2B in 

the medial OFC, with no changes in NMDAR mRNA in vmPFC or DStr (Radke et al. 

2015a). These medial OFC adaptations are accompanied by increased willingness to drink 

alcohol when paired with shock, considered a measure of compulsion-like intake, and this is 

specific to alcohol since CIE does not change punished food-seeking. In the lateral OFC, 

CIE decreases GluN2B levels, although plasticity induction is enhanced (Nimitvilai et al. 

2016). These findings are in interesting contrast to those described below in ‘NMDAR 

Contributions to Food Addiction,’ where GluN2B inhibition in the OFC impairs shifting 

between alternate choices (Brigman et al. 2013), and genetic KO of cortical GluN2Bs 

promotes compulsion-like food intake (Radke et al. 2015b). Thus, both reduced and 

enhanced GluN2B seem to be able to impair adaptive choice. This could reflect the different 

rewards, alcohol vs. food. However, other aspects of cortical function and behavior are 

known to exhibit a U-shaped response in relation to cortical activity, with optimal function at 

intermediate activity levels (Cools & D’Esposito 2011).

In the mPFC, GluN1, GluN2B and GluN2A protein levels are enhanced by continuous, 

chronic alcohol exposure, which returns to control within 2 days of withdrawal (Kalluri et al. 

1998). In addition, CIE exposure and 1 week withdrawal increases NMDAR function in the 

mPFC and impairs cognitive flexibility, an mPFC-dependent task (Kroener et al. 2012). This 

is an example of how intermittent alcohol exposure can have more protracted effects than 

continuous exposure. However, greater NMDAR function in the mPFC with CIE is 

associated with greater GluN1 and GluN2B levels just after a drinking session, but protein 

levels are normal after 1 week withdrawal even though synaptic NMDAR currents are 

greater. While this seems paradoxical, it may instead be an example of the relative 
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specificity of electrophysiology and western blot methods. In particular, electrophysiological 

recordings allow great precision in determining functional changes within a particular cell 

(in this case, layer V), while western blot measures changes across a larger tissue area with 

diverse cell types and may miss molecular changes present in a specific cells. Nonetheless, 

these studies do agree overall that cortical regions consistently demonstrate strong NMDAR 

adaptations after alcohol exposure.

In addition to alcohol-related changes in NMDARs in striatal and cortical regions, CIE 

increases BNST LTP via extrasynaptic GluN2Bs (Wills et al. 2012). Chronic intermittent 

alcohol also produces a number of changes in GluN2B–associated binding partners in the 

hippocampus for both synaptic and non-synaptic populations of GluN2Bs (Wills et al. 

2015). Thus, GluN2B adaptations with alcohol seem to occur widely across the brain.

Overall, these studies illustrate how repeated, passive alcohol exposure can enhance 

NMDAR function, especially GluN2B, across many brain regions, and that NMDAR 

changes have functional implications for induction of synaptic plasticity. It is likely that at 

least some of these NMDAR changes will alter expression of alcohol-related behavior(see 

below). However, one significant limitation of these studies is that alcohol exposure is 

passive, given that active and passive exposure produces very different adaptations for other 

drugs (e.g. Chen et al. 2008). Thus, it is critical that future work identify NMDAR 

adaptations associated with voluntary alcohol drinking (e.g. Seif et al. 2013, 2015).

Finally, human studies have also demonstrated that the alcohol-like acute effects of NMDAR 

blockers are reduced in alcohol-dependent individuals, which has been interpreted as 

evidence that people with AUDs have greater NMDAR function (Krystal et al. 2011). While 

this would be consistent with preclinical findings, reduced sensitivity to alcohol-like effects 

of NMDAR blockers may precede the development of AUDs, since non-alcoholic relatives 

of individuals with AUDs also show reduced responses to NMDAR inhibition (Petrakis et al. 

2004). However, it may be difficult to rule out that relatives of people with AUDs have 

greater risk of developing NMDAR changes even with moderate alcohol consumption. 

Nonetheless, these human studies support the observation in animals that repeated alcohol 

exposure elevates NMDAR levels.

NMDARs and addiction-related alcohol behaviors

Increased NMDAR levels after repeated alcohol have the potential to strongly impact the 

expression of addictive behaviors. Although acquisition of alcohol CPP does not require 

GluN2Bs (Boyce-Rustay & Cunningham 2004), NMDAR inhibition in the NAc prevents 

expression of alcohol CPP (Gremel & Cunningham 2009). NMDARs also regulate 

expression of alcohol sensitization. Greater alcohol sensitization is associated with reduced 

mRNA levels for GluN1 and GluN2A in NAc and GluN2B in hippocampus, but higher 

GluN2A mRNA levels in BNST (Nona et al. 2014). In addition, individual mice with greater 

alcohol sensitization exhibit greater voluntary alcohol drinking; in parallel the NAc core of 

sensitized mice show reduced NMDAR function, NMDAR-dependent LTD and GluN1 and 

GluN2A protein levels, although greater GluN2B, after several weeks withdrawal (Abrahao 

et al. 2013). Reduced NMDAR levels in NAc core and mPFC in sensitized mice are also 

found after one day withdrawal (Quadros et al. 2002). Thus, overall greater NMDAR 
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function within the NAc, and perhaps other brain areas, seems to suppress sensitization for 

alcohol and protect against increased alcohol drinking (Abrahao et al. 2013). In agreement, 

passive drug exposure increases NAc CREB (cAMP response element-binding protein) and 

NMDAR synaptic function, which decreases cocaine reward (Huang et al. 2008) and would 

be protective inasmuch as reward promotes development of addictive behaviors. However, 

there are some differences in early and later withdrawal from alcohol. In early withdrawal, 

sensitized mice show similar NMDAR levels as controls, while non-sensitized show elevated 

NMDARs, consistent with a protective function (Quadros et al. 2002). After several weeks 

of withdrawal, non-sensitized mice show similar NMDAR function as controls, while 

sensitized mice have reduced NMDARs (Abrahao et al. 2013). Thus, repeated alcohol 

exposure may cause opposing adaptations, an increase in NMDARs that decreases across 

withdrawal and is protective, and also a decrease in NMDAR levels only in sensitized 

animals. Nonetheless, these studies support the idea that alcohol exposure can strongly 

regulate NMDAR function, and that these NMDAR adaptations impact the expression of 

addiction-related behaviors.

In contrast to studies of passive alcohol exposure, several lines of evidence suggest that 

NMDARs promote voluntary alcohol drinking. Systemic NMDAR blockers decrease alcohol 

drinking under some paradigms (see Sabino et al. 2013; Vengeliene et al. 2005). Also, high 

doses of the NMDAR blocker AP-5 within the NAc inhibit operant alcohol intake in rats 

(Rassnick et al. 1992), although memantine in the NAc does not reduce operant intake in 

mice (Eisenhardt et al. 2015). Also, lower but still effective AP-5 doses do not reduce two-

bottle choice alcohol drinking in rats (Seif et al. 2013), nor does memantine or NMDAR 

inhibition in direct pathway cells within the NAc in mice (Eisenhardt et al. 2015). In 

contrast, NMDAR inhibition within the NAc does strongly inhibit compulsion-like alcohol 

consumption that is driven by NAc adaptations in non-canonical NMDARs (Seif et al. 2013, 

2015; see below). Furthermore, NAc NMDARs do not regulate cue-induced alcohol 

reinstatement in rats (Backstrom & Hyytia 2004) or mice (Eisenhardt et al. 2015). In 

contrast, pharmacological NMDAR inhibition or genetic NMDAR knockdown in direct 

pathway cells within the NAc strongly reduces the Alcohol Deprivation Effect, a model of 

relapse where consumption is greatly enhanced by protracted abstinence (Eisenhardt et al. 

2015). Overall, these studiessuggest that NAc NMDARs are not required for simpler forms 

of intake, similar to what is observed for cocaine (see above), but are critical for states of 

higher motivation, including compulsion-like drinking and the Alcohol Deprivation Effect. 

What remains unclear is the lack of role for cue-primed reinstatement, since NMDARs in 

the NAc promote reinstatement for cocaine and heroin. Additional studies comparing 

NMDAR inhibition for different types of reinstatement for alcohol would be helpful.

In addition the NAc NMDARs, excessive, voluntary alcohol drinking is driven by GluN2B 

adaptations within the medial DStr. Repeated intake increases GluN2B levels and 

phosphorylation and AMPAR LTP within the medial DStr, which ultimately promotes 

alcohol intake (Wang et al. 2007, 2010, 2012). Interestingly, no GluN2B changes are 

observed in the NAc, and inhibition of GluN2Bs within NAc has no effect on excessive 

drinking (Seif et al. 2013; Wang et al. 2007). Thus, voluntary alcohol drinking is driven in 

part by subregion-specific striatal adaptations in different NMDAR subunits (see also Acosta 

et al. 2010). It is also notable that passive alcohol exposure does increase NAc GluN2B 
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levels (McGuier et al. 2015), another example of how passive and active exposure can 

produce very different adaptations.

Finally, although there are limited studies, inhibition of NMDARs within the VTA decreases 

both the expression of alcohol CPP (Pina & Cunningham 2016) and the Alcohol Deprivation 

Effect (Eisenhardt et al. 2015). In contrast, neither operant nor two-bottle choice alcohol 

self-administration are altered (Eisenhardt et al. 2015).

Taken together, the extant preclinical studies indicate that NMDARs in several mesolimbic 

regions play a critical role in promoting voluntary alcohol consumption. These findings 

strongly support the use of NMDAR antagonists to address human AUDs, although there 

may be limitations, as described below in ‘Non-Canonical NMDARs and Cocaine and 

Alcohol Addiction.’

NMDAR contributions to opiate addiction

Studies of opiate-related addictive behaviors also implicate GluN2B subunits, especially in 

the NAc. Morphine CPP increased NAc GluN2B levels (Ma et al. 2006) and GluN1 mRNA 

(Jacobs et al. 2005; see also Turchan et al. 2003), and morphine-induced sensitization 

increases NAc GluN2B levels and phosphorylation, and NMDAR currents (Liu et al. 2014). 

However, GluN2B knockdown with siRNA in the NAc suppresses morphine CPP but not 

sensitization (Kao et al. 2011). Since these siRNAs would impact both development and 

expression of sensitization, it is notable that systemic GluN2B or NMDAR inhibition 

prevents the development of morphine sensitization (Aguilar et al. 2009; Liu et al. 2014). In 

addition, intracerebroventricular (i.c.v.) infusion of GluN2B inhibitors prevents both 

acquisition and expression of morphine CPP (Ma et al. 2006), and intra-NAc shell GluN2B 

inhibition suppresses reinstatement of morphine CPP (Ma et al. 2007). Also, repeated 

morphine increases NAc GluN1 surface levels and phosphorylation which lasts for months 

of withdrawal (Anderson et al. 2015), suggesting that NMDAR changes are long-lasting. 

Finally, since systemic and i.c.v. administration will impact all brain regions, we note that 

GluN2Bs in other brain areas can regulate opiate-related behaviors, e.g. where GluN2B 

inhibition within the hippocampus suppresses reinstatement of morphine CPP (Ma et al. 

2007). Taken together, it is clear that GluN2B adaptations in NAc mediate expression of 

morphine CPP, while the role of NMDARs in the expression of opiate sensitization remains 

to be tested directly.

Interestingly, studies of voluntary intake have also demonstrated critical contributions of 

GluN2Bs. In particular, heroin exposure induces reinstatement of heroin seeking, and also 

leads to a rapid increase in surface expression of NAc GluN2B subunits and to LTP of 

AMPAR function in cortico-accumbens synapses (Shen et al. 2011). Importantly, blocking 

GluN2B within the NAc prevents both AMPAR LTP and the ability of heroin exposure to 

cause reinstatement. Thus, increased function of NAc GluN2Bs seem central for driving this 

form of relapse for opiates, in addition to promoting the expression of passively conditioned 

reward for morphine.
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Given the importance of NMDARs in other brain regions, such as cortex and BNST, for 

psychostimulant and alcohol behaviors, future work should examine whether NMDARs in 

such regions also promote opiate addiction. For example, morphine CPP increases GluN2B 

protein levels in the hippocampus (Ma et al. 2006). In addition, NMDAR inhibition within 

the mPFC increases acute opiate reward via a VTA/dopamine mechanism (Bishop et al. 

2011; Tan et al. 2014), and low dose memantine decreases the methadone dose required 

during maintenance treatment in opiate addicts (Lee et al. 2015). Thus, cortical NMDARs 

seem to regulate primary opiate reward, which would likely have a profound and perhaps 

clinically relevant impact on opiate addiction.

Finally, preclinical studies of opiate-related behaviors seem to be very encouraging for the 

possibility that NMDAR inhibition could be therapeutically useful in human drinkers. 

However, memantine has shown limited effectiveness in treating opiate dependence in 

humans, except for counteracting physical withdrawal symptoms (Bisaga et al. 2001, 2011; 

Jain et al. 2011). While this is discouraging, it may be that, as discussed above for cocaine, 

NMDAR inhibitors may be efficacious against particular aspects of addiction (such as 

withdrawal and relapse) rather than as a general treatment for intake per se.

NMDAR contributions to nicotine addiction

Nicotine studies also suggest an important role for NMDARs. NMDAR changes after 

passive nicotine exposure have shown varied results that seem to reflect differences in 

nicotine exposure. Nicotine sensitization, with 14 days exposure but no withdrawal, 

increases NMDAR currents in NAc core and mPFC but not NAc shell, with no changes in 

GluN2B (Ávila-Ruiz et al. 2014). In contrast, briefer nicotine exposure (7 days) increases 

GluN2B phosphorylation in both NAc and striatum (Nakajima et al. 2012). Also, GluN2B 

but not GluN2A levels are decreased across withdrawal in the striatum (Pistillo et al. 2016). 

In contrast, across withdrawal, GluN1 and GluN2A but not GluN2B levels increase in the 

VTA, while GluN2A but not GluN2B levels are decreased in the mPFC. Thus, there are no 

actual discrepancies among these studies, and they all support the ability of nicotine 

exposure to produce NMDAR adaptations.

Like other intoxicants, NAc NMDARs are implicated in aspects of voluntary intake of 

nicotine. NMDAR inhibition within the NAc shell (and lateral septum), but not the NAc 

core, increases nicotine self-administration (D’Souza & Markou 2014), which is not due to 

alpha7-nAChR–NMDAR direct interactions (see below). Increased intake with NMDAR 

inhibition seems to suggest that NAc NMDARs actually suppress intake, which might occur 

via NAc connections to other brain regions (D’Souza & Markou 2014). An alternate 

possibility is that this dose of the NMDAR inhibitor produces moderate inhibition. This 

could reduce the reward value of nicotine and enhance self-administration in response to the 

decreased reward, which has been observed for nicotine in primates (Kohut & Bergman 

2016). However, nicotine-NMDAR interactions in the NAc are also complicated by the 

presence of nAChR-regulated NMDARs on presynaptic dopamine and glutamate terminals 

(Salamone et al. 2014; Zappettini et al. 2014). Thus, the interaction of nicotine and 

NMDARs within the NAc are likely to be complex.
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Studies of cued reinstatement for nicotine have also implicated NAc NMDARs. Withdrawal 

from nicotine increases GluN2A and GluN2B levels within the NAc, and cued reinstatement 

increases AMPAR and NMDAR currents, and also slows NMDAR current decay which may 

indicate greater GluN2B levels (Gipson et al. 2013b). Importantly, inhibition of either 

GluN2A or GluN2Bs within the NAc reduces cued reinstatement for nicotine (Gipson et al. 

2013b). In addition, i.c.v. disruption of alpha7-nAChR-NMDAR interactions reduces 

reinstatement of nicotine seeking (see below). However, another study found that cued 

reinstatement for nicotine is actually enhanced by NMDAR inhibition within the NAc core 

but not shell (D’Souza & Markou 2014), similar to the increased nicotine intake noted 

above. Thus, although there are some divergent findings, all studies agree that NAc 

NMDARs are potent regulators of cued reinstatement for nicotine.

Finally, NMDARs have been tested in human smokers. The intoxicating effects of smoking 

are reduced by memantine (Jackson et al. 2009) and the partial agonist D-cycloserine (Nesic 

et al. 2011). However, another study found that memantine did not influence the acute 

effects of nicotine and also did not reduce smoking (Thuerauf et al. 2007). An NMDAR 

glycine site antagonist also had no effect on craving or smoking levels (Evins et al. 2011). 

Thus, like cocaine and heroin, human studies of NMDAR inhibition have produced 

disappointing results, which is in strong contrast to the promising preclinical findings. It 

may that the intravenous method for nicotine administration in animals does not match the 

experience of inhaled nicotine in humans. Alternately, systemic D-cycloserine only reduces 

intake in animals with lower levels of self-administration (Levin et al. 2011). Thus, NMDAR 

blockers may be efficacious only in a subset of human smokers.

NMDAR contributions to food addiction

GluN2B subunits within the cortex may also play a particular role in addiction-like food 

intake. After genetic KO of GluN2B only in cortical glutamatergic neurons, mice continue 

responding for food even when paired with footshock (Radke et al. 2015b). This suggests 

that cortical GluN2Bs normally suppress compulsion-like responding for food. Removing 

GluN2Bs from cortical principal neurons did not alter progressive ratio or extinction 

responding, also considered measures of compulsion-like responding (see Hopf & Lesscher 

2014), thus indicating a specific role for cortical GluN2Bs in punishment-resistant aspects of 

motivation for food. Also, GluN2B KO in cortical interneurons or striatal neurons has no 

effects on any of these addiction-related behaviors. In addition, GluN2B inhibition in the 

OFC (and perhaps other cortical areas) impairs shifting between alternate choices (Brigman 

et al. 2013). Thus, GluN2Bs in glutamatergic cortical neurons may facilitate adaptive 

behavioral choices and cognitive flexibility, including switching away from a preferred 

reward when it is paired with punishment, which is consistent with an overall role for 

cortical regions in behavioral control.

NMDARs also regulate pathological drives for food through regions other than cortex. 

NMDAR inhibitors within the NAc shell but not core reduce binge eating of a highly 

palatable food, but not lab chow intake, and also suppress responding in the presence of an 

aversive bright light, another compulsion-like model (Smith et al. 2015). However, another 

study found that inhibiting NMDARs within the NAc core or shell reduced operant 
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responding for food pellets (D’Souza & Markou 2014). Nonetheless, these studies together 

suggest that NMDARs in different regions may have different impacts on pathological food 

intake, being protective in cortical areas but driving maladaptive responding in the NAc. 

These findings also partially concur with studies (described below) that cortico-accumbens 

inputs and NAc NMDARs support compulsion-like responding for alcohol (Seif et al. 2013, 

2015).

Non-canonical NMDARs and cocaine and alcohol addiction

One interesting area of modern addiction research has focused on non-canonical NMDARs 

containing GluN2C/D and/or GluN3 subunits, which are unusual due to greater activity at 

hyperpolarized membrane potentials relative to other NMDAR subtypes (Cull-Candy & 

Leszkiewicz 2004; Traynelis et al. 2010). Thus, these non-canonical NMDARs can provide a 

sustained depolarizing influence even at hyperpolarized potentials, and dramatically enhance 

neuronal firing (Seif et al. 2013; Zhang et al. 2009). Some non-canonical NMDARs also 

have reduced currents and calcium permeability, and, in the most extreme case, GluN1/3 

receptors lacking GluN2 subunits are not activated by glutamate (Smothers & Woodward 

2007). Although these receptors have received relatively little attention, recent studies have 

uncovered the potential critical role that these unusual NMDAR subunits can play in cocaine 

sensitization and compulsion-like alcohol consumption.

It has long been observed that a single cocaine exposure increases AMPAR function in the 

VTA (Ungless et al. 2001), and recent studies suggest that this requires the insertion of 

NMDARs containing GluN3A as well as GluN2B (Yuan et al. 2013). Although this reduces 

NMDAR current levels, it does indicate that non-canonical NMDARs are critical for the 

induction of AMPAR plasticity. Interestingly, mGluR activation after cocaine exposure 

reverses the cocaine-related changes in both GluN3A and AMPARs (Yuan et al. 2013), in 

agreement with a reversal in the expression of cocaine sensitization by mGluRs (Bellone & 

Luscher 2006). Thus, AMPAR plasticity mediated by non-canonical NMDARs promotes 

expression of sensitization. Furthermore, by acting as a target for mGluRs, these non-

canonical NMDARs might represent a mechanism whereby reversal of cocaine-related 

plastic changes could reduce addictive behaviors.

In addition to these cocaine findings, our recent studies have implicated non-canonical 

NMDARs in the expression of compulsion-like alcohol drinking in rats, where intake 

persists even when paired with aversive consequences (see above). We discovered that 

longer-term, intermittent alcohol drinking leads to the appearance of GluN2C/3-containing 

NMDARs under specific cortical (mPFC and anterior insula) synapses within the NAc core 

(Seif et al. 2013, 2015). Importantly, inhibition of these non-canonical NMDARs within the 

NAc significantly reduces compulsion-like alcohol drinking, but has little effect on ‘regular’ 

alcohol drinking (intake without overt aversive consequences). Our preclinical results agree 

with hypotheses from several clinical groups (Tiffany & Conklin, 2000; Naqvi & Bechara, 

2010; Naqvi et al. 2014) that compulsive intake is characterized by conflict, e.g. between the 

desire for alcohol and the fear of adverse consequences, which then recruits cortical areas 

that process conflict and exert behavioral control. In contrast, these groups hypothesize that 

intake in the absence of conflict is mediated by more dorsal-striatal, habit-based 
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mechanisms. In our studies, ‘regular’ drinking does not require cortical projections to the 

NAc or NAc NMDARs, while compulsion-like alcohol drinking is critically dependent on 

cortico-NAc projections and non-canonical NMDARs in the NAc. In fact, our study (Seif et 

al. 2013) is the first direct evidence for the hypotheses of Tiffany, Naqvi and colleagues. 

However, further work is required to address the relationship between the level of conflict 

and recruitment of different cortical or striatal regions. In particular, some aspects of conflict 

may occur during what we have called regular alcohol drinking, such as overcoming the 

aversive taste of alcohol. Also, we note that non-canonical NMDARs are present under 

cortical but not amygdala and other abundant inputs to the NAc, suggesting that these 

NMDARs are selectively targeted to cortico-NAc terminals (Seif et al. 2013). It is tempting 

to speculate that these non-canonical NMDARs bias NAc activation by cortical signals, 

which are likely essential for driving compulsion-like drinking in the face of conflict.

In agreement with these preclinical findings and clinical hypotheses, a recent study found 

that the NMDAR blocker memantine reduces alcohol cravings but not alcohol drinking in 

humans (Krishnan-Sarin et al. 2015; see also Krupitsky et al. 2007). Since this study 

involved heavy drinkers that were not treatment-seeking, they were ostensibly not in conflict 

about drinking; the only conflict they would experience would be during craving, reflecting 

a desire for alcohol when it was not available (see also Bisaga & Evans 2004). In addition, 

memantine may preferentially inhibit GluN2C- and 2D–containing NMDARs (Kotermanski 

& Johnson 2009). These results concur with the idea that non-canonical NMDARs drive 

alcohol behaviors that involve conflict. Other clinical studies have shown that memantine 

reduces intake and cravings in treatment-seeking AUD patients with co-morbid depression 

(Muhonen et al. 2008), although it had no effect in another study of treatment-seekers 

(Evans et al. 2007). Nonetheless, a GluN2C single nucleotide polymorphism linked to risk 

for alcoholism is associated with greater activation of several cortical areas by alcohol cues, 

and where brain activity is related to both craving and future relapse (Bach et al. 2015). 

Taken together, these findings suggest that non-canonical NMDARs can play a significant 

role in regulating addiction to alcohol, and perhaps other drugs of abuse (Sedaghati et al. 

2010), particularly under conditions where there is conflict regarding intake.

One additional finding from our studies is that D-serine, either systemically or within the 

NAc, selectively reduces compulsion-like drinking in a manner similar to the NMDAR 

blocker AP-5 (Seif et al. 2015). Although D-serine is canonically considered an NMDAR 

activator at the glycine site (see following section), it can also inhibit non-canonical 

NMDARs containing the GluN3 subunit (Chatterton et al. 2002; Takarada et al. 2009, 2012), 

although at higher concentrations than those that promote NMDAR activity (Takarada et al. 

2009, 2012). In this regard, aversion-resistant alcohol drinking is inhibited by 50–100 µg but 

not 25 µg D-serine within the NAc core (Seif et al. 2015), while 4 µg D-serine within the 

NAc enhances NMDAR function and promotes memory formation (Curcio et al. 2013). 

Thus, D-serine could represent an important therapeutic intervention to counteract 

compulsive motivation for alcohol, which, at the same time, could increase the memory for 

not giving in to compulsive drives.
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Plasticity and contributions of NMDAR co-agonists

NMDAR activity requires the presence of D-serine or D-glycine as a co-agonist at the 

NMDAR glycine-binding site. Thus, changes in the regulation of these factors can alter 

NMDAR function. For example, passive cocaine exposure increases expression of the D-

serine degrading enzyme, D-amino acid oxidase (DAAO), and decreases expression of serine 

racemase, which mediates synthesis of D-serine, within the NAc core. Together, these 

adaptations reduce D-serine levels in the NAc core and impair induction of NMDAR-

dependent LTP and LTD (Curcio et al. 2013). Interestingly, supplementing D-serine within 

the NAc restores plasticity induction, and also blocks the expression of sensitization (Curcio 

et al. 2013). More recently, Liu et al. (2016a, 2016b) demonstrated that the cocaine-related 

changes in NAc DAAO are long-lasting, and that supplementing D-serine within the NAc 

restores the ability to extinguish CPP and reverse cocaine-related decreases in GluN2B. 

Thus, decreased NMDAR function due to decreased agonism at the glycine site increases the 

impact of behavioral sensitization, and restoring normal NMDAR function seems to protect 

against this addiction-related behavior. However, genetic KO of serine racemase, and the 

associated NMDAR hypofunction, is associated with decreased cocaine locomotor 

sensitization and CPP reinstatement, while supplementation with D-serine restores CPP 

(Puhl et al. 2015).

Together, these results suggest that altered regulation of NMDAR cofactors can strongly 

influence addiction-related behaviors, and also that different levels of NMDAR function can 

have different effects. KO studies with very strong NMDAR inhibition indicate an absolute 

requirement for NMDARs for formation of associative drug memories. However, more 

moderate NMDAR hypofunction increases susceptibility to developing or expressing 

addiction-related behavior, and D-serine could represent a useful therapeutic intervention to 

restore normal plasticity and reduce the impact of intoxicant-related memories. In 

agreement, the Alcohol Deprivation Effect, where drinking increases after protracted 

abstinence, is greatly reduced by inhibition of a glycine transporter (Vengeliene et al. 2010) 

or by blocking the glycine site on NMDARs (Vengeliene et al. 2005). The former effect, 

which involves an increase in D-glycine levels, may reflect a normalization of alcohol-

related changes in glutamatergic and glycinergic receptor function. Although preliminary, 

these studies support the idea that altering NMDAR cofactors might reflect a useful clinical 

intervention to ameliorate NMDAR dysfunctions that promote addictive behaviors.

Co-agonist NMDAR regulators could also reduce addictive behavior by other mechanisms. 

For example, intoxicant-related cues can be extinguished by repeatedly presenting the cues 

in the absence of reward, which decreases the ability of such cues to drive addictive 

behaviors. Since extinction represents new learning, it is likely that NMDARs are required 

for extinction (through their general role in memory formation), e.g. where GluN2Bs in the 

ventral mPFC regulate extinction of cocaine CPP (Otis et al. 2014). Thus, increasing 

NMDAR function during extinction training, e.g. with D-serine or the partial agonist D-

cycloserine, could increase extinction learning and reduce the ability of intoxicant-related 

cues to drive addictive behaviors (Myers et al. 2010; Myers & Carlezon 2012; Hammond et 

al. 2013; Schade & Paulus 2015). In humans, pairing D-cycloserine with extinction of 

alcohol cues decreases cue-induced activation of dorsal and ventral striatum, where 
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decreased cue-related brain activation correlates with lower craving and relapse risk (Kiefer 

et al. 2015). However, other studies find that D-cycloserine does not facilitate extinction 

training in human alcohol or cocaine users (Kamboj et al. 2011; Price et al. 2009). Although 

the use of NMDAR agonists to promote extinction of drug cues remains conceptually 

attractive, the lack of effectiveness in some human studies may reflect the difficulty of 

overcoming and suppressing very strong addictive drives, and the multiple cues and contexts 

that an addict may have paired with intoxicant intake.

Interaction of NMDARs with other receptor types

While we have focused on the importance of NMDARs in addictive behaviors, it is 

important to note that functional plasticity of other receptors, including both glutamatergic 

AMPARs and mGluRs, can also be critical mediators of addiction-related behaviors (e.g. 

Chen et al. 2008; Conrad et al. 2008; Kasanetz et al. 2013; Meinhardt et al. 2013). In some 

cases, this occurs through interactions with NMDARs, which we will review here.

NMDAR function and plasticity induction can be regulated by direct interaction of 

NMDARs with other receptor types. For example, i.c.v. infusion of a peptide that disrupts 

direct interactions between alpha7-nAChRs and NMDARs prevents the nAChR 

enhancement of NMDAR currents and LTP, as well as object recognition memory and 

reinstatement of nicotine seeking, but not nicotine self-administration (Li et al. 2012, 2013). 

These studies are particularly interesting, since they suggest that endogenous acetylcholine 

and activation of nAChRs and NMDARs are all critical for driving nicotine reinstatement. In 

addition, NMDARs can interact with dopamine-type-1 receptors (D1Rs), both through 

indirect interactions through second messengers (Cepeda et al. 2009), and also through 

direct interactions that can be disrupted using a specific peptide. D1Rs and NMDARs 

interact in the NAc to promote methamphetamine reinstatement (Taepavarapruk et al. 2015), 

as well as activation of downstream signaling in the NAc in response to reward-predictive 

cues (Kirschmann et al. 2014). However, studies using the peptide to disrupt direct D1R–

NMDAR interactions have produced mixed results, since D1R activation enhances 

NMDAR-dependent LTP in hippocampal cultures (Nai et al. 2009), while D1Rs inhibit 

NMDAR function (Lee et al. 2002) and NMDAR-dependent LTP at cortico-NAc inputs after 

in vivo morphine (Zheng et al. 2014). This is also in contrast to the DStr, where D1Rs are 

required for NMDAR-dependent LTP (Centonze et al. 2001). Thus, D1Rs can strongly 

regulate the function of NMDARs, although the direction of this impact may vary across 

brain regions.

NMDARs and mGluRs can also have interesting interactions in relation to addictive 

behaviors. Repeated cocaine exposure leads to NMDAR-dependent AMPAR LTP in cortico-

NAc inputs (Bellone & Luscher 2006; Pascoli et al. 2011). This LTP can be reversed by 

mGluR agonists or patterned optogenetic stimulation, which also decrease expression of 

sensitization (Creed et al. 2015). Cocaine-induced AMPAR LTP in the VTA is also 

depressed by mGluR agonists (Mameli et al. 2009). While additional studies are required to 

fully understand the molecular mechanisms through which mGluRs and NMDARs interact, 

mGluRs may represent a novel and important therapeutic intervention for reducing 

NMDAR-related plasticity that drives addictive behaviors.
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A different type of NMDAR-mGluR interaction in the VTA is observed after repeated 

alcohol or methamphetamine exposure. These intoxicants increase NMDAR function within 

VTA neurons, facilitating LTP induction (Ahn et al. 2010; Bernier et al. 2011). Greater 

NMDAR function is secondary to intoxicant-induced enhancement of mGluR-dependent 

increases in intracellular and action-potential-related calcium signals. Also, repeated alcohol 

increases cocaine CPP, and the magnitude of the methamphetamine CPP in vivo correlates 

with the mGluR increase in calcium in brain slice. Thus, increased VTA mGluR and 

NMDAR function can promote drug-related conditioning which drives addictive behaviors.

Conclusions and future directions

There is substantial preclinical evidence that NMDARs promote a number of addictive 

behaviors, including through plasticity of specific NMDAR subunits. One central question is 

whether there are common or divergent mechanisms for different types of intoxicants and 

addiction-related behaviors, which will have important implications for the therapeutic use 

of NMDAR modulators.

Converging evidence implicates GluN2Bs as central regulators of many addiction-related 

behaviors, including binge intake of food. Intoxicant-related GluN2B adaptations are 

observed across a number of brain regions (Fig. 1), although changes in other subunits are 

also observed. Furthermore, modulating GluN2Bs and NMDARs more generally suppresses 

many (although not all) addiction-related behaviors (Fig. 2). Also, the widespread 

contribution of NAc NMDARs (Fig. 1 2) is perhaps not surprising, given the central role of 

the NAc in mediating reward and goal-directed behaviors. However, the prevalence of NAc 

studies may also reflect a bias in studying this region. Thus, it will be important to determine 

the contribution of NMDARs across different brain regions and abused intoxicants. In fact, 

NMDARs, especially GluN2Bs, in a number of brain regions can undergo intoxicant-related 

adaptations and promote addiction-related behaviors, when tested. Another interesting 

possibility is that GluN2Bs are more prone to exhibit plasticity because they play a central 

role in homeostasis, and thus are designed to exhibit functional changes the face of repeated, 

strong challenge. Thus, it would be interesting if other forms of homeostatic challenge 

produce similar GluN2B adaptations, e.g. as seen with stress exposure (e.g. Kiselycznyk et 

al. 2011; Murphy et al. 2014; Quadir et al. 2016).

Comprehensive experiments examining NMDARs in regions beyond the NAc are critical to 

understanding common and divergent aspects of addictive behaviors, which may relate at 

least in part to the very different primary mechanisms of action of addictive substances. 

Some theories of addiction have emphasized that a central brain circuit that may underlie 

addiction to many different drugs as well as non-intoxicants such as gambling and sex 

(Marchant et al. 2015; Volkow et al. 2013). However, the varied interoceptive nature of 

different drugs, including the intoxication, reward and aversion and time course of action, 

could result in very different conditioned associations, even within different circuits. The 

relative abundance of the molecular target(s) of a given drug across different brain regions 

also likely plays a role. Thus, there are likely to be both common and divergent circuits 

across different abused compounds (Badiani et al. 2011; Marchant et al. 2015), and the 
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specific circuits and NMDAR adaptations recruited for a given drug will likely significantly 

impact the therapeutic use of NMDAR blockers.

A particular emphasis should also be placed on understanding NMDAR adaptations that 

occur after voluntary self-administration, and also after protracted withdrawal from 

voluntary intake. Overall, inhibition of NAc NMDARs suppresses a number of forms of 

cued reinstatement, with less of an impact on self-administration (Fig. 2). Thus, it would be 

very helpful to have studies from different intoxicants where the duration of intake, both 

access time per day and number of total intake sessions, were more comparable. We could 

then more precisely assess how different intoxicants alter NMDARs across voluntary intake, 

and across the weeks of withdrawal from intake. In particular, it may be that NMDAR 

adaptations become more pronounced across withdrawal, similar to the incubation of 

AMPAR plasticity (described above). Understanding the development and persistence of 

different NMDAR neuro-adaptations will likely be relevant to humans who are attempting to 

maintain abstinence across months and years of sobriety, which is a major therapeutic goal 

for human. However, given the large number of people who want to reduce intake or quit, 

but still actively engage in intake, intoxicant-related NMDAR changes associated with 

intake may also be critical therapeutic targets.

Studies of passive intoxicant exposure are also interesting, but sometimes more challenging 

to interpret. Phenomenon such as CPP and sensitization, which are widely studied in animal 

models, are also observed in humans. Furthermore, it is likely that these drug-related 

associations, which could occur with passive or active drug exposure, can contribute to cue-

driven aspects of addictive behaviors, including those that drive relapse. However, it is clear 

from several examples that passive and active exposure can produce different receptor 

adaptations. In addition, although there is reasonable consensus for an increase in GluN2B 

in the NAc across passive exposure models, there are also some mixed results. It is difficult 

to be certain how much of this diversity reflects true differences among drugs, rather than 

technical differences in terms of dose, days of exposure or other variables.

It is also important to understand the mechanism by which NMDAR antagonists acutely 

reduce addictive behaviors. While NMDARs can directly depolarize neurons, they also play 

a central role in induction of AMPAR plasticity, which can occur very rapidly and contribute 

critically to expression of addiction-related behaviors, including reinstatement of heroin 

(Shen et al. 2011), cocaine (Gipson et al. 2013a) and nicotine (Gipson et al. 2013b). 

NMDAR-dependence of AMPAR plasticity and reinstatement behavior were directly 

verified for heroin and nicotine. This raises the interesting possibility that rapidly-developing 

NMDAR-dependent plasticity contributes to expression of many addiction-related behaviors. 

Functional plasticity of NMDARs adds an additional wrinkle, since greater NMDAR 

function can enhance plasticity induction as well as direct depolarization. In order to have 

the greatest therapeutic benefit, it would be best to have a complete understanding of the 

molecular mechanisms through which NMDARs regulate a given behavior.

Another important caveat when considering NMDAR studies is that different classes of 

NMDAR antagonists can have varied behavioral effects. For example, uncompetitive 

inhibitors (e.g. memantine, ketamine) only bind to open NMDARs, while competitive 
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inhibitors (e.g. AP-5) can more potently inhibit NMDARs by preventing their activation. 

Thus, uncompetitive inhibitors can exert more mild NMDAR inhibition, with qualitatively 

different effects relative to more complete blockade. For example, memantine and ketamine 

increase impulsive choice in rats with low basal impulsivity, while AP-5 does not (Cottone 

et al. 2013). In addition, uncompetitive NMDAR inhibitors within the NAc produce 

interoceptive actions which mimic the moderate alcohol inhibition of NMDARs, while 

competitive inhibitors do not (Hodge & Cox 1998), even though competitive NMDAR 

inhibitors within the NAc can impact alcohol reward and intake (Gremel & Cunningham 

2009; Rassnick et al. 1992; Seif et al. 2013). Thus, NMDARs could play multiple functional 

roles, even within the same brain region. Even memantine and ketamine can have 

differential effects on alcohol drinking (Sabino et al. 2013), which may reflect differences in 

affinity and kinetics of binding and unbinding, as well as memantine action at non-canonical 

NMDARs (see above). Thus, a complete understanding of NMDAR contributions to a given 

behavior, and the possible clinical implications of the NMDAR effects, likely requires 

careful dose–response analysis of multiple types of NMDAR inhibitors.

Recent studies have also identified that less appreciated aspects of NMDAR signaling, 

including plasticity of non-canonical NMDAR subunits and NMDAR co-agonists, can also 

be crucial mediators of addiction-related behaviors. Non-canonical NMDARs provide a 

depolarizing influence even at hyperpolarized resting potentials, and can potently enhance 

the influence of synapses containing such receptors. Also, there is some concurrence of 

animal and human studies regarding the contribution of non-canonical NMDARs to alcohol 

intake. Thus, the ability to inhibit non-canonical NMDARs with FDA-approved compounds 

such as D-serine and memantine may provide immediately accessible therapeutic 

interventions for alcohol and perhaps cocaine addiction. Furthermore, other addiction-

related behaviors may also be regulated by non-canonical NMDARs and glycine-site 

modulators. These new forms of NMDAR plasticity also remind us that much remains to be 

learned about the contribution of NMDARs to addiction-related behaviors.

One common thread across the reviewed studies is the possibility of using NMDAR blockers 

or agonists to intervene therapeutically in human addiction. Greater NMDAR function may 

promote pathological intake, although increased NMDAR function could actually protect 

against some behaviors. It is also possible that systemic NMDAR antagonists might have 

complex effects if there are multiple NMDAR adaptations across different brain regions that 

may have diverse behavioral roles. However, NMDAR inhibitors have limited effectiveness 

for some aspects of human addiction (cocaine and opiate intake), with perhaps better 

evidence for alcohol. Given the many adaptations and behavioral effects observed in 

preclinical studies, this may suggest that animal findings are of limited relevance to humans. 

On the other hand, given the evidence for NAc NMDARs driving reinstatement, and 

NMDARs in NAc and cortex regulating compulsion-like intake, it may be that NMDAR 

blockers would be effective against specific aspects of addiction in humans, such as relapse 

and intake despite conflicting motivations, rather than simply reducing ongoing intake.

Since NMDARs play a central role in learning and memory, some clinical strategies have 

also focused on NMDAR agonists to enhance extinction of drug memories. However, as 

described above, human studies using this strategy have had little success so far. In addition, 
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NMDAR-dependent drug memories could be disrupted during reconsolidation, a period of 

time where a particular memory trace is reactivated, e.g. by the presence of drug-related 

cues. Since memory reforms (‘re-consolidates’) in this critical period, blocking NMDARs 

during this time can persistently disrupt the conditioned associations that drive addiction 

(Feltenstein & See 2007; Li et al. 2016; Milton et al. 2008, 2012; Vengeliene et al. 2015; von 

der Goltz et al. 2009). Interfering at the time of reconsolidation is beginning to be attempted 

in humans (Lonergan et al. 2016), although not yet with NMDAR blockers to our 

knowledge.

It is also important to note that targeting NMDARs as therapy for human addiction presents 

some significant challenges. NMDAR inhibitors can have a number of adverse side effects, 

including memory deficits, difficulties in concentration, agitation, catatonia, as well as 

psychotomimetic effects including hallucinations (Heresco-Levy et al. 2013; Holmes et al. 

2013; Millan 2005; Parsons et al. 1999). Such adverse side-effects could be reduced by 

NMDAR inhibitors with subunit specificity (Heresco-Levy et al. 2013; Holmes et al. 2013) 

or with more moderate inhibition (Parsons et al. 1999). Thus, it is interesting that memantine 

may preferentially target non-canonical NMDARs, and may specifically target aspects of 

alcohol addiction where conflict is present. Also, given the extensive evidence for GluN2B 

subunits in many addiction-related behaviors, antagonists selective for these subunits could 

be of great clinical benefit. However, NMDAR inhibitors may have effects that were not 

originally expected, e.g. where ketamine acts as an antidepressant, perhaps due to a rapidly-

developing compensatory glutamatergic enhancement (Abdallah et al. 2016), or where 

memantine can produce adaptations across subsequent days, e.g. changes in Brain-Derived 

Neurotrophic Factor, which can then alter alcohol drinking even after NMDARs are no 

longer inhibited (see Alaux-Cantin et al. 2015). While this may make ketamine and 

memantine even more useful as therapeutic interventions, with potential positive benefits 

from both direct and indirect effects, it can also complicate the interpretation of studies 

using them. However, some NMDAR antagonists, such as PCP and ketamine, are 

themselves abused substances (Liu et al. 2016a, 2016b). However, abuse liability may 

depend on the compound, as there seems to be little evidence for addictive potential for 

memantine (Vosburg et al. 2005). Nonetheless, despite these caveats, extensive preclinical 

and some human evidence suggests that NMDARs can drive addiction-related behaviors, 

and NMDAR antagonists continue to be of great clinical and therapeutic interest.
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Figure 1. 
NMDAR adaptations after exposure to addictive intoxicants. Summary of NMDAR 

adaptations observed after passive or active intoxicant exposure. Adaptations are grouped 

near the brain region they have been reported within. List of abbreviations: 1: GluN1; 2A: 

GluN2A; 2B: GluN2B; ADE: alcohol deprivation effect; Alc: alcohol; bottle: alcohol intake 

from a bottle; brief: brief daily access; CIE: chronic intermittent ethanol exposure; Coc: 

cocaine; Compul: compulsion-like; direct: direct-pathway (DA1R–containing) cells; Dser: 

d-serine; extend: extended daily access; indirect: indirect-pathway (DA2R–or adenosine-2-

receptor-containing) cells; KO: knockout; l: lateral; m: medial; Meth: methamphetamine; 
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Morph: morphine; n.c. no change; Nicot: nicotine; nonCan: non-canonical NMDARs; NR: 

NMDAR; operant: operant intake; Reinst: reinstatement; Reward: acute reward; Rpt: 

repeated; SAdm: self-administration; Sensit: sensitization; Single: single exposure.
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Figure 2. 
Behavioral impact of inhibiting NMDARs in different brain regions. Summary of studies 

where the impacts of NMDAR function within a specific brain region was directly addressed 

with intracranial NMDAR manipulation. Results are grouped near the brain region they have 

been reported within. Also, only studies examining expression (not development) of 

addictive behaviors are included, except for KO studies. See Fig. 1 for list of abbreviations.
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