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Abstract

Synaptic plasticity contributes to behavioral adaptations. As a key node in the reward pathway, the 

nucleus accumbens (NAc) is important for determining motivation-to-action outcomes. Across 

animal models of motivation including addiction, depression, anxiety, and hedonic feeding, 

selective recruitment of neuromodulatory signals and plasticity mechanisms have been a focus of 

physiologists and behaviorists alike. Experience-dependent plasticity mechanisms within the NAc 

vary depending on the distinct afferents and cell-types over time. A greater understanding of 

molecular mechanisms determining how these changes in synaptic strength track with behavioral 

adaptations will provide insight into the process of learning and memory along with identifying 

maladaptations underlying pathological behavior. Here, we summarize recent findings detailing 

how changes in NAc synaptic strength and mechanisms of plasticity manifest in various models of 

motivational disorders.
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INTRODUCTION

The nucleus accumbens (NAc) is fundamental in driving goal-directed actions, integrating 

excitatory (glutamatergic) and neuromodulatory input along with local inhibitory control to 

optimize motivated behavioral outcomes. Long-term changes in synaptic strength within the 

NAc underlies experience-dependent neural plasticity.1,2 These synaptic adaptations include 

intricate molecular epigenetic, biochemical, electrophysiological, and morphological 

changes in individual neurons, ultimately reshaping synaptic function.3

Fast excitatory synaptic transmission occurs through postsynaptic α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) ionotropic 

glutamate receptors. AMPA receptors are the primary contributor to excitatory synaptic 

transmission. Their trafficking in and out of the membrane is paramount to the process of 

postsynaptic plasticity. NMDA receptors, as well as metabotropic glutamate (mGlu) and 

other G-protein-coupled receptor (GPCRs), can initiate signaling cascades, affecting AMPA 

receptor surface expression and subunit composition throughout reward learning in an 

experience-dependent and temporally dynamic manner.4–10 Many of these have been 

correlated or causally linked to motivational phenotypes in numerous models of 

developmental and psychiatric disorders. Maladaptive behaviors and the observed 

corresponding changes in NAc synaptic physiology are particularly well understood in 

models of addiction,4,11,12 stress and depression,13–19 but are also hallmarks of eating 

disorders,20 schizophrenia,21,22 pain perception23 and autism spectrum disorders.24,25 

Because of the various contexts in which NAc synaptic plasticity is examined, creating a 

comprehensive model of the many plasticity mechanisms within this region has been elusive.
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Here, we summarize mechanisms known to reshape NAc excitatory synaptic transmission 

and how they are altered in model systems of psychiatric disorders. These include 

glutamate-mediated synaptic plasticity, signaling via serotonin, opioids, and 

endocannabinoids, as well as glial and astrocytic synaptic interactions. This review 

highlights synaptic remodeling events that contribute to reward learning in healthy 

organisms and how these processes may serve as therapeutic targets for treatment of 

pathophysiologies underlying motivational disorders.

ANATOMY OF THE NAc

As a key component of the mesolimbic dopamine (DA) system, the NAc is a functional 

interface between the limbic and motor systems responsible for bringing motivation to 

action.26 The NAc is a part of the ventral striatum composed of shell and core subregions, 

which are thought to govern immediate responding to salient stimuli and conditioned 

reinforcement, respectively.1 The NAc is predominantly (~90%) made up of GABAergic 

medium spiny neurons (MSNs).27,28 MSNs, the output cells of the NAc, can be separated 

into one of two circuits distinguished by molecular, electrophysiological and anatomical 

properties.29,30 Herein, we will identify the MSN subtypes based on their expression of the 

type-1 or type-2 dopamine receptors (D1 and D2MSNs, respectively),31 in which D1MSNs 

largely project to the midbrain, while D2MSNs project to the ventral pallidum.32 However, it 

should be noted that this dichotomy is not as specific as the dorsal striatum as D1MSNs can 

also project to pallidal brain regions.30 Recruitment of D1 or D2MSNs has seemingly 

opposing effects on behavior: activation and activity of D1MSNs corresponds with an 

increase in reward seeking and locomotion while activation of D2MSNs promotes goal 

switching, catalepsy, and aversion.33–35 However, recent findings using in vivo calcium 

imaging in the NAc and dorsal striatum indicate that these cells act in concert to drive 

motivated behaviors.36,37 Importantly, NAc MSNs are quiescent cells that rely on concerted 

excitatory drive from multiple glutamatergic afferents to elicit action potential generation, 

propagating information flow through the NAc circuit. Therefore, the strength and activity of 

these glutamatergic synapses determines the likelihood of afferent information being 

transformed to postsynaptic action potential propagation, making them vital nodes in 

defining overall circuit function.

Alterations in glutamatergic transmission engenders the integrative role the NAc plays in 

directing behavior. Glutamatergic brain regions that project to the NAc, such as medial 

prefrontal cortex (PFC; cognitive processing in goal-directed behavior), basolateral 

amygdala (BLA; conditioning forms of learning including processing of positive and 

negative emotions), ventral subiculum of the hippocampus (Hipp; contextual learning), and 

the dorsomedial thalamus (DMT; aversion, attention shifting), as well as corelease of 

glutamate from midbrain dopamine regions,38–40 are thought to encode salient information 

pertaining to proprioceptive self-assessments and externally available stimuli.1,27,41–44 By 

adjusting the strength of inputs from these afferent regions, the NAc is able to transform 

emotional and environmental information into action.
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NEUROMODULATORY SIGNALS DIRECT NAc CIRCUIT FUNCTION

Glutamate.

The strength of an afferent-MSN connection depends upon the number of release sites or 

synapses, the probability of vesicular release, and quantal size as determined by post 

synaptic receptor availability. In ex vivo electro-physiology studies, much of the observed 

changes are via modifications to quantal size by modifying the synaptic AMPA receptor 

population or by alteration in release probability. Comparisons of current amplitude fluxed 

through AMPA and NMDA receptors, referred to as an AMPA/NMDA ratio, is a common 

metric for examining differences in synaptic strength across slices and conditions. This 

metric is often accompanied by direct measurement of quantal AMPA currents in the 

presence of tetrodotoxin (miniature EPSCs; mEPSCs) or replacing Ca2+ with strontium to 

evoke asynchronous EPSCs as a means to examine synaptic AMPA receptor populations. 

Additional analyses of isolated AMPA or NMDA receptor currents, including decay 

kinetics, current−voltage relationships, and coefficient of variation also provide insight into 

receptor subunit expression.

Synaptic plasticity of glutamatergic synapses can be initiated by numerous 

neurotransmitters, including glutamate itself. NMDA receptors are both ligand- and voltage-

gated channels that act as coincidence detectors in the synapse.45 Entry of the second 

messenger Ca2+ through these receptors directs synaptic remodeling to strengthen or weaken 

future synaptic events.46,47 In the NAc, NMDA signaling has been shown repeatedly to 

induce long-term depression (LTD) of synaptic transmission reducing postsynaptic AMPA 

surface expression and/or function (Figure 1C). Long-term potentiation (LTP) in the NAc is 

developmentally regulated48 and is sensitive to drug history.49 NMDA activation is known to 

trigger LTP and LTD via signaling through ERK, PKC, or coupling to CaMKII.4,5,47 In ex 

vivo slice preparations, LTP and LTD can be evoked in the NAc by stimulation of glutamate 

release at high (100 Hz)48–51 and low (1−13 Hz) frequencies, respectively.49,50,52–55 

LTP/LTD induction is often mirrored by bidirectional postsynaptic trafficking of AMPA 

receptors mediated in part by changes in scaffolding protein association and phosphorylation 

state.7,51,56 Transport of AMPA receptors and other proteins into the post synaptic density 

following LTP results in a restructuring of the synaptic spines.57–60

Both group-I (mGlu1/5) and group-II (mGlu2/3) metabotropic glutamate receptors are 

coupled to numerous signaling cascades that can exert pre- and postsynaptic effects.61–63 

Postsynaptic group-I mGlu receptors are Gq-coupled GPCRs that can initiate AMPA 

internalization54,64,65 and/or an mGlu5 specific Ca2+-dependent endocannabinoid (eCB) 

production in NAc MSNs (Figure 1B). eCBs can signal to presynaptic cannabinoid type-1 

receptors (CB1Rs)52,65 or postsynaptic TRPV1 receptors.54 Glutamate spillover following 

repeated vesicular fusion or glial-mediated release via cysteine-glutamate exchanger (xCT) 

and glial glutamate transporter (GLT-1) can also recruit presynaptic group-II receptors, 

which are Gi/o-coupled and decrease vesicular release probability (Figure 1A).66–68
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Serotonin.

The NAc receives extensive inputs from the dorsal raphe nucleus (DRN), a mesencephalic 

structure rich in serotonin (5-HT)-containing perikarya.69 Consistent with the appositional 

relationship between 5-HT fibers and afferent synaptic inputs,70 5-HT has been shown to 

induce LTD of excitatory synaptic strength onto MSNs.71–74 This form of LTD (5-HT-LTD) 

is expressed at a presynaptic locus and mediated predominately via the 5-HT1B receptor, a 

Gi/o-coupled GPCR implicated in reward-related behavior (Figure 2). Low frequency 

stimulation (LFS) has also been shown to trigger 5-HT-LTD in a CB1R-dependent manner,
71,75 indicating eCBs are downstream of 5-HT signaling and may function cooperatively to 

regulate NAc circuit dynamics.

The 5-HT1B receptor also mediates oxytocin (OT)-induced synaptic adaptations in the NAc. 

OT is a neuropeptide implicated in neuropsychiatric conditions featuring maladaptive social 

behavior, including autism and schizophrenia.73 Ex vivo bath-application of OT induces 

robust LTD of EPSCs onto D1 and D2MSNs in the NAc that is blocked by NAS-181, a 

selective 5-HT1B receptor antagonist.73 These data indicate that OT-mediated 5-HT release 

in the NAc triggers a form of presynaptic LTD that is required for social reward behavior.

Opioids.

Opioids are a widely expressed peptidergic modulatory system affecting neuronal function 

and circuity dynamics. The opioid system consists of four receptor subtypes (mu, delta, 

kappa, and opioid receptor like-1) and three endogenous ligands (endorphin, enkephalin, and 

dynorphin) with varying degrees of ligand specificity and expression patterns.76 Within the 

NAc, D1 and D2MSNs express endogenous opioids in a similarly dichotomous manner: 

D1MSNs primarily express dynorphin (Dyn) and D2MSNs express enkephalin (Enk), with 

striatal systems being largely described to lack beta-endorphin.77 However, opioid receptors 

(ORs) are broadly expressed and how they regulate excitatory transmission in the NAc 

remains obscure.78–80

Activation of mu, delta, or kappa ORs can drive “liking” or “wanting” behavioral outcomes 

in a manner dependent on NAc subregion.81 While in vivo studies have been abundant, less 

is known how these receptors control synaptic transmission. In the dorsal striatum, where 

MSNs are more discretely subdivided anatomically into a “patch” and “matrix” framework, 

mu ORs are found uniquely expressed in patches and are activated by enkephalin to decrease 

microcircuit inhibition and promote MSN activation.82 In the NAc, activation of mu ORs 

decreases NMDA and AMPA receptor currents with little effect on membrane properties83 

with functional expression both preand postsynaptically (Figure 3).78 It has been 

demonstrated mu ORs exert strong control over thalamic but not motor cortex inputs into the 

dorsal striatum,84 but it is unclear whether NAc MSNs are under similar mu OR control. 

These findings suggest mu-OR signaling in the NAc may similarly be separable by afferent 

origin and should be investigated accordingly.

A more recent report demonstrated that stimulation of Dyn+ NAc MSNs drives both reward 

and aversion via stimulation of the dorsal and ventral NAcSh, respectively, and is dependent 

on kappa OR signaling.85 Kappa ORs specifically decrease excitatory drive of BLA but not 
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VH inputs onto D1MSNs and decrease inhibitory drive onto D2MSNs. Thus, kappa OR 

activation within the NAc results in increased transmission from the VH and BLA through 

D1MSN activation.86 It should be noted that kappa-OR signaling can also inhibit DA 

signaling by inhibiting VTA terminals.87 Beyond these few reports, mechanistic details of 

OR function in the NAc are largely unexplored.

Endocannabinoids.

The cannabinoid 1 receptor (CB1R) is implicated in substance abuse disorders.88–91 CB1Rs 

are the most abundant G-protein coupled receptor in the CNS and are localized mainly at 

presynaptic glutamate and GABA terminals in select neuronal populations.92 CB1Rs are 

activated by Delta-9-tetrahydrocannabinol, (Δ9-THC), the main psychoactive substance in 

Cannabis sativa. Endogenous cannabinoids are produced via postsynaptic de novo synthesis 

with subsequent release and retrograde activation of presynaptic CB1Rs. In the NAc, 

stimulation of mGlu5 receptors leads to a rise in postsynaptic calcium. This in turn leads to 

retrograde signaling through eCB release and activation of presynaptic CB1 receptors. 

Activation of CB1Rs reduces neurotransmitter release by decreasing release probability in a 

presynaptic K+ channel dependent manner (Figure 1).52,54,93–95 Contrary to the dorsal 

striatum, CB1Rs are not expressed in NAc MSNs but are expressed by NAc fast-spiking 

interneurons and on glutamatergic terminals.96

2-Arachidonylglycerol (2-AG) is the primary eCB mediating retrograde eCB signaling and 

is synthesized from diacylglycerol precursors by diacylglycerol lipaseα (DAGLα) in the 

adult brain. The eCB anandamide (AEA), in addition to CB1R activation, can also activate 

TRPV1 channels.97–100 TRPV1 is a nonselective cation channel that is highly permeable to 

calcium and is activated by acidic pH, high temperature and specific lipid species.97,98 

TRPV1 function is commonly associated with presynaptic mechanisms including a form of 

LTD triggered by postsynaptic group I mGlu receptors at excitatory synapses on 

interneurons in the hippocampus.101 However, TRPV1 activation can also act 

postsynaptically to induce depression of excitatory synapses in the NAc core.54 This adds to 

the eCB system’s canonical role in regulating presynaptic release and positions it as a 

versatile modulator of NAc circuit function.

Glial Regulation of Drug-Reward Learning.

In addition to neuron-centric mechanisms of synaptic and behavioral plasticity, a growing 

body of research points to the importance of glia and the immune system. Specifically, 

microglia and astrocytes are increasingly found to play active roles in sculpting synaptic 

physiology and behavior. Microglia are the brain’s resident macrophage.102 These cells 

make up 10% of the brain parenchyma103 and play a key role in mediating immune 

responses in this region.104 Microglia play an important role in development, learning, and 

brain homeostasis105 by refining learning-induced spine formation as well as synaptic 

pruning (phagocytosis).106,107 In the context of drug-reward learning, the function of these 

cells appears complex and sometimes contradictory.

Importantly, microglia also influence synaptic function in the NAc. Microglia in the NAc 

express toll like receptor 4 (TLR4),108,109 a pattern-recognition receptor of the innate 
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immune system that detects bacterial lipopolysaccharide110 and endogenous “danger 

signals” such as those produced during an inflammatory response.111 TLR4 knockout mice 

lack NMDA-dependent LTD in NAc core linking the immune system with synaptic 

plasticity.109 Beyond TLR4, microglia play a role NAc synaptic physiology and may 

mediate aspects of drug reward susceptibility. Tumor necrosis factor alpha (TNFα) is a 

proinflammatory cytokine upregulated in many conditions including after activation of 

TLR4.110 Microglial TNFα decreases synaptic strength as measured by AMPA/NMDA 

ratios the NAc D1MSNs to oppose synaptic and behavioral changes brought about with 

noncontingent cocaine exposure.112 These findings provide compelling evidence for the 

immune system facilitating and perhaps driving adaptations in NAc excitatory transmission.

Besides microglia, astrocytes play major roles in sculpting physiology and behavior.113 In 

the NAc, astrocytes are capable of regulating the concentration of extrasynaptic glutamate 

via the cysteine-glutamate exchanger (catalytic subunit = xCT) and GLT-1, which regulate 

extracellular glutamate levels. GLT- 1 is expressed on astrocytes and is responsible for 

glutamate uptake. Alterations in GLT-1 function can thus have profound impact on synaptic 

glutamate signaling.68,114 N-Acetylcysteine, which stimulates xCT, bidirectionally regulates 

EPSC amplitude in NAc MSNs; low doses (0.5 μM) decreases presynaptic release 

probability in a group-II mGlu dependent manner while high doses (50 μM) increase EPSC 

amplitude in via mGlu5 activation.115 The increase in extracellular glutamate acts on 

neuronal presynaptic mGlu2/3 to decrease vesicular release probability.10

EXPERIENCE RESHAPES NAc SYNAPSES AND PLASTICITY MECHANISMS

Experimentally, acute slice physiology has been instrumental in elucidating mechanisms of 

synaptic plasticity in the NAc. Importantly, in vivo experience can also drive new synapse 

formation, strengthen or weaken select afferent inputs, and impede or enhance molecular 

plasticity mechanisms. Such stimuli include those used in models of motivated appetitive 

behaviors, anxiety, and depression.116 From the seminal work of Thomas et al., which 

defined a correlational change in NAc MSN synaptic strength following cocaine exposure, 

investigating adaptations in synaptic function in acute slices following in vivo experience 

has led to developments in recent years showing a causal effect of synaptic plasticity and 

altered behavioral outcomes.49,55,117–121 As addressed below, this powerful approach has 

repeatedly demonstrated a functional relationship between glutamatergic synaptic strength 

and behavioral plasticity. As such, NAc synaptic plasticity has become nearly inseparable 

from questions interrogating reward and motivation. By focusing on the plasticity 

mechanisms within the NAc rather than the various psychiatric disease models, we aim to 

elucidate common mechanisms by which in vivo experiences drive change in the NAc 

circuit.

AMPA Receptor Expression and Function Coincides with in Vivo Experience.

Expression and function of AMPA and NMDA receptors in the NAc are strongly associated 

with experience-dependent behavioral plasticity, particularly in drug abuse models.43,60 

Thomas et al. demonstrated NAc shell MSNs have a reduced AMPA/NMDA ratio following 

repeated drug exposure and is concurrent with a reduction in NMDA-dependent LTD.122 
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This phenomenon was then shown to be mediated by the challenge dose of cocaine/saline 

administered prior to the recording.123 Thus, AMPA/NMDA ratios are decreased 

immediately following drug, but are strengthened following a short abstinence period and 

can be reduced again with re-exposure.124 These findings demonstrated a temporal 

restructuring of glutamatergic signaling within the NAc following salient experience. 

Similar results with calcium-permeable AMPA receptors (CP-AMPA) have been 

demonstrated following drug self-administration, leading AMPA- receptor expression and 

function to be thought of as a neural correlate of incubation of drug craving.119 However, it 

should be noted that the contingency of drug delivery determines the type of remodeling 

seen in the NAc with respect to AMPA subunit composition125 but both favor an increase in 

glutamatergic drive.

Synapse maturation is a developmental process underlying neural circuit formation and is 

considered a critical physiological substrate for learning and memory.126–128 In the NAc, the 

relative abundance of silent or AMPA receptor deficient synapses is increased following 

acute cocaine self-administration (Figure 4A). These nascent synapses are short-lived and 

mature over time via insertion GluA2-lacking CP-AMPA receptors (Figure 4B).
119,125–127,129 Maturation occurs following several weeks after drug withdrawal and requires 

PSD95 and SAP102 MAGUK proteins.130 The generation of CPAMPA containing synapses 

is correlated with incubation of drug seeking in self-administration models131 and is not 

normally seen following noncontingent drug administration. However, recent work has 

demonstrated increases in AMPA rectification, a measurement CP-AMPA expression, 

following repeated noncontingent exposure. Short access to cocaine self-administration 

drove CP-AMPA expression at PFC-D1 synapses, while long-access, presumably resulting 

in enhanced negative withdrawal symptoms, drove CP-AMPA expression at D2MSNs 

specifically at BLA synapses.132 Additionally, some synapses, such as those from the DMT-

NAc, are reported to contain a high density of CP-AMPA at baseline which is unaffected by 

drug history. However, the formation and maturation of silent synapses is seen at this input, 

suggesting maturation may proceed by a non CP-AMPA mechanism.133 Notably, increases 

in mature spine number are also seen in noncontingent exposure paradigms and are specific 

for D1MSNs.134,135

While both NMDA and mGlu plasticity described above are initiated through local signals 

within the dendritic spine, transcription/translational changes are required to maintain the 

effect.17,136 Such changes include altered expression of Homer1a, CREB, and ΔfosB.
29,126,137 Salient experience is also coupled to upregulation of transcription factors in the 

NAc that can alter AMPA/NMDA expression. Two well studied transcription factors, CREB 

and ΔfosB, are recruited following cocaine exposure and are sufficient to drive changes in 

synaptic transmission. CREB is expressed following salient experience and can drive 

behavioral responding to both aversive and rewarding stimuli.138 Cocaine-induced or viral-

mediated over-expression of CREB alters membrane and synaptic properties of NAc MSNs.
126,139 Likewise, ΔfosB is upregulated in the NAc following exposure to abused drugs140,141 

and is associated with behavioral adaptations tied to addiction. Interestingly, over-expression 

ΔfosB in the NAc “silences” D1 synapses in the shell and core but may unsilence D2MSN 

synapses via AMPA insertion in the NAc shell. Notably, ΔfosB promotes the expression of 

GluA2 as well as CaMKII, and these effects are restricted to D1MSNs in the NAc.142–144 As 
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such, ΔfosB is positioned as a critical transcriptional regulator of cocaine-induced synaptic 

adaptations in the NAc.

Alterations in NAc glutamatergic transmission are not limited to drug-contexts. Interestingly, 

appearance of mature CPAMPA containing synapses is also observed days after removing 

animals from a highly palatable “junk-food” diet (Figure 4C),145 suggesting palatable food 

and “natural” rewards may be a more potent driver of this adaptation. This may serve to 

increase appetitive drive for palatable food, as inhibiting glutamatergic transmission via 

intra-accumbens infusion of CNQX, an AMPA receptor antagonist, stimulates voracious 

feeding behavior.146

Additionally, models of depression and anxiety induced by stressors also drive remodeling 

of NAc glutamate synapses.17 Chronic restraint stress has been shown to impair the 

induction of LTD within the NAc core via an MC4R-dependent signaling cascade.13 This is 

mediated by a selective internalization of GluA2-containing receptors resulting in an 

unmasking of synaptic GluA2-lacking, Ca2+ permeable AMPA receptors selectively at 

D1MSNs. Chronic social defeat stress results in a decrease in mEPSC frequency at 

D1MSNs but an increase in synaptic events at D2MSNs. Chronic pain, which likewise 

induces an amotivational phenotype, caused a decrease in AMPA/NMDA ratios at D2MSNs. 

This is in part mediated by increased GluN2B-subunit expression but an abolition of NMDA 

mediated LTD at D2 synapses.23 Similarly, precipitated withdrawal from morphine, which 

induces conditioned place aversion, selectively strengthened DMT-NAc D2 synapses and 

coincided with an increase in AMPA rectification.121 Thus, the canonical model of increased 

synaptic connectivity at D1 and D2MSNs promoting reward and aversive behavior may be 

incomplete, as these adaptations coincide with both circumstances.

NMDA Function and Receptor-Dependent Plasticity Induction.

NMDA receptors are implicated in experience-dependent synaptic changes. Several studies 

have demonstrated that NMDA receptor activation correlates with drug-induced synaptic 

changes.61,147 GluN2B-containing NMDA receptors are of particular importance to 

experience-driven plasticity in the NAc. GluN2B receptors have much slower deactivation 

kinetics, resulting greater net ion flux and Ca2+ entry upon glutamate binding and 

depolarization. These large currents extend the temporal binding window that allows 

coupling of synaptic events to neuronal firing.45 GluN2B receptors are found in high 

concentrations throughout the developing brain and facilitate formation of new synaptic 

connections via their high concentration in silent synapses.128 The de novo generation of 

NAc silent synapses in adults occurs following acute withdrawal from drug self-

administration and coincides with an increase in the relative expression of GluN2B.127 The 

formation of new synapses and their subsequent maturation (see above) suggests an increase 

in connectivity between glutamatergic afferent regions and the NAc following salient 

experience, increasing their influence on MSN activation. Importantly, the formation of 

these synapses has been demonstrated at specific afferent-NAc connections including the 

BLA,118 PFC,55 and DMT,133 demonstrating their prevalence in NAc circuit remodeling. 

Thus, GluN2B NMDA receptors are crucial for forming new synapses in response to in vivo 

experience.
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NMDA receptors are also crucial for directing synaptic strength. Following noncontingent 

drug exposure, NMDA currents from the DMT are selectively enhanced via increase in 

GluN2C/D.53 The increase of NMDA function in cocaine treated animals also unmasked an 

NMDA-dependent LTD at D1MSN synapses. In line with this finding, resetting 

glutamatergic inputs from specific brain regions by inducing NMDA-dependent plasticity in 

vivo at specific inputs can diminish relapse like behavior in rodents. NMDA-dependent LTD 

of BLA-NAc synapses reduced cue-primed reinstatement to drug seeking.118 An LTD 

protocol at vHipp-NAc synapses, previously shown to be NMDA dependent, disrupted 

preference for the drug-paired lever in a cue-induced reinstatement task.117 Additionally, a 

NMDA-dependent LTD protocol of PFC-NAc synapses reduced locomotion in a cocaine-

induced locomotor sensitization.49 However, the same in vivo NMDA-dependent LTD 

protocol was impaired selectively at PFC-D1 synapses in ex vivo slice preparations from 

mice withdrawn from cocaine self-administration and failed to reduce responding for the 

active lever in a cue induced reinstatement task.117 Yet others have shown the same LTD 

protocol of PFC-NAc synapses also required mGlu1, was only present in animals withdrawn 

from cocaine, and was able to reduce cue-induced reinstatement in rats.55 These findings 

suggest that NMDA-dependent LTD is able to ameliorate motivated behavior in experienced 

animals. The nuanced differences in the models and results indicate additional studies are 

necessary to clarify the impact of salient drug experience on NMDA signaling at specific 

synapses.

Recent findings demonstrate that global TLR4 knockout mice lack NMDA-LTD in the NAc 

core and display reduced drug-induced locomotion and place preference.109 Importantly, 

there is evidence suggesting that pharmacologic antagonism of TLR4 attenuates drug reward 

learning to both opioids148 and cocaine.149 Such findings led to the idea that drugs of abuse 

directly interact with TLR4 to induce cellular changes.150 Also implied is that TLR4 is 

necessary for drug-reward learning. However, there is controversy surrounding some of 

these points.151 These findings suggest a link between TLR4 expressing microglia and drug-

induced adaptations in NAc NMDA plasticity.

mGlu Plasticity Shifts Postsynaptically Following Drug Experience.

mGlu function is negatively impacted by both acute and chronic exposure to cocaine (Figure 

4B, C). Many studies have demonstrated the induction of mGlu5-dependent LTD is blunted 

following a single or repeated cocaine experience [for examples, see refs 52, 54, 63–65, 152, 

and 153]. Cocaine-induced abolition of mGlu LTD is thought to be mediated by changes in 

structural protein Homer isoforms. Homer1a expression induced by acute cocaine exposure 

sequesters mGlu5 from the membrane surface but increases mGlu1.137,154 This switch in 

synaptic control from mGlu5 to mGlu1 is proposed to change downstream plasticity targets 

to favor CP-AMPA internalization over eCB production.65,137,154 This is consistent with the 

finding that mGlu dependent eCB production is altered in rodents exposed to cocaine, but 

this is not due to changes in CB1R expression/function.52,152

Much like NMDA-LTD, putative mGlu dependent plasticity is also modified in a synapse 

specific manner. Withdrawal from drug self-administration unmasked an mGlu1 and NMDA 

dependent LTD at PFC-NAc shell MSNs.55 Likewise, a separate LTD protocol previously 
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shown to be mGlu-dependent was capable of evoking LTD at PFC-NAc shell synapses and 

was enhanced in mice that administered cocaine.117 In vivo induction of this putative mGlu-

LTD at PFC synapses also ameliorated cue-induced drug seeking. Notably, mGlu1 PAMs 

infused into the NAc are able to achieve a similar effect in a cue-induced reinstatement task.
120 Additionally, recent reports have demonstrated an mGlu1 positive allosteric modulator 

(PAM) can “reset” CP-AMPA containing synapses in the NAc while also reducing drug 

induced place preference.130 Given the expression of mGlu1 LTD at PFC synapses in 

cocaine exposed mice and the efficacy of in vivo PFC mGlu-LTD, it is possible that the 

ability of intra-NAc PAM infusion to also reduce drug seeking is mediated via action on 

PFC terminals. Because of this, it may be of interest for future studies to focus on 

experience-induced alterations in group-I mGlu-dependent plasticity in a synapse-specific 

manner.

In addition to group-I mGlu function, signaling through group-II mGlu receptors are also 

heavily tied to drug experience and are coupled to glutamate homeostatic regulation by 

astrocytes.67,155 Notably, extracellular glutamate is elevated following drug exposure in self-

administering animals.156 These changes in extracellular glutamate concentrations arise via 

downregulation of NAc astrocytic xCT (Figure 4C). Withdrawal from cocaine and nicotine 

downregulates xCT.68,157 In similar studies, multiple drugs of abuse have been shown to 

downregulate GLT-1, which can be pharmacologically rescued by Ceftriaxone.114 This 

results in increased neuronal presynaptic release probability promoting increased 

glutamatergic transmission for drug-related signals/cues leading to relapse.10 Increasing 

astrocyte activity using Gq-coupled designer-receptor exclusively activated by designer 

drugs (DREADD) resulted in increased extracellular glutamate and was associated with 

decreased cue-induced reinstatement in rats.158

mGlu and NMDA signaling seem to be differentially recruited throughout reward learning in 

animal drug-exposure models. However, it is yet unclear how these changes result in altered 

circuit function. For one, the multitude of experimental paradigms, including rodent model, 

behavioral setup, and cell-type/input specificity, obfuscate comparisons across studies. 

Additionally, it is apparent that contingent and spatial recognition are more efficient at 

driving change in the NAc circuitry than context association or home cage experiences in 

rodents. However, there is an emerging trend suggesting salient experience induces an 

increased susceptibility to NMDA- and mGlu1-dependent AMPA internalization and a 

reduction presynaptic control by group-II mGlu and mGlu5-dependent eCB signaling.

Neuromodulatory Regulation of NAc Synapses Following Salient Experience.

The majority of studies investigating changes in glutamatergic NAc signaling have focused 

on AMPA, NMDA, and mGlu receptors. However, the various modulatory signals that 

interact with these receptors can also be impacted by salient experience. While the role of 5-

HT in drug-related behavior remains enigmatic, 5-HT1B activity has been shown to 

contribute to the reinforcing properties of psychostimulants, including cocaine and 

amphetamine.159,160 5-HT-LTD in the NAc is impaired for up to 72 h following a single in 

vivo administration of cocaine, an effect rescued by a membrane-permeable PKA inhibitor.
71
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Similarly, opioids and ORs within the NAc are impacted by salient experience and can drive 

behavior. Repeated force swim stress induces a kappa-opioid dependent ERK1/2 phosphor-

ylation within the NAc.161 Additionally, stress induces phosphorylation of kappa ORs162 

consistent with theirs and dynorphin’s role in stress-induced behaviors.87 Dyn signaling is 

also implicated in models of drug abuse163 but only recently has a synaptic phenotype been 

demonstrated. Cocaine exposure can selectively impair dynorphin-A induced LTD of 

glutamatergic synapses with no effect on inhibitory transmission.164 Additionally, these 

authors found that dynorphin-B exhibited non kappa-OR dependent effects that were 

unaffected by cocaine. As previous work has focused extensively on Dyn and kappa OR 

signaling, future studies should focus on delta and mu ORs synaptic function and how they 

are impacted by salient experience.

Endocannabinoid signaling is also tied to salient experience, although this is in part due to 

its known dependence on mGlu signaling in the NAc. While CB1R activation is important 

for the expression of these behavioral phenotypes, few studies have identified changes in the 

receptor or eCB synthetic enzymes. Of note, stimulant exposure impacts mGlu-dependent 

eCB production but leaves CB1R function intact.152 However, acute exposure to the CB1R 

agonist THC results in a desensitization of the receptor and blunts eCB-LTD.165 Chronic 

exposure similarly blunts eCB-LTD but plasticity of the synapse is rescued by group-II 

mGlu receptors,166 suggesting that CB1R-dependent plasticity mechanisms may be replaced 

by alternative signaling cascades. Following extinction training from cocaine self-

administration, 2-AG concentration is greatly increased in the NAc.167 This increase in 2-

AG may be compensatory for the increases in glutamatergic signaling normally seen 

following drug withdrawal.

While drugs of abuse seem to have limited immediate effect on CB1R control of synaptic 

transmission, there is evidence tying NAc eCB signaling to hedonic feeding and motivated 

behaviors. Notably, Cnr1−/− null mice exhibit phenotypes that coincide with reduced 

motivation to obtain hedonic stimuli. This is somewhat unsurprising given the known effects 

of ingesting Cannabis sativa.168 In rodents, 2-AG and anandamide concentrations are 

increased within the NAc following fasting, and intra-NAc administration of 2-AG drives 

voracious feeding behavior in sated rats.169 Additionally, long-term exposure to a palatable 

diet decreases CB1R availability in the NAc.170 It is worth noting that Oginsky et al. 

observed an increase in CPAMPA expression following acute removal from palatable chow 

while the animals examined by Harrold et al. were still on the diet. Taken together, it is 

possible that eCB signaling within the NAc is functioning reactively to changes in glutamate 

transmission rather than acting as a driving force for synaptic remodeling in and of itself. 

Future studies should focus on examining expression and function of eCB synthetic and 

degradative enzymes following salient challenge.

CONCLUSION

While there is an ever increasing body of knowledge describing the synaptic machinery 

within the NAc, how synaptic plasticity influences MSN recruitment to direct neuronal 

circuit function remains a lofty goal for physiologists and behaviorists alike. It is also worth 

noting that many secondary signaling proteins recruited by the plasticity mechanisms 
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described above are well characterized in other brain regions but have not been validated 

within the NAc. Given the heterogeneity of plasticity mechanisms available to individual 

synaptic connections within the NAc itself, these signaling cascades likewise may be unique 

to the NAc, differ between cell type and projecting brain region, and thus warrant additional 

studies.

It remains unclear how synaptic signaling mechanisms observed ex vivo are utilized in vivo, 

or how an animal’s experiences are transduced into plasticity of accumbens synapses. It 

should be noted that the majority of findings summarized above pertain entirely to 

observations in monosynaptic connectivity and does not describe the great deal of integrative 

power the NAc has when considering its variety of inputs and modulatory systems function 

in tandem.27 However, with the advent of in vivo imaging of neuronal activity in awake 

behaving animals, targeted pharmacology and optogenetics, the field is equipped to answer 

these questions. While these techniques have been employed to map the brain’s reward 

circuitry, future studies should clarify how plasticity mechanisms gate synaptic function and 

behavior in real time. It is through these studies that we may gain insight as to how the 

interaction of pharmacology and physiology drive behavior in a synapse specific manner.
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Figure 1. 
mGlu and NMDA plasticity mechanisms coordinate pre- and postsynaptic function of NAc 

glutamatergic synapses. (A) Extrasynaptic glutamate homeostasis couples to group II mGlu 

activation. Extra-synaptic glutamate is tightly regulated by astrocytic cysteine-glutamate 

antiporter (xCT). High extracellular glutamate activates group II mGlu receptors to decrease 

presynaptic release. (B) Postsynaptic activation of group-1 mGlu receptors is known to 

recruit PLC to generate IP3 and DAG. DAG can be further cleaved by DAGL to a free fatty 

acid and 2-arachidonyl glycerol (2AG), which can signal to presynaptic CB1Rs. Activation 

of CB1Rs can act via inhibition of VGCCs and/or activation of presynaptic potassium 

channels to decrease vesicular release. Additionally, activation group-1 mGlu receptors can 

also induce a calcium dependent synthesis of anandamide (AEA), which likewise acts on 

CB1Rs but also activates TRPV1 channels. Activation of TRPV1 at the membrane or on the 

ER induces a dynamin-dependent internalization of AMPA receptors. (C) NMDA dependent 

LTD and LTP. Endogenous glutamate/glycine binding and concurrent depolarization 

activates NMDA receptors allowing an influx of calcium which can couple to downstream 

phosphatase/kinase cascades. These likely include CamKII and calcineurin, which can 

phosphorylate/dephosphorylate AMPA receptors, respectively. This contributes to their 

insertion or removal from the postsynaptic density. However, this mechanism is not well-

defined in the NAc.
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Figure 2. 
Oxytocin gates serotonergic LTD in the NAc. Oxytocin release from paraventricular nucleus 

(PVN) terminals drives release of 5-HT from dorsal raphe (DRN) afferents. 5-HT in the NAc 

may act on either pre or postsynaptic 5HT-1B receptors, which can either directly inhibit 

neurotransmitter release or indirectly through eCB signaling. Beyond several isolated 

studies, how 5-HT modifies NAc excitatory transmission is unknown.
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Figure 3. 
Endogenous opioids regulate synaptic transmission in the NAc. Opioid receptors are 

expressed widely on glutamatergic terminals and cell bodies within the NAc. Mu-ORs likely 

function presynaptically and reduce release probability. Kappa-ORs are expressed on 

glutamatergic afferents (excluding the vHipp) and inhibit neurotransmitter release, 

particularly onto D1 (red) MSNs. Kappa-ORs are activated by Dyn which is produced 

locally by D1MSNs. Dyn can also inhibit dopamine release by acting on VTA terminals 

kappa-ORs. Activation of D1 receptors promotes prodynorphin expression, serving to inhibit 

glutamatergic drive onto these MSNs. While Dyn and Enk are produced by NAc MSNs, 

opioid peptides can also be released from hypothalamic projections from the Arcuate 

nucleus and the Lateral Hypothalamus.
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Figure 4. 
Experience drives plasticity of NAc glutamatergic transmission in vivo. (A) Following 

salient experience, nascent “silent” synapses are formed in the NAc, lacking functional 

AMPA receptors but expressing high concentrations of GluN2B-NMDA receptors. (B) As 

these synapses mature, they are under the control of mGlu and NMDA-dependent plasticity 

mechanisms. These mechanisms are extensively observed in mature, experience-naïve 

animals. (C) Following extensive abstinence from the initial salient experience, such as 

chronic stress, drug self-administration, or after acute removal from highly palatable chow, 

GluA2-lacking AMPA receptors are more abundant in the postsynaptic density. In cocaine-

specific contexts, GluN2C/D NMDA receptors are found in a higher concentration in a 

subset of synapses. Broadly, group-1 mGlu-dependent eCB signaling is decreased and 

lowered concentrations of extra-synaptic glutamate stemming from astrocytes leads to 

decreased group-II mGlu receptor inhibition of vesicular release. Additionally, NMDA and 

group-1 mGlu activation favor internalization of AMPA receptors.
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