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Abstract Nucleus accumbens (NAc) neurons are excited

primarily by AMPA-type glutamate receptors (AMPAR).

This is required for cocaine seeking in animal models of

cocaine addiction, suggesting AMPAR transmission in the

NAc as a key control point for cocaine-related behaviors.

This review will briefly describe AMPAR properties and

trafficking, with a focus on studies in NAc neurons, and

then consider mechanisms by which cocaine may alter

AMPAR transmission. Two examples will be discussed

that may be important in two different stages of addiction:

learning about drugs and drug-related cues during the

period of drug exposure, and persistent vulnerability to

craving and relapse after abstinence is achieved. The first

example is drawn from studies of cultured NAc neurons.

Elevation of dopamine levels (as would occur following

cocaine exposure) facilitates activity-dependent strength-

ening of excitatory synapses onto medium spiny neurons,

the main cell type and projection neuron of the NAc. This

occurs because activation of D1-class dopamine receptors

primes AMPAR for synaptic insertion. This may create a

temporal window in which stimuli related to cocaine-tak-

ing are more efficacious at eliciting synaptic plasticity and

thus being encoded into memory. The second example

involves rat models of cocaine addiction. Cell surface and

synaptic expression of AMPAR on NAc neurons is per-

sistently increased after withdrawal from repeated cocaine

exposure. We hypothesize that this increases the reactivity

of NAc neurons to glutamate inputs from cortex and limbic

structures, facilitating the ability of these inputs to trigger

cocaine seeking and thus contributing to the persistent

vulnerability to relapse that characterizes addiction.
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Glutamate � Nucleus accumbens � Receptor trafficking �
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Introduction to AMPA-Type Glutamate Receptors and

Plasticity

Scope of the Review

It is now well accepted that drug addiction involves

activity-dependent plasticity at glutamate synapses within

neuronal circuits important for motivated behaviors (Wolf

et al. 2004; Kauer and Malenka 2007). This conclusion is

based on evidence that drugs of abuse can influence fun-

damental cellular processes that regulate synaptic strength.

Much of this work has focused on the nucleus accumbens

(NAc), which occupies a key position in the neural cir-

cuitry related to motivation and drug addiction (Kelley

2004; Kalivas and Volkow 2005). The majority of NAc

neurons (*90%) are medium spiny GABA neurons (MSN;

Meredith and Totterdell 1999). From both anatomical and

functional perspectives, the NAc MSN serve as an interface

between limbic and cortical brain regions important for

regulating motivated behaviors (including drug seeking)

and motor regions important for the execution of motivated

behaviors (Mogenson 1987; Groenewegen et al. 1999;

Kelley 1999). Indeed, considerable evidence indicates that

activation of NAc MSN, by glutamate inputs originating

from limbic and cortical regions, is the final common

pathway for drug seeking in many animal models of

addiction (Kalivas and Volkow 2005), although motor
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circuitry involving the dorsal striatum becomes more

important as drug use becomes habitual (Everitt and Rob-

bins 2005).

The activation of NAc MSN by glutamate inputs is

mediated primarily via AMPAR (Pennartz et al. 1994; Hu

and White 1996). Therefore, it is not surprising that drug

seeking, elicited by cocaine or cues previously paired with

cocaine, depends upon AMPAR transmission in the NAc

(Cornish et al. 1999; Cornish and Kalivas 2000; Di Ciano

and Everitt 2001, 2004; Suto et al. 2004; Kruzich and Xi

2006; Bäckstrom and Hyytiä 2007; Conrad et al. 2008;

Famous et al. 2008; Ping et al. 2008). Furthermore, several

groups have shown that enhanced AMPAR transmission in

the NAc is associated with enhanced drug seeking (Suto

et al. 2004; Anderson et al. 2008; Conrad et al. 2008). These

results and others suggest that the strength of AMPAR

transmission in the NAc represents a critical determinant of

the intensity of drug seeking (for a comprehensive review,

see Wolf and Ferrario 2010).

The present review focuses on specific examples of how

cocaine, which acts initially by elevating extracellular

dopamine (DA) levels, may enhance AMPAR transmission

in the NAc. The examples are drawn from our own work

(presented at the 2009 Congress of the Fundación Cerebro y

Mente) and work from other laboratories. The section titled

‘‘Introduction to AMPA-Type Glutamate Receptors and

Plasticity’’ will briefly review the role of AMPAR in syn-

aptic plasticity. Most studies on this topic have been con-

ducted in hippocampal neurons, but similar results have

been obtained in NAc neurons. In ‘‘Facilitation of AMPAR

Synaptic Insertion by DA May Contribute to the Strength of

Drug-Related Learning’’ and ‘‘AMPAR Upregulation in the

NAc After Cocaine Withdrawal May Enhance Drug Seek-

ing’’, the focus will be on cocaine- or DA-mediated

mechanisms that may be important in two different stages

of addiction: (1) learning about drugs and drug-related cues

during the period of drug exposure and (2) persistent vul-

nerability to craving and relapse after abstinence is

achieved. Specifically, the section titled ‘‘Facilitation of

AMPAR Synaptic Insertion by DA May Contribute to the

Strength of Drug-Related Learning’’ will discuss how

cocaine administration, by elevating DA levels, may facil-

itate synaptic plasticity in NAc neurons. This may help

explain why drug-related learning is exceptionally powerful

and persistent. The section titled ‘‘AMPAR Upregulation in

the NAc After Cocaine Withdrawal May Enhance Drug

Seeking’’ will discuss studies of in vivo AMPAR plasticity

after withdrawal from repeated cocaine exposure. Based on

these studies, we hypothesize that upregulation of AMPAR

at excitatory synapses onto NAc neurons enhances their

response to glutamate inputs that trigger drug craving and

relapse. This in turn may contribute to persistent vulnera-

bility to relapse even after long periods of abstinence.

In light of the central role of AMPAR in many forms of

experience-dependent plasticity (Kessels and Malinow

2009), cocaine-induced alterations in AMPAR function are

expected to profoundly alter the responsiveness of NAc

neurons and their subsequent plasticity. However, it should

be emphasized that many other neuroadaptations are crit-

ically important in regulating the excitability and output of

NAc MSN after cocaine withdrawal. We touch upon a few

of these, but the reader is referred to recent reviews for

more comprehensive coverage (Kauer and Malenka 2007;

Thomas et al. 2008; Goto and Grace 2008; Kalivas 2009;

Wheeler and Carelli 2009).

AMPAR Trafficking and Synaptic Plasticity

The importance of AMPAR for plasticity was first dem-

onstrated approximately 10 years ago by studies showing

that trafficking of AMPAR in and out of synapses deter-

mines the level of excitatory synaptic strength and con-

tributes to LTP and LTD (Malinow and Malenka 2002). It

is now appreciated that AMPAR trafficking involves

receptor endocyotosis and exocytosis, occurring in spe-

cialized regions outside of the synapse, coupled with

receptor lateral diffusion along the surface of the plasma

membrane between synaptic and extrasynaptic compart-

ments (Groc and Choquet 2006).

Functional AMPAR are tetramers (dimers of dimers)

(Mano and Teichberg 1998; Rosenmund et al. 1998;

Greger and Esteban 2007). They are composed of GluA1–4

subunits (formerly termed GluR1–4; see Collingridge et al.

2009). Early information about AMPAR subunit compo-

sition was provided by landmark co-immunoprecipitation

(co-IP) studies using adult rat hippocampus (CA1/CA2) as

starting material (Wenthold et al. 1996). These studies

showed that about 80% of GluA1 was pulled down with

GluA2/A3 antibody. Together with other results, this

indicated that GluA1A2 receptors are an important popu-

lation. About 30% of the GluA2 was not pulled down by

GluA1 antibody. This could represent GluA2 present in

GluA2A3 receptors (Wenthold et al. 1996). However,

subsequent studies have shown that GluA2 in cultured

neurons and rat brain is largely retained in the endoplasmic

reticulum (ER) in dimer form, whereas GluA1 is mainly

found in tetrameric receptors in post-ER compartments

(Greger et al. 2003). These findings suggest that ‘‘left-

over’’ GluA2 may represent partially assembled receptors

rather than a significant GluA2A3 population. If this is the

case, the co-IP results (Wenthold et al. 1996) indicate a

predominant role for GluA1A2 receptors, which is con-

sistent with more recent results obtained using a single-cell

genetic approach combined with electrophysiological

recordings (Lu et al. 2009). This latter study, conducted in

hippocampal slices from young mice, found that GluA1A2
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receptors comprise *81% of AMPAR in synapses on CA1

pyramidal neurons and *95% of receptors in extrasynaptic

regions of their soma, whereas GluA2A3 receptors repre-

sented *16% of the synaptic pool and were absent from

the extrasynaptic somatic pool. As described in the section

titled ‘‘AMPAR in the NAc’’, we have recently obtained

biochemical results in the NAc (and other regions) that are

very similar to those reported by Wenthold et al. (1996)

and Greger et al. (2003).

Subunit composition plays a critical role in determining

biophysical properties of the AMPAR (Dingledine et al.

1999; Palmer et al. 2005). For example, absence of the

GluA2 subunit results in Ca2? permeability of the AMPAR

channel (see below). Subunit composition is also important

in determining ‘‘rules’’ that govern AMPAR trafficking.

According to the leading theory, AMPAR comprised of

subunits with short C-termini (GluA2 or GluA3) cycle

constitutively in and out of synapses, whereas AMPAR

containing a subunit with a long C-terminus (GluA1 or

GluA4; GluA4 is important mainly during early develop-

ment) are inserted into synapses in an activity-dependent

manner, e.g., during LTP (Malinow 2003). This may reflect

differences in regulatory phosphorylation events and pro-

tein–protein interactions between subunits with long and

short C-terminal tails (Song and Huganir 2002; Derkach

et al. 2007). AMPAR gating and trafficking are also reg-

ulated by AMPAR auxiliary subunits (transmembrane

AMPA receptor regulatory proteins, or TARPs, and corn-

ichon proteins) (Milstein and Nicoll 2008; Schwenk et al.

2009; Tigaret and Choquet 2009).

Synaptic strength can also be regulated by switching

between AMPAR containing the GluA2 subunit (e.g.,

GluA1A2) and AMPAR lacking the GluA2 subunit

(homomeric GluA1, homomeric GluA3, or GluA1A3)

(Cull-Candy et al. 2006; Thiagarajan et al. 2007; Liu and

Zukin 2007; Isaac et al. 2007). GluA2-lacking AMPAR are

permeable to Ca2? and therefore have higher conductance

than GluA2-containing AMPAR. Their higher conductance

means that insertion or removal of only a small number of

these receptors markedly alters synaptic strength (Liu and

Cull-Candy 2000; Plant et al. 2006; Guire et al. 2008),

whereas their Ca2? permeability permits AMPAR trans-

mission to be directly coupled to the many important Ca2?-

dependent signaling pathways that govern subsequent

plasticity (Thiagarajan et al. 2007). GluA2-lacking

AMPAR can be identified experimentally based on inward

rectification due to voltage-dependent block by polyamines

as well as sensitivity to antagonists that do not block

GluA2-containing AMPAR.

Although the cellular mechanisms underlying LTP and

LTD vary at different synapses, the best studied form of

LTP requires strong synaptic activation, Ca2? entry

through the NMDA receptor (NMDAR), and activation of

protein kinase-dependent cascades that recruit additional

AMPAR to the synapse. Synaptic activation leading to

LTD is associated with less Ca2? entry and selective

activation of protein phosphatases, leading to AMPAR

removal from synapses (Shepherd and Huganir 2007; Pi

and Lisman 2008). These events occur in the early phase of

LTP. There is also a late phase of LTP, in which protein

synthesis is required to stabilize the increase in synaptic

strength (see Abraham and Williams 2008 for a recent

review).

Recently, there has been considerable interest in a

homeostatic form of plasticity termed synaptic scaling, in

which prolonged activity blockade (typically 1–3 days)

leads to augmented excitatory synaptic transmission,

whereas prolonged increases in activity produce opposite

effects (Turrigiano and Nelson 2004; Turrigiano 2008).

Synaptic scaling is believed to stabilize the activity of neu-

rons and neuronal circuits. For example, scaling up would

prevent rundown of synaptic strength after repeated LTD.

Although many mechanisms contribute to the expression of

synaptic scaling, including presynaptic changes in trans-

mitter release, the major postsynaptic mechanism involves

increases in synaptic AMPAR levels in response to activity

blockade and decreased AMPAR levels after prolonged

increases in activity. Synaptic scaling is a promising candi-

date mechanism for slowly developing plasticity that occurs

after drug withdrawal (Sun and Wolf 2009; see ‘‘Long-Term

Effects of DA Receptor Stimulation’’).

AMPAR in the NAc

Excitatory synapses in the NAc undergo NMDAR-depen-

dent LTP and several forms of LTD, a topic that has been

reviewed recently (Kauer and Malenka 2007) and therefore

will not be addressed here. Instead, this review will focus

on studies of AMPAR subunit composition and trafficking

in NAc neurons.

To determine the subunit composition of NAc AMPAR,

we conducted quantitative co-IP studies identical to those

of Wenthold et al. (1996). This section will discuss data

obtained using NAc membrane preparations from untreated

adult rats as starting material (Reimers et al. 2007 and

unpublished findings), but similar results were found in the

NAc of rats with saline self-administration experience

(Conrad et al. 2008; see also Boudreau et al. 2007) and in

other brain regions (Reimers et al. 2007 and unpublished

findings). In the NAc of untreated rats, we found that

*90% of the GluA1 is physically associated with GluA2

or GluA3, and the majority of this represents GluA1A2.

GluA1A3 complexes also exist, but this is a minor popu-

lation (only *6% of the GluA3 is pulled down by GluA1

antibody). It is possible that there is also a very small

population of homomeric GluA1 receptors (Reimers et al.
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2007 and unpublished findings). These findings are con-

sistent with earlier studies suggesting that most GluA1-

containing AMPAR in the striatum and other forebrain

regions also contain GluA2 or GluA3 (Bernard et al. 1997;

Gold et al. 1997). Turning to the question of GluA2A3

receptors, we found that *50% of GluA2 was not physi-

cally associated with GluA1 and therefore could represent

GluA2A3. However, using blue native electrophoresis to

assess AMPAR assembly state, we found that a substantial

portion of GluA2 was present in dimers or monomers,

whereas relatively more GluA1 was present in tetramers

(Reimers et al. 2007 and unpublished findings). These

findings are consistent with prior work in cultured neurons

and rat brain (Greger et al. 2003; see ‘‘AMPAR Trafficking

and Synaptic Plasticity’’) and argue that most of the ‘‘left-

over’’ GluA2 probably represents partially assembled

receptors. Overall, our results suggest a predominant role

for GluA1A2 receptors in the NAc and thus fall into line

with single-cell genetic/electrophysiological assessments of

AMPAR subunit composition in hippocampus (Lu et al.

2009). However, a role for GluA2A3 or GluA1A3 receptors

in the NAc should not be ruled out. GluA3 is expressed on

the cell surface in the adult rat NAc (Boudreau et al. 2007)

and this measure is altered after cocaine self-administration

(Conrad et al. 2008). GluA4 is not present in medium spiny

neurons (Bernard et al. 1997; Stefani et al. 1998).

Although the co-IP studies described above suggest that

a small pool of GluA2-lacking AMPAR is present in NAc

neurons (Reimers et al. 2007; Conrad et al. 2008; Boudreau

et al. 2007), electrophysiological studies indicate that they

play a minimal role in synaptic transmission. Thus, whole-

cell patch clamp recordings in the NAc core of adult rats

with previous saline self-administration experience found

linear AMPAR current–voltage relationships and only a

small reduction (*5%) in the evoked excitatory postsyn-

aptic current (EPSC) amplitude after bath application of

1-naphthylacetylsperimine (Naspm), a selective antagonist

of GluA2-lacking AMPAR (Conrad et al. 2008). Linear

AMPAR current–voltage relationships have also been

found in the NAc shell of young mice given saline injec-

tions (Kourrich et al. 2007, P24-28; Mameli et al. 2009,

P16-35; P, postnatal day), although a small contribution of

GluA2-lacking AMPAR to synaptic transmission in the

NAc shell was found in untreated adult mice (Campioni

et al. 2009, P56-70).

To study AMPAR trafficking in the NAc, we have used

primary cultures prepared from the NAc of postnatal day 1

rats and co-cultures in which prefrontal cortex (PFC)

neurons are included to restore excitatory synapses onto

NAc MSN. Despite the fact that NAc MSN are GABA

neurons, AMPAR trafficking was similar to what has been

described in hippocampal pyramidal neurons. Thus, brief

exposure to glutamate agonists produces a decrease in

AMPAR surface expression in cultured NAc neurons

(Mangiavacchi and Wolf 2004b) akin to that implicated in

LTD in other brain regions (Carroll et al. 2001). We have

also described the activity-dependent synaptic insertion of

GluA1-containing AMPAR in cultured NAc neurons. This

occurs through a two-step process that involves external-

ization onto the cell surface at extrasynaptic sites followed

by translocation into the synapse (Fig. 1). The first step is

accelerated by protein kinase A (PKA), most likely via

phosphorylation of GluA1 at serine 845 (a PKA phos-

phorylation site), whereas the second step requires

NMDAR stimulation (Chao et al. 2002a, b; Mangiavacchi

and Wolf 2004a; Sun et al. 2008). A similar two-step

mechanism occurs in other cell types (Passafaro et al.

2001; Esteban et al. 2003; Sun et al. 2005; Gao et al. 2006;

Oh et al. 2006; Man et al. 2007; Yudowski et al. 2007).

Recent studies have provided additional information

about this process. Petrini et al. (2009) demonstrated that

AMPAR recycling via postsynaptic endocytic zones is

crucial for maintaining a mobile pool of extrasynaptic

AMPAR that can be inserted into synapses in an activity-

dependent manner to increase synaptic strength. Further-

more, in addition to the important priming role noted above

for PKA phosphorylation of serine 845, it has been dem-

onstrated that protein kinase C phosphorylation of serine

816 and serine 818 of GluA1 enhances the interaction with

its binding partner 4.1 N and thus enhances insertion of

GluA1 into surface extrasynaptic pools (Lin et al. 2009).

While most studies of synaptic plasticity in NAc neu-

rons have focused on LTP or LTD, we showed recently that

NAc MSN also exhibit bidirectional synaptic scaling.

Prolonged activity blockade [1–3 days of incubation with

tetrodotoxin (TTX) or the AMPAR antagonist CNQX]

leads to increased levels of GluA1A2-containing AMPAR

on the surface of MSN, both at synaptic and extrasynaptic

locations, whereas prolonged increases in activity (pro-

duced by incubating with the GABAA receptor antagonist

bicuculline) lead to opposite effects. Increased AMPAR

surface expression after prolonged activity blockade

requires protein synthesis and is occluded by inhibition of

the ubiquitin–proteasome system, perhaps indicating a

requirement for new receptors as well as slowing of the

turnover of existing receptors, or, more generally, a sta-

bilization of newly translated proteins (Sun and Wolf

2009). It is possible that synaptic scaling contributes to the

increased AMPAR surface and synaptic expression that is

observed in the rodent NAc after withdrawal from repeated

cocaine exposure (see ‘‘AMPAR Upregulation in the NAc

After Cocaine Withdrawal May Enhance Drug Seeking’’).

Imaging studies in humans and primates have demon-

strated persistent metabolic hypoactivity after cocaine

exposure in cortical areas that send glutamate projections

to the NAc (Goldstein and Volkow 2002; Porrino et al.

396 Neurotox Res (2010) 18:393–409

123



2007), which could translate into decreased excitatory

transmission onto NAc neurons after cocaine withdrawal.

We have speculated that this leads to synaptic scaling in

NAc neurons, resulting in the accumulation of AMPAR at

excitatory synapses onto these neurons and explaining in

vivo results indicating AMPAR upregulation after cocaine

withdrawal (see ‘‘AMPAR Upregulation in the NAc After

Cocaine Withdrawal May Enhance Drug Seeking’’). For

discussion of rodent data that support this hypothesis, see

Sun and Wolf (2009).

Facilitation of AMPAR Synaptic Insertion by DA May

Contribute to the Strength of Drug-Related Learning

D1-Class DA Receptors Prime AMPAR for Synaptic

Insertion

The insertion of new AMPAR into synapses is responsible

for increasing synaptic strength in many forms of experi-

ence-dependent plasticity and learning (Kessels and Mali-

now 2009). As discussed in more detail in the section titled

‘‘Significance of the Priming Effect of D1-Class Receptors

for Motivated Behavior’’, one important role of DA is to

facilitate learning about natural rewards and drugs of

abuse. A very simple way to accomplish this would be to

directly facilitate AMPAR synaptic insertion at relevant

synapses. This mechanism is plausible in several brain

regions—including the dorsal striatum, NAc (ventral stri-

atum), PFC and hippocampus—where dendrites of the

principal neurons receive convergent DA and glutamate

inputs, forming a synaptic triad (Sesack et al. 2003; Fig. 1).

Within the triad, DA receptors are well-positioned to

modulate plasticity mechanisms, including AMPAR traf-

ficking, at nearby glutamate synapses.

We tested this idea in cultured neurons. Our initial

studies used primary cultures prepared from postnatal NAc

neurons. These studies revealed that stimulation of D1-

class receptors, which are positively coupled to adenylyl

cyclase, increases the rate of externalization of GluA1-

containing AMPAR to the cell surface, in concert with

stimulation of GluA1 phosphorylation at serine 845 (Chao

et al. 2002a, b; Mangiavacchi and Wolf 2004a; we are

using the term D1-class because pharmacological agents

used in these studies do not distinguish between D1 and D5

receptors). We could not study AMPAR synaptic targeting

in ‘‘pure’’ NAc cultures, because the NAc does not contain

intrinsic glutamate neurons and thus cultures prepared from

the NAc do not contain glutamate synapses. To overcome

this, we restored excitatory synapses onto the NAc neurons

DA

Glu

Glutamate Input

DA Input

2

GluA1A2 AMPAR

Ca2+

CaMKII

1

PKA

Fig. 1 AMPAR enter synapses through a two-step process, indicated

by numbered boxes in the figure: (1) exocytosis onto the extrasynaptic

cell surface (this step is accelerated by PKA activation) and (2)

translocation into the synapse following activation of NMDAR and

CaMKII. In the NAc and several other regions (e.g., PFC and

hippocampus), spines of principal neurons receive convergent inputs

from glutamate and DA terminals; thus, DA receptors are well-

positioned to modulate AMPAR trafficking at glutamate synapses. In

primary cultures from these brain regions, we have found that brief

(5–15 min) treatment with a D1-class receptor agonist, leading to

PKA activation, increases the rate of AMPAR externalization at

extrasynaptic sites. This in turn primes AMPAR for synaptic insertion

in response to subsequent NMDAR stimulation. This schematic is

based on data presented in Sun et al. (2005), Gao et al. (2006), and

Sun et al. (2008)
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by co-culturing them with PFC neurons (Sun et al. 2008).

We also studied primary cultures prepared from postnatal

rat hippocampus (Gao et al. 2006) and PFC (Sun et al.

2005), brain regions that contain glutamate neurons and

therefore yield cultures containing glutamate synapses. In

all neurons studied (NAc MSN, hippocampal pyramidal

neurons, and PFC pyramidal neurons), we found that brief

(5–15 min) stimulation of D1-class receptors increased

GluA1 surface expression through a mechanism requiring

PKA activation (Sun et al. 2005, 2008; Gao et al. 2006) and

the secretory pathway (Gao et al. 2006). Protein synthesis

was not required in our studies (Gao et al. 2006; Sun et al.

2008), although D1-class agonists can also increase syn-

aptic GluA1 levels in hippocampal neurons through a

mechanism that involves stimulation of dendritic protein

synthesis (Smith et al. 2005). Interestingly, in all cases, we

found that D1-class receptor stimulation increased AMPAR

surface expression exclusively at extrasynaptic sites; no

changes in synaptic AMPAR levels were observed (Sun

et al. 2005, 2008; Gao et al. 2006). These results indicated

that stimulation of D1-class receptor/PKA signaling is not

sufficient for AMPAR synaptic insertion, at least not under

our experimental conditions (see next paragraph). However,

we hypothesized that D1-class receptor stimulation, by

increasing extrasynaptic AMPAR levels, might prime

AMPAR for synaptic insertion. To test this, we took

advantage of the ability of glycine, an obligatory co-agonist

at the NMDAR, to elicit AMPAR synaptic insertion and

LTP (Lu et al. 2001). We identified a concentration of

glycine that was subthreshold for this effect. If cultures

were incubated briefly with a D1 agonist followed imme-

diately by 3 min of incubation with glycine, we observed

that this subthreshold concentration of glycine was able to

produce AMPAR synaptic incorporation. These results

demonstrate that D1-class receptors can facilitate activity-

dependent synaptic plasticity (Sun et al. 2005; Gao et al.

2006; Sun et al. 2008).

An implication of these results is that D1-class receptor

agonists will only facilitate AMPAR synaptic insertion

under conditions of sufficient NMDAR tone. This may

explain some electrophysiological results in NAc neurons

that do not support this mechanism. For example, Nicola

et al. (1996) found no evidence for D1-class receptor

mediated enhancement of postsynaptic AMPAR transmis-

sion, but their recordings were conducted in brain slices at

membrane potentials that prohibit NMDAR transmission.

In contrast, when NAc are activated by excitatory inputs in

vivo, it is likely that that NMDAR tone would be sufficient

to observe the priming effect. However, many factors are

no doubt important in determining the in vivo conse-

quences of D1-class receptor stimulation in the NAc,

including effects on voltage-gated conductances (e.g.,

Nicola et al. 2000; Zhang et al. 1998, 2002) and the

existence of presynaptic D1-class receptors in the NAc that

dampen excitatory synaptic transmission (e.g., Pennartz

et al. 1992; Harvey and Lacey 1996; Nicola et al. 1996).

In conclusion, our results in cultured NAc, PFC, and

hippocampal neurons provided some of the first direct

support for the two-step process of GluA1 synaptic incor-

poration described in ‘‘AMPAR in the NAc’’ and demon-

strated that D1-class receptors prime AMPAR for synaptic

insertion by accelerating the first step (PKA-dependent

externalization onto extrasynaptic regions of the cell sur-

face) and thus increasing the number of AMPAR available

for translocation into synapses when NMDAR are subse-

quently stimulated (see Fig. 1 for summary). Facilitation of

AMPAR synaptic insertion by D1-class receptors was

blocked by KN-62, an inhibitor of Ca2?-calmodulin-

dependent protein kinases (Gao et al. 2006). This is con-

sistent with the fact that AMPAR synaptic insertion during

LTP ultimately requires activation of Ca2?-calmodulin-

dependent protein kinase II (CaMKII) (Lisman et al. 2002).

Overall, our results indicate that the D1-class receptor/PKA

pathway works cooperatively with the NMDAR/CaMKII

pathway to induce AMPAR synaptic incorporation, thereby

facilitating early phases of synaptic plasticity. Consistent

with this, activation of D1-class receptors has been shown

to augment the magnitude of early LTP in CA1 slices

(Otmakhova and Lisman 1996). This role of D1-class

receptor/PKA signaling is distinct from, but complemen-

tary to, its well established role in the late protein syn-

thesis-dependent phase of LTP (Frey et al. 1990, 1991,

1993; Huang and Kandel 1995; Matthies et al. 1997;

Swanson-Park et al. 1999; Duffy and Nguyen 2003; Morris

et al. 2003).

D1-class receptor stimulation also increased GluA1

synaptic incorporation in VTA DA neurons co-cultured

with PFC neurons to restore excitatory synapses, although

the mechanism differed from that described above for NAc,

PFC, and hippocampus (Gao and Wolf 2007). The VTA

DA neurons responded to acute PKA activation with

increased GluA1 surface expression, as expected from our

prior results (above). However, D1-class receptors are not

present on their surface (at least in our culture system), and

thus D1-class receptor agonists did not reproduce this

effect of PKA activation. Instead, we found that brief

stimulation with a D1-class agonist (10 min) increased

GluA1 and GluA2 surface expression through a glutamate

receptor-dependent pathway, apparently by acting on D1-

class receptors on the PFC neurons in the co-culture and

thereby altering their excitatory transmission onto VTA

DA neurons. We also tested the effect of a longer incu-

bation with DA (1 h), to mimic the duration of elevated

DA levels produced by systemic cocaine administration. In

this case, we observed an increase in surface and synaptic

GluA1 but not GluA2 on VTA DA neurons, suggesting an
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increase in GluA2-lacking AMPAR. Surface GluA3 and

the area of GluA1A3 colocalization were also increased

(Gao and Wolf 2007). Due to the higher conductance of

GluA2-lacking AMPAR, their addition to VTA DA neu-

rons would be expected to significantly enhance DA neu-

ronal activation by glutamate inputs. These studies provide

an in vitro model for the cocaine-induced potentiation of

excitatory transmission onto VTA DA neurons that con-

tributes to the initiation of behavioral sensitization (Ung-

less et al. 2001). GluA2-lacking AMPAR have been shown

to contribute to this potentiation (Bellone and Lüscher

2006; Argilli et al. 2008).

Significance of the Priming Effect of D1-Class

Receptors for Motivated Behavior

This section addresses the possible behavioral significance

of the ability of D1-class receptors to prime AMPAR for

synaptic insertion in principal neurons of the PFC (Sun

et al. 2005), hippocampus (Gao et al. 2006), and NAc (Sun

et al. 2008). Although the role of DA in motivation and

reward is very complex, one idea is that DA transmission

facilitates associative learning about natural rewards and

drugs of abuse that is important for shaping future behavior

(Di Chiara 1998; Berke and Hyman 2000; Schultz 2000;

Kelley and Berridge 2002; Lisman and Grace 2006;

Wheeler and Carelli 2009). Our results suggest that DA

may enhance learning about reward-related stimuli at least

in part by priming AMPAR for synaptic insertion and

thereby facilitating synaptic plasticity. Thus, when a

stimulus is presented within a temporal window in which

DA levels are elevated, that stimulus is more likely to be

encoded as an increase in the strength of excitatory syn-

apses. This mechanism may help explain many results

obtained in NAc, PFC, and hippocampal neurons indicating

that D1-class receptors facilitate LTP and learning (Jay

2003; O’Donnell 2003; Lisman and Grace 2006). For

example, Li et al. (2003) found that brief exposure to a

novel environment, leading to D1 receptor-PKA signaling,

enhanced the ability of a weak tetanus to induce LTP in

hippocampal CA1 neurons. This observation is readily

explained by a priming effect of D1-class receptor stimu-

lation (Fig. 1), although it is important to note that DA also

modulates other cellular mechanisms that regulate neuronal

excitability and plasticity, including NMDAR transmission

(Cepeda and Levine 2006) and voltage-gated ion channels

(e.g., Seamans and Yang 2004) (see ‘‘D1-Class DA

Receptors Prime AMPAR for Synaptic Insertion’’ for

specific citations related to D1-class receptors in the NAc).

A similar priming effect has been demonstrated after

stimulating hippocampal b-adrenergic receptors (which like

D1-class receptors are positively coupled to adenylyl

cyclase) with norepinephrine, a transmitter important for

stress responses. Norepinephrine produced a robust increase

in GluA1 phosphorylation at serine 845 (PKA phosphory-

lation site), and to a lesser extent at serine 831 (CaMKII or

protein kinase C phosphorylation site), an effect that was

reproduced by emotional stress (Hu et al. 2007). Through

this mechanism, norepinephrine facilitated GluA1 synaptic

delivery and LTP (Hu et al. 2007). This is proposed

to contribute to stress-related learning (Krugers and

Hoogenraad 2009). More broadly, the ability to promote

plasticity by facilitating AMPAR synaptic delivery may be

a shared property of neuromodulator receptors that are

positively coupled to adenylyl cyclase (see Soel et al. 2009).

In contrast to natural rewards, psychomotor stimulants

like cocaine, by blocking the DA transporter, produce robust

and unregulated increases in extracellular DA levels. During

repeated cocaine exposure, unregulated DA receptor sig-

naling may lead to inappropriate modulation of AMPAR

trafficking and abnormal synaptic plasticity. These processes

may contribute to the rewiring of neuronal circuits that

underlies the transition to compulsive drug use. More spe-

cifically, we speculate that unregulated DA release promotes

very strong learning about stimuli that are present while the

subject is under the influence of the drug, when DA levels are

high, including cues and context that are associated with the

drug-taking experience. As cues are important triggers for

drug craving, this pathologically strong learning may explain

the persistent vulnerability to relapse that makes addiction so

difficult to treat. It is interesting to speculate that learning

related to the negative consequences that follow the act of

drug taking (e.g., family disapproval or loss of employment)

is much less effective because DA levels are low when the

negative consequences are experienced.

Long-Term Effects of DA Receptor Stimulation

The studies described in ‘‘Significance of the Priming Effect

of D1-Class Receptors for Motivated Behavior’’ focused on

acute effects of DA receptor stimulation on AMPAR traf-

ficking. We wondered whether long-lasting effects also

occur. This is difficult to address using primary neuronal

cultures because there is a limited time window for experi-

mentation. Typically, at least a week in vitro is required for

synaptic connections to be established, but cultures deteri-

orate after about 3 weeks (although this depends on cell

density and other factors). Within this window, we attempted

to mimic repeated cocaine exposure by treating NAc/PFC

co-cultures repeatedly with DA (30 min per day on days 7, 9,

and 11 in vitro). Two interesting effects were observed

4 days after the last DA exposure (day 15). First, D1-class

agonist treatment no longer increased AMPAR surface

expression. This refractoriness was associated with

decreased D1 receptor surface expression (Sun et al. 2008).

Second, upregulation of GluA1 and GluA2 surface
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expression on NAc MSN was detected on day 15 (Sun et al.

2008; Sun and Wolf 2009). This effect required CaMK

activity during the 4 day ‘‘withdrawal’’ period and was

associated with CaMKII activation (Sun et al. 2008). Obvi-

ously cultures do not reproduce the circuitry of the brain and

they are prepared from young neurons, which differ from

adult neurons in many respects. For example, unlike adult

rodent NAc neurons (see ‘‘AMPAR in the NAc’’), cultured

NAc neurons, prepared from P1 rats, express a substantial

number of GluA2-lacking AMPAR under basal conditions

(Sun and Wolf 2009). Therefore, caution must be used when

extrapolating these and other in vitro results to the adult

brain. However, our results in NAc/PFC co-cultures indicate

that repeated DA treatment has effects on plasticity mecha-

nisms that outlast the period in which DA levels are elevated,

perhaps via changes in excitatory activity that are triggered

by prior DA receptor overstimulation. Specifically, these

results are reminiscent of the increased GluA1 and GluA2

surface expression that we have observed in the NAc of

cocaine-sensitized rats (see ‘‘AMPAR Plasticity in Behav-

ioral Sensitization’’). These rats show a transient elevation of

CaMKII levels in the NAc on withdrawal day 7 (Boudreau

et al. 2009), suggesting another parallel to the in vitro find-

ings discussed here.

Interestingly, we found that the upregulation of surface

GluA1 and GluA2 in cultured NAc neurons produced by

repeated DA treatment occluded subsequent synaptic scal-

ing induced by prolonged activity blockade, i.e., no further

increase in AMPAR surface expression was produced by

activity blockade when it was preceded by repeated DA

treatment (Sun and Wolf 2009). If this occlusion occurs in

vivo, it would argue against the hypothesis that synaptic

scaling is responsible for AMPAR upregulation in the NAc

after withdrawal from repeated in vivo cocaine exposure

(see ‘‘AMPAR in the NAc’’). On the other hand, if the

occlusion of scaling occurs in vivo but is transient, it could

help explain the delayed onset of AMPAR upregulation

after cocaine withdrawal (see ‘‘AMPAR Upregulation in the

NAc After Cocaine Withdrawal May Enhance Drug Seek-

ing’’). Interestingly, a different kind of homeostatic plas-

ticity, in which MSN adjust their membrane excitability to

functionally compensate for changes in the level of excit-

atory synaptic input, shows a prolonged impairment in the

NAc of cocaine-sensitized rats (Ishikawa et al. 2009).

AMPAR Upregulation in the NAc After Cocaine

Withdrawal May Enhance Drug Seeking

Overview

AMPAR transmission in the NAc has been studied after

both non-contingent and contingent cocaine administration.

When cocaine is administered by the experimenter, this is

referred to as ‘‘non-contingent’’ because drug administra-

tion is not dependent upon the animal’s behavior. In

cocaine self-administration procedures, drug administra-

tion is dependent on the rat’s response, such as a nose poke

or lever press, and is therefore ‘‘contingent.’’ As described

below, we and others have observed increases in AMPAR

surface and synaptic expression in the NAc following

withdrawal from repeated non-contingent cocaine injec-

tions leading to behavioral sensitization (see ‘‘AMPAR

Plasticity in Behavioral Sensitization’’) and cocaine self-

administration leading to the incubation of cocaine craving

(‘‘AMPAR Plasticity in the Incubation Model’’), although

the AMPAR subtype involved differs in these two situa-

tions. It is important to note that these increases do not

occur during cocaine exposure but require a withdrawal

period to become evident. Thus, they do not result from

direct effects of elevated DA levels on mechanisms that

control AMPAR trafficking. Instead, just as changes in the

level of presynaptic activity trigger LTP, LTD, or synaptic

scaling (see ‘‘AMPAR Trafficking and Synaptic Plastic-

ity’’), we speculate that withdrawal-dependent changes in

the activity of glutamate pathways projecting to the NAc

are responsible for postsynaptic AMPAR plasticity in the

NAc after cocaine withdrawal. At present, the nature of

such changes is not known. Candidate mechanisms include

altered presynaptic glutamate transmission due to impaired

cystine–glutamate exchange (Kalivas 2009) or hypoactivity

of cortical areas that send glutamate projections to the NAc

(Goldstein and Volkow 2002; Porrino et al. 2007). Another

factor that cannot be neglected is ‘‘whole-cell plasticity’’

related to drug-induced changes in voltage-gated ion

channels (Zhang et al. 1998, 2002; Hu et al. 2004, 2005;

Dong et al. 2006; Ishikawa et al. 2009; Kourrich and

Thomas 2009; Mu et al. 2010). For discussion of possible

interactions between these phenomena and postsynaptic

AMPAR plasticity, see Wolf and Ferrario (2010).

AMPAR Plasticity in Behavioral Sensitization

Increased AMPAR surface expression in the NAc after

withdrawal from repeated cocaine exposure was first

observed in the behavioral sensitization model. Behavioral

sensitization refers to the progressive augmentation of

behavioral responses to a drug that develops during repe-

ated drug treatment and then persists long after drug

exposure is discontinued. Sensitization of locomotor

stimulatory effects is commonly studied. In addition, sen-

sitization develops to the incentive-motivational properties

of drugs, in other words, the properties that make them

‘‘wanted’’ (Robinson and Berridge 2008). Thus, rats pre-

viously sensitized to psychomotor stimulants will subse-

quently show enhanced motivation to obtain drugs
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compared to control rats (Vezina 2004), just as an addict

will continue to seek drugs even in the face of adverse

consequences.

Our studies were conducted using adult rats and initially

employed a cocaine regimen that produces locomotor sen-

sitization in approximately half the cocaine-treated rats.

Using a protein crosslinking assay that can distinguish

between cell surface and intracellular pools of AMPAR

subunits (Boudreau and Wolf 2005), we found that sensitized

rats, but not cocaine-treated rats that failed to sensitize,

exhibit increased AMPAR surface expression in the NAc.

This was detected after 7, 14, or 21 days of withdrawal, but

not on the first day of withdrawal, indicating that AMPAR

cell surface expression increases sometime during the first

week of withdrawal (Boudreau and Wolf 2005; Boudreau

et al. 2007, 2009). More recently, we have used a cocaine

regimen that produces sensitization in all rats, and found a

significant increase in AMPAR subunit surface/intracellular

ratios in the total population of cocaine-treated rats on

withdrawal day 14 (Ferrario et al. 2010).

Evidence for AMPAR upregulation has also been

obtained with other approaches. Electrophysiological

studies found an increased AMPA/NMDA ratio in the NAc

of cocaine-sensitized mice after 10–14 days of withdrawal

(Kourrich et al. 2007). A more recent study found that

synaptic strength was increased on withdrawal day 35 due

to the addition of GluA2-lacking AMPAR (Mameli et al.

2009; see next paragraph for more discussion). Biochemi-

cal studies found increased GluA1 and GluA2 levels in

synaptosomal membrane fractions prepared from the NAc

of sensitized rats after 21 days but not 1 day of withdrawal

(Ghasemzadeh et al. 2009a; Schumann and Yaka 2009),

while increased GluA1 in tissue homogenates was reported

after 1–3 weeks but not 1 day of withdrawal (Churchill

et al. 1999; Scheggi et al. 2002). Finally, the locomotor

response elicited by infusion of AMPA into the NAc is

enhanced after withdrawal from a sensitizing cocaine reg-

imen (Pierce et al. 1996; Bell and Kalivas 1996; Bachtell

and Self 2008). The cellular mechanisms that trigger and

maintain AMPAR upregulation in cocaine-sensitized rats

remain unclear, but NMDAR stimulation and ERK acti-

vation during withdrawal are implicated (Boudreau et al.

2007, 2009; Schumann and Yaka 2009; Huang et al. 2009).

CaMKII and PKA may also be involved (Boudreau et al.

2009). Interestingly, despite the fact that both cocaine and

amphetamine elevate DA transmission in the NAc,

amphetamine sensitization is not associated with increased

AMPAR surface expression, arguing against a major role

for increased DA transmission in triggering AMPAR

upregulation in cocaine-sensitized rats (Nelson et al. 2009;

Wolf and Ferrario 2010).

The NAc is divided into two subregions, core and shell,

that can be distinguished based on morphology,

connectivity, and functional role (Meredith et al. 2008).

While our studies and others (Schumann and Yaka 2009)

used a combined core/shell dissection, other studies

examined these subregions separately and obtained results

that, taken together, support the idea that AMPAR upreg-

ulation occurs in both subregions (Pierce et al. 1996; Bell

and Kalivas 1996; Kourrich et al. 2007; Mameli et al. 2009;

Ghasemzadeh et al. 2009a). Differences and similarities

between core and shell subregions are beyond the scope of

this review, although AMPAR transmission in both regions

is implicated in drug seeking behavior in cocaine-experi-

enced rats (Wolf and Ferrario 2010).

Most results suggest that GluA1A2-containing AM-

PAR, rather than GluA2-lacking AMPAR, increase after

withdrawal from non-contingent cocaine treatment leading

to sensitization. Thus, both GluA1 and GluA2 subunits

exhibit increased surface expression (Boudreau and Wolf

2005; Boudreau et al. 2007) and enrichment in synapto-

somal membrane fractions (Ghasemzadeh et al. 2009a) on

withdrawal days 14–21, and electrophysiological studies

found no evidence for GluA2-lacking AMPAR in the shell

of cocaine-sensitized mice on withdrawal days 10–14

(Kourrich et al. 2007). In contrast, results in the incuba-

tion model (see ‘‘AMPAR Plasticity in the Incubation

Model’’) indicate that GluA2-lacking AMPAR are added

to excitatory synapses in the NAc after prolonged with-

drawal from extended access cocaine self-administration;

furthermore, these receptors mediate the ‘‘incubated’’ cue-

induced craving observed after prolonged withdrawal

(Conrad et al. 2008; Mameli et al. 2009). Why do

GluA1A2 receptors increase in the sensitization model

while GluA2-lacking AMPAR increase in the incubation

model? It is possible that this is due to different patterns

of neuronal activity in pathways projecting to the NAc as

a result of non-contingent (sensitization) versus contingent

(incubation) cocaine exposure. However, Mameli et al.

(2009) found evidence for GluA2-lacking AMPAR in the

NAc of cocaine-treated mice after 35 days of withdrawal

regardless of whether they received 10 daily i.p. cocaine

injections or 8 days of cocaine self-administration (4 h/

day). This suggests that a long withdrawal period leads to

synaptic incorporation of GluA2-lacking AMPAR regard-

less of whether cocaine administration is contingent or

non-contingent, and raises the possibility that GluA1A2-

containing AMPAR increase during the first week of

withdrawal and are then replaced by GluA2-lacking

AMPAR. Alternatively, the results of Mameli et al. (2009)

in the sensitization model may be related to the age of the

mice when cocaine treatment began (P16-35). This is an

important point, since there are developmental changes

in the prevalence of GluA2-lacking AMPAR (e.g., Ho

et al. 2007) and plasticity mechanisms (McCutcheon and

Marinelli 2009).
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What is the functional significance of AMPAR upreg-

ulation in the NAc of cocaine-sensitized rats? Some results

indicate that enhanced AMPAR transmission in the NAc

mediates the expression of locomotor sensitization (Pierce

et al. 1996; Bell et al. 2000). On the other hand, several

dissociations have been observed between the level of

AMPAR transmission and the expression of sensitization

(Bachtell and Self 2008; Bachtell et al. 2008; Ferrario et al.

2010). For example, locomotor sensitization is expressed

on withdrawal day 1, yet AMPAR surface expression on

withdrawal day 1 does not differ between cocaine-sensi-

tized and saline-treated treated rats (Boudreau and Wolf

2005). Furthermore, if cocaine-sensitized rodents are

administered a challenge injection of cocaine, AMPAR

surface and synaptic expression are decreased 24 h later

(Thomas et al. 2001; Boudreau et al. 2007; Kourrich et al.

2007). In other words, the AMPAR upregulation that

occurs after withdrawal is reversed by cocaine re-exposure,

although both behavioral and protein crosslinking results

indicate that upregulation is restored within 7 days

(Bachtell and Self 2008; Ferrario et al. 2010). However, if

a second cocaine challenge is administered 24 h after the

first, that is, when AMPAR surface and synaptic expression

have been decreased by the first cocaine challenge, the

magnitude of locomotor sensitization is not decreased

(Ferrario et al. 2010). In fact, Bachtell and Self (2008)

observed that it was enhanced. These and other results

suggest that treatments which decrease AMPAR trans-

mission in the NAc do not necessarily decrease the mag-

nitude of the expression of locomotor sensitization to

cocaine. Finally, results obtained after transient viral-

mediated over-expression of wild-type GluA1 or a pore-

dead GluA1 mutant suggest that the magnitude of sensiti-

zation varies inversely with the strength of AMPAR

transmission (Bachtell et al. 2008). Related to this, one

theory holds that rapid AMPAR internalization following

drug challenge mediates the expression of locomotor sen-

sitization (Brebner et al. 2005), although this is based on

studies of amphetamine, which has very different effects on

NAc AMPAR compared to cocaine (Nelson et al. 2009;

Wolf and Ferrario 2010). Arguing against this theory as it

applies to cocaine, we have not observed any change in

AMPAR surface expression in the NAc 30 min after a

cocaine challenge injection is administered to sensitized

rats (Ferrario et al. 2010). In conclusion, some evidence

suggests that enhanced AMPAR transmission in the NAc

underlies locomotor sensitization, but other studies suggest

a more complicated relationship.

In contrast, nearly all evidence supports the idea that

cocaine seeking behavior, measured in a number of dif-

ferent animal models, requires activation of AMPAR on

NAc neurons by glutamate afferents originating from PFC

or limbic regions (Cornish and Kalivas 2000; Vorel et al.

2001; Di Ciano and Everitt 2001, 2004; Park et al. 2002;

McFarland et al. 2003; Hayes et al. 2003; Ito et al. 2004; Di

Ciano et al. 2007; Bäckstrom and Hyytiä 2007; Conrad

et al. 2008; Famous et al. 2008; Ping et al. 2008; Suto et al.

2009; Sari et al. 2009). Furthermore, several studies have

observed a positive correlation between the magnitude of

drug seeking behavior and the level of AMPAR transmis-

sion in the NAc (Suto et al. 2004; Conrad et al. 2008;

Anderson et al. 2008; see ‘‘AMPAR Plasticity in the

Incubation Model’’ section for more discussion). As noted

above, it is well established that rats administered non-

contingent psychomotor stimulant treatment leading to

locomotor sensitization will subsequently show enhanced

acquisition of drug self-administration and will work

harder to obtain the drug in progressive ratio experiments

(Vezina 2004). Given that cocaine seeking seems to depend

on the level of NAc AMPAR transmission, we propose that

AMPAR upregulation in the NAc of cocaine-sensitized rats

is responsible for this subsequent enhancement of drug

taking and seeking. In other words, it is possible that

AMPAR upregulation after non-contingent cocaine expo-

sure is more directly related to incentive sensitization than

to locomotor sensitization (see Wolf and Ferrario 2010 for

more discussion).

There are studies that do not support a positive rela-

tionship between drug seeking and AMPAR transmission

in the NAc. These involve experiments in which GluA1 has

been over-expressed or deleted (Mead et al. 2007; Bachtell

et al. 2008), situations in which compensatory changes may

affect the outcome, or experiments in which extinction

training followed cocaine self-administration (Sutton et al.

2003). Extinction training involves new learning (Self et al.

2004) and therefore, not surprisingly, different AMPAR

changes are observed in the NAc if cocaine self-adminis-

tration is followed by extinction training than if it is fol-

lowed by withdrawal in home cages (Sutton et al. 2003;

Ghasemzadeh et al. 2009b). Recognition of this difference

may resolve at least some of the apparent discrepancies in

this literature (Wolf and Ferrario 2010).

Our discussion has not attempted to incorporate litera-

ture on the dorsal striatum. However, this region is

also important for locomotor sensitization and shares

some sensitization-related neuroadaptations with the NAc

(Patrick et al. 1991; Robinson and Kolb 2004; Jedynak

et al. 2007). Yet, cocaine sensitization is associated with

different and in some respects opposite changes in AMPAR

distribution in the dorsolateral striatum versus the NAc

(Ferrario et al. 2010). This may argue further for dissoci-

ation between locomotor sensitization and the AMPAR

redistribution observed in the NAc. However, AMPAR

plasticity, albeit different from that induced by cocaine,

may nevertheless contribute to amphetamine sensitization

(e.g., Loweth et al. 2010).
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AMPAR Plasticity in the Incubation Model

After extended access cocaine self-administration (e.g.,

6 h/day 9 10 days; Conrad et al. 2008), there is a pro-

gressive increase in cue-induced cocaine seeking over the

first weeks to months of withdrawal that has been termed

‘‘incubation’’ (Neisewander et al. 2000; Grimm et al.

2001; Lu et al. 2004a, b; Sorge and Stewart 2005). We

showed that GluA2-lacking AMPAR are added to NAc

synapses in association with the incubation of cue-induced

cocaine seeking (Conrad et al. 2008). Thus, they were not

found in NAc synapses of drug-naı̈ve rats or cocaine-

experienced rats evaluated on withdrawal day 1, when

cue-induced craving is low. However, on withdrawal days

42–47, when cue-induced craving is high, GluA2-lacking

AMPAR were present. This was demonstrated using a

variety of approaches, including protein crosslinking

studies showing selective increases in surface GluA1,

quantitative co-IP studies showing an increase in the

portion of GluA1 not physically associated with GluA2,

and electrophysiological studies showing inwardly recti-

fying and Naspm-sensitive evoked EPSCs (Conrad et al.

2008). Consistent with our results, inwardly rectifying

AMPAR EPSC were demonstrated in the mouse NAc

shell on withdrawal day 35 from cocaine self-adminis-

tration (4 h/day for 8 days; Mameli et al. 2009). This

represents a dramatic change in the synaptic function of

MSN due to the Ca2? permeability and resulting higher

conductance of GluA2-lacking AMPAR (see ‘‘AMPAR

Trafficking and Synaptic Plasticity’’). Finally, we showed

that blocking GluA2-lacking AMPAR, by injecting Nas-

pm into the NAc core, prevented the expression of incu-

bated cue-induced cocaine seeking on withdrawal day 45

(Conrad et al. 2008). Together, these results may suggest

GluA2-lacking AMPAR as a target for the design of anti-

craving medications.

Cocaine seeking requires activation of glutamate inputs

to the NAc and a resultant increase in AMPAR transmis-

sion onto MSN (see ‘‘AMPAR Plasticity in Behavioral

Sensitization’’). Thus, the results described above (Conrad

et al. 2008; Mameli et al. 2009) suggest that MSN become

more responsive to these glutamate inputs after prolonged

withdrawal from cocaine self-administration due to the

synaptic incorporation of high conductance GluA2-lacking

AMPAR. Thus, when a cue previously paired with cocaine

is presented and glutamate is released in the NAc, MSN

respond more strongly and cue-induced craving is

enhanced. These ideas are consistent with electrophysio-

logical data showing that incubation of cue-induced

cocaine seeking is accompanied by an increase in the

portion of NAc neurons exhibiting phasic activation in

response to cocaine self-administration or cocaine-associ-

ated cues, as well as an increase in the strength of neuronal

activation (Hollander and Carelli 2005, 2007). In addition

to enabling stronger depolarization of NAc neurons due

to their higher conductance, the synaptic incorporation of

GluA2-lacking AMPAR after prolonged withdrawal from

cocaine self-administration would be predicted to quali-

tatively alter synaptic transmission and subsequent plas-

ticity at NAc synapses due to their ability to pass Ca2?

ions and thus activate Ca2?-dependent signaling path-

ways. It should be noted that the full circuitry responsible

for the expression of incubated cocaine craving has not

been worked out. We have focused in this review on

NAc, but prior work has established a critical role for

excitatory transmission in the central nucleus of the

amygdala (Lu et al. 2005, 2007) and the ventral medial

PFC (Koya et al. 2009a).

Results in the incubation model show that AMPAR

transmission in the NAc is enhanced after withdrawal from

extended access cocaine self-administration. What about

limited access cocaine self-administration (e.g., 2 h/day)?

Although AMPAR transmission in the NAc is required for

cocaine seeking after such regimens (e.g., Cornish and

Kalivas 2000), cell surface or synaptic AMPAR levels have

not been measured. It will be important to determine if

AMPAR upregulation occurs and, if so, what type of

AMPAR is involved. Interestingly, withdrawal from lim-

ited access cocaine self-administration is associated with

potentiation of extracellular field potentials in the NA core

evoked by in vivo stimulation of the PFC, which could

indicate AMPAR upregulation (Moussawi et al. 2009).

Furthermore, there is evidence that a rapid increase in NAc

cell surface levels of GluA1-containing AMPAR may

contribute to cocaine-induced reinstatement of drug seek-

ing following limited access cocaine self-administration

and extinction training; D1 receptors, L-type Ca2? chan-

nels, and CaMKII activation were implicated in this effect

(Anderson et al. 2008). The latter results could be related to

our demonstration that D1 receptor stimulation facilitates

AMPAR synaptic insertion in cultured NAc neurons (Sun

et al. 2008; see ‘‘D1-Class DA Receptors Prime AMPAR

for Synaptic Insertion’’).

Another important challenge is to understand the rela-

tionship between AMPAR plasticity and observations of

altered LTP or LTD at NAc synapses after cocaine with-

drawal (Thomas et al. 2001; Yao et al. 2004; Goto and

Grace 2005; Martin et al. 2006; Mameli et al. 2009;

Moussawi et al. 2009). Overall, these studies indicate that

repeated cocaine exposure impairs normal plasticity

mechanisms in the NAc. However, some divergent results

have been reported, probably because these studies differ

with respect to whether drug exposure is contingent or non-

contingent, whether extinction training has occurred, and

the duration of withdrawal (see Wolf and Ferrario 2010, for

more discussion).
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Global Versus Ensemble-Specific Neuroadaptations

The upregulation of NAc AMPAR after sensitization and

incubation is likely to occur in many or all NAc neurons,

based on the ability to detect changes in tissue homoge-

nates (e.g., Boudreau and Wolf 2005; Conrad et al. 2008).

Furthermore, in our electrophysiological studies in the

incubation model, we detected inwardly rectifying

AMPAR EPSC in all MSN recorded from cocaine-expe-

rienced rats after 30–47 days of withdrawal (Conrad et al.

2008 and unpublished findings of Kuei-Yuan Tseng,

Marina Wolf, and Carrie Ferrario). Some of the other

cocaine-induced neuroadaptations that influence MSN

output are also likely to affect a large number of MSN,

such as decreased extracellular glutamate levels (Kalivas

2009) and decreased intrinsic excitability of MSN (Zhang

et al. 1998, 2002; Hu et al. 2004, 2005; Dong et al. 2006;

Ishikawa et al. 2009; Kourrich and Thomas 2009; Mu et al.

2010). In contrast, many results demonstrate the impor-

tance of functional ensembles of NAc neurons in mediating

responses to natural rewards and drugs (e.g., Peoples et al.

2007; Koya et al. 2009b; Wheeler and Carelli 2009). This

is probably due in large part to selective activation or

modulation of MSN by various presynaptic inputs. For

example, DA is known to gate the activation of MSN by

excitatory inputs (Nicola et al. 2000; O’Donnell 2003;

Wheeler and Carelli 2009). Perhaps DA and other inputs

select the population of MSN that is activated in a partic-

ular behavioral context (e.g., Owesson-White et al. 2009),

and then global adaptations such as AMPAR upregulation

influence the strength of activation. A challenge for future

studies is to understand the relationship between presyn-

aptic and postsynaptic changes over the course of cocaine

withdrawal.

Conclusions

It is now well established that drugs of abuse produce both

transient and long-lasting changes in excitatory transmis-

sion in brain circuits that control motivation and reward.

This review focused on a few examples involving cocaine

and AMPAR upregulation, but the number of mechanisti-

cally distinct forms of drug-induced plasticity suggested by

recent studies is impressive. The challenge of relating drug-

induced synaptic changes to addiction-related behavioral

changes is daunting, but progress is being made. Indeed,

due in part to its strong animal models and relatively well

characterized underlying circuitry, addiction research is

emerging as a major front in ongoing efforts to characterize

the cellular mechanisms that link synaptic and behavioral

plasticity.
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XT, Schlüter OM, Dong Y (2009) Homeostatic synapse-driven

membrane plasticity in nucleus accumbens neurons. J Neurosci

29:5820–5831

Ito R, Robbins TW, Everitt BJ (2004) Differential control over

cocaine-seeking behavior by nucleus accumbens core and shell.

Nat Neurosci 7:389–397

Jay TM (2003) Dopamine: a potential substrate for synaptic plasticity

and memory mechanisms. Prog Neurobiol 69:375–390

Jedynak JP, Uslaner JM, Esteban JA, Robinson TE (2007) Metham-

phetamine-induced structural plasticity in the dorsal striatum.

Eur J Neurosci 25:847–853

Kalivas PW (2009) The glutamate homeostasis hypothesis of

addiction. Nat Rev Neurosci 10:561–572

Kalivas PW, Volkow ND (2005) The neural basis of addiction: a

pathology of motivation and choice. Am J Psychiatry 162:1403–

1413

Kauer JA, Malenka RC (2007) Synaptic plasticity and addiction. Nat

Rev Neurosci 8:844–858

Kelley AE (1999) Functional specificity of ventral striatal compart-

ments in appetitive behaviors. Ann NY Acad Sci 877:71–90

Kelley AE (2004) Ventral striatal control of appetitive motivation:

role in ingestive behavior and reward-related learning. Neurosci

Biobehav Rev 27:765–776

Kelley AE, Berridge KC (2002) The neuroscience of natural rewards:

relevance to addictive drugs. J Neurosci 22:3306–3311

Kessels HW, Malinow R (2009) Synaptic AMPA receptor plasticity

and behavior. Neuron 61:340–350

Kourrich S, Thomas MJ (2009) Similar neurons, opposite adaptations:

psychostimulant experience differentially alters firing properties

in accumbens core versus shell. J Neurosci 29:12275–12283

Kourrich S, Rothwell PE, Klug JR, Thomas MJ (2007) Cocaine

experience controls bidirectional synaptic plasticity in the

nucleus accumbens. J Neurosci 27:7921–7928

Koya E, Uejima JL, Wihbey KA, Bossert JM, Hope BT, Shaham Y

(2009a) Role of ventral medial prefrontal cortex in incubation of

cocaine craving. Neuropharmacology 56(Suppl. 1):177–185

Koya E, Golden SA, Harvey BK, Guez-Barber DH, Berkow A,

Simmons DE, Bossert JM, Nair SG, Uejima JL, Marin MT,

Mitchell TB, Farquhar D, Ghosh SC, Mattson BJ, Hope BT

(2009b) Targeted disruption of cocaine-activated nucleus ac-

cumbens neurons prevents context-specific sensitization. Nat

Neurosci 12:1069–1073

Krugers HJ, Hoogenraad CC (2009) Hormonal regulation of AMPA

receptor trafficking and memory formation. Front Synap Neu-

rosci 1:Article 2

Kruzich PJ, Xi J (2006) Different patterns of pharmacological

reinstatement of cocaine-seeking behavior between Fischer 344

and Lewis rats. Psychopharmacology (Berl) 187:22–29

Li S, Cullen WK, Anwyl R, Rowan MJ (2003) Dopamine-dependent

facilitation of LTP induction in hippocampal CA1 by exposure

to spatial novelty. Nat Neurosci 6:526–531

Lin D-T, Makino Y, Sharma K, Kayashi T, Neve R, Takamiya K,

Huganir RL (2009) Regulation of AMPA receptor extrasynaptic

insertion by 4.1 N, phosphorylation and palmitoylation. Nat

Neurosci 12:879–887

Lisman JE, Grace AA (2006) The hippocampal-VTA loop: control-

ling the entry of information into long-term memory. Neuron

46:703–713

Lisman JE, Schulman H, Cline H (2002) The molecular basis of

CaMKII function in synaptic and behavioural memory. Nat Rev

Neurosci 3:175–190

Liu SQ, Cull-Candy SG (2000) Synaptic activity at calcium-

permeable AMPA receptors induces a switch in receptor

subtype. Nature 405:454–458

Liu SJ, Zukin RS (2007) Ca2?-permeable AMPA receptors in

synaptic plasticity and neuronal death. Trends Neurosci 30:

126–134

Loweth JA, Singer BF, Baker LK, Wilke G, Inamine H, Bubula N,

Alexander JK, Carlezon WA Jr, Neve RL, Vezina P (2010)

Transient overexpression of a-CaMKII in the nucleus accumbens

shell enhances behavioral responding to amphetamine. J Neu-

rosci 30:939–949

Lu W, Man H, Ju W, Trimble WS, MacDonald JF, Wang YT (2001)

Activation of synaptic NMDA receptors induces membrane

insertion of new AMPA receptors and LTP in cultured hippo-

campal neurons. Neuron 29:243–254

Lu L, Grimm JW, Dempsey J, Shaham Y (2004a) Cocaine seeking

over extended withdrawal periods in rats: different time courses

of responding induced by cocaine cues versus cocaine priming

over the first 6 months. Psychopharmacology (Berl) 176:101–108

Lu L, Grimm JW, Hope BT, Shaham Y (2004b) Incubation of cocaine

craving after withdrawal: a review of preclinical data. Neuro-

pharmacology 47(Suppl 1):214–226

Lu L, Hope BT, Dempsey J, Liu SY, Bossert JM, Shaham Y (2005)

Central amygdala ERK signaling pathway is critical to incuba-

tion of cocaine craving. Nat Neurosci 8:212–219

Lu L, Uejima JL, Gray SM, Bossert JM, Shaham Y (2007) Systemic

and central amygdala injections of the mGluR(2/3) agonist

LY379268 attenuate the expression of incubation of cocaine

craving. Biol Psychiatry 61:591–598

Lu W, Shi Y, Jackson AC, Bjorgan K, During MJ, Sprengel R,

Seeburg PH, Nicoll RA (2009) Subunit composition of synaptic

AMPA receptors revealed by a single-cell genetic approach.

Neuron 62:254–268

Malinow R (2003) AMPA receptor trafficking and long-term

potentiation. Philos Trans R Soc B 358:707–714

406 Neurotox Res (2010) 18:393–409

123



Malinow R, Malenka RC (2002) AMPA receptor trafficking and

synaptic plasticity. Annu Rev Neurosci 25:103–126

Mameli M, Halbout B, Creton C, Engblom D, Parkitna JR, Spanagel
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