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Abstract   24 

Cocaine-associated cues and contexts can precipitate drug seeking in humans and 25 

experimental animals.  Glutamatergic synapses in the core subcompartment of the 26 

nucleus accumbens (NAcore) undergo transient potentiation in response to presenting 27 

drug-associated cues.  The NAcore contains two populations of medium spiny neurons 28 

(MSNs) that differentially express D1 or D2 dopamine receptors.  By recording the ratio 29 

of AMPA and NMDA glutamate receptor currents (AMPA:NMDA) from MSNs in NAcore 30 

tissue slices, we endeavored to understand which subpopulation of MSN was 31 

undergoing transient potentiation.  Transgenic female and male mice differentially 32 

expressing fluorescent reporters in D1- or D2-MSNs were withdrawn for 2-3 weeks after 33 

being trained to self-administer cocaine. In some mice, discrete cocaine-conditioned 34 

cues were isolated from the drug-associated context via extinction training, which 35 

causes rodents to refrain from drug seeking in the extinguished context.  By measuring 36 

AMPA:NMDA in the drug context with our without contextual or discrete cues, and with 37 

or without extinction training, we made three discoveries.  1) Mice refraining from 38 

cocaine seeking in the extinguished context showed selective elevation in AMPA:NMDA 39 

in D2-MSNs.  2) Without extinction training, the drug-associated context selectively 40 

increased AMPA:NMDA in D1-MSNs.  3) Mice undergoing cue-induced cocaine seeking 41 

after extinction training in the drug-associated context showed AMPA:NMDA increases 42 

in both D1- and D2-MSNs.  These findings reveal that the NAcore codes drug-seeking 43 

through transient potentiation of D1-MSNs, and that refraining from cocaine-seeking in 44 

an extinguished context is coded through transient potentiation of D2-MSNs.   45 

  46 
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Significance Statement  47 

Relapse is a primary symptom of addiction that can involve competition between the 48 

motivation to use and to refrain from drug use. Drug-associated cues induce relapse, 49 

which is correlated with transiently potentiated glutamatergic synapses in the nucleus 50 

accumbens core. We determined which of two cell populations in the accumbens core, 51 

D1- or D2-expressing neurons, undergo transient synaptic potentiation. Mice were 52 

trained to self-administer cocaine, and withdrawn with or without extinguishing 53 

responding in the drug-associated context.  Extinguished mice showed transient 54 

potentiation in D2-expressing neurons in the extinguished environment, and all mice 55 

engaged in context- or cue-induced drug seeking showed transient potentiation of D1-56 

expressing neurons.  A simple binary engram in accumbens for drug-seeking and 57 

refraining offers opportunities for cell-specific therapies. 58 

 59 

  60 



 

 

INTRODUCTION  61 

Relapse is a cardinal feature of drug addiction, and the motivation to relapse to drug use 62 

can be accompanied by a countermanding motivation to refrain from drug use (Chen et 63 

al., 2013; Tang et al., 2015). Reactivity to drug-associated cues is often used to model 64 

the neurobiology of the motivation to seek drugs, and human imaging and animal studies 65 

concur that activating prefrontal cortical glutamatergic projections to the nucleus 66 

accumbens is a key mediator of cue reactivity (Volkow et al., 2012; Luscher, 2016; Dong 67 

et al., 2017). To isolate and study the neurocircuitry of cue-induced drug seeking, it is 68 

common practice to train rodents to refrain from drug-seeking in response to being 69 

placed in a drug-associated context (i.e. extinction training), and re-expose the rodent to 70 

discrete drug-associated cues that motivate drug seeking in the absence of drug delivery 71 

(Venniro et al., 2016). Using this procedure to initiate drug-seeking, the intensity and 72 

time course of seeking depend on transient synaptic potentiation (t-SP) at excitatory 73 

synapses on medium spiny neurons (MSNs) in the core subcompartment of the nucleus 74 

accumbens (NAcore) (Gipson et al., 2013a; Smith et al., 2014; Scofield et al., 2016). 75 

Only drug- and not sucrose-associated cues induce t-SP (Scofield et al., 2016). 76 

Transient-SP is quantified as transient increases in the ratio of AMPA to NMDA 77 

glutamate receptor currents, in spine head diameter and/or density of MSN dendritic 78 

spines, and in the activity of matrix metalloprotease-9 (MMP-9) (Gipson et al., 2013a; 79 

Gipson et al., 2013b; Smith et al., 2014; Stankeviciute et al., 2014; Smith et al., 2017; 80 

Spencer et al., 2017).  In addition to exploring the neurobiology underpinning cue-81 

induced drug seeking, the extinction training procedure provides an opportunity to 82 

understand the neurobiology underpinning how learning to refrain in an extinguished 83 

context might countermand cue-induced motivation to seek drug. 84 
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Extinction training-induced refraining from drug seeking relies on learning to uncouple 85 

seeking behavior from the drug-associated context over multiple extinction sessions, and 86 

enduring neuroadaptations in the nucleus accumbens have been reported after cocaine 87 

extinction training (Sutton et al., 2003; Knackstedt et al., 2010). However, the 88 

mechanisms whereby extinction learning competes with cue-induced drug seeking and 89 

the associated t-SP are unknown. Here we focused on the AMPA:NMDA ratio in tissue 90 

slices containing NAcore MSNs as a readout of cue- or context-induced t-SP. Medium 91 

spiny neurons constitute 95% of the neurons in NAcore and are chemically-coded into 92 

two numerically equivalent populations that express either D1 or D2 dopamine receptors 93 

(Gerfen and Surmeier, 2011) These two populations differentially alter motivated 94 

behaviors such as locomotion and feeding, with activation of D1-MSNs promoting and 95 

D2-MSNs inhibiting behavior (Lobo and Nestler, 2011; Kravitz et al., 2012; Bock et al., 96 

2013). Consistent with this characterization and specifically relevant here, cue-induced 97 

reinstatement of drug seeking in mice trained to self-administer cocaine is promoted by 98 

activating D1- or inhibiting D2-MSNs (Heinsbroek et al., 2017). The existence of 99 

functionally distinct populations of MSNs poses the possibility that refraining from and 100 

seeking cocaine may be differentially associated with t-SP in the D2- versus D1-MSN 101 

subpopulations, respectively. We used transgenic mice expressing distinct fluorescent 102 

reporters in D1- or D2-MSNs to determine if extinction training and cue-induced 103 

reinstatement produce t-SP in different populations of NAcore MSNs.  We found that 104 

cued cocaine seeking in mice withdrawn without extinction training produced t-SP only in 105 

D1-MSNs, that mice placed in an extinguished context without cues showed t-SP only in 106 

D2-MSNs, and that extinguished mice reinstated by cocaine-associated cues in the 107 

extinguished context showed t-SP in both D1- and D2-MSNs. 108 

  109 
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METHODS 110 

Animals and surgery 111 

All experiments were carried out in accordance with the Guide for the Care and Use of 112 

Laboratory Animals. Rats employed in these experiments were male Sprague-Dawley 113 

rats (Charles River, weighing 200-225 grams upon arrival). Mice were BAC transgenic 114 

heterozygotes (male and female, 20-30 grams, Vanderbilt University) expressing either 115 

tdTomato under the control of the Drd1a promoter (Shuen et al., 2008), eGFP under the 116 

control of the Drd2 promoter (Gong et al., 2003), or both. Animals were housed in a 117 

reverse light cycle vivarium with humidity and temperature controls and were fed ad 118 

libitum prior to the beginning of behavioral experiments, at which point they were mildly 119 

food restricted to ~85% of ad lib body weight for the duration of the experiments. 120 

Animals were anesthetized (mice with isofluorane, induction 3-5% v/v, maintenance 1-121 

2% v/v; rats with ketamine HCl and xylazine) and implanted with indwelling jugular 122 

venous catheters.  123 

Cocaine self-administration  124 

After recovering from surgery, animals began cocaine self-administration in operant 125 

chambers equipped with two levers (rats) or two nosepoke (mice) apparati, a house 126 

light, cue light, and tone generator. The designated active lever or nosepoke delivered 127 

an infusion of cocaine (rats: 0.6 mg/kg/infusion, mice: 1 mg/kg/infusion) along with a 128 

compound cue (light + tone). Following each infusion, a 20 second time out was 129 

signaled by the loss of illumination of the house light, and active lever presses or 130 

nosepokes during the timeout were recorded but resulted in no programmed 131 

consequence. The designated inactive lever or nosepoke never triggered any 132 

programmed consequence. Mice used nosepokes in place of levers throughout self-133 

administration, extinction, and subsequent testing, as they were unable to maintain 134 
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stable extinction responding when trained with lever presses.  135 

Extinction/abstinence  136 

Following self-administration, rodents either underwent 2-3 weeks of extinction training 137 

or remained abstinent in their home cages. During extinction, active and inactive lever 138 

presses or nosepokes were counted but did not result in any programmed consequence. 139 

During home cage abstinence, rodents were handled and weighed daily in the testing 140 

room in order to control for non-specific components of extinction training.  141 

Tests to assess transient synaptic potentiation (t-SP)  142 

Following 2-3 weeks of daily extinction or abstinence, animals destined for baseline 143 

measurements of synaptic glutamate transmission were sacrificed without return to the 144 

operant chamber. Rodents destined for measurements of t-SP were returned to the 145 

operant chamber for a test of cocaine seeking. During this test, active lever presses or 146 

nosepokes either triggered cues previously present during self-administration or no 147 

programmed consequence. Rodents were sacrificed after 15 or 30 min (rats or mice, 148 

respectively) reinstatement test for preparation of brain slices for electrophysiology. 149 

Because rats tend to engage lever pressing during a reinstatement test more quickly 150 

than mice, we allowed 30 min of reinstatement in mice, rather than the 15 min typically 151 

used in rat studies (Gipson et al., 2013a; Smith et al., 2014; Smith et al., 2017). 152 

Electrophysiology: slice preparation  153 

Rodents were anesthetized with ketamine and decapitated 24 hr after the last day of 154 

extinction training or withdrawal without extinction training for baseline measurements or 155 

after 15 or 30 min in the operant chamber with or without conditioned cues (see above). 156 

The brain was removed and transferred to ice cold aCSF containing (in mM) NaCl (126), 157 

KCl (2.5), MgCl2 (1.2), NaH2PO4 (1.4), CaCl2 (2.4), glucose (11), NaHCO3 (25), 158 
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ascorbate (0.4), pyruvate (2). Coronal slices (220 μm) containing NAcore were prepared 159 

on a Leica VT1200S vibratome (Leica, Wetzlar, Germany). Ice cold cutting solution 160 

contained aCSF and kynurenic acid (5 mM) and D-AP5 (50 uM), bubbled continuously 161 

with carbogen gas (95% O2, 5% CO2), and gradually warmed to room temperature 162 

(37oC).  163 

Electrophysiology: Recording  164 

Recording “bath” solution contained aCSF and picrotoxin (0.1 mM) at physiological 165 

temperature. Slices were visualized using an Olympus Fixed Stage Upright Microscope, 166 

BX51WI (Tokyo, Japan). tdTomato (expressed in D1-MSNs) and eGFP (expressed in 167 

D2-MSNs) were visualized using 530nm and 460nm LEDs (Prizmatix, Southfield, MI, 168 

USA). Recording pipettes (1.9-2.4 MOhms) were filled with ice-cold internal solution 169 

containing (in mM) CsMs (128), EGTA (1), HEPE-K (10), MgCl2 (1), NaCl (10), Mg-ATP 170 

(2), Na-GTP (0.3), QX-314-Cl (3). All recordings were amplified using an Axon/Molecular 171 

Devices Multiclamp Amplifier 700B (Sunnyvale, CA), digitized at 20 KHz and filtered at 2 172 

KHz using Axograph Software.  173 

A bipolar stimulating electrode (FHC, Bowdoin, ME, USA) was used to evoke EPSCs 174 

between 200 and 450 pA. Following ten minutes of cell stabilization at -80 mV holding 175 

potential, EPSCs were evoked in a paired pulse protocol (50 msec inter-stimulus 176 

interval), and the PPR was calculated by dividing the average amplitude of the second 177 

EPSC by the first. Spontaneous EPSCs, detected no less than 10 seconds after the 178 

electrical stimulation, were analyzed with regard to their amplitude and frequency. Next, 179 

the holding potential was depolarized to +40mV and re-stabilized for an additional five 180 

minutes. Dual EPSCs were recorded prior to application of D-AP5, which isolated the 181 

AMPA receptor EPSCs. NMDA receptor EPSCs were calculated by subtracting the 182 

average AMPA EPSC from the average dual EPSC, and the AMPA:NMDA ratio was 183 
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calculated by dividing the peak amplitudes of the AMPA and NMDA EPSCs. Changes in 184 

access resistance of >20% between the two recording conditions resulted in removal of 185 

the cell from further analyses.  186 

Experimental Design and Statistical Analysis   187 

Two-way ANOVAs were conducted to statistically evaluate behavioral and physiological 188 

outcomes. Behavioral two-way ANOVAs used a consistent format in which operand 189 

(active vs. inactive) was a within-subjects factor, and history (extinction vs. abstinence) 190 

was a between subjects factor. Two-way ANOVA evaluation of electrophysiological data 191 

also employed a consistent format for all experiments, in which between subjects factors 192 

were History (i.e. extinction vs. abstinence) and Re-exposure (i.e. baseline vs. return to 193 

operant chamber). A Bonferroni post hoc correction was used to adjust alpha for multiple 194 

comparisons. All data were analyzed using Prism, version 6.0 (GraphPad Software, La 195 

Jolla, CA, USA) and outliers were removed using the ROUT module of Prism (Motulsky 196 

and Brown, 2006). Across all data 5 out of 181 AMPA:NMDA recordings were deemed 197 

outliers. All electrophysiology figures and Bonferroni post-hoc tests are calculated using 198 

cell-based statistics, but electrophysiology ANOVA F-tests are additionally reported in 199 

the results section using animal-based statistics (Ma et al., 2014). 200 

  201 
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RESULTS 202 

No change in AMPA:NMDA in rats withdrawn without extinction training.  203 

We first wanted to determine if t-SP was induced during cocaine seeking. During 10 204 

days of cocaine self-administration rats discriminated between the active and inactive 205 

levers (Fig 1A; 2-way ANOVA; main effect F(1, 32)= 93.0, p< 0.001, no main effect of time 206 

(F(7, 224)= 1.64; p= 0.124) or interaction effect (F(7, 224)= 1.32; p= 0.238). Rats assigned to 207 

extinction or abstinence groups self-administered equivalent amounts of cocaine (2-way 208 

ANOVA, no effect of group; F(1, 15)= 0.857; p= 0.369, Fig 1B). During extinction training, 209 

rats learned to refrain from drug seeking (2-way ANOVA: Main effect of time F(5, 80)= 210 

47.5; p< 0.001; Bonferroni Day 1 vs. Day 6 p< 0.001), and no longer discriminated 211 

between the active and inactive levers (F(5, 80)= 19.0; p< 0.001; Bonferroni Day 1 active 212 

vs. inactive p< 0.001, Day 6 p= 0.973; Figure 1B). Rats assigned to extinction and 213 

abstinence were subdivided into “withdrawn” and “cued” groups. Withdrawn rats were 214 

sacrificed without exposure to the drug context, and cued groups were sacrificed 15 min 215 

after placing rats into the drug context where cocaine-associated cues were made 216 

available on active lever presses. Whole cell patch recordings of NAcore MSNs were 217 

conducted to quantify AMPA:NMDA as a measure of t-SP.  218 

During 15 min of cued drug-seeking, abstinent rats (withdrawn without extinction) 219 

emitted more active lever presses than extinguished rats (2-way ANOVA: main effect of 220 

active/inactive F(1,10)= 23.32; p<0.001; Bonferroni p= 0.036; Fig 1C), indicating behavioral 221 

competition between refraining and drug seeking (Buffalari et al., 2013; Kim et al., 2015; 222 

Augur et al., 2016). Surprisingly, we found that extinction was necessary for expressing 223 

t-SP during cue-induced cocaine seeking (2-way ANOVA, interaction F(1,45)= 5.68, p= 224 

0.022 by cell; F(1,13)= 6.38, p= 0.025 by animal). No effect of cocaine-associated cues on 225 

AMPA:NMDA was seen in the rats without extinction training (Fig 1D; Bonferroni post-226 
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hoc p= 0.664). As a positive control, we replicated the previously reported increase in 227 

AMPA:NMDA produced in the NAcore of extinguished rats during cue-induced 228 

reinstatement (Fig 1D; Bonferroni post-hoc p= 0.044) (Gipson et al., 2013; Smith et al., 229 

2014; Smith et al., 2017; Spencer et al., 2017). Overall, these results indicated that 230 

extinction is necessary for expression of the t-SP demonstrated in our previous studies.  231 

A history of extinction training increased sEPSC frequency at baseline (Fig 1E; F(1,46)= 232 

5.45, p= 0.024, Bonferroni p= 0.036 by cell; F(1,12)= 12.32, p= 0.004 by animal), and 233 

presentation of a cocaine cue altered PPR only in rats withdrawn without extinction 234 

training (Fig 1E, interaction F(1,36)= 4.52, p= 0.040; Bonferonni post-hoc p= 0.015 by cell; 235 

F(1,9)= 2.71, p= 0.134 by animal).  236 

Increased AMPA:NMDA in D1-MSNs after cues and in D2-MSNs after withdrawal 237 

with extinction training.   238 

The lack of t-SP during cocaine seeking in rats withdrawn without extinction training was 239 

surprising given the previously hypothesized causal linkage between NAcore t-SP and 240 

cue-induced drug seeking in extinguished rats (Scofield et al., 2016), and that rats 241 

extinguished in a non-drug associated context showed t-SP as measured by increased 242 

NAcore MSN spine head diameter in response to a drug-associated context 243 

(Stankeviciute et al., 2014). We next explored the possibility that differential expression 244 

of AMPA:NMDA in extinguished versus non-extinguished mice might involve distinct D1- 245 

versus D2-MSN subpopulations (Fig 2A). BAC transgenic heterozygous male and 246 

female mice expressing either tdTomato under control of the Drd1a promoter or eGFP 247 

under Drd2 promoter control were crossed to express both reporters in the same NAcore 248 

slice (Fig 2B)(Pascoli et al., 2014). Mice were trained to self-administer cocaine over 12 249 

days, then divided into extinction and no extinction groups (Fig 2C).  During self-250 

administration, mice chose the active significantly more than the inactive operand 251 
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(F(1,62)= 71.3, p< 0.001; Bonferroni active vs. inactive p< 0.001 for days 6-12), and 252 

extinction successfully eliminated this goal directed behavior (Interaction of time x active 253 

vs. inactive F(9,180)= 7.37, p< 0.001; Bonferroni post-hoc first day of extinction active 254 

operand was increased relative to other days p< 0.001 but inactive was not (p> 0.10)).  255 

On the test day, mice were placed into the drug-associated or extinguished context for 256 

30 min, and NAcore tissue slices were obtained to record AMPA:NMDA ratios (Fig 2A).  257 

Two-way ANOVA of behavior revealed a main effect of active/inactive F(1,22)= 30.45; 258 

p<0.001 and Ext/Abs F(1,22)=14.75, p<0.001. Akin to rats, cue presentation induced 259 

higher intensity of cocaine seeking in abstinent compared with extinguished mice (Fig 260 

3A; Bonferroni post-hoc p= 0.001).  261 

Recordings from D1-MSNs revealed that 30 min of cued cocaine seeking increased 262 

AMPA:NMDA in mice regardless of their extinction history (Fig 3B; 2-way ANOVA, Main 263 

effect of Withdrawn/Cued F(1,41)=5.36, p=0.026 by cell; F(1,22)=4.98, p=0.036 by animal). 264 

In contrast, AMPA:NMDA in D2-MSNs during cue presentation was higher in 265 

extinguished compared with no extinction mice (Fig 3B; D2-MSNs: 2-way ANOVA, 266 

interaction F(1,37)=4.37, p=0.044, Bonferroni post-hoc p= 0.038 by cell; F(1,21)= 2.53, p= 267 

0.127 by animal).   268 

Although the study was relatively under-powered to conduct linear regression analysis, 269 

the D1-MSN AMPA:NMDA ratio was found to be highly correlated with cocaine seeking 270 

in extinguished mice (r2=0.903, p=0.004, n=6), akin to previous reports in rats when 271 

MSN subtype was not discriminated (Gipson et al., 2013a; Spencer et al., 2017). No 272 

other correlations in this study between AMPA:NMDA and cocaine seeking were 273 

statistically significant. Also, no significant differences in PPR, sEPSC amplitude or 274 

frequency resulted from extinction or cue-induced cocaine seeking in either D1-MSNs or 275 

D2-MSNs (Fig 3C and D). 276 
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AMPA:NMDA increased in D1-MSNs in the cocaine-associated context and in D2-277 

MSNs in the extinguished context. 278 

In the previous experiment, slices were made following cue-induced cocaine seeking in 279 

mice withdrawn with or without extinction training. We next determined the role played 280 

by context. Mice withdrawn without extinction training and extinguished mice were 281 

placed in the drug-associated context without cue presentation for 30 min (Fig 2A). 282 

Context exposure in no extinction mice induced substantial drug seeking (2-way 283 

ANOVA, Interaction F(1,20)=5.38, p=0.031, Bonerroni post-hoc p< 0.001), but less so than 284 

context plus cue (F(1, 22)= 14.8 p< 0.001; compare Figs 3A and 4A). The drug-paired 285 

and extinction contexts evoked opposite changes in D1- and D2-MSNs (2-way ANOVA, 286 

D1-MSNs: Withdrawn/Context F(1,39)=10.5; p=0.003 by cell; F(1,21)=10.6; p=0.004 by 287 

animal. D2-MSNs: Withdrawn/Context F(1,40)=8.05, p=0.007; No Ext/Ext F(1,40)=5.51, 288 

p=0.024; Interaction F(1,40)=6.93, p=0.012 by cell; Interaction F(1,21)=3.23, p=0.087 by 289 

animal.) Recordings made 30 min after context exposure in no extinction mice revealed 290 

increased AMPA:NMDA in D1-MSNs (Bonferroni post-hoc p= 0.020, Fig 4B) but not D2-291 

MSNs. In contrast, mice refraining from cocaine seeking when returned to the 292 

extinguished context displayed the reverse pattern, with D1-MSNs showing no change in 293 

AMPA:NMDA and D2-MSNs showing both increased AMPA:NMDA (Fig 4B; Bonferroni 294 

post-hoc p= 0.006) and increased sEPSC amplitude (Fig 4C,D; withdrawn vs context, 295 

F(1,22)= 8.03, p= 0.010, Bonferroni post-hoc p= 0.029 by cell; F(1,19)= 5.65, p= 0.028 by 296 

animal).  In addition, D1-MSNs (Fig 4C,D; F(1,32)= 5.47, p= 0.026, Bonferroni p= 0.040 by 297 

cell; F(1,18)= 6.06, p= 0.024), but not D2-MSNs showed a reduction in sEPSC frequency 298 

when animals were re-exposed to the context after extinction vs. home cage abstinence. 299 

  300 
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DISCUSSION  301 

The key finding in our study is that t-SP is differentially expressed in NAcore D1- or D2-302 

MSNs depending on whether or not mice underwent extinction training during cocaine 303 

withdrawal to refrain from cocaine seeking in the drug-associated context. D1-MSNs 304 

underwent t-SP when cocaine seeking was induced by discrete cocaine-associated 305 

light/tone cues, the drug associated context, or the combination of context and cues.  In 306 

contrast, D2-MSNs underwent t-SP in response to the extinguished context, regardless 307 

of whether or not cocaine seeking was induced by cocaine-conditioned cues. Thus, 308 

AMPA:NMDA increased in D2-MSNs in the extinguished context when mice were 309 

refraining from cocaine-seeking and when mice were engaged cocaine-seeking in 310 

response to restoring drug-associated cues to the active operand. However, the 311 

simultaneous potentiation of D1- and D2-MSNs induced by conditioned cues in the 312 

extinguished context reduced the intensity of cocaine seeking elicited by cues in the 313 

absence of extinction training. 314 

Role for t-SP in D1-MSNs in cue- and context-induced cocaine seeking.   315 

Our finding that D1 MSN AMPA/NMDA was elevated during reinstated cocaine seeking 316 

when induced by discrete drug-associated cues, context, or combined cue+context is 317 

consistent with recent reports using a variety of paradigms to show that activation of D1-318 

MSNs, not D2-MSNs occurs in parallel with engaging a behavior to seek drug reward.  319 

For example, cocaine seeking in a conditioned place preference paradigm is associated 320 

with increased calcium fluxes in D1-MSNs as quantified with fiber photometry (Calipari et 321 

al., 2016).  Also, using the same model of cocaine self-administration and extinction 322 

training in transgenic D1- and D2-Cre mice, cue-induced cocaine seeking was 323 

augmented by either chemogenic activation of a Gs-coupled Designer Receptor 324 

Exclusively Activated by a Designer Drug (DREADD) in D1-MSNs or by inhibiting D2-325 
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MSNs via activating a Gi-coupled DREADD in NAcore (Heinsbroek et al., 2017), and 326 

cue-induced reinstatement transiently increases spine head diameter in D1-, but not D2 327 

NAcore MSNs (Bobadilla et al., 2017). The functional distinction between the two 328 

popoulations of striatal MSNs in facilitating or inhibiting cocaine seeking is also shown by 329 

selectively stimulating D1- or D2-MSN to facilitate or inhibit, respectively, cocaine-330 

induced motor activity (Ferguson et al., 2011; Bock et al., 2013). Also, stimulating D1-331 

MSNs facilitates, while stimulating D2-MSNs inhibits reinforcement learning (Kravitz et 332 

al., 2012), and depressive behavior is associated with greater activity in D2-MSNs, while 333 

resilience to depression with greater D1-MSN activity (Francis et al., 2015). Moreover, 334 

optogenetic reversal of D1-MSN synaptic potentiation resulting from exposure to drugs 335 

of abuse reverses cocaine- or opioid-induced behavioral adaptations including locomotor 336 

sensitization (Creed et al., 2015), conditioned place preference (Hearing et al., 2016), 337 

and cocaine seeking after self-administration (Pascoli et al., 2014).  Finally, although 338 

chronic opioids produce enduring reductions in excitatory drive and cocaine elicits 339 

increases (Robinson and Kolb, 2004; Russo et al., 2010; Scofield et al., 2016), the 340 

reduction by opioids is selective for D2-MSNs, while the increase by cocaine occurs on 341 

D1-MSNs, and either adaptation is consistent with promoting cue-induced drug seeking 342 

(Graziane et al., 2016). 343 

Extinction training induced t-SP selectively in D2-MSNs.  344 

We found that t-SP was induced in D2-MSNs in the NAcore of mice placed in an 345 

extinguished context, and that D2-MSNs did not potentiate in animals withdrawn from 346 

cocaine without extinction training when placed into the drug-associated context.  347 

Moreover, the activation of D2-MSNs in the extinguished environment was associated 348 

with reduced cue-induced cocaine seeking compared to mice that did not undergo 349 

extinction training.  The possibility of a causal relationship between reduced seeking 350 
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behavior and simultaneous activation of D2-MSNs is directly indicated in the afore 351 

mentioned study showing that chemogenic inhibition of D2-MSNs or activation of D1-352 

MSNs potentiate cue-induced cocaine reinstatement (Heinsbroek et al., 2017).   353 

The linkage between transient D2-MSN potentiation being induced by an extinguished 354 

context and thereby reducing reinstated drug seeking is consistent with previous work 355 

suggesting that extinction training reduces drug seeking (Buffalari et al., 2013; Kim et al., 356 

2015; Augur et al., 2016). Interestingly, circuit level analyses reveal that infralimbic 357 

cortex glutamatergic projections to the shell subcompartment of the nucleus accumbens 358 

(NAshell) are more critical in the maintenance and expression of extinguished behavior, 359 

while projections from the prelimbic cortex to the NAcore regulate reinstated drug 360 

seeking. Thus, pharmacological, DREADD or optogenetic inhibition of the infralimbic-361 

NAshell projection promotes reinstated or incubated cocaine seeking in an extinguished 362 

environment, and activation inhibits cue-induced reinstatement or incubated cocaine 363 

seeking (Peters et al., 2008; LaLumiere et al., 2012; Van den Oever et al., 2013; Ma et 364 

al., 2014; Augur et al., 2016).  Similarly, deep brain stimulation of NAshell inhibits 365 

cocaine-induced reinstatement by antidromic activation of infralimbic cortex (Vassoler et 366 

al., 2013), and reversing the maturation of silent synapses in NAshell potentiates 367 

reinstated cocaine seeking (Ma et al., 2014). Combined, these studies indicate that 368 

activation of the infralimbic-to-NAshell projection contributes to both the development 369 

and expression of extinguished responding in a drug-associated context in rats. 370 

Conversely, many studies indicate that the prelimbic projection to NAcore is activated 371 

during reinstated cocaine seeking (Stefanik et al., 2013; Shen et al., 2014; McGlinchey 372 

et al., 2016), and reversing the maturation of silent synapses in NAcore inhibits 373 

reinstated cocaine seeking (Ma et al., 2014). The infralimbic afferents to the nucleus 374 

accumbens are biased towards NAshell, but also innervate NAcore (Vertes, 2004). 375 
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Thus, it is possible that extinction-mediated t-SP in NAcore D2-MSNs might be part of 376 

the same extinction circuit involving infralimbic afferents that are distributed more 377 

broadly into both the shell and core of the nucleus accumbens. Alternatively, the 378 

potentiated D2-MSNs in NAcore may be regulated by the more dense innervation from 379 

the prelimbic cortex that is most well characterized in promoting cocaine seeking.   In 380 

this scenario, the two subpopulations of MSN would directly compete in regulating 381 

cocaine seeking, with the D1-MSNs being potentiated in response to a cue or context 382 

signaling drug availability, and the D2-MSNs potentiating in response to an extinguished 383 

drug-associated environment. This possibility is indicated by the behavioral competition 384 

we observed between refraining in the extinguished context and cue-induced cocaine 385 

seeking. Thus, the capacity of cues to reinstate cocaine seeking was blunted in an 386 

extinguished context compared to cue-induced cocaine seeking in a cocaine-associated 387 

context without intervening extinction training. The locus of competition between the two 388 

MSN populations could be at the level of NAcore local circuitry where GABAergic lateral 389 

inhibition of D2-MSNs onto D1-MSNs decreases behavioral responding (Burke et al., 390 

2017).  Alternatively, competition may occur at the level of D1- and D2-MSN projections 391 

to the ventral pallidum (Kupchik et al., 2015), which undergoes substantial plasticity in 392 

response to cocaine self-administration (Kupchik et al., 2014; Heinsbroek et al., 2017), 393 

and appears to mediate both the reinforcing and anhedonic properties of cocaine that 394 

depend on D1- and D2-MSN afferents, respectively (Creed et al., 2016). 395 

Inconsistencies between sEPSCs and AMPA:NMDA 396 

We generally found here, and in a previous study (Smith et al., 2014), that transient 397 

cocaine seeking-associated increases in AMPA:NMDA were not paralleled by increases 398 

in sEPSC amplitude, which is also a measure of post-synaptic sensitivity. These 399 

paradoxical results are most readily explained by postulating that increased 400 
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AMPA:NMDA occurs a subset of excitatory afferents, while sEPSCs arise from a more 401 

diverse population of inputs, many of which are not potentiated. This interpretation is 402 

supported by showing that although repeated cocaine decreases AMPA:NMDA in 403 

NAshell neurons without a corresponding decrease in mEPSC amplitude, evoked 404 

EPSCs recorded in the presence of strontium display reduced amplitude (Thomas et al., 405 

2001). In this context, it interesting that during refraining in the extinguished context, D2-406 

MSNs displayed increases in both AMPA:NMDA and sEPSC amplitude (Figure 4D). This 407 

suggests that the potentiation of D2-MSNs in an extinguished context may involve 408 

distinct excitatory afferents from those inputting D1-MSNs during cue- or context-409 

induced cocaine seeking and t-SP (see above). However, the question of which 410 

afferents regulate t-SP requires direct optogenetic evaluation not only of distinct cortical 411 

inputs, but also allocortical and thalamic excitatory inputs to D1- and D2-MSNs (Britt et 412 

al., 2012). Analysis of sEPSCs also revealed presynaptic suppression of D1-MSN inputs 413 

during exposure to the extinguished compared to the drug-associated context (Figure 414 

4C). A similar observation was made in MSNs from rats in extinction from conditioned 415 

place preference (Lee et al., 2016), and suggests the possibility of a second extinction-416 

associated adaptation that leads to selective presynaptic inhibition of D1-MSNs upon 417 

context re-exposure. 418 

Conclusions 419 

We find a functional and physiological dichotomy between D1- and D2-MSNs in the 420 

NAcore in promoting cocaine seeking and refraining from cocaine seeking, respectively.  421 

Thus, D1-MSNs show an increase in AMPA:NMDA ratio during cocaine seeking 422 

regardless of whether seeking was triggered by drug associated context, cue or a 423 

combination of both.  Conversely, D2-MSN AMPA:NMDA was elevated in an 424 

extinguished context regardless of whether mice were reinstated by the light/tone 425 
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conditioned cues. Taken together, our data reveal a nuanced regulation of different 426 

populations of accumbens MSNs depending on the withdrawal paradigm and the means 427 

of inducing of cocaine seeking. Further analysis of more discrete subpopulations of 428 

MSNs is warranted to understand how relapse is regulated through transient synaptic 429 

potentiation in the NAcore. 430 
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Figure Legend 603 

Figure 1.  Extinction training reduced cue-induced cocaine seeking and was necessary 604 
for cue-induced t-SP.  A) Treatment protocol for data in figure 1. Red arrows denote time 605 
points for ex vivo measurement of AMPA:NMDA (A:N). Tissue slices were obtained 24 606 
hr after the last day of withdrawal (Withdrawn) or after 15 min of cued reinstatement 607 
(Cued). B) Cocaine self-administration and extinction training.  C) Lever presses emitted 608 
after 15 min of cue-induced cocaine seeking. +p<0.05, comparing active lever presses 609 
using a Bonferroni post hoc. D) AMPA:NMDA measured in NAcore MSNs from cocaine 610 
withdrawn rats with or without extinction training and undergoing 15 min of cued cocaine 611 
seeking. E) Measures of paired-pulse ratio and sEPSC frequency reveal group 612 
differences, while no statistical effect was measured for sEPSC amplitude. Data shown 613 
as mean±sem, N shown in bars is cells/animals. In representative traces, AMPA= red, 614 
NMDA= blue, and calibration bar is 20 pA X 50 msec.   615 
*p<0.05 comparing withdrawn and cued using a Bonferroni’s post hoc. 616 
+p<0.05, comparing between extinction and no extinction groups 617 
 618 

Figure 2. Treatment protocol and behavioral training in D1- and D2-MSN reporter mice.  619 
A) Treatment protocol for data in figures 2, 3 and 4. Red arrows denote time points for 620 
ex vivo measurement of AMPA:NMDA. Tissue slices were obtained 24 hr after the last 621 
day of withdrawal with (Ext) or without extinction (No Ext) training, or after 30 min in the 622 
drug-associated operant context with (Cue) or without conditioned cues (No Cue). B) 623 
Micrographs of bright field (top) and merge (bottom) showing fluorescent neurons 624 
corresponding to D1- and D2-MSNs (tdTomato, red, and eGFP, green, respectively). 625 
Bar= 50 μm. C) Behavioral training in mice undergoing withdrawal with or without 626 
extinction training. Data shown as mean±sem. 627 
 628 
Figure 3. D1- and D2-MSN selective cue-induced increases in AMPA:NMDA depended 629 
on withdrawal with (Ext) or without (No Ext) extinction training. A) Nose pokes emitted 630 
after 30 min of cue-induced cocaine seeking. D1- and D2-transgenic mice were pooled. 631 
B) AMPA:NMDA measured in D1 and D2 MSNs from No Ext and Ext groups undergoing 632 
cue-induced cocaine seeking. C) Measures from D1-MSNs of PPR and sEPSC 633 
frequency and amplitude. No statistically significant comparisons were found. D) 634 
Measures from D2-MSNs of PPR and sEPSC frequency and amplitude. No statistically 635 



 

 25 

significant comparisons were found. Data shown as mean±sem, N shown in bars is 636 
cells/animals. In representative traces, AMPA= red, NMDA= blue, and calibration bar is 637 
20 pA X 50 msec.   638 
*p<0.05 comparing Withdrawn and Cued groups. 639 
+p<0.05, comparing between Extinction and No Extinction groups. 640 
 641 
 642 
Figure 4. MSN selective context-induced increases in AMPA:NMDA depended on 643 
withdrawal with (Ext) or without (No Ext) extinction training. A) Active and inactive nose 644 
pokes over 30 min of context only exposure in No Ext and Ext mice. D1- and D2-645 
trangenic mice were pooled.  B) AMPA:NMDA measured in D1 and D2 MSNs from No 646 
Ext and Ext mice returned to the drug-associated or extinguished context for 30 min. C) 647 
Measures from D1-MSNs of PPR and sEPSC frequency and amplitude obtained from 648 
MSNs prior to quantifying AMPA:NMDA. D) Measures from D2-MSNs of PPR and 649 
sEPSC frequency and amplitude obtained from MSNs prior to quantifying AMPA:NMDA. 650 
No statistically significant comparisons were found in PPR or sEPSC frequency. Data 651 
shown as mean±sem, N shown in bars is cells/animals. In representative traces, AMPA= 652 
red, NMDA= blue, and calibration bar is 20 pA X 50 msec.   653 
*p<0.05 comparing between withdrawn and cue or context.  654 
+p<0.05, comparing active lever or AMPA:NMDA between extinction and no extinction 655 
groups 656 










