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Abstract 1 

Stored memories are dynamic and, when reactivated, can undergo a process of 2 

destabilization and reconsolidation to update them with new information. Reconsolidation 3 

has been shown for a variety of experimental settings; most recently for well-learned 4 

instrumental memories, a class of memory previously thought not to undergo 5 

reconsolidation. Here we tested in rats whether a weakly-trained lever pressing memory 6 

destabilized following a shift in reinforcement contingency. We show lever pressing memory 7 

for both sucrose and cocaine reinforcement destabilized under appropriate conditions, and 8 

that the reconsolidation of this memory was impaired by systemic administration of the 9 

NMDA receptor (NMDAR) antagonist [5R,10S]-[+]-5-methyl-10,1-dihydro-5H-10 

dibenzo[a,d]cyclohepten-5,10-imine (MK-801). We went on to investigate the potential role of 11 

the Nucleus accumbens (NAc) in the reconsolidation of sucrose-reinforced instrumental 12 

memories, showing that co-infusion of the NMDAR antagonist 2-amino-5-13 

phosphonopentanoic acid (AP-5) and the dopamine-1 receptor (D1R) antagonist 7-chloro-3-14 

methyl-1-phenyl-1,2,4,5-tetrahydro-3-benzazepin-8-ol (SCH23390) into the NAc prior to 15 

memory reactivation impaired reconsolidation; however, there was no effect when these 16 

drugs were infused alone. Further investigation of this effect suggests the combined infusion 17 

disrupted the reconsolidation of pavlovian components of memory, and we hypothesize that 18 

co-activation of accumbal D1Rs and NMDARs may contribute to both the destabilization and 19 

reconsolidation of appetitive memory. Our work demonstrates that weakly-trained 20 

instrumental memories undergo reconsolidation, under similar parameters to well-trained 21 

ones, and also suggests that receptor co-activation in the NAc may contribute to memory 22 

destabilization. Furthermore, it provides an important demonstration of the therapeutic 23 

potential of reconsolidation-based treatments which target the instrumental components of 24 

memory in maladaptive drug seeking. 25 

 26 
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Significance statement 27 

This research adds to the growing body of evidence that instrumental memories (memories 28 

of interactions with the world) undergo reconsolidation, a class of memory previously not 29 

thought to undergo reconsolidation. Furthermore, we suggest that there may be a role for co-30 

activation of accumbal D1Rs and NMDARs in the destabilization and reconsolidation of 31 

appetitive memory. Our work also extends to include reconsolidation-disruption of 32 

responding for cocaine self-administration. This provides proof of principle that impairing the 33 

reconsolidation of instrumental memory can diminish the instrumental components of drug 34 

seeking, and demonstrates the potential viability of reconsolidation-based therapies for 35 

maladaptive memory disorders. 36 

 37 

Introduction 38 

Following an initial phase of consolidation, memories exist in a stable state, resistant to 39 

amnesic intervention (McGaugh, 2000). Memories are not fixed however and can be 40 

destabilized, rendering them labile to be updated with new information (Lee, 2009). In order 41 

to persist following destabilization, memories must undergo a process of reconsolidation 42 

which returns them to their stable form (Nader, 2003). Reconsolidation has been 43 

demonstrated for nearly all types of memory (see Reichelt and Lee, 2013 for recent review) 44 

and its initiation (via destabilization) appears to require a prediction error (Sevenster et al., 45 

2013). 46 

A notable cluster of negative findings within the field of reconsolidation have concerned 47 

instrumental memories, raising questions over whether reconsolidation is a universal 48 

process for memory persistence. Early studies observed that the instrumental components 49 

of sucrose (Hernandez and Kelley, 2004), saccharine (Mierzejewski et al., 2009) and 50 

cocaine (Brown et al., 2008) self-administration did not appear to undergo reconsolidation, 51 

although pavlovian memories associated with these behaviours did (Lee et al., 2006a; Milton 52 
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et al., 2008b). Recently, instrumental memory underpinning well-learned sucrose-seeking 53 

was shown to undergo reconsolidation (Exton-McGuinness et al., 2014b), and subsequently 54 

lever pressing for nicotine was also shown to undergo reconsolidation (Tedesco et al., 2014, 55 

although this result may not represent reconsolidation of the instrumental component of 56 

memory; see Exton-McGuinness et al., 2014a). 57 

We first sought to investigate whether a weakly-trained instrumental memory would 58 

destabilize following a change in reinforcement contingency, from a fixed to a variable ratio 59 

schedule, as was recently demonstrated to be the case in a well-trained setting (Exton-60 

McGuinness et al., 2014b). While it is an obvious prediction that both weakly and well-61 

learned memories should be destabilized according to similar principles, it is well 62 

acknowledged that instrumental behaviours become automated with overtraining (Dickinson, 63 

1985), becoming reliant on neural systems which are distinct from those utilised early on in 64 

training (Balleine and O’Doherty, 2010). Furthermore, older (Suzuki et al., 2004) and more 65 

extensively trained memories (Suzuki et al., 2004; Reichelt and Lee, 2012) generally require 66 

different reactivation parameters in order to destabilize (typically longer or more frequent 67 

stimulus presentation) compared to those that are sufficient following a more limited training 68 

regimen. These more extreme reactivation parameters could lead to extinction learning in 69 

which responding is suppressed by a new inhibitory memory (Bouton, 2002), rather than 70 

reconsolidation whereby the original memory is updated, when used with a younger, weaker 71 

memory (see Reichelt and Lee, 2012 for example). Thus, we elected to use a lesser shift in 72 

contingency to destabilize weakly-trained lever pressing memory than was used previously 73 

in a well-trained setting (Exton-McGuinness et al., 2014b). 74 

We also explored whether brief non-reinforced or training reactivations could destabilize 75 

lever pressing memory. These additional reactivation parameters also acted to test the 76 

necessity for reinforcer presentation during reactivation, as the presence and consumption of 77 

the reinforcer may provide both external and internal stimuli which contribute to memory 78 

destabilization (Milekic et al., 2006; Valjent et al., 2006; Brown et al., 2008). The efficacy of 79 
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the reactivation conditions to destabilize instrumental memory and initiate reconsolidation 80 

was initially verified using systemic injections of the NMDAR antagonist MK-801, shown 81 

previously to disrupt reconsolidation of instrumental memory (Exton-McGuinness et al., 82 

2014b). 83 

We then progressed to intra-NAc infusions of AP-5 and SCH23390 in order to assess any 84 

potential role for local activation of D1Rs and NMDARs in the reconsolidation of instrumental 85 

memories, as co-activation of these receptors in the NAc is implicated in the acquisition of 86 

lever pressing (Smith-Roe and Kelley, 2000). We also infused MK-801 to determine whether 87 

the NAc was a central locus of action for systemic treatment. The NAc has been strongly 88 

implicated in mediating reward seeking behaviours, and is a key hub in the reward circuitry 89 

disrupted by addictive drugs such as cocaine (Robbins and Everitt, 1996; Loweth et al., 90 

2014). 91 

Disruption of reconsolidation may offer a novel therapeutic intervention for maladaptive 92 

memories, such as post-traumatic stress disorder (Pitman, 2011) and drug addiction (Milton, 93 

2013). In order to demonstrate the translational benefit of disrupting instrumental memory 94 

reconsolidation, we tested whether lever pressing for cocaine self-administration would 95 

undergo reconsolidation following a shift in reward contingency. While a previous study 96 

showed MK-801 not to disrupt the reconsolidation of cocaine self-administration (Brown et 97 

al., 2008), we hypothesized this was due to inappropriate, or insufficient, reactivation 98 

parameters. Appetitive pavlovian memory for both sucrose and cocaine undergoes 99 

reconsolidation (Lee et al., 2006a; Milton et al., 2008b), and so it seemed logical that any 100 

successful impairment of sucrose-reinforced instrumental memory reconsolidation would 101 

translate to a cocaine self-administration setting. 102 

 103 

Materials and Methods 104 

Subjects 105 
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Subjects were 219 experimentally naïve adult male lister hooded rats (Charles River, UK), 106 

aged 6-8 weeks (median 6 weeks) and weighing 200-350g (median 250g) at the start of the 107 

experiment. Rats were housed in individually-ventilated cages of 4 at 21oC on a 12-hour 108 

light-dark cycle (lights on at 0700) in a specialist animal facility. Individually-ventilated cages 109 

contained aspen chip bedding, and environmental enrichment was available in the form of a 110 

Plexiglass tunnel. Experiments took place in a behavioural laboratory between 0800 and 111 

1200. Rats in the sucrose studies were fed a restricted diet of 15g chow per day for the 112 

duration of the behavioural procedures (this was supplemented by any sucrose rewards 113 

obtained during the study); weights were regularly recorded and assessed against an in-114 

house growth chart. Rats in the cocaine study had freely available food. Water was freely 115 

available except during experimental procedures. At the end of the experiment animals were 116 

humanely killed via a rising concentration of CO2; death was confirmed by cessation of 117 

heartbeat. All animal procedures were performed in accordance with the Author University 118 

animal care committee’s regulations. 119 

 120 

Surgical procedures 121 

All surgeries were carried out aseptically in accordance with the LASA guiding principles for 122 

aseptic surgery (LASA, 2010). Rats were anaesthetised using isoflurane (5% for induction, 123 

2-3% for maintenance), and administered peri-operative buprenorphine. Post-surgery, rats 124 

were housed individually with Puracel bedding overnight before being rehoused with their 125 

cage mates the next morning. Their diet was also supplemented with the non-steroidal anti-126 

inflammatory Carprofen for two days post-operatively. A minimum of five days recovery was 127 

allowed before experimental procedures began. 128 

80 rats were implanted bilaterally with stainless steel cannulae (11 mm, 22 gauge; Coopers 129 

Needleworks, UK). Cannulae were directed at the NAc region of the brain using a 130 

stereotaxic frame: AP +1.5 mm, ML ±1.8 mm from bregma, DV -1.8 mm from skull surface 131 
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(Paxinos and Watson, 2009). Stainless steel stylets extending 1 mm past the end of the 132 

guide cannulae were inserted post-surgery in order to maintain patency until infusion. Prior 133 

to reactivation stylets were removed and injectors (28 gauge; Plastics One, USA) inserted 134 

into the guide cannulae, extending 6 mm past the end of the guide cannulae to a final DV -135 

7.8mm. PBS vehicle, MK-801, AP-5, SCH23390 or combined AP-5/SCH23390 (see Drugs) 136 

was infused into the NAc immediately prior to reactivation. At the end of the experiment 137 

cannulated rats were killed, their brains extracted freshly and fixed in 4% paraformaldehyde. 138 

Brains were sectioned then stained using cresyl violet and the locations of injectors 139 

confirmed using light microscopy (Figure 1). 140 

For the cocaine study, 12 rats were catheterised by Charles River (UK) and an additional 20 141 

were implanted with intravenous (i.v.) catheters based on previous literature (Di Ciano and 142 

Everitt, 2001; Lee et al., 2006a). Briefly, rats were implanted with a single catheter 143 

(Camcaths, UK) in the right jugular vein aimed at the left vena cava. The mesh end of the 144 

catheter was sutured sub-cutaneously on the dorsum. 145 

 146 

Drugs 147 

For the sucrose and cocaine self-administration studies, MK-801 (AbCam, UK) was 148 

dissolved in sterile saline to a concentration of 0.1 mg/ml. 30 minutes prior to the reactivation 149 

session, rats were administered intraperitoneally with 0.1 mg/kg of MK-801 or equivalent 150 

volume of saline vehicle. This dose of systemic MK-801 has previously been shown to 151 

disrupt instrumental memory reconsolidation (Exton-McGuinness et al., 2014b). Injections 152 

were carried out systematically by cage, randomly within each cage. 153 

For intra-cerebral infusions, all drugs were dissolved in sterile PBS. AP-5 (AbCam, UK), 154 

SCH23390 (RBI, USA) and MK-801 were made to a concentration of 1 µg/0.5µl. The 155 

combined AP-5/SCH23390 solution was made up to 0.1 µg/0.5µl of each AP-5 and 156 

SCH23390. The choice of drugs and dosages were based on those shown previously to 157 
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disrupt acquisition of lever pressing (Kelley et al., 1997; Smith-Roe and Kelley, 2000). 158 

Infusions were given systematically by cage, randomly within each cage. Immediately prior 159 

to the memory reactivation session, stylets were removed and injectors were inserted into 160 

the guide cannulae. 0.5 µl of drug or PBS vehicle control was infused at a rate of 0.5 µl/min 161 

using a microdrive syringe pump (Harvard Apparatus, USA). Injectors were left in place for 162 

one minute after the infusion to allow diffusion of the drug. Infusions were given immediately 163 

before, rather than after reactivation as past work has shown that pre- (Kelley et al., 1997; 164 

Smith-Roe and Kelley, 2000) but not post-session (Hernandez et al., 2005) infusions of AP-5 165 

or SCH23390 into the NAc core impair instrumental acquisition. Moreover, the time window 166 

of vulnerability of reconsolidation to disruption appears to be more limited than for 167 

consolidation (Judge and Quartermain, 1982). 168 

For cocaine self-administration, cocaine (Sigma-Aldrich, UK) was dissolved in sterile saline 169 

to a concentration of 2.5 mg/ml; i.v. infusions of 0.1ml over 5 seconds could be obtained 170 

during training and reactivation. Drug infusion dosage was based upon previous literature (Di 171 

Ciano and Everitt, 2001). 172 

 173 

Behavioural apparatus 174 

Training, memory reactivation and testing sessions took place in 8 operant boxes 175 

(MedAssociates, USA) measuring 25 x 32 x 25.5 cm, each housed individually within a 176 

soundproof chamber. The rear wall and door were made of Perspex, the other two walls of 177 

metal. The boxes contained a grid floor of 19 evenly spaced, stainless steel bars (4.8 mm 178 

diameter), underneath which was a removable tray. A nosepoke magazine was mounted on 179 

the right-hand wall into which the reward pellets could be delivered, flanked on either side by 180 

two retractable levers. The magazine contained an infrared detector which recorded 181 

magazine entries (nosepokes). The box was illuminated by a small houselight, mounted on 182 

the upper left hand wall, which came on at the start of each experimental session, switching 183 
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off at the end. 2 boxes were equipped with an infusion pump and drug delivery arm 184 

assembly (MedAssociates, USA) for the i.v. delivery of cocaine. The operant boxes were run 185 

from a local computer using specialised computer software (MedAssociates, USA), which 186 

also recorded behavioural responses (lever presses and nosepokes). 187 

 188 

Training procedures 189 

Sucrose study: rats were initially trained to collect 45 mg sucrose reward pellets (TestDiet) 190 

from the magazine. Pellets were delivered at random intervals (mean 60 seconds) for 15 191 

minutes. This pre-training facilitated instrumental learning over the limited training schedule. 192 

Instrumental training began immediately after the pre-training session. On the first training 193 

day a single lever was extended into the box and delivered a sucrose pellet into the 194 

magazine when pressed, on a fixed-ratio (FR1; one lever press delivers one pellet) 195 

schedule; responses on the lever had no other programmed consequence, the lever did not 196 

retract and remained extended throughout the session and no discrete stimuli were 197 

presented at any point during training. A maximum of 30 pellets could be obtained; the 198 

session ended when the maximum number of pellets had been obtained or 30-minutes 199 

elapsed. Rats received a second 30-minute training session the next day with a maximum of 200 

60 pellets obtainable and this marked the end of the training phase. Rats were injected 201 

systemically with MK-801 30 minutes prior to the memory reactivation session. 202 

Intra-accumbans study: behavioural procedures were carried out as in the sucrose study. 203 

Rats were implanted with bilateral cannualae aimed at the NAc (see Surgical procedures) 204 

and drugs were infused immediately before reactivation. 205 

Cocaine study: prior to each training or reactivation session the implanted i.v. catheter (see 206 

Surgical procedures) was connected to the infusion arm. For the pre-operated rats, this was 207 

achieved using a vascular access harness and tether (Instech, USA). For the rats 208 

catheterized in-house, the catheter was connected directly to the spring tether (Camcaths, 209 



9 
 

 9

UK). A single lever was extended into the chamber at the start of each session. Rats were 210 

trained to lever press for cocaine on an FR1 schedule. A maximum of 30 i.v. cocaine 211 

infusions could be obtained on the first training day and 60 on the second; each session 212 

lasted a maximum of 2 hours. After each infusion there was an enforced time-out of 20 213 

seconds before the next infusion could be obtained. The lever retracted for the duration of 214 

the time-out period. Rats did not receive any pre-training for the cocaine study, nor were any 215 

discrete reward-paired stimuli presented. Nosepokes had no programmed consequence. 216 

Rats were injected systemically with MK-801 30 minutes prior to the memory reactivation 217 

session. 218 

 219 

Reactivation Procedures 220 

In the systemic studies a variety of behavioural conditions were tested for their efficacy to 221 

cause memory destabilization. 222 

VR5 reactivation: A variable number of lever presses (mean: 5, range: 1-9) were required to 223 

obtain a reward. A maximum of 20 reinforcements could be obtained. The variable-ratio 224 

(VR5; one pellet is delivered following a mean of 5 lever presses) reactivation was also used 225 

for the intra-cerebral and cocaine studies. For sucrose studies the session length was 20 226 

minutes. For the cocaine study the lever retracted for 20 seconds, as in training, and the 227 

session length was 30 minutes. This reactivation was chosen based upon a previous finding 228 

that a variable-ratio schedule destabilized a well-established instrumental memory (Exton-229 

McGuinness et al., 2014b). 230 

Non-reactivation controls: Additional rats were used which received systemic injection of 231 

MK-801 or co-infusion of AP-5/SCH23390 (or appropriate vehicle control), but without a 232 

reactivation session. This provides an important control for determining whether 233 

reconsolidation has been disrupted; amnestic treatment in the absence of memory 234 

reactivation should be without effect. 235 
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Non-reinforced reactivation: A very brief non-reinforced session lasting only 2 minutes; no 236 

rewards were delivered during this session. Brief non-reinforced sessions have been 237 

frequently used to destabilize pavlovian memories in past studies (Lee et al., 2006b; Milton 238 

et al., 2008b). In a previous study of well-learned lever pressing for sucrose a 5-minute non-239 

reinforced session did not destabilize the instrumental memory (Exton-McGuinness et al., 240 

2014b), however it may be that a shorter non-reinforced reactivation could, as briefer 241 

sessions typically favour reconsolidation, while longer non-reinforced sessions usually lead 242 

to extinction (Flavell and Lee, 2013; Merlo et al., 2014), in which a new memory is formed 243 

which suppresses behavioural output (Bouton, 2002). 244 

FR1 reactivation: A brief FR1 session identical to that used in training but curtailed to a 245 

maximum of 20 pellets, with a maximum duration of 20 minutes. Training sessions have 246 

been shown to trigger memory destabilization, however only when the memory is not well-247 

learned (Rodriguez-Ortiz et al., 2005; Díaz-Mataix et al., 2013; Exton-McGuinness et al., 248 

2014a), consistent with the hypothesis that reconsolidation serves memory updating (Lee, 249 

2009). As the lever pressing memory used in our study was only weakly trained, we 250 

hypothesised a training trial could also induce reconsolidation. This session also tested 251 

whether it was the variability of the VR5 reactivation contingency, or simply the presence of 252 

the reinforcer, which was the salient feature of the VR5 reactivation. The presence of the 253 

unconditioned stimulus is sometimes required to destabilize appetitive pavlovian memory 254 

(Milekic et al., 2006; Valjent et al., 2006), and furthermore the contingency of reinforcer 255 

presentation may also be an important factor in determining whether a memory will 256 

destabilize (Lee and Everitt, 2008a). 257 

 258 

Testing procedures 259 

Instrumental performance was tested the day after drug treatment for all groups. Test 260 

sessions lasted 30-minutes and were carried out in extinction. The lever was extended, no 261 
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rewards were delivered and the houselight remained on throughout the session. The lever 262 

did not retract during testing. 263 

In the systemic sucrose study, one additional group of rats received their test session 3 264 

hours after the VR5 reactivation. This was carried out to assess any effect of the MK-801 on 265 

post-reactivation short-term memory (pr-STM). If pr-STM was disrupted by MK-801, then it 266 

may imply that MK-801 had effects, other than to disrupt long-term memory reconsolidation, 267 

which impacted upon behavioural expression. Were the reconsolidation of long-term 268 

memory disrupted by MK-801, then there should typically be no effect on short-term memory 269 

expression. 270 

 271 

Statistical Analysis 272 

Data are represented as mean ± SEM throughout. Results with p<0.05 were deemed 273 

significant. Statistical analyses are summarised in Table 1 (superscript letters in the Results 274 

text indicate rows in the table). Observed power was calculated post-hoc with G*Power 3.1 275 

(Faul et al., 2007) using the size of the highest order effect at test. 276 

Experimental groups were matched for number of lever presses made during training. 277 

Training data was analysed using repeated measures ANOVA with Training day and Drug 278 

group as factors in order to assess whether the task was learned and whether groups were 279 

similarly performing at the end of the training phase. Where appropriate, planned 280 

comparisons were performed on the second day of training in order to test for any pre-281 

reactivation differences. 282 

In the systemic experiments, reactivation and test sessions were analysed separately using 283 

one-way ANOVA for rats given brief extinction or training sessions. For intra-cerebral 284 

infusion groups, reactivation and test data was compared to a single control using 285 

bonferroni-corrected planned comparisons (effective p<0.0125). Non-reactivated rats were 286 
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compared to their respective reactivated counterparts using two-way ANOVA with 287 

Reactivation and drug Treatment as factors. Similar analysis was performed on all sessions 288 

for magazine entries (nosepokes) in order to assess general activity. Differences in 289 

nosepokes may indicate differences in motivation which may have impacted upon lever 290 

pressing performance; however it is important to note that, in the case of the sucrose 291 

studies, the magazine also acted as a reward location which may influence the total number 292 

of nosepokes made. 293 

In the sucrose seeking studies, rats which failed to obtain at least 30 rewards on the second 294 

training day were excluded from the final analysis due to insufficient learning. For cocaine 295 

seeking, rats obtaining fewer than 5 rewards on the second day of training were excluded 296 

from further analysis. These criteria excluded 40 rats from the systemic sucrose 297 

experiments, 19 from the intra-cerebral study and 4 from the cocaine study. 4 rats were 298 

killed following surgical complications and did not start the experiment. 11 rats had bent or 299 

blocked cannulae and were excluded from analysis as they did not receive bilateral 300 

infusions. An additional 1 vehicle-treated rat was excluded from the analysis of the cocaine 301 

study as his data point lay more than 2 SDs from the group mean. 302 

 303 

Results 304 

Sucrose study 305 

VR5 reactivation: We first tested whether a briefly-trained instrumental memory for sucrose 306 

reinforcement would destabilize following the VR5 reactivation, a session in which a variable 307 

number of lever presses were required to obtain a reward. If the memory was successfully 308 

destabilized then its subsequent reconsolidation should be disrupted by systemic MK-801, 309 

leading to a reduction in long-term memory expression. 310 
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Treatment groups showed similar acquisition of lever pressing over the two days of training, 311 

confirming rats learned to press the lever to acquire sucrose and that groups were well 312 

matched (data not shown; Training: F(1,27)=1244.0, p<0.001a; Treatment: F(1,27)=0.02, 313 

p=0.895a;  Reactivation: F(1,27)=1.61, p=0.215a; Treatment x Reactivation: F(1,27)=0.17, 314 

p=0.684a;  Training x Treatment: F(1,27)=2.48, p=0.128a; Training x Reactivation: F(1,27)=0.64, 315 

p=0.430a;  Training x Treatment x Reactivation: F(1,27)=1.20, p=0.282a). The day after 316 

training, rats were administered systemic MK-801, or saline control, 30 minutes prior to the 317 

VR5 reactivation session. There was no significant difference in lever pressing between MK-318 

801 (100.1 ± 5.2) and saline treated groups (92.4 ± 9.7) during the VR5 memory reactivation 319 

session (F(1,14)=0.56, p=0.468b). 320 

In a test of long-term memory, 24 hours after drug administration and reactivation, (Figure 321 

2A) there was a reactivation-dependent effect of MK-801 on lever pressing (Treatment x 322 

Reactivation: F(1,27)=4.53, p=0.042c) with no significant main effects of treatment (F(1,27)=0.55, 323 

p=0.464c) or reactivation (F(1,27)=0.01, p=0.908c). Analysis of simple main effects showed 324 

significantly reduced lever pressing in MK-801-treated reactivated rats compared to 325 

reactivated saline controls (F(1,14)=6.02, p=0.028c), however there was no effect of drug 326 

treatment in the non-reactivated groups (F(1,13)=0.71, p=0.415c). This suggests 327 

reconsolidation was impaired by systemic MK-801, and by inference that the VR5 328 

reactivation successfully destabilised lever pressing memory, as there was no significant 329 

effect of MK-801 in the absence of reactivation. Orthogonal simple effects showed no 330 

significant difference in lever pressing between reactivated and non-reactivated saline 331 

(F(1,13)=1.88, p=0.194c) or MK-801-treated animals (F(1,14)=2.91, p=0.110c). 332 

In order to assess general activity during each session, we also performed analysis on 333 

nosepoking behaviour; any reduction in nosepoking may indicate an impairment in activity or 334 

motivation which may have impacted upon lever pressing performance independently of any 335 

putative instrumental memory reconsolidation deficit. Rats significantly increased their 336 

nosepoking during training (F(1,27)=126.28, p<0.001d). There was also a significant overall 337 
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effect of reactivation condition (F(1,27)=4.69, p=0.039d) with a significant Treatment x 338 

Reactivation interaction (F(1,27)=6.21, p=0.019d). There were no other significant group 339 

differences during training (Treatment: F(1,27)=1.24, p=2.76d; Training x Treatment: 340 

F(1,27)=2.35, p=0.137d; Training x Reactivation: F(1,27)=0.40, p=0.532d; Training x Treatment x 341 

Reactivation: F(1,27)=0.03, p=0.869d). Analysis of the final training day did not reveal any 342 

significant effect of drug treatment (F(1,27)=0.20, p=0.655d), reactivation condition (F(1,27)=0.74, 343 

p=0.396d) or interaction between the two (F(1,27)=2.74, p=0.109d); therefore, groups displayed 344 

similar nosepoking activity on the final day of training, suggesting similar levels of motivation 345 

to respond prior to reactivation (data not shown). During the VR5 reactivation, there was no 346 

significant acute effect of MK-801 (274.4 ± 39.2) on nosepoking (F(1,14)=0.99, p=0.336e) 347 

compared to saline controls (223.3 ± 28.7), nor was there any long term effect of drug 348 

treatment on nosepoking activity at test (Figure 2B; Treatment: F(1,27)=1.01, p=0.323f; 349 

Reactivation: F(1,27)=1.03, p=0.320f; Treatment x Reactivation: F(1,27)=0.10, p=0.755f), 350 

suggesting groups were similarly active during testing. 351 

pr-STM: An additional group of rats were trained, injected and reactivated as above and their 352 

memory tested 3 hours after receiving the VR5 reactivation session in order to assess pr-353 

STM. This test controls for any effect of drug treatment on behavioural expression, which 354 

may impact on later long-term recall. If an impairment in long-term memory is due to 355 

disruption of reconsolidation, then short-term memory should be intact. Both treatment 356 

groups learned to lever press similarly during training (data not shown; Training: 357 

F(1,14)=461.37, p<0.001g; Treatment: F(1,14)=1.08, p=0.317g; Training x Treatment: F(1,14)=0.58, 358 

p=0.461g). There was no significant effect of MK-801 on lever pressing performance during 359 

either the VR5 reactivation (Saline: 91.2 ± 4.5; MK-801: 100.9 ± 4.5; F(1,14)=2.24, p=0.157h), 360 

or pr-STM test (Figure 3A; F(1,14)=0.38, p=0.548i). Thus pr-STM was unimpaired by MK-801 361 

treatment prior to the VR5 reactivation. 362 

Similar analysis was performed for nosepoking to confirm MK-801 had no significant effect 363 

upon short-term behavioural expression. Nosepoking activity was similar in both treatment 364 
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groups during training (data not shown; Training: F(1,14)=9.47, p=0.008j; Treatment: 365 

F(1,14)=0.001, p=0.974j; Training x Treatment: F(1,14)=0.01, p=0.927j). No acute effect of MK-366 

801 was observed in nosepoking activity during the VR5 reactivation (Saline: 245.8 ± 19.6; 367 

MK-801: 238.3 ± 20.2; F(1,14)=0.07, p=0.797k), nor in the test of pr-STM (Figure 3B; 368 

F(1,14)=2.47, p=0.139l). 369 

 370 

Non-reinforced reactivation: Following the success of the VR5 reactivation to destabilize 371 

the briefly-trained lever pressing memory, we next sought to test for the necessity of 372 

reinforcer presentation during reactivation. In many cases pavlovian memories have been 373 

successfully destabilized, and their reconsolidation disrupted, using non-reinforced stimulus 374 

presentation (Lee et al., 2006b; Milton et al., 2008b). A recent study found that non-375 

reinforced reactivation did not destabilize a well-learned instrumental memory (Exton-376 

McGuinness et al., 2014b). However, it remains possible that shorter non-reinforced 377 

sessions could destabilize instrumental memories. Session length plays an important part in 378 

determining the switch between destabilization, leading to memory updating, and extinction 379 

(Flavell and Lee, 2013; Merlo et al., 2014), in which a new inhibitory memory suppresses 380 

behavioural responding (Bouton, 2002). 381 

During the training phase, repeated measures ANOVA revealed a significant effect of 382 

Training (F(1,12)=698.0, p<0.001m) showing rats learned the lever pressing task. A Training x 383 

Treatment interaction (F(1,12)=5.04, p=0.044m) was revealed with no main effect of Treatment 384 

(F(1,12)=0.06, p=0.815m). Analysis of the second day of training showed no significant 385 

difference in lever pressing (F(1,12)=1.49, p=0.245m), indicating groups were similarly 386 

performing at the end of training, prior to reactivation the next day (data not shown). ANOVA 387 

of the reactivation session revealed a significant increase in lever pressing following MK-801 388 

injection (Saline: 5.1 ± 1.7; MK-801: 16.3 ± 2.6; F(1,12)=14.19, p=0.003n), which persisted on 389 

the test session 24 hours later (Figure 4A; F(1,12)=8.23, p=0.014o). 390 
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Accompanying analysis of nosepoking showed rats significantly increased their nosepoking 391 

over Training (F(1,12)=31.45, p<0.001p) with no significant group differences (data not shown; 392 

Treatment: F(1,12)=2.62, p=0.132p; Training x Treatment: F(1,12)=0.09, p=0.765p), implying 393 

similar activity levels prior to drug intervention and reactivation. During reactivation, MK-801-394 

injected rats nosepoked significantly more than saline controls (Saline: 20.8 ± 4.8; MK-801: 395 

36.5 ± 3.0; F(1,12)=6.44, p=0.026q), however this effect had dissipated by the test session 396 

(Figure 4B; F(1,12)=1.37, p=0.264r). 397 

 398 

FR1 reactivation: Given that the non-reinforced reactivation did not appear to destabilize 399 

lever pressing memory, allowing its reconsolidation to be disrupted by MK-801, we next 400 

tested whether the memory could be destabilized by a brief FR1 reactivation. In the case of 401 

memories which are not well-learned, training trials have been used to destabilize memory 402 

traces (Rodriguez-Ortiz et al., 2005; Exton-McGuinness et al., 2014a). This session was 403 

fundamentally equivalent to a short training session and also tested for the sufficiency of 404 

reinforcer presentation in the destabilization of lever pressing memory. 405 

Both treatment groups acquired similar levels of lever pressing during training (data not 406 

shown; Training: F(1,10)=341.8, p<0.001s;  Treatment: F(1,10)=0.54, p=0.481s; Training x 407 

Treatment: F(1,10)=0.57, p=0.468s). Rats were then injected with MK-801 or saline, followed 408 

by the FR1 reactivation session. During reactivation, all rats made the maximum of 20 lever 409 

presses and acquired 20 sucrose pellets each. The next day at test (Figure 5A), there was 410 

no significant difference in lever pressing between treatment groups (F(1,10)=0.90, p=0.365t), 411 

implying the FR1 session did not destabilize the lever pressing memory, preventing MK-801 412 

from disrupting its reconsolidation. 413 

Companion analysis showed nosepoking to increase through training (F(1,10)=41.53, 414 

p<0.001u) with no significant difference between groups (data not shown; Treatment: 415 

F(1,10)=0.46, p=0.514u; Training x Treatment: F(1,10)=1.18, p=0.304u), nor were there any 416 
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significant group differences during reactivation (Saline: 84.7 ± 9.5; MK-801: 119.3 ± 14.7; 417 

F(1,10)=3.92, p=0.076v) or the test session (Figure 5B; F(1,10)=0.004, p=0.949w). 418 

 419 

Intra-accumbans study 420 

Drug infusions: Having established the ability of the VR5 reactivation to destabilize the 421 

weakly-trained lever pressing memory, we next investigated the potential local involvement 422 

of accumbal NMDA and D1Rs in reconsolidation of lever pressing memory. Previous work 423 

has shown co-activation of NMDA and D1Rs in the NAc to be involved in the acquisition of 424 

lever pressing (Smith-Roe and Kelley, 2000), and we sought to investigate whether such co-425 

activation also played a role in reconsolidation by infusing AP-5, SCH23390 and a 426 

combination of the two into the NAc immediately prior to the VR5 reactivation. We also 427 

infused MK-801 alone directly into the NAc in order to test whether the NAc was a central 428 

locus of action for systemic MK-801. 429 

There were no significant differences in lever pressing between the infusion groups during 430 

training (data not shown; Training: F(1,24)=711.3, p<0.001x; Treatment: F(4,24)=0.96, p=0.447x; 431 

Training x Treatment: F(4,24)=0.78, p=0.550x). As there was a single common PBS vehicle 432 

control, we conducted bonferroni-corrected planned comparisons between the vehicle group 433 

and each drug group (effective p<0.0125). No treatment group significantly differed in lever 434 

pressing from the PBS control on the final day of training: MK-801 (F(1,10)=0.16, p=0.700x), 435 

AP-5 (F(1,9)=0.82, p=0.389x), SCH23390 (F(1,10)=0.03, p=0.860x), AP-5/SCH23390 436 

(F(1,10)=1.13, p=0.314x). During the VR5 reactivation session, an overall ANOVA revealed a 437 

significant effect of drug treatment (F(4,24)=10.69, p<0.001y). Planned comparisons showed 438 

that co-infusion of AP-5 and SCH23390 immediately prior to reactivation acutely reduced 439 

lever pressing during the VR5 session (11.3 ± 5.9; F(1,10)=27.7, p<0.001y), however infusions 440 

of MK-801 (82.0 ± 8.4; F(1,10)=0.13, p=0.725y), AP-5 (66.6 ± 10.6; F(1,9)=0.45, p=0.519y) or 441 
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SCH23390 (69.8 ± 8.1; F(1,10)=0.28, p=0.611y) alone had no acute effect compared to PBS-442 

infused controls (77.0 ± 11.0). 443 

At test, 24 hours after reactivation, while an overall ANOVA did not provide conclusive 444 

evidence for a long-term effect of infusion (F(4,24)=2.60, p=0.06z), planned comparisons 445 

revealed a significant reduction in lever pressing in rats previously infused with the AP-446 

5/SCH23390 in combination, compared to PBS vehicle controls (Figure 6A; F(1,10)=14.1, 447 

p=0.004z). In contrast, similar planned comparisons did not show any lever pressing 448 

impairment at test in rats given infusions of MK-801 (F(1,10)=0.05, p=0.823z), AP-5 449 

(F(1,9)=0.65, p=0.441z) or SCH23390 (F(1,10)=0.03, p=0.871z) alone (Figure 6A). 450 

Mirror analysis of nosepoking responses showed similar activity across infusion groups 451 

during training, suggesting all groups were similarly motivated prior to reactivation (data not 452 

shown; Training: F(1,24)=42.00, p<0.001aa; Treatment: F(4,24)=1.46, p=0.245aa; Training x 453 

Treatment: F(4,24)=0.259, p=0.901aa). Planned comparisons on the final day of training did not 454 

reveal any significant differences in nosepoking of any treatment group compared to PBS 455 

controls (MK-801: F(1,10)=0.09, p=0.771aa; AP-5: F(1,9)=2.36, p=0.159aa; SCH23390: 456 

F(1,10)=0.11, p=0.746aa; AP-5/SCH23390: F(1,10)=2.23, p=0.166aa). 457 

Overall ANOVA of nosepoking during the VR5 reactivation revealed a significant acute effect 458 

of infusion (F(4,24)=8.14, p<0.001bb). Planned comparisons revealed co-infusion of AP-459 

5/SCH23390 acutely impaired nosepoking at reactivation (48.8 ± 16.7; F(1,10)=23.68, 460 

p<0.001bb), but infusion of MK-801 (284.3 ± 47.3; F(1,10)=1.02, p=0.335bb), AP-5 (161.4 ± 461 

22.2; F(1,9)=2.51, p=0.147bb) or SCH23390 (203.7 ± 25.8; F(1,10)=0.30, p=0.596bb) alone had 462 

no acute effect compared to PBS controls (213.6 ± 36.4). This would imply that the group co-463 

infused with AP-5/SCH23390 were generally less active during the reactivation session, 464 

which may also have affected their rate of lever pressing. 465 

On the test session, overall ANOVA of nosepoking did not reveal any long-term effect of 466 

prior infusion (Figure 6B; F(4,24)=1.42, p=0.257cc). Planned comparisons did not show any 467 
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significant effect of any drug on nosepoking during the test session (MK-801: F(1,10)=0.03, 468 

p=0.875cc; AP-5: F(1,9)=5.198, p=0.049cc; SCH23390: F(1,10)=0.13, p=0.728cc; AP-469 

5/SCH23390: F(1,10)=4.51, p=0.060cc). 470 

 471 

Non-reactivation control: In order to test the reactivation dependence of the combined AP-472 

5/SCH23390 infusion on lever pressing, an additional group of rats were trained and given 473 

an infusion of PBS or AP-5/SCH23390 in the absence of any behavioural session. Results 474 

were compared to the reactivated PBS and AP-5/SCH23390 groups from the previous 475 

experiment. If the effect of intra-NAc AP-5/SCH23390 was to impair reconsolidation, then 476 

there should be no effect of the infusion in the absence of behavioural reactivation (memory 477 

destabilization). 478 

Both reactivated and non-reactivated groups increased their lever pressing during Training 479 

(F(1,20)=950.7, p<0.001dd). There were no significant main effects of Treatment (F(1,20)=1.93, 480 

p=0.180dd) or Reactivation (F(1,20)=0.20, p=0.659dd) on lever pressing during training, nor 481 

were there any Treatment x Reactivation (F(1,20)=0.178, p=0.678dd), Training x Treatment 482 

(F(1,20)=0.05, p<0.824dd) or Training x Treatment x Reactivation (F(1,20)=1.11, p=0.305dd) 483 

interactions; however there was a significant Training x Reactivation interaction (F(1,20)=8.56, 484 

p=0.008dd). Analysis of lever pressing on the second day of training showed no significant 485 

differences between reactivated and non-reactivated infusion groups (data not shown; 486 

Treatment: F(1,20)=1.40, p=0.250dd; Reactivation: F(1,20)=3.96, p=0.060dd; Treatment x 487 

Reactivation: F(1,20)=0.84, p=0.371dd), indicating experimental groups were at similar levels of 488 

performance prior to drug infusion. 489 

Combined analysis of lever pressing at test, for both reactivated and non-reactivated groups, 490 

revealed a reactivation-dependent effect of AP-5/SCH23390 infusion (Figure 7A; Treatment 491 

x Reactivation: F(1,20)=6.82, p=0.017ee), with no main effects of Treatment (F(1,20)=1.03, 492 

p=0.323ee) or Reactivation (F(1,20)=0.03, p=0.868ee). Analysis of simple effects showed 493 
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significantly reduced lever pressing in rats infused with AP-5/SCH23390 immediately prior to 494 

the VR5 reactivation, compared to their PBS-infused controls (F(1,10)=14.1, p=0.004ee); 495 

importantly there was no significant effect of AP-5/SCH23390 infusion on lever pressing in 496 

non-reactivated rats (F(1,10)=0.83, p=0.385ee), suggesting reconsolidation was disrupted by 497 

the infusion. Orthogonal simple effects showed no significant difference between reactivated 498 

and non-reactivated groups given either PBS (F(1,9)=4.44, p=0.064ee) or AP-5/SCH23390 499 

(F(1,11)=3.22, p=0.100ee). 500 

Similar combined analysis of nosepoking for reactivated and non-reactivated groups showed 501 

no significant differences during training (data not shown; Training: F(1,20)=40.44, p<0.001ff; 502 

Treatment: F(1,20)=3.33, p=0.083ff; Reactivation: F(1,20)=1.59, p=0.222ff; Training x Treatment: 503 

F(1,20)=1.26, p=0.275ff; Training x Reactivation: F(1,20)=0.05, p=0.833ff; Training x Treatment x 504 

Reactivation: F(1,20)=1.06, p=0.315ff), suggesting all groups were similarly motivated prior to 505 

infusion. 506 

Combined analysis of nosepoking at test, 24 hours after infusion, (Figure 7B) revealed a 507 

significant reactivation-dependent effect of AP-5/SCH23390 (Treatment x Reactivation: 508 

F(1,20)=4.71, p=0.042gg), with no main effects of Treatment (F(1,20)=0.41, p=0.531gg) or 509 

Reactivation (F(1,20)=0.34, p=0.567gg). Analysis of simple effects did not reveal any significant 510 

differences in nosepoking between AP-5/SCH23390 and PBS-infused reactivated groups 511 

(F(1,10)=4.51, p=0.060gg), nor in non-reactivated controls (F(1,10)=2.24, p=0.165gg). Analysis of 512 

orthogonal simple effects revealed significantly reduced nosepoking in non-reactivated PBS-513 

infused rats, compared to their reactivated counterparts (F(1,9)=6.58, p=0.030gg). This 514 

comparison was not significant for rats given the combined AP-5/SCH23390 infusion 515 

(F(1,11)=2.47, p=0.144gg). The effect on AP-5/SCH23390 infusion on nosepoking suggests the 516 

infusion did result in impaired motivation in some groups, however given the reactivation-517 

dependence of the effect it may have been mediated by a reconsolidation mechanism. 518 

 519 
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Cocaine study 520 

Using our findings from the sucrose setting, we sought to expand our research to investigate 521 

whether a similar VR5 reactivation could be utilised to destabilize weakly-learned lever 522 

pressing memory for cocaine self-administration, and its reconsolidation disrupted with 523 

systemic MK-801 leading to a long-term reduction in cocaine seeking. 524 

During training, both treatment groups learned to lever press for cocaine at similar rates with 525 

no significant differences in performance prior to reactivation (data not shown; Training: 526 

F(1,22)=11.23, p=0.003hh; Treatment: F(1,22)=0.14, p=0.708hh; Reactivation: F(1,22)=0.46, 527 

p=0.504hh; Treatment x Reactivation: F(1,22)=0.02, p=0.905hh; Training x Treatment: 528 

F(1,22)=1.85, p=0.188hh; Training x Reactivation: F(1,22)=0.83, p=0.374hh; Training x Treatment 529 

x Reactivation: F(1,22)=0.04, p=0.842hh). The day after the final training session, rats were 530 

injected with MK-801, or saline vehicle, 30 minutes prior to reactivation. During the VR5 531 

reactivation, MK-801 (26.9 ± 2.3) and saline-treated rats (24.3 ± 2.3) displayed similar lever 532 

pressing performance (F(1,12)=0.63, p=0.444ii). 533 

At test 24 hours later (Figure 8A), ANOVA of lever pressing revealed a significant Treatment 534 

x Reactivation interaction (F(1,22)=6.70, p=0.017jj) with a main effect of MK-801 Treatment 535 

(F(1,22)=9.69, p=0.005jj), but no main effect of Reactivation (F(1,22)=0.99, p=0.331jj). Analysis of 536 

simple effects showed lever pressing to be significantly reduced in rats given MK-801 prior to 537 

the VR5 reactivation (Figure 8A; F(1,12)=17.10, p=0.001jj), however MK-801 had no effect in 538 

the absence of reactivation (F(1,10)=0.132, p=0.724jj), indicative of a reconsolidation 539 

impairment. Orthogonal simple effects showed the lever pressing of reactivated MK-801-540 

treated rats to be significantly lower than their non-reactivated counterparts (F(1,11)=8.19, 541 

p=0.015jj), however saline-treated animals showed similar lever pressing performance 542 

regardless of reactivation condition (F(1,11)=1.05, p=0.328jj). 543 

Companion analysis of nosepoking behaviour was performed to assess general activity 544 

during each session. During training, ANOVA revealed a significant main effect of 545 
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Reactivation (F(1,22)=4.64, p=0.042kk), however there were no other significant differences 546 

between experimental groups (Training: F(1,22)=2.80, p=0.109kk; Treatment: F(1,22)=0.40, 547 

p=0.533kk; Training x Treatment: F(1,22)=0.40, p=0.535kk; Training x Reactivation: F(1,22)=3.09, 548 

p=0.093kk; Treatment x Reactivation: F(1,22)=0.27, p=0.612kk; Training x Treatment x 549 

Reactivation: F(1,22)=0.05, p=0.829kk). Analysis of the second training day showed reactivated 550 

groups nosepoked significantly more than non-reactivated controls (F(1,22)=4.63, p=0.043kk), 551 

however there was no significant difference in the number of nosepokes between drug 552 

groups (Treatment: F(1,22)=0.47, p=0.499kk; Treatment x Reactivation: F(1,22)=0.18, p=0.680kk). 553 

This shows non-reactivated groups were generally less active than their reactivated 554 

counterparts prior to injection, however it was not specific to one treatment group. 555 

Reactivated saline (30.6 ± 11.7) and MK-801-injected rats (51.0 ± 13.0) showed similar 556 

nosepoking performance during the VR5 reactivation (F(1,12)=1.36, p=0.266ll). Finally, 557 

nosepoking performance during the test session was similar in all experimental groups 558 

(Figure 8B; Treatment: F(1,22)=0.004, p=0.951mm; Reactivation: F(1,22)=3.42, p=0.078mm; 559 

Treatment x Reactivation: F(1,22)=0.05, p=0.823mm), indicating there were no significant 560 

differences in general activity during the test session. Thus the specific effect on lever 561 

pressing likely represents a reduction in cocaine seeking, rather than an overall reduction in 562 

motor activation. 563 

 564 

Discussion 565 

The present results demonstrate that the reconsolidation of a weakly-trained lever pressing 566 

memory for sucrose reinforcement can be disrupted by systemic, but not intra-NAc, MK-801. 567 

By inference, the shift to a VR5 schedule was sufficient to cause the memory to destabilize, 568 

rendering it labile and susceptible to the amnestic effect of MK-801. Notably, the amnestic 569 

effect of MK-801 was reactivation dependant, indicating the amnestic effect was due to an 570 

impairment of reconsolidation, and was specific to lever pressing with no significant effect on 571 
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nosepoking responses. A disruption of lever pressing for sucrose was also observed 572 

following pre-reactivation intra-NAc co-infusion of AP-5/SCH23390, suggesting a possible 573 

role for co-activation of accumbal D1Rs and NMDARs in the reconsolidation process. The 574 

VR5 reactivation also proved effective in destabilising memory for cocaine self-575 

administration, as demonstrated by a systemic MK-801-induced reconsolidation impairment. 576 

This provides an important demonstration for the viability of reconsolidation-based therapies 577 

for maladaptive seeking behaviours which target the instrumental components of memory. 578 

Our results provide evidence that weakly-trained lever pressing memories undergo 579 

reactivation-induced destabilization and subsequent reconsolidation, under similar conditions 580 

to well-trained instrumental memories (Exton-McGuinness et al., 2014b). The 581 

reconsolidation of lever pressing is shown here to be impaired by systemic MK-801 and 582 

intra-NAc AP-5/SCH23390 administered shortly prior to the VR5 reactivation. The amnestic 583 

effect of these treatments was critically dependent upon memory reactivation, a key criterion 584 

for assessing reconsolidation deficits (Dudai, 2004); treatment under inappropriate 585 

reactivation parameters or in the absence of reactivation produced no subsequent 586 

impairment in responding. The lack of effect in non-reactivated controls also demonstrates 587 

that the behavioural impairments at test were not due to any non-specific effects of drug 588 

administration. There was a general acute effect of systemic MK-801 to moderately elevate 589 

responding during the reactivation sessions, significantly so with the non-reinforced 590 

reactivation. However, this is likely explained by the hyperactivity caused at doses used in 591 

our experiment (Hargreaves and Cain, 1995). Importantly, any acute arousing effect of MK-592 

801 is short-lived, as confirmed by the absence of any significant effect at pr-STM, and 593 

cannot account for differences observed 24 hours later at test. 594 

While the VR5 session might be expected to enhance responding via additional learning, as 595 

lever presses were reinforced (although at a reduced rate compared to training), there was 596 

only weak evidence for this and visual increases in the performance of saline controls were 597 

not statistically significant. Reactivated vehicle-treated groups did respond moderately above 598 
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the level of non-reactivated controls, for both sucrose and cocaine reinforced memories, 599 

suggesting some degree of additional learning, whether by a reconsolidation-mediated 600 

process or other mechanism. However, it cannot be interpreted that the amnestic effect of 601 

MK-801 was due solely to a disruption of additional learning. First, non-reactivated drug-602 

treated groups (with no opportunity for any additional learning) responded at a similar level 603 

to reactivated vehicle groups. Second, the deficits observed at test in reactivated treatment-604 

impaired groups appear to be driven, at least in part, by a reduction in responding compared 605 

to non-reactivated animals, consistent with a canonical reconsolidation impairment. 606 

Furthermore, in the cocaine setting, differences in nosepoking during training between 607 

reactivated and non-reactivated groups may indicate differences in pre-reactivation 608 

motivation, which may have contributed to the apparent visual increase in lever pressing in 609 

the reactivated vehicle group at test. Finally, pr-STM following the VR5 reactivation in the 610 

sucrose-seeking setting showed no evidence for acquisition of additional learning, nor any 611 

impairment of performance. Intact pr-STM supports the conclusion that it was the 612 

reconsolidation of long-term memory that was disrupted by MK-801; any impairment of 613 

additional learning during reactivation would also be expected to be observed at this time 614 

point, given that MK-801 impairs the acquisition of new memories (Gould et al., 2002; 615 

Mackes and Willner, 2006; Alaghband and Marshall, 2013). 616 

The reactivation-dependant nature of the lever pressing deficit confirms the effect of 617 

treatment was to impair reconsolidation; however, it is not immediately clear whether 618 

pavlovian or instrumental memory was impaired. While instrumental memories encode 619 

associations between the behavioural response and reward, for example lever pressing and 620 

cocaine, pavlovian associations store information about salient environmental stimuli or 621 

contexts. These pavlovian memories mediate a variety of behavioural effects, including 622 

orientating or approach to a conditioned stimulus (Cleland and Davey, 1983), such as a 623 

lever. Indeed, pavlovian associations are capable of supporting the act of lever pressing 624 

when the lever, or some aspect of the lever, acts as a conditioned stimulus (Davey et al., 625 
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1981). Pavlovian learning can also impact upon motivation and activity. While this can 626 

function to generally increase (or decrease) overall activity, it can also act to modulate the 627 

vigour of specific instrumental behaviours associated with a specific outcome (Dickinson and 628 

Balleine, 1994; Corbit et al., 2007). Consequently, while we might intuitively interpret 629 

reductions in lever pressing as reconsolidation deficits in the underlying instrumental 630 

association (Exton-McGuinness et al., 2014b), they could equally have been mediated via 631 

disruption of pavlovian memories which modulate instrumental behaviours; importantly these 632 

pavlovian memories are known to undergo reconsolidation (Lee and Everitt, 2008b; Fuchs et 633 

al., 2009; Milton et al., 2012). In our study nosepoke responses provide an indirect measure 634 

of pavlovian memory strength, through measuring general activity (and in the case of the 635 

sucrose studies, approach to the reward location). Were both nosepokes and lever presses 636 

impaired in a reactivation-dependent manner, then it would be highly likely that it was the 637 

reconsolidation of the pavlovian, rather than instrumental, components of lever pressing 638 

memory that was disrupted. 639 

In the case of the systemic studies, using both sucrose and cocaine reinforcement, the 640 

reactivation-dependent effect was specific to lever pressing, with no significant difference in 641 

nosepoking between groups. As the reconsolidation impairment manifests only in lever 642 

pressing, it is likely the instrumental memory that was disrupted in these experiments. The 643 

selectivity of the MK-801 effect only with the VR5 reactivation is particularly important in this 644 

respect, given that MK-801 impairs pavlovian memory reconsolidation when reactivation 645 

consists of re-exposure to relevant stimuli and contextual cues (Lee and Everitt, 2008b, 646 

2008c), with (Exton-McGuinness et al., 2014a) or without (Reichelt and Lee, 2012) 647 

concomitant sucrose presentation. Moreover, one would have expected pavlovian memories 648 

to have been destabilized by the non-reinforced and FR1 reactivation conditions. However 649 

this does not appear to have been the case, supporting the conclusion both that the non-650 

reinforced and FR1 reactivations were insufficient to cause lever pressing memory to 651 

destabilise, and that the impairment with the VR5 reactivation was in instrumental memory. 652 
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In the non-reinforced reactivation condition, MK-801-treated rats actually responded 653 

significantly more than vehicle controls at test. This increase may be explained as an 654 

impairment of extinction learning by MK-801, rather than reconsolidation. NMDAR 655 

antagonists have previously been shown to impair extinction (Lissek and Güntürkün, 2003; 656 

Kelamangalath et al., 2007) leading to elevated responding at test. While brief non-657 

reinforced sessions are conventionally used to destabilize pavlovian memories, the fact that 658 

saline-treated animals given the non-reinforced reactivation showed low responding 659 

compared to both the FR1 and VR5 conditions suggests they did extinguish during the non-660 

reinforced reactivation, despite its brevity. While it may be surprising that such a brief 661 

session was sufficient to cause extinction learning, the lever pressing response was only 662 

weakly-trained in our experiment and thus likely easily extinguished. Given that extinction 663 

and reconsolidation may be competing processes (Eisenberg et al., 2003; Pedreira and 664 

Maldonado, 2003), both of which are impaired by MK-801 in appetitive settings (Flavell and 665 

Lee, 2013), it seems unlikely that the non-reinforced reactivation destabilized memory. 666 

However, it remains possible that shorter non-reinforced sessions that do not result in 667 

extinction learning could destabilize the instrumental memory. 668 

The FR1 reactivation also did not destabilize the instrumental trace. This is important as the 669 

destabilization resulting from the VR5 reactivation cannot simply be attributed to the 670 

presence of the reinforcer. Training trials have been shown to destabilize fear memories 671 

(Duvarci and Nader, 2004; Eisenberg and Dudai, 2004; Lee, 2008), appetitive pavlovian 672 

(Rodriguez-Ortiz et al., 2005; Milekic et al., 2006; Valjent et al., 2006) and object recognition 673 

memories (Kelly et al., 2003; Akirav and Maroun, 2006). However, full-length (Hernandez 674 

and Kelley, 2004) and brief (Mierzejewski et al., 2009) training sessions have proved 675 

insufficient in instrumental settings, consistent with our findings in this study. The lack of 676 

effect with the FR1 reactivation suggests that the salient feature of the VR5 reactivation, 677 

contributing to its ability to destabilise instrumental memory, was the unpredictability within 678 

the schedule. Recent studies have demonstrated that a change in the predictability of the 679 
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unconditioned stimulus appears to be associated with increased chances of pavlovian 680 

memory destabilization (Díaz-Mataix et al., 2013; Sevenster et al., 2013); this may contribute 681 

to the generation of a prediction error, believed to be required for memories to destabilize 682 

(Exton-McGuinness et al., 2014a). Alternatively, the change in contingency could provide 683 

new information which may be required for initiation of memory reconsolidation (Pedreira et 684 

al., 2004; Lee, 2009; Winters et al., 2009). 685 

In the case of the intra-accumbal study the precise nature of the impairment is less clear, as 686 

there was a reactivation-dependent effect of AP-5/SCH23390 infusion on both lever pressing 687 

and nosepoking. While the effect on nosepoking appears to be mostly driven by a reduction 688 

in the non-reactivated PBS group, there does appear to be a moderate, although 689 

inconclusive (p=0.06), reduction of nosepoking in the reactivated AP-5/SCH23390 group. 690 

Moreover, intra-accumbal MK-801 had no significant long-term effect on behaviour, 691 

suggesting both that the NAc was not a central locus of action for systemic MK-801 and that 692 

the effect of intra-NAc AP-5/SCH23390 was mediated by a different mechanism than that of 693 

systemic MK-801. While the long-term effect of AP-5/SCH23390 on lever pressing appears 694 

more severe than its effect on nosepoking, it seems likely that the effect on lever pressing 695 

was driven, at least in part, by a reduction in vigour resulting from the impairment of one or 696 

more pavlovian components of behaviour. The NAc is strongly implicated in motivation and 697 

arousal (Balleine and Killcross, 1994; Cardinal et al., 2003), and the pavlovian interpretation 698 

is further supported by the strong acute effect of AP-5/SCH23390 at reactivation, impairing 699 

again both lever pressing and nosepoking. The apparent persistence of the impairment from 700 

reactivation to test does not seem to be due to damage to the NAc, however, as the effect 701 

on both lever pressing and nosepoking was reactivation-dependent, implying the deficit did 702 

result from a reconsolidation impairment in pavlovian memory. 703 

If the effect of accumbal AP-5/SCH23390 was to disrupt pavlovian memory reconsolidation, 704 

this raises two questions. Firstly, did the VR5 reactivation destabilize both pavlovian and 705 

instrumental components of memory simultaneously, and did it do so in all experimental 706 
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studies? Secondly, why did AP-5 and SCH23390 given alone not also impair the 707 

reconsolidation of the pavlovian memory, given that these have previously been shown to 708 

disrupt the consolidation of appetitive memory when infused into the NAc (Kelley et al., 709 

1997; Smith-Roe and Kelley, 2000; Dalley et al., 2005)? To the first question, it seems 710 

unlikely that both pavlovian and instrumental associations were destabilized simultaneously 711 

given the dose of MK-801 in the systemic studies is well established to impair 712 

reconsolidation of pavlovian memories (Lee et al., 2006b; Milton et al., 2008a), and there 713 

was no evidence of a pavlovian memory impairment in the systemic studies. It should be 714 

noted, however, that the question of the capacity of a single treatment to disrupt the 715 

reconsolidation of more than one memory representation has not been adequately 716 

addressed in the literature. Nevertheless, it is perhaps most parsimonious to conclude that 717 

the VR5 reactivation destabilized only the instrumental component of behaviour. 718 

In attempting to address the second question, it is important to note that our drugs were 719 

delivered prior to reactivation. This is a key limitation to our experimental design as 720 

treatments may impinge upon the destabilization of memory, as well as its reconsolidation. 721 

With this in mind, one possibility is that, since the infusions were given prior to reactivation, 722 

all infusions except the combined AP-5/SCH23390 inhibited memory destabilization, thus 723 

preventing reconsolidation from occurring; antagonism at both NMDARs (Ben Mamou et al., 724 

2006; Milton et al., 2013) and DR1s (Rossato et al., 2014) has been known to inhibit 725 

destabilization. Alternatively, the effect of the combined AP-5/SCH23390 infusion to impair 726 

pavlovian memory reconsolidation may, in fact, also reflect an enhancement of pavlovian 727 

memory destabilization during the reactivation session, enabling its reconsolidation to be 728 

disrupted; infusions of both AP-5 (Milton et al., 2008a; Wu et al., 2012) and SCH23390 729 

(Maroun and Akirav, 2009) are known to impair reconsolidation. 730 

While there is no independent way to assess successful memory destabilization, other than 731 

the reconsolidation impairment itself, the acute effect of combined AP-5/SCH23390 during 732 

reactivation may be consistent with an enhancement of reactivation-induced destabilization. 733 
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Notably, the acute effect was only observed with the combined infusion. Moreover, that the 734 

acute effect constituted a performance deficit is not inconsistent with facilitated 735 

destabilization, as successful memory expression is not required for destabilization (Ben 736 

Mamou et al., 2006; Rodriguez-Ortiz et al., 2012; Milton et al., 2013; Lee and Flavell, 2014). 737 

Finally, in a pavlovian contextual fear setting, it has recently been demonstrated that 738 

pharmacological treatment can stimulate memory destabilization under behavioural 739 

conditions that, by themselves, are ineffective (Lee and Flavell, 2014). Whether or not the 740 

hypothetical enhancement of pavlovian memory destabilization by AP-5/SCH23390 has any 741 

impact on instrumental memory destabilization cannot be determined from our results. This, 742 

therefore, leaves open the question of whether two independent memory traces can be 743 

simultaneously destabilized. 744 

While enhanced destabilization by intra-accumbal AP-5/SCH23390 is consistent with the 745 

behavioural data, an obvious weakness of the argument is a lack of mechanistic rationale. It 746 

is well established that local NMDAR activity is required for the reconsolidation of appetitive 747 

(Milton et al., 2008a; Wu et al., 2012) and aversive (Campeau et al., 1992; Rodrigues et al., 748 

2001; Goosens and Maren, 2004; Lee and Hynds, 2012; Milton et al., 2013) pavlovian 749 

memories. Furthermore, existing evidence indicates that that antagonism of NMDARs 750 

blocks, rather than enhances destabilization (Ben Mamou et al., 2006; Milton et al., 2013). 751 

While there is less evidence that D1R antagonism impairs reconsolidation (Sherry et al., 752 

2005; Diergaarde et al., 2008; Maroun and Akirav, 2009), there is also a report of D1R 753 

antagonism disrupting the destabilization of object recognition memory (Rossato et al., 754 

2014). Additionally, dysregulation of dopaminergic midbrain neurons prevents appetitive 755 

memory destabilization (Reichelt et al., 2013). Therefore, within such a literature and 756 

framework, there is little reason to suggest that antagonism of NMDARs or D1Rs might 757 

enhance memory destabilization. That said, infusion of AP-5 and SCH23390 individually did 758 

not result in the putative enhancement of memory destabilization. 759 
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While speculative, our data may imply that combined, but not individual, antagonism of D1Rs 760 

and NMDARs enhances destabilization of appetitive pavlovian memory, rather than 761 

preventing it. A growing body of evidence suggests NMDARs functionally interact with G-762 

protein coupled receptors, like D1Rs (see Fan et al., 2014 for recent review). While some of 763 

this interaction is mediated by convergent signalling pathways, there also appears to be a 764 

subunit-specific direct protein-protein interaction between D1Rs and NMDARs (Lee et al., 765 

2002; Pei et al., 2004). Interestingly, activation of the D1R can facilitate binding of the 766 

calcium-sensor Calmodulin (CaM) to the NR1 subunit of the NMDAR (Lee and Liu, 2004), 767 

leading to activation of a variety of downstream signalling molecules, including CaM-768 

dependent kinase II (CaMKII). Notably, CaMKII has been implicated in the induction of both 769 

long-term potentiation and depression; the switch between the two appears to be determined 770 

by the precise phosphorylation state of specific sites (Pi et al., 2010), affecting the substrate 771 

selection of CamKII (Coultrap et al., 2014). Importantly, CaMKII also appears to be important 772 

in recruitment of the proteasome pathway (Bingol et al., 2010), which is critical in memory 773 

destabilization (Lee et al., 2008). By appealing to such a literature we can speculate that co-774 

antagonism of D1Rs and NMDARs may have biased intra-cellular signalling pathways, such 775 

as CaMKII, towards conditions that favour protein degradation and memory destabilization. 776 

Given that many cellular pathways involved in consolidation, destabilization and 777 

reconsolidation appear to be shared, investigation of how specific surface-receptor subunits 778 

interact may prove a fruitful avenue to understand how these pathways diverge. 779 

Returning to the systemic MK-801 experiments, it is notable that similar effects were 780 

observed in both the sucrose and cocaine settings. In previous studies of pavlovian memory 781 

reconsolidation, important differences have been observed in the reconsolidation of cue–782 

sucrose and cue–cocaine memories. For example, the cue–cocaine memory was more 783 

easily destabilized by non-contingent cue exposure than was the cue–sucrose memory (Lee 784 

et al., 2006a; Lee and Everitt, 2008a). Here, it is not clear whether sucrose and cocaine 785 

instrumental memories have identical destabilization parameters. The common capacity of 786 
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the VR5 reactivation to destabilize the instrumental memory may, in fact, reflect differential 787 

parameters, as the acquisition data were clearly different between the two experiments. The 788 

mean number of total sucrose reinforcements across all experiments was 71.0, compared to 789 

37.7 in the cocaine experiment. Therefore, it is possible that with matched training 790 

conditions, instrumental memories for sucrose and cocaine reinforcement may require 791 

different reactivation parameters for successful destabilization. Nevertheless, the 792 

fundamental conclusion that instrumental cocaine memories can be disrupted by targeting 793 

their reconsolidation has potential value for translational exploitation in the treatment of 794 

compulsive cocaine-seeking behaviour. It remains to be determined, however, whether the 795 

reconsolidation of well-learned instrumental cocaine memories can be disrupted, as has 796 

previously been demonstrated for sucrose (Exton-McGuinness et al., 2014b). 797 

In summary, our results demonstrate that weakly-trained instrumental memories for both 798 

sucrose and cocaine reinforcement do destabilize following a shift to a variable ratio 799 

schedule, and their reconsolidation can be disrupted by systemic MK-801. Interestingly, the 800 

NAc does not appear to be a central locus of action for MK-801, however co-activation of 801 

D1Rs and NMDARs in the NAc may play a role in both the destabilization and 802 

reconsolidation of the pavlovian components associated with lever pressing behaviour. 803 

Importantly, our data provide evidence that instrumental memory reconsolidation can be 804 

disrupted to diminish cocaine seeking. This provides strong support for the viability of novel 805 

reconsolidation-based therapies to diminish maladaptive behaviours such as drug addiction. 806 
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Figure Legends 1142 

Figure 1: Schematic of the brain. Black dots indicate the location of injector tips for 1143 

reactivated PBS (A), AP-5 (B), SCH23390 (C), AP-5/SCH23390 (D), MK-801 (E) infused 1144 

groups and non-reactivated PBS (F) and AP-5/SCH23390 (G) controls. H, diagram showing 1145 

location of notable brain regions surrounding the infusion site. Numbers (right) signify 1146 

millimetres from bregma. All injectors were located within the NAc. 1147 

 1148 

Figure 2: Systemic MK-801 impaired the reconsolidation of a weakly-learned lever pressing 1149 

memory for sucrose reinforcement following a shift to a VR5 schedule during reactivation. A, 1150 

MK-801 (n=9) administered prior to the VR5 reactivation significantly impaired lever pressing 1151 

performance in a reactivation dependent manner at test the next day. Performance of 1152 

reactivated MK-801 rats was impaired compared to reactivated saline controls (n=7), 1153 

however there was no significant difference between non-reactivated rats administered 1154 

saline (n=8) or MK-801 (n=7). B, MK-801 treatment had no significant effect on long term 1155 

nosepoking behaviour regardless of reactivation. Data are represented as mean ± SEM. 1156 

 1157 

Figure 3: Treatment with systemic MK-801 was without effect on pr-STM. A, 3 hours after 1158 

reactivation MK-801 treated rats (n=7) show no significant difference in lever pressing 1159 

compared to vehicle controls (n=9). B, MK-801 had no significant effect on short-term 1160 

nosepoking behaviour 3 hours after reactivation. Data are represented as mean number of 1161 

lever presses ± SEM. 1162 

 1163 

Figure 4: MK-801 impaired new extinction learning resulting from the non-reinforced 1164 

reactivation. A, MK-801-injected rats (n=6) responded significantly more than saline controls 1165 
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at test (n=8). B, MK-801 treatment had no significant effect on nosepoking at test. Data are 1166 

represented as mean number of lever presses ± SEM. 1167 

 1168 

Figure 5: MK-801 was without effect when administered prior to a brief FR1 reactivation. A, 1169 

MK-801 (n=6) and saline-treated (n=6) groups show no significant difference in performance 1170 

at test. B, MK-801 administration was without effect on nosepoking at test. Data are 1171 

represented as mean ± SEM. 1172 

 1173 

Figure 6: Combined infusion of AP-5/SCH23390 significantly impaired behavioural activity 1174 

when administered immediately prior to the VR5 reactivation. A, co-infusion of AP-1175 

5/SCH23390 (n=6) significantly impaired lever pressing at test compared to PBS controls 1176 

(n=6). Infusions of MK-801 (n=6), AP-5 (n=5) or SCH23390 (n=6) alone were without 1177 

significant long-term effect on lever pressing. B, there was no significant evidence for any 1178 

long term impairment in nosepoking with any infusion. Data are represented as mean ± 1179 

SEM. 1180 

 1181 

Figure 7: The effect of combined AP-5/SCH23390 infusion to impair responding was 1182 

critically dependent upon memory reactivation. A, the combined infusion significantly 1183 

impaired lever pressing at test (as shown in Figure 6, presented again here for clarity); 1184 

however co-administration of AP-5/SCH23390 (n=7) did not significantly impair lever 1185 

pressing if given in the absence of memory reactivation, compared to non-reactivated PBS 1186 

infused controls (n=5). B, combined infusion of AP-5/SCH23390 also had a reactivation 1187 

dependent effect on nosepoking. Nosepoking was moderately impaired in the reactivated 1188 

infusion group, however the reactivation dependence of the effect is primarily driven by low 1189 

responding in the non-reactivated vehicle group. Data are represented as mean ± SEM. 1190 
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 1191 

Figure 8: Administration of MK-801, prior to a shift to a VR5 schedule of reinforcement, 1192 

significantly impaired the reconsolidation of long term lever pressing for cocaine self-1193 

administration in a reactivation dependent manner. A, lever pressing at test was significantly 1194 

reduced in rats administered MK-801 prior to the VR5 reactivation (n=7), compared to both 1195 

reactivated vehicle-injected rats (n=7) and the non-reactivated MK-801-treated group (n=6). 1196 

Non-reactivated vehicle rats (n=6) showed similar performance to their reactivated 1197 

counterparts. B, treatment with MK-801 had no significant effect on nosepoking behaviour 1198 

regardless of when animals received memory reactivation. Data are represented as mean ± 1199 

SEM. 1200 

 1201 

Table Legends 1202 

Table 1: Summary of statistical analyses. Letters (left) refer to values within the Results 1203 

section. Observed power was calculated using the highest order effect size at test. 1204 



















 

 1

 Data structure Type of test Observed Power

a Normally distributed Repeated measures ANOVA 0.959 

b Normally distributed 1-way ANOVA 0.333 

c Normally distributed 2-way ANOVA with post-hoc 
simple effects 

0.596 

d Normally distributed Repeated measures ANOVA 
with post-hoc comparisons 

0.077 

e Normally distributed 1-way ANOVA 0.056 

f Normally distributed 2-way ANOVA 0.063 

g Normally distributed Repeated measures ANOVA 0.230 

h Normally distributed 1-way ANOVA 0.094 

i Normally distributed 1-way ANOVA 0.094 

j Normally distributed Repeated measures ANOVA 0.878 

k Normally distributed 1-way ANOVA 0.347 

l Normally distributed 1-way ANOVA 0.347 

m Normally distributed Repeated measures ANOVA 
with post-hoc comparisons 

1.000 

n Normally distributed 1-way ANOVA 0.812 

o Normally distributed 1-way ANOVA 0.812 

p Normally distributed Repeated measures ANOVA 0.644 

q Normally distributed 1-way ANOVA 0.215 

r Normally distributed 1-way ANOVA 0.215 

s Normally distributed Repeated measures ANOVA 0.470 

t Normally distributed 1-way ANOVA 0.157 

u Normally distributed Repeated measures ANOVA 0.050 

v Normally distributed 1-way ANOVA 0.050 

w Normally distributed 1-way ANOVA 0.050 

x Normally distributed Repeated measures ANOVA 
with bonferroni-corrected 

planned comparisons 

1.000 

y Normally distributed 1-way ANOVA with 
bonferroni-corrected planned 

0.734 



 

 2

comparisons

z Normally distributed 1-way ANOVA with 
bonferroni-corrected planned 

comparisons 

0.734 

aa Normally distributed Repeated measures ANOVA 
with bonferroni-corrected 

planned comparisons 

0.981 

bb Normally distributed 1-way ANOVA with 
bonferroni-corrected planned 

comparisons 

0.450 

cc Normally distributed 1-way ANOVA with 
bonferroni-corrected planned 

comparisons 

0.450 

dd Normally distributed Repeated measures ANOVA 
with post-hoc comparisons 

0.996 

ee Normally distributed 2-way ANOVA with post-hoc 
simple effects 

0.776 

ff Normally distributed Repeated measures ANOVA 0.964 

gg Normally distributed 2-way ANOVA with post-hoc 
simple effects 

0.620 

hh Normally distributed Repeated measures ANOVA 0.995 

ii Normally distributed 1-way ANOVA 0.477 

jj Normally distributed 2-way ANOVA with post-hoc 
simple effects 

0.768 

kk Normally distributed Repeated measures ANOVA 0.061 

ll Normally distributed 1-way ANOVA 0.053 

mm Normally distributed 2-way ANOVA 0.055 

 


