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Highlights (max 85 with spaces) 
 
Ø MK-801 given 24 h before instrumental memory retrieval affected reconsolidation  

Ø Changes of Zif268 and rpS6P in key brain areas indicated reconsolidation inhibition 

Ø MK-801 given 24 h before also increased glutamate receptors in a metaplastic fashion 

Ø ‘Metaplastic” MK-801 might have facilitated extinction than inhibited reconsolidation 
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Abbreviations 
 
Akt: protein kinase B  

ALP: active lever presses 

AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

Amy: amygdala 

ANOVA: analysis of variance 

BLA: basolateral complex of amygdala 

CeA: central nucleus of amygdala 

Cx: context 

DAB:	3,3-diaminobenzidine 

ERK1/2: extracellular signal-regulated kinases 1/2 

FR1: fixed ratio 1 schedule 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HS: horse serum 

i.p.: intraperitoneal 

LTP: long-term potentiation 

mTOR: mammalian Target Of Rapamycin 

NAc: nucleus accumbens 

NAcS: nucleus accumbens shell 

NMDAR: N-methyl-D-aspartate receptor 

No-Ret: no-retrieval 

PBS: phosphate-buffered saline 

PFA: paraformaldehyde 

PMSF: phenylmethylsulfonyl fluoride 

Ret: retrieval 

rpS6P: phosphorylated ribosomal protein S6 

S/A: self-administration 

SEM: standard error of mean 

TBS: tris-buffered saline  

TIF: Triton X-100 insoluble fraction 

TO: time-out 

TSF: Triton X-100 soluble fraction  

Zif268: zinc finger protein 268 
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Abstract 
 
Metaplasticity, defined as the plasticity of synaptic plasticity, could affect learning and 

memory at different neural levels. It was hypothesized that metaplasticity changes on 

glutamate receptors may affect memory destabilization, promoting or preventing 

reconsolidation. We investigated the metaplastic effect of NMDA channel blocker MK-801 on 

sucrose instrumental memory reconsolidation in a behavioural rat model associated to the 

assessment of molecular markers of metaplasticity, memory retrieval, destabilization and 

reconsolidation.  

Following instrumental conditioning and forced abstinence, rats were intraperitoneally treated 

with MK-801 or vehicle 24 h before memory retrieval, or not Separate groups were tested for 

in-vivo extinction of responding (24 h and 7 d after reactivation) or ex-vivo assessment of 

transcription factor Zif268 and ribosomal protein rpS6 phosphorylation in nucleus accumbens 

(NAc) and amygdala (Amy). 

MK-801 significantly inhibited instrumental responding at extinction test, suggesting 

reconsolidation blockade of instrumental memory. The decrease of Zif268 and 

phosphorylated-rpS6 levels in NAc and Amy in MK-801/Retrieval vs. Vehicle/Retrieval group 

supported the behavioural findings. An increase of GluN2B, GluA1 and mGluR5 in NAc, and 

GluN2B in Amy, 24 h after MK-801 indicated the trigger of associated metaplastic changes. 

Our findings show that metaplastic changes induced by NMDA receptors blockade affected 

sucrose instrumental memory retrieval as shown by both behavioural and molecular 

changes. We hypothesize that these findings however suggested a switch to extinction rather 

than a reconsolidation Inhibition. 

 

Keywords 
reconsolidation; extinction; instrumental learning; metaplasticity; MK-801; rat. 
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1. Introduction 
 

The reactivation of previously consolidated memories may trigger a process of destabilization 

and lability of the memory trace (Nader, Schafe, & Le Doux, 2000; Przybyslawski & Sara, 

1997). The retrieval of the memory is thus followed by a process of restabilization 

(reconsolidation), which could take place during a temporal period ranging between 1 to 6 

hours. Inhibitory manipulations applied within this time window (the ‘reconsolidation window’) 

may block the reconsolidation of traumatic and appetitive memories, and the return of 

memory expression assessed under different conditions (Bouton, 1993). It has been 

proposed that reconsolidation inhibition may be a potential intervention for maladaptive 

memory disorders such as post-traumatic stress and substance use disorders (Chiamulera, 

Hinnenthal, Auber, & Cibin, 2014; Dunbar & Taylor, 2016; Milton & Everitt, 2010).  

It was apparent since early studies that reconsolidation takes place only within specific 

‘boundary conditions’ depending on memory features (e.g., age, strength) and on 

reactivation conditions (e.g., context, schedule and duration of reactivation) (Auber, Tedesco, 

Jones, Monfils, & Chiamulera, 2013; Lee, 2009; Lee, Nader, & Schiller, 2017; Reichelt and 

Lee, 2013). It was shown that some mechanisms activated by some reactivation protocols 

might shift memory to a reconsolidation-resistant state, whereas different protocols may 

facilitate processes of memory destabilization thus allowing reconsolidation occurrence 

(Nader & Einarsson, 2010; Nader & Hardt, 2009). Finnie and Nader (2012) proposed that 

molecular events able to modify the synaptic connection that encode a memory trace may 

change the process of memory reactivation and the trigger of subsequent reconsolidation via 

an effect defined as ‘metaplasticity’, i.e., the plasticity of synaptic plasticity (Abraham & Bear, 

1996). Metaplasticity could occur after manipulations at different levels, from synapse to 

neuronal network, from systems to behaviour (Hulme, Jones, & Abraham, 2013). Behavioural 

metaplasticity could be expressed as changes in learning and memory mediated by 

modification of synaptic plasticity, neural assembly connectivity etc. (Richter-Levin & Maroun, 

2010; Schmidt, Abraham, Maroun, Stork, & Richter-Levin, 2013). Thus, Finnie and Nader 

(2012) proposed that metaplasticity events might affect memory trace stabilization by 

inhibiting or facilitating memory destabilization at reactivation. They suggested that some 

specific molecular ‘metaplastic’ events occurring before reactivation might change “the types 

of behavioural experience necessary” for memory reactivation. For instance, down-regulation 
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of glutamate receptor subtype GluN2B in amygdala (Amy) inhibited memory destabilization 

and yield to resistance to reconsolidation (Wang, de Oliveira Alvares, & Nader, 2009). 

Based on these hypotheses, we aimed to explore whether N-methyl-D-aspartate (NMDA) 

receptors channel blocker MK-801 was able to induce metaplastic changes affecting 

subsequent destabilization, reactivation and reconsolidation of appetitive memory in rats. 

NMDA receptor antagonists such as MK-801 and ketamine have been shown to induce 

changes in long-term potentiation (LTP) in a metaplastic fashion: both substances were able 

to enhance tetanus-induced LTP in ex-vivo hippocampal slices 24 hours after treatment 

(Buck, Cali, & Behr, 2006; Burgdorf et al., 2013; Graef et al., 2015; Izumi & Zorumski, 2014; 

for a review see Zorumski & Izumi, 2012). Therefore, the aims of the current study were, i), to 

investigate the behavioural effects of MK-801 on instrumental memory reconsolidation when 

given 24 hours before memory retrieval, and ii), to correlate these effects with molecular 

markers of metaplasticity and of memory destabilization, retrieval and reconsolidation. Rats 

trained to sucrose self-administration for 10 days (Conditioning), and then exposed to a 14-

day forced abstinence period, were treated with MK-801 or Vehicle on the last day of 

abstinence; the dose of MK-801 used in the present study, i.e. 4 mg/kg/mL, is the same dose 

that Buck and colleagues showed to induce facilitation of LTP in ex-vivo CA1-subiculum 

synapses of rats hippocampus 24 hours after dosing (Buck et al., 2006). Twenty-four hours 

after acute treatment, rats were re-exposed to a short instrumental memory reactivation 

session (Retrieval; Piva et al., under revision; Tedesco, Mutti, Auber, & Chiamulera, 2014). 

Behavioural test for reinstatement of lever presses was performed twenty-four hours after 

Retrieval. Different groups of animals were sacrificed two hours after Retrieval (or No-

Retrieval control) for the assessment of GluN2B (Wang et al., 2009), GluA1 (Monfils, 

Cowansage, Klann, & LeDoux, 2009), mGluR5 (Bortolotto et al., 2005), zinc finger protein 

268 (Zif268; Lee, Di Ciano, Thomas, & Everitt, 2005; Lee, Milton, & Everitt, 2006; Theberge, 

Milton, Belin, Lee, & Everitt, 2010; Thomas, Arroyo, & Everitt, 2003), phosphorylated 

ribosomal protein S6 (rpS6P; Barak et al., 2013; Biever, Valjent, & Puighermanal, 2015; 

Tedesco, Roquet, DeMis, Chiamulera, & Monfils, 2014) in nucleus accumbens (NAc), central 

nucleus (CeA) and basolateral complex (BLA) of Amy as molecular correlates of MK-801 

effects on metaplasticity and on reconsolidation of appetitive memory. 

 
 
2. MATERIAL AND METHODS 
 

2.1 Animals 
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Seventy-seven male Sprague-Dawley rats (Charles River, Italy) were housed in pairs in 

temperature and humidity-controlled environment (19-23°C, 60 ± 20 %) on a 12-h light/dark 

cycle, with light ON at 7:30 pm. Rats were food restricted to maintain their body weight in the 

range of 250 ± 10 g (daily checked), and food (two to four pellets, 10-20 g/day) was made 

available after each experimental session. Water was available ad libitum, except during 

experimental sessions. Animals were trained or tested once daily during the dark phase of 

the light/dark cycle, and all the experimental procedure were carried out in accordance with 

the U.K. Animals (Scientific Procedures) Act of 1986 and associated guidelines, and with EU 

Directive 2010/63/EU for animal experiments. All efforts were made to minimize animal 

suffering and to keep the lowest number of animals used. 
 
2.2 Apparatus 
Rats were trained and tested in operant chambers (Coulbourn Instruments, Lehigh Valley, 

Whitehall, PA, USA) encased in sound-insulated cubicles equipped with ventilation fans (Ugo 

Basile, Comerio, Italy). Each chamber was equipped with two levers, an active (right) and an 

inactive lever (left), symmetrically oriented laterally to the food magazine, on the frontal 

panel. Levels were located 2 cm and food magazine 1 cm above the grid floor. A 2-W white 

house light was located 26 cm above the food magazine and provided ambient illumination 

during the entire session duration of food-shaping, retrieval and test phases, and for the 

entire session except for time-out (TO) periods during training phase. Right lever press 

produced the delivery of a 45-mg sucrose food pellet (Bilaney Consultants Ltd, UK) with a 

Fixed-ratio 1 (FR1) schedule of reinforcement during training. Left lever presses did not have 

consequences. Lever presses and pellet deliveries were recorded, as well schedule 

parameters and data acquisition were controlled, by Med-PC software (Med Associates Inc., 

St Albans, Vermont, USA). 

 

2.3 General Procedure 
A schematic diagram of the protocol design is shown in Figure 1, panel A. The experimental 

protocols were designed according to the procedure used in our laboratory to demonstrated 

nicotine instrumental memory reconsolidation by Tedesco et al (Tedesco et al., 2014): Phase 

I, training to sucrose pellets self-administration (S/A); Phase II, forced abstinence in home 

cage with MK-801 or Vehicle treatment 24 h before Phase III; and Phase III, memory 

Retrieval (Ret) or No-Retrieval (No-Ret) in the training context. After the three phases, rats 

were divided in two groups: one group performed an Extinction test 24 h after and a 
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Spontaneous Recovery test 7 days after Phase III in the training context, while the animals in 

the second group were sacrificed for immunohistochemical staining 2 h after Phase III. 

Two separate groups of rats were treated with MK-801 or Vehicle and sacrificed 24 h later for 

immunoblotting assays. 

 

2.4 Lever press shaping and training to sucrose self-administration procedures 
All rats were initially shaped to associate right lever presses with sucrose pellets as 

reinforcement. The schedule was FR1: 45-mg sucrose food pellet, no TO, session duration 

up to 100 reinforcements or 120 min. Once the criterion of 100 reinforcements/session was 

reached, animals started training Phase I. During Phase I, right lever pressing delivered 

sucrose reinforcement with the schedule: FR1: 45-mg sucrose pellet, 60-s TO, session 

duration up to 12 reinforcements or 60 min. During TO period, right lever presses had no 

consequences, and the house light switched OFF. Left lever presses had no consequences 

for all the experimental sessions. After 10 continuous days of sucrose S/A training, rats 

remained 14 days in home cage for forced abstinence phase. 

 

2.5 Behavioural analysis: Retrieval, Extinction and Spontaneous Recovery tests. 

During the last day of forced abstinence, 24 h before Phase III, rats were divided in two 

groups, one treated with intraperitoneal (i.p.) saline solution (Vehicle) 1 mL/kg and one 

treated with i.p. MK-801 4 mg/kg/mL (Buck et al., 2006). The day after, both groups were 

further divided into subgroups exposed to Ret or No-Ret session in the training context. The 

four resulting subgroups were: Vehicle/Ret, Vehicle/No-Ret, MK-801/Ret and MK-801/No-

Ret.  

During the Ret session, both levers were presented, and rats were allowed to press right 

active lever up to 20 times, with house light ON; levers had no consequences during Ret. 

During the No-Ret session, no levers were presented and house light was OFF. During Ret 

or No-Ret session, animals spent a similar amount of time in the training context (185 ± 10 s; 

mean ± SEM). Twenty-four hours after Ret or No-Ret session, all subjects were re-exposed 

for 60 min to the training context in the presence of levers, house light ON and no TO to test 

sucrose-seeking behaviour with an Extinction test. The same re-exposure was repeated 7 

days after Ret/No-Ret session to test the Spontaneous Recovery of memory. Levers had no 

consequences during Extinction and Spontaneous Recovery. All lever presses were 

recorded during Ret, Extinction and Spontaneous Recovery. 

 
2.6 Molecular analysis: Retrieval procedure and brain extraction 
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For the molecular analysis, four separated groups of rats were treated with Vehicle or MK-

801 and exposed to Ret or No-Ret session as described in the previous section. Then, 2 h 

after the first lever emitted during Ret or 2 h after the beginning of No-Ret session, all rats 

were sacrificed for Zif268 or rpS6P immunohistochemistry.  

 
2.7 Immunohistochemistry 

Rats were anesthetized with 350 mg/kg/2 mL i.p. chloral hydrate (Fluka, Italy), then 

transcardially perfused with heparin 100 UI/L (Sigma–Aldrich, Milan, Italy) in saline solution 

and paraformaldehyde (PFA) 4 % in 1X phosphate buffered saline solution (PBS). Brains 

were removed and post-fixed for 2 h at 4 °C into PFA 4 % in PBS, then washed 3 times with 

PBS and left in sucrose 30 % in PBS for cryoprotection for 48 h. Free-floating sections (40 

μm) containing nucleus accumbens shell (NacS) (corresponding to a bregma +1.70 mm 

section from Paxinos & Watson, 1998); CeA (bregma -1.88) and BLA (bregma -3.00 mm) 

were processed for Zif268 or rpS6P immunoreactivity. After washing in PBS, endogenous 

peroxidase was neutralized with hydrogen peroxide 0.75 % in PBS for 10 min. Sections were 

blocked with 0.5 % Horse Serum (HS; BioWhittaker-Lonza, Basel, Switzerland) + 0.5 % 

Triton X-100 (Sigma-Aldrich, Milan, Italy) in PBS wash solution, and then incubated overnight 

at 4 °C with anti-Zif268 (1:1000, Santa Cruz, rabbit polyclonal) or anti-PSer235/236-rpS6 

antibody (1:1000, Cell Signaling, rabbit polyclonal) in wash solution. After washes in wash 

solution, slices were incubated for 2 h at room temperature with anti-rabbit biotinylated 

antibody (1:1000, Amersham GE Healthcare Europe, Milan, Italy).  

Following washes in wash solution, and finally in PBS, tissue sections were visualized using 

VectaStain ABC kit (Vector Laboratories, Rome, Italy) and developed in DAB peroxidase 

substrate (Sigma-Aldrich, Milan, Italy) for 3-4 min. Sections were mounted on gelatin-coated 

slides, dehydrated and then closed with Entellan (Merck-Millipore, Darmstadt, Germany). 

The sections were acquired using a light transmission microscope (Axioscope 2 Zeiss, 

Zeiss). Six images for each region (one for each hemisphere, 3 sections for each rat, that is 

2 × 3 = 6 images/region/rat) were acquired by the connected video camera (Optikam B3) 

using a 10X objective (0.3 mm2). Counts of the number of neurons positive to Zif268 and 

rpS6P were carried out using the NIH software ‘Image-J’ (www.rsbweb.nih.gov) (Caffino et 

al., 2016). 

  
2.8 Pharmacological effects and Western Blot Assays. 
To elucidate the metaplastic effects of MK-801 on the level of glutamate receptors, two 

separated groups of 5 rats/group were treated with MK-801 4 mg/kg/mL i.p. or Vehicle 1 
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mL/kg i.p. and 24 h later were anesthetized with 350 mg/kg/2 mL i.p. chloral hydrate (Fluka, 

Italy) and sacrificed. Then, brains were removed and 1-mm fresh tissue slices containing 

nuclei accumbens (+1.70 mm) and amygdalae (bregma -3.00 mm) were dissected by using a 

1-mm Coronal Brain Matrix (SouthPointe Surgical Supply, Florida, USA). 

After dissection of brain areas, proteins of post-synaptic density and extra-synaptic fraction 

were analyzed as previously described (Caffino, et al., 2017) with minor modifications. 

Briefly, nuclei accumbens and amygdalae were homogenized in a teflon-glass potter in cold 

0.32 M sucrose buffer pH 7.4 containing 1 mM HEPES, 1 mM MgCl2, 1 mM NaHCO3 and 0.1 

mM PMSF, in presence of commercial cocktails of protease (Roche, Monza, Italy) and 

phosphatase (Sigma-Aldrich, Milan, Italy). Each homogenate was centrifuged at 800 g for 5 

min; the obtained supernatant was then centrifuged at 13000 g for 15 min obtaining a pellet. 

This pellet was re-suspended in buffer containing 75 mM KCl and 1% Triton X-100 and 

centrifuged at 100000 g for 1 h. The resulting supernatant, referred as Triton X-100 soluble 

fraction (TSF, extra-synaptic fraction), was stored at -20°C; the pellet, referred as PSD or 

Triton X-100 insoluble fraction (TIF, post-synaptic density), was homogenized in a glass–

glass potter in 20 mM HEPES, protease and phosphatase inhibitors and stored at -20°C in 

presence of glycerol 30%. Total proteins have been measured in the TIF and TSF fractions 

according to the Bradford Protein Assay procedure (Bio-Rad, Milan, Italy), using bovine 

serum albumin as calibration standard. 

Equal amounts of proteins of the TIF fraction (8 µg) and of TSF fraction (15 µg) were run on 

a sodium dodecyl sulfate - 8% polyacrylamide gel under reducing conditions and then 

electrophoretically transferred onto nitrocellulose membranes (GE Healthcare, Milan, Italy). 

Blots were blocked 1 h at room temperature with 10% non-fat dry milk in TBS + 0,1% Tween-

20 buffer and then incubated with antibodies against the proteins of interest. The conditions 

of the primary antibodies were the following: anti-GluN2B (1:1000, Santa Cruz 

Biotechnology, USA), anti-GluA1 (1:1000, Neuromab, USA), anti-mGluR5 (1:1000, Millipore, 

Italy) and anti-β-Actin (1:10000, Sigma-Aldrich, Italy). Results were standardized using β-

actin as the control protein, which was detected by evaluating the band density at 43 kDa. 

Immunocomplexes were visualized by chemiluminescence using the Chemidoc MP Imaging 

System (Bio-Rad Laboratories). 

 
2.9 Data Analysis 
For the behavioural experiment, the number of active lever presses (ALP) after 60-min 

Extinction test from the four groups Veh/No-Ret, MK-801/No-Ret, Veh/Ret, MK-801/Ret was 

analysed as dependent variable to assess the effect of drug treatment on retrieval condition. 
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Two-way analysis of variance (ANOVA) with factors Treatment (Vehicle, MK-801) and 

Retrieval (Ret, No-Ret) was carried out on the total number of ALP after the Extinction test. 

After Grubbs’ test to identify outliers, one subject for each of Veh/Ret, Veh/No-Ret and MK-

801/Ret group were excluded from data analysis. 

For the immunohistochemistry experiments, intensity threshold, minimum and maximum cell 

size values were initially determined in an empirical fashion under blind conditions. The 

dependent variable for the immunohistochemistry experiments was the positive cell 

count/mm2 for Zif268 or rpS6P. Two-way analyses of variance (ANOVAs) with the factors 

Treatment and Retrieval were carried out on mean ± SEM percentages of Zif268-positive 

cells/mm2 and rpS6P-positive cells/mm2 comparing the four different groups, with 

Vehicle/No-Ret as control group. For the western blots assays, mean ± SEM percentages of 

Vehicle group were analysed by an unpaired Student’s t-test. All analyses were performed 

using the GraphPad software package (Prism, version 4; GraphPad, San Diego, California, 

USA). 

 
 
 
3. Results 
 

Two-way ANOVA on extinction test showed a significant main effect of factor Treatment [(F 

(1, 40) = 5.9; p < 0.05] but not of Retrieval [F (1, 40) = 0.1; NS] and of Treatment x Retrieval 

interaction [F (1, 40) = 1.6; NS]. Comparing ALP/60 mins between the different groups, 

Fisher’s LSD post-hoc tests showed no significant difference between Veh/No-Ret and 

Veh/Ret (94.3 ± 9.3 vs. 103.9 ± 11.1; NS), between MK-801/No-Ret vs MK-801/Ret (82.2 ± 

11.8 vs. 64.6 ± 8.3; NS), and between Veh/No-Ret and MK-801/No-Ret (94.3 ± 9.3 vs. 82.2 ± 

11.8; NS) but a significant decrease of active lever presses was observed for MK-801/Ret 

compared to Veh/Ret group (64.6 ± 8.3 vs. 103.9 ± 11.1; p < 0.05) (Fig. 1B). Two-way 

ANOVA on 7 days spontaneous recovery test showed no significant effect of factor 

Treatment [(F (1, 40) = 0.8; NS], of Retrieval [F (1, 40) = 0.3; NS] and of Treatment x 

Retrieval interaction [F (1, 40) = 0.01; NS]. Comparing ALP/60 mins between the different 

groups, Fisher’s LSD post-hoc tests showed no significant difference between Veh/No-Ret 

and Veh/Ret (37.9 ± 3.1 vs. 42.9 ± 5.3; NS), between MK-801/No-Ret vs MK-801/Ret (45.1 ± 

8.2 vs. 48.5 ± 10.1; NS), between Veh/No-Ret and MK-801/No-Ret (37.9 ± 3.1 vs. 45.1 ± 8.2; 

NS) and between Veh/Ret and MK-801/Ret (42.9 ± 5.3 vs. 48.5 ± 10.1; NS) (Fig. 1C). 
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Fig. 1 

 
 

Figure 1. (A) Schematic diagram of the experimental protocol and groups. Boxes represent 

the different procedures used at the different phases of the study. Arrow represents time 

progression between consecutive phases. Cx A = sucrose self-administration training 

(conditioning) context. (B) Effect of Veh (open columns) or MK-801 (solid columns) treatment 

on Extinction test performance when given 24 h before Retrieval (Ret) or No-Retrieval (No-
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Ret). (C) Effect of Veh (open columns) or MK-801 (solid columns) treatment given 24 h 

before Ret/No-Ret on Spontaneous Recovery test performed 7 days after Ret/No-Ret. 

Ordinate represents number of lever presses after behavioural tests. Data are expressed as 

mean + SEM. N = 9-12 rats/Veh groups, N=10-13 rats/MK-801 groups. *p < 0.05, Fisher’s 

LSD post-hoc tests. 

 

 

The analysis of the expression of Zif268 in the NAcS showed a significant main effect of 

factor Retrieval [two-way ANOVA, (F (1, 16) = 14.1; p < 0.01] and of Treatment x Retrieval 

interaction [F (1, 16) = 35.7; p < 0.0001] but not of Treatment [F (1, 16) = 0.6; NS]. 

Comparing the different groups, Tukey’s post-hoc tests showed a significant percentual 

increase of Zif268 expression in the MK-801/No-Ret compared to Veh/No-Ret (+37.1 ± 10.0; 

p < 0.01), a significant decrease for MK-801/Ret compared to Veh/Ret (-48.2 ± 10.2; p < 

0.01) and a significant increase for Veh/Ret compared to Veh/No-Ret (+69.4 ± 10.6; p < 

0.0001). No significant difference was observed between MK-801/No-Ret and MK-801/Ret 

(+15.9 ± 9.6; NS) (Fig. 2C). 

In the CeA, the analysis of Zif268 expression showed a significant main effect of factor 

Treatment [F (1, 16) = 20.3; p < 0.001] and of Treatment x Retrieval interaction [F (1, 16) = 

96.6; p < 0.0001] but not of Retrieval [F (1, 16) = 0.3; NS]. Comparing the groups, Tukey’s 

post-hoc tests showed a significant increase of Zif268 in MK-801/No-Ret compared to 

Veh/No-Ret (+85.4 ± 8.3; p < 0.0001) and a significant decrease of MK-801/Ret compared to 

Veh/Ret (-31.7 ± 8.5; p < 0.01). Moreover, Veh/Ret was significantly increased compared to 

Veh/No-Ret (+61.9 ± 8.8; p < 0.0001) and MK-801/Ret was significantly decreased 

compared to MK-801/No-Ret (-55.1 ± 8.0; p < 0.0001) (Fig. 2E). Similarly in the BLA, two-

way ANOVA test showed a significant main effect of Treatment x Retrieval interaction [F (1, 

16) = 90.0; p < 0.0001] but not of factor Treatment [F (1, 16) = 0.8; NS] nor of Retrieval [F (1, 

16) = 1.6; NS]. Comparing the groups, Tukey’s post-hoc tests showed a significant increase 

of Zif268 in the MK-801/No-Ret compared to Veh/No-Ret (+90.4 ± 12.9; p < 0.0001), and a 

significant decrease for MK-801/Ret compared to Veh/Ret (-74.9 ± 11.7; p < 0.0001). 

Moreover, Veh/Ret was significantly increased compared to Veh/No-Ret (+71.7 ± 13.0; p < 

0.001) MK-801/Ret was significantly decreased compared to MK-801/No-Ret (-93.5 ± 11.6; p 

< 0.0001) (Fig.2G). 
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Figure 2. Immunohistochemistry assessment of Zif268 expression 24 h after Vehicle or MK-

801 treatment, and 2 h after Ret or No-Ret session. (A) Representative images of brain 
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areas of interest, with circles indicating the microscopic frame of the region under analysis. 

(B, D, F) Representative images of microscope sections of nucleus accumbens shell (NAcS, 

B), central nucleus of the amygdala (CeA, D) and basolateral complex of the amygdala (BLA, 

F) 24 h after Vehicle (open columns) or MK-801 (solid columns) and 2 h after No-Retrieval 

(No-Ret) or Retrieval (Ret) session. Zeiss Axioskop 2, objective 10X. Scale bar, 100 μm. (C, 
E, G) Number of Zif268 positive cells/mm2 in NAcS, CeA and BLA 24 h after Vehicle or MK-

801 and 2 h after No-Ret or Ret. Data are shown as mean + SEM percentual values of 

Vehicle/No-Ret. Three adjacent sections, both hemispheres, N = 4 - 6 rats/group. **p < 0.01; 

****p < 0.0001 between treatments (same Ret or No-Ret), ###p < 0.001; ####p < 0.0001 vs. No-

Ret within treatment, two-way ANOVA followed by Tukey’s post-hoc tests. 
 
 
To confirm the occurrence of memory reconsolidation process we assessed the 

phosphorylation level of protein translation marker rpS6 in the same areas. For the level of 

rpS6P in the NAcS, two-way ANOVA showed a significant main effect of Treatment x 

Retrieval interaction [F (1, 16) = 47.9; p < 0.0001] but not of factor Treatment [F (1, 16) = 

0.01; NS] nor for Retrieval [(F (1, 16) = 1.4; NS]. Comparing the different conditions, Tukey’s 

post-hoc tests showed a significant increase of rpS6P level in the MK-801/No-Ret compared 

to Veh/No-Ret (+31.3 ± 6.2; p < 0.001) and a significant decrease of MK-801/Ret compared 

to Veh/Ret (-30.3 ± 6.4; p < 0.01). Moreover, Veh/Ret was significantly increased compared 

to Veh/No-Ret (+25.5 ± 6.6; p < 0.01) and MK-801/Ret was significantly decreased 

compared to MK-801/No-Ret (-36.13 ± 6.0; p < 0.0001) (Fig. 3C). 

In the CeA, two-way ANOVA showed a significant main effect of factor Retrieval [F (1, 16) = 

29.1; p < 0.0001] and of Treatment x Retrieval interaction [F (1, 16) = 50.0; p < 0.0001] but 

not of Treatment [F (1, 16) = 2.9; NS]. Tukey’s post-hoc tests showed a significant increase 

of rpS6P level in the MK-801/No-Ret compared to Veh/No-Ret (+48.4 ± 7.7; p < 0.0001), a 

significant decrease in the MK-801/Ret compared to Veh/Ret (-29.6 ± 7.9; p < 0.01) and a 

significant increase in the Veh/Ret compared to Veh/No-Ret (+68.7 ± 8.2; p < 0.0001). No 

significant difference was observed between MK-801/No-Ret and MK-801/Ret (+9.2 ± 7.4; 

NS) (Fig.3E). In BLA, two-way ANOVA showed no significant main effect of Treatment factor 

[F (1, 16) = 0.5; NS], of Retrieval [F (1, 16) = 0.2; NS] and of Treatment x Retrieval 

interaction [F (1, 16) = 1.3; NS]. Tukey’s post-hoc tests showed no significant differences 

among the four different experimental groups: MK-801/No-Ret vs. Veh/No-Ret (+16.1 ± 12.2; 

NS), MK-801/Ret vs. Veh/Ret (-3.7 ± 12.5; NS), Veh/No-Ret vs. Veh/Ret (-13.7 ± 12.9; NS), 

MK-801/No-Ret vs. MK-801/Ret (+6.0 ± 11.7; NS) (Fig. 3G) 
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Figure 3. Immunohistochemistry assessment of rpS6P level 24 h after Vehicle or MK-801 

treatment and 2 h after Ret or No-Ret session. (A) Representative images of brain areas of 
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interest, with circles indicating the microscopic frame of the region under analysis. (B, D, F) 
Representative images of microscope sections of nucleus accumbens shell (NAcS, B), 

central nucleus of the amygdala (CeA, D) and basolateral complex of the amygdala (BLA, F) 

24 h after Vehicle (open columns) or MK-801 (solid columns) and 2 h after No-Retrieval (No-

Ret) or Retrieval (Ret) session. Zeiss Axioskop 2, objective 10X. Scale bar, 100 μm. (C, E, 
G) Number of rpS6P positive cells/mm2 in NAcS, CeA and BLA 24 h after Vehicle or MK-801 

and 2 h after No-Ret or Ret. Data are shown as mean + SEM and are expressed as a 

percentual values of Vehicle/No-Ret. Three adjacent sections, both hemispheres, N = 4 - 6 

rats/group. **p < 0.01; ***p < 0.001; ****p < 0.0001 between treatments (same Ret or No-

Ret), ##p < 0.01; ####p < 0.0001 vs. No-Ret within treatment, two-way ANOVA followed by 

Tukey’s post-hoc tests. 
 
 
Western blot assays 24 h after MK-801 or Veh treatment in the post-synaptic density of NAc, 

the level of GluN2B and GluA1 after MK-801 was significantly increased compared to Veh 

(respectively +31.8 ± 4.9 and +47.4 ± 7.3; p < 0.001, Student’s t-test). Moreover, the analysis 

of the extra-synaptic fraction showed that MK-801 significantly increased mGluR5 level 

compared to Veh (+47.1 ± 7.8; p < 0.001, Student’s t-test) (Fig.4B). 

In the post-synaptic density of Amy, the level of GluN2B after MK-801 was significantly 

increased compared to Veh (40.2 ± 6.2; p < 0.001, Student’s t-test), while the levels of GluA1 

in the post-synaptic density and of mGluR5 in the extra-synaptic fraction did not show 

significant difference compared to Vehicle (respectively +3.8 ± 3.3 and -5.3 ± 9.6; NS, 

Student t-test) (Fig. 4D). 
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Figure 4. Effect of Vehicle or MK-801 on GluN2B-containing NMDARs and GluA1-containing 

AMPARs in the post-synaptic density and on mGluR5 in the extra-synaptic fraction of 

nucleus accumbens and amygdala. (A, C) representative images of western blot bands with 

GluN2B (180 kDa, left) GluA1 (108 kDa, middle) and mGluR5 (130 kDa, right) compared to 

β-actin (43 kDa) as control. (B, D) quantification of GluN2B-NMDARs and GluA1-AMPARs 

level in the post-synaptic density and of mGluR5 in the extra-synaptic fraction 24 h after 

Vehicle or MK-801 treatment in NAc (B) and Amy (D). Data are shown as the mean + SEM 

and are expressed as percentage of the Vehicle. N=4-5 rats/group. ***p < 0.001, unpaired 

Student’s t-test. 
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Table 1. Summary table of the direction of effects of MK-801 or Vehicle treatment on Zif268, 

rpS6P, GluN2B, GluA1 and mGluR5. 

 

 Nucleus Accumbens Shell Amygdala 
 Zif268 
 No-Ret Ret No-Ret Ret 

Vehicle 0 ↑ 0 ↑ 
MK-801 ↑ ↑ ↑  

 rpS6P 
Vehicle 0 ↑ 0* ↑* 
MK-801 ↑  ↑* ↑* 

     

 Nucleus Accumbens  Amygdala 
 GluN2B 

MK-801  
vs Vehicle ↑ ↑ 

 GluA1 
MK-801  

vs Vehicle ↑ 0 

 mGluR5 
MK-801  

vs Vehicle ↑ 0 

Symbols: ↑ = increase; ↓ = decrease; 0 = no change. * = in central nucleus of amygdala only. 

 

 

4. Discussion  
 
MK-801 given 24 hours prior to the reactivation of instrumental memories (-24h MK-

801/Retrieval) significantly inhibited conditioned responding for sucrose at extinction test 

compared to the Vehicle/Retrieval group. This effect was associated to a decrease of Zif268 

in NAcS, CeA and BLA compared to vehicle-induced increase after Retrieval session. 

However, MK-801 per se increased Zif268 in the same brain areas in No-Retrieval compared 

to Vehicle/No-Retrieval group, similarly to the effect observed after the Vehicle/Retrieval 

session. Therefore, the behavioural inhibitory effect observed in the MK-801/Retrieval group 

could be specifically associated only in amygdala to a significant inhibition of increased 

Zif268 levels induced by either Vehicle/Retrieval or by MK-801/No-Retrieval. The increased 

phosphorylation of rpS6P in NAcS and CeA in the Vehicle/Retrieval group was reduced in 

the MK-801/Retrieval group. However, MK-801 per se also increased phosphorylation of 
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rpS6 in the same brain areas in the MK-801/No-Retrieval compared to Vehicle/No-Retrieval 

group. It therefore appears that the MK-801/Retrieval condition (the only one associated to a 

significant behavioural inhibition at extinction test compared to Vehicle/Retrieval) specifically 

inhibited increased rpS6 phosphorylation induced by either Vehicle/Retrieval or by MK-

801/No-Retrieval only in NAcS.  

The behavioural inhibitory effect of -24h MK-801 on instrumental memory responding when 

given under a dosing protocol known to induce metaplastic effects (Buck et al., 2006; 

Zorumski & Izumi, 2012) appears to be necessarily associated to the procedure of 

instrumental memory reactivation. However, even though MK-801/Ret showed lower values 

vs. MK-801/No-Ret, there is not significant difference between the groups, and it is not 

possible to confirm a selective MK-801 effect under retrieval. Under our procedure, the No-

Ret condition is the same of Ret but for manipulanda availability and lever pressing. We 

cannot exclude that the convergent effects of MK-801 and Ret (the signal) would have 

underlying convergent MK-801 and context effects (maybe acting as a noise) involving 

different mechanisms. For this reason we think that the MK-801/No-Ret vs MK-801/Ret 

comparison might not be the most appropriate.  

The behavioural effect of -24h MK-801 is specifically associated to the inhibition of known 

markers of retrieval and reconsolidation: Zif268 in BLA and CeA, and rpS6 phosphorylation 

in NAcS. The former molecular correlation is interestingly linked to -24h MK-801-induced 

increase of GluN2B synaptic levels in Amy, a proposed metaplasticity marker of 

memory destabilization (Finnie & Nader, 2012). The effect on rpS6 phosphorylation in NAcS 

is on the other hand associated to -24h MK-801-induced increase of GluN2B, GluA1 and 

mGluR5 levels in NAc. These metaplastic molecular changes might have 

facilitated destabilization, respectively in Amy (GluN2B) and/or in NAc (GluN2B, GluA1, 

mGluR5), allowed inhibition of memory reconsolidation (but see below an alternative 

explanation) and then, inhibition of instrumental responding at extinction test.  

We hypothesize that the metaplasticity mechanisms triggered by -24h MK-801 might have 

raised a direction change in the synaptic activation induced by the behavioural manipulation 

aimed to induce memory reactivation. The question however is: which is the process that 

after -24h MK-801-primed metaplastic condition and under memory retrieval allowed the 

inhibition of memory reconsolidation in the MK-801/Retrieval group? Or, as an alternative 

interpretation, is it possible that a process of extinction took place rather than reconsolidation 

inhibition? Indeed, it could be speculated that the facilitation of memory destabilization (as 

supported for instance by the metaplastic increase of GluN2B in Amy) which should allow 

memory reconsolidation occurrence, it had on the other hand set in turn in the -24h MK-
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801/Retrieval group the conditions for a retrieval-contingent process of extinction rather than 

reconsolidation. The competition between reconsolidation and extinction processes during 

memory retrieval is a phenomenon that has been previously described for reactivation 

sessions of intermediate length, that is neither short enough for reconsolidation nor 

sufficiently long for extinction (Flavell & Lee, 2013; Merlo, Milton, Goozee, Theobald, & 

Everitt, 2014; see also discussion in Exton-McGuinness & Lee, 2015). The metaplastic 

synaptic pattern changes induced by -24h MK-801 paired to the Retrieval, but not when 

paired to the No-Retrieval, condition may have shifted the balance between reconsolidation 

and extinction by favouring the acquisition of the latter as the predominant process.  

The decrease of Zif268 expression levels in Amy in the -24h MK-801/Retrieval group may be 

interpreted as the possible molecular correlate of such as shift to extinction. The transcription 

factor Zif268 has been widely used as a marker of memory reactivation and reconsolidation 

(Besnard, Caboche, & Laroche, 2013; Lee, 2008; Lee, Everitt, & Thomas, 2004). In this 

study, we have demonstrated that higher expression levels of Zif268 in Amy (Piva et al., 

under revision; Tedesco, Roquet, et al., 2014), and NAcS (Exton-McGuinness & Lee, 2015; 

Piva et al., under revision) were correlated to memory reactivation and reconsolidation. 

Although Zif268 inhibition leads to reconsolidation blockade (Veyrac, Besnard, Caboche, 

Davis, & Laroche, 2014), however we cannot exclude that decreased Zif268 levels might 

induced extinction facilitation. Trent et al. (2015) recently showed that the expression of 

immediate early genes (including Zif268) constrained extinction occurrence during the early 

phase of contextual memory reactivation; in fact knockdown of Zif268 levels during a short 

recall favoured extinction occurrence rather than reconsolidation inhibition, whereas during a 

longer recall, changes in Zif268 had not effect. We could therefore speculate that with our 

reactivation parameters (similar to a short recall), a decrease of Zif268 levels in Amy in the -

24h MK-801/Retrieval group may have induced extinction. Previous studies, including from 

ours, showed that increased rpS6 phosphorylation is correlated to memory reconsolidation 

(Barak et al., 2013; Tedesco, Roquet, et al., 2014) and to reinforcing drug effect (Tedesco, 

Ravagnani, Bertoglio, & Chiamulera, 2013; Zanda et al., 2017). The reduced phosphorylation 

of rpS6 in NAcS is associated to an increased expression of all three investigated glutamate 

receptors. Enhanced glutamatergic transmission through glutamate AMPA and NMDA 

receptors induces rpS6 phosphorylation via different signalling cascades, such as Akt via 

mTOR, ERK1/2 via p70S6 and p90S6 kinases (Biever, Valjent, Puighermanal, 2015). It could 

be speculated that a different balancing between signalling cascade predominance brought 

to reduction of the rpS6 phosphorylation. 
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An increase of GluN2B has been shown to facilitate destabilization (Ben Mamou, Gamache, 

& Nader, 2006; Milton et al., 2013; Wang et al., 2009). GluA1 has been shown to be 

important for memory retrieval (Clem & Huganir, 2010; Monfils et al., 2009) in a way 

dissociable from its role in destabilization (Milton et al., 2013), suggesting that these two 

processes may occur in parallel via two separate glutamatergic networks in Amy (Lee & 

Flavell, 2014; Milton et al., 2013). Although there is a limited literature on Group I 

metabotropic glutamate receptors and memory reconsolidation (Gieros, Sobczuk, & 

Salinska, 2012; Salinska, 2006), we have recently proposed that Group I subtype mGluR5 is 

involved in memory reconsolidation and that mGluR5 antagonism may act as inhibitor based 

on the role played by mGluR5 in the modulation of glutamatergic transmission (Chiamulera, 

Marzo, & Balfour, 2017). Moreover, glutamate receptors GluN2B, GluA1 and mGluR5 have 

been reported to be involved in different forms of metaplasticity (Bortolotto et al., 2005; 

Tenorio et al., 2010; Yang et al., 2012; for reviews, see Abraham, 2008; Hulme et al., 2013; 

Marton, Hussain Shuler, & Worley, 2015). In accordance to the suggestions by Finnie & 

Nader (2012), the increased expression of glutamate receptors after -24h MK-801 may 

mediate the effects of increased glutamate release that occur when memory is reactivated. 

GluN2B levels appears to be important both in Amy and NAcS not only for the mediation of 

metaplasticity and the regulation of memory destabilization, but also as an ‘NMDA-

dependency’ factor that could explain the hypothetical “reconsolidation-to-extinction shift” 

suggested above, in accordance to the NMDA-dependent modes of transition from 

reconsolidation to extinction in fear conditioning (Merlo et al., 2014). 

The main limitation of our study is the lack of temporal characterization for the molecular 

mechanisms triggered by MK-801 and occurring during the 24 h temporal period before 

memory retrieval. Antagonism or signalling knocking-down studies on would help to elucidate 

the causal relationship between metaplastic changes and molecular correlates of memory 

reactivation.   

In conclusion, our findings showed that NMDA antagonism-induced metaplastic changes by 

MK-801 affected instrumental responding for sucrose either via reconsolidation inhibition or 

extinction facilitation. These data suggest that pharmacological modulation of NMDA given 

under a ‘metaplastic dose-regimen’ may be relevant for learning and memory at a 

behavioural level. 
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