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ABSTRACT 

 Learning and memory mechanisms that are normally related to natural rewards, such as 

long-term potentiation (LTP) and depression (LTD), may be usurped by the voluntary intake of 

drugs of abuse. The maladaptive behaviour that characterizes addiction is thought to arise from 

persistent changes in excitatory synaptic function in brain reward circuits. The oval region of the 

dorsal bed nucleus of the stria terminalis (ovBST) is one such region susceptible to drug-induced 

synaptic remodeling and is implicated in drug-driven behaviors, reinforcement and stress-induced 

relapse to drug-seeking. Using whole-cell voltage clamp recordings of ovBST neurons in brain 

slices prepared from adult Long-Evans rats, we demonstrated an unrestrained increase in AMPAR-

mediated excitatory transmission with maintenance of cocaine self-administration. This is unlike 

self-administration of a natural reward, in which we observed an enhancement and then decline of 

AMPAR-mediated transmission with continued intake. Additionally, we demonstrate impairment in 

NMDAR-mediated LTD in ovBST neurons with cocaine self-administration. This impairment may be 

due to resilient GluN2B-containing NMDARs, as application of a GluN2B-antagonist rescued 

impaired LTD. Based on models of NMDAR-mediated bidirectional plasticity we suggest that a 

drug-induced de-regulation between GluN2A and GluN2B subunits impairs LTD, which may 

underlie the enhancement AMPAR-mediated transmission. 
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CHAPTER 1 INTRODUCTION 

 Substance abuse, which carries an enormous social and economical toll, continues to 

propagate at an alarming rate in Canada (Rehm et al., 2007). Characterized by a compulsion to 

seek and take a drug, loss of control in limiting intake and the emergence of a negative emotional 

state when access to the drug is prevented (Koob et al., 2009), addiction is a chronic and relapsing 

disorder. Normal activities decrease at the expense of substance seeking and taking endeavors, a 

great deal of time is spent to obtain, use or recover from the effects of drugs and substances are 

used despite severe adverse consequences (Association, 2000). Compulsive drug users have great 

difficulty remaining abstinent after detoxification and the propensity for relapse is considerable. 

Research has been relatively successful in understanding how drugs of abuse act in the brain to 

produce exaggerated reinforcement. The next challenge for researchers in the field is to identify the 

cellular and molecular neuroadaptations that characterize voluntary drug intake and the brain’s 

transformation in addiction. 

Natural Rewards vs. Drug Rewards 

 In order to interpret the neuroadaptations that take place in addiction, one must first 

understand the neurobiological basis of drug reward (Lingford-Hughes and Nutt, 2003) and how 

drugs of abuse usurp normal reward processes such as those for food or sex. These reward 

processes, which are evolutionarily important for survival, reproduction, and fitness (Kelley and 

Berridge, 2002), elicit similar responses to addictive drugs: hedonic reactions (pleasure), feelings of 

desire or “wanting”, rapid association with predictive cues and efficient behavioral sequences aimed 

at obtaining the reward. Why addictive drugs are particularly harmful is because they tend to 

become overvalued at the expense of other rewards, while serving no beneficial homeostatic or 

reproductive purpose. This causes compulsive behaviour and a narrowing of life goals towards 

obtaining and using the drugs-- proving very detrimental to health and functioning (Hyman et al., 

2006). 
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 Environmental factors that challenge homeostasis in the brain reward system are met with 

counter actions. For example, novel and rewarding stimuli can engage limbic subcircuits to evaluate 

new and previously learnt information relevant to the stimuli in order to develop or adjust behavioral 

strategies (Groenewegen et al., 1996, Yin and Knowlton, 2006). Once the established behaviour is 

consistently and reliably associated with the desired outcome, the homeostatic response 

progressively diminishes the influence of the limbic subcircuit and the neural activity in the motor 

subcircuit becomes more organized around task performance (Barnes et al., 2005, Yin and 

Knowlton, 2006). Thus, flexibility is returned to the limbic subcircuits in order to be responsive to 

new rewarding stimuli.  

 Dysregulation can occur when various challenges push the body to operate and maintain 

stability outside of the normal homeostatic range. This concept, known as allostasis, occurs when 

an organism must vary all the parameters of its physiological systems to match them appropriately 

to chronic demands (e.g., reset the system parameters at a new set point) (McEwen, 1998). In 

addiction, this dysfunctional condition is maintained by the maladaptive behaviors it manifests: loss 

of control over drug-intake, compulsive use, etc (Koob and Le Moal, 1997). These destructive 

behaviors all stem from long-term, perhaps even permanent, drug-induced alterations in the brain 

reward pathway and motivational networks (Berke and Hyman, 2000, Hyman and Malenka, 2001, 

Kelley and Berridge, 2002). 

 Investigating the neural correlates underlying the voluntary intake of natural rewards versus 

drug rewards compares the homeostatic and allostatic mechanisms of reward-driven behaviour. For 

example, synaptic function in ventral tegmental area (VTA) dopamine (DA) neurons is readily but 

reversibly enhanced by reward-seeking behavior for natural substances, while voluntary cocaine 

self-administration induces persistent synaptic enhancement that is resistant to behavioral 

extinction. Such persistent synaptic potentiation in VTA DA neurons may represent a fundamental 

cellular phenomenon driving pathological drug-seeking behavior (Chen et al., 2008). In order to 

understand the cellular and molecular events that progress individuals towards addictive states it is 
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essential that we tease out the differences between naturally rewarding processes (using operant 

controls) and those for addictive drugs. 

Excitatory Synaptic Strength 

 Addicts’ inability to control drug-seeking when environmental contingencies designate the 

behaviour as maladaptive is thought to stem from pathologically strengthened drug-seeking 

behaviors (Berridge and Robinson, 1998). The neural correlate for this strengthened behaviour is 

hypothesized to arise from pathologically strengthened synapses between brain regions that 

process cognition, decision-making and reward (Kauer and Malenka, 2007, Kalivas, 2009). 

Although there are numerous mechanisms through which neurons may strengthen or weaken the 

efficiency of communication between pre- and post-synaptic membranes, one of the most reliable 

measures for determining the “strength” of an excitatory synapse is identifying the relative current 

contribution of AMPARs and NMDARs to the overall EPSC. Rapid excitatory synaptic transmission 

mediated by glutamate results in the activation of both AMPA and NMDA ionotropic receptors and 

causes current to flow into the post-synaptic neuron. This current may be measured using whole-

cell patch-clamp recordings of the post-synaptic neuron and the AMPAR- and NMDAR-mediated 

components of an EPSC may be pharmacologically isolated. A change in amplitude of AMPAR- to 

NMDAR-dependent currents (AMPA/NMDA ratio) reflect the efficiency of communication between 

the pre- and post-synaptic components (Kauer and Malenka, 2007). An increase in the 

AMPA/NMDA current ratio indicates that the synapses are in a relatively potentiated state or are 

strengthened, whereas a decrease indicates a de-potentiated or depressed state (Malenka and 

Bear, 2004). 

 The relationship between potentiated synapses and drug exposure has been demonstrated 

in a number of studies. In 2005, Dumont et al. demonstrated an enhancement in AMPAR/NMDAR 

ratio in the ventrolateral BST of rats with a history of cocaine self-administration. These changes, 

however, were less robust in rats self-administering a natural reward and insignificant when drug 

intake is passive (Dumont et al., 2005). Following the study, a number of other brain reward 

structures demonstrated enhanced (in magnitude or duration) excitatory strength in rats trained to 
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self-administer nicotine or cocaine in a variety of operant paradigms (Dumont et al., 2005, Martin et 

al., 2006, Chen et al., 2008, Caille et al., 2009, Kalant, 2010). Furthermore, by increasing synaptic 

strength at excitatory synapses on midbrain DA cells, cocaine, psychostimulants and other drugs of 

abuse enhanced the motivational significance of drugs themselves as well as stimuli closely 

associated with drug seeking and self-administration (Saal et al., 2003). The link between 

motivation and pathologically strengthened excitatory synapses is further evidenced by the 

observation that AMPAR antagonists injected directly into the bed nucleus of the stria terminalis, a 

brain region sensitive to the effects of drugs of abuse, reduced motivation in animals trained to self-

administer cocaine and sucrose (Appendix Fig.1). Indeed, it is important to consider that saturation 

of synaptic strength could be detrimental to neuronal circuitry as it limits the ability to learn, may 

lead to excitotoxicity, and, in this situation, may impede the animals’ ability to control their drug 

intake (Abraham, 2008).  

Bidirectional Plasticity of Excitatory Synapses 

 Pathological impairments in the capacity to control drug-driven behaviors are key 

contributors to the profile of addiction (Kalivas, 2009). As an important neural correlate for the 

resilience of addictive behaviour, it is important to consider how drug-induced synaptic 

modifications alter the neurons’ ability to undergo further change and plasticity. Induction of LTD 

and LTP are thus important endpoints to investigate when determining neuronal flexibility.  

 LTP and LTD are the most thoroughly characterized examples of synaptic plasticity in the 

mammalian nervous system (Malinow and Malenka, 2002, Malenka and Bear, 2004, Kauer and 

Malenka, 2007). Their well-described roles in physiological and pathological processes make them 

an ideal candidate for reward-based learning and addiction research (Martin et al., 2000, Zoghbi et 

al., 2000). Model of plasticity, such as the Bienenstock Cooper Munro (BCM) model, suggest that 

developmental, activity and experience-dependent increases in postsynaptic activity may shift the 

sinusoidal balance between LTD and LTP (Bienenstock et al., 1982)(Appendix Fig. 2). This shift of 

balance changes the synapses’ ability to further generate synaptic plasticity. For example, 

synapses that appear “right-shifted” or slightly potentiated would elicit more LTD with the same 
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stimulation strength than synapses that were not potentiated. The capacity of a high or low-

frequency stimulation protocol to induce LTP or LTD, respectively, is altered by a priming activity 

(Abraham and Bear, 1996, Abraham, 2008), and in studies that examine drug-induced changes in 

neural plasticity this priming activity is generally the chronic administration of an addictive drug 

(Kalivas, 2009). Such studies have demonstrated impairments in the dynamic regulation between 

LTP and LTD, including a loss or occlusion of either, with drug exposure (Martin et al., 2006, 

Moussawi et al., 2009).  

 Identifying impairment in synapses’ ability to respond to further plasticity challenges after 

voluntary drug intake is an essential neural correlate of addictive behaviour, particularly the failure 

to control drug-driven behaviors (Kauer and Malenka, 2007). Furthermore, using operant controls 

that simulate behaviour toward natural rewards (such as sucrose self-administration), we are able to 

identify homeostatic mechanisms for processing reward.  

NMDAR-mediated plasticity  

 It is now well documented that both LTP and LTD may be evoked electrically, induced 

pharmacologically (Ungless et al., 2001) or behaviorally in vivo (Dumont et al., 2005) in brain 

reward structures (Ungless et al., 2001, Kauer and Malenka, 2007). Furthermore, it has been 

shown that drug-induced potentiation of excitatory synapses shares similar mechanisms to 

NMDAR-dependent LTP (Ungless et al., 2001). In NMDAR-dependent LTP, NMDAR stimulation is 

required to enhance AMPAR-mediated transmission via AMPAR insertion into postsynaptic sites 

(receptor trafficking) (Malinow and Malenka, 2002) or increased conductance due to 

phosphorylation (Malenka and Nicoll, 1999). The link between the NMDAR-mediated plasticity and 

addiction has been explored in studies that demonstrate drug-induced LTP is prevented when 

animals are pre-treated with an NMDAR antagonist (Ungless et al., 2001) and that NMDAR 

blockade short circuits the development of certain drug-induced behaviors including conditioned 

place preference, behavioral sensitization and drug self-administration (Kalivas and Alesdatter, 

1993, Schenk et al., 1993, Badiani and Robinson, 2004, Harris et al., 2004, Kauer, 2004, Kitamura 

et al., 2006, Morris, 2006).  
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 Due to its critical role in experience-dependent plasticity (Martin et al., 2000, Malenka and 

Bear, 2004), the NMDAR requires a close examination -- particularly its subunit composition. An 

alteration in subunit composition may change the kinetics of the receptor, the subsequent Ca2+ 

influx and the induction of plasticity. The GluN2A and GluN2B subunits have robust effects on 

NMDAR kinetics and, in addition to their subunit-specific intracellular interactions, significantly 

influence NMDAR-mediated bidirectional plasticity (Yashiro and Philpot, 2008). As a tetramer with 

two obligatory GluN1 subunits that form dimers with the GluN2 subunits, synaptic NMDARs 

commonly exists as GluN1-GluN2A or GluN1-GluN2B homodimers (Paoletti and Neyton, 2007), 

although heterotrimers (GluN1-GluN2A-GluN2B) and other subunits may also contribute (Groc et 

al., 2006, Neyton and Paoletti, 2006). The relative role each subunit, GluN2A or GluN2B, in 

governing the direction of synaptic plasticity (favoring potentiation or depression) is widely debated 

with conflicting interpretations from different brain regions. One camp argues that GluN2A-

containing NMDARS are implicitly involved in the induction of LTP while GluN2B-containing 

NMDARS are responsible for LTD (Liu et al., 2004, Bartlett et al., 2007). In contrast, a number of 

other studies have demonstrated the opposite relationship, implying that GluN2B-containing 

NMDAR current promotes LTP (Lu et al., 2001, Weitlauf et al., 2004, Barria and Malinow, 2005, 

Zhao et al., 2005, Morishita et al., 2007, Kash et al., 2008). GluN2B-containing NMDARs have a 

prolonged rise and decay time mediated by a slower deactivation (~300ms versus ~50ms) and 

reduced open probability as compared to GluN2A-containing NMDARs (Cull-Candy et al., 2001, 

Yashiro and Philpot, 2008). Furthermore, it is tempting to speculate that the long currents (Monyer 

et al., 1994) and substantial carrying capacity of Ca2+ per unit charge (Sobczyk et al., 2005) of 

GluN2B-containing NMDARs favor the induction of LTP compared to GluN2A.  

 A modified interpretation is that both receptor subtypes have the potential to induce LTP but 

it is the relative balance between the subtypes that determine the direction or the thresholds for 

inducing synaptic plasticity (Morishita et al., 2007). Thus, the ratio of GluN2A-/GluN2B- containing 

NMDARs would determine the direction of synaptic plasticity and anything that altered this ratio 

may serve as a mechanism of “homeostatic plasticity” (Chen et al., 2007, Philpot et al., 2007). By 

examining the contribution of GluN2A and GluN2B subunits at excitatory synapses, we may identify 
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the underlying mechanisms for the deregulation between NMDAR-mediated LTP and LTD that 

occurs with drug exposure.  

The Reward Pathway and the ovBST  

 Extensive evidence implicates meso-cortico-striatal circuitry in the reinforcement of reward 

(Carr and White, 1986, Horvitz, 2000), drug abuse (Di Chiara et al., 1994) and 

incentive/motivational processes (Berridge and Robinson, 1998). Commonly referred to as the 

brain’s reward pathway, the meso-cortico-striatal system originates in the ventral tegmental area 

(VTA) and projects towards a range of “limbic” and telencephalic structures including the prefrontal 

cortex (PFC), the nucleus accumbens (NAc), the amygdala and the bed nucleus of the stria 

terminalis (BST) (Heidbreder et al., 2005).  

 The BST is a cluster of about 12 interconnected and broadly projecting sub-cortical nuclei 

located around the caudal part of the anterior commissure (Ju and Swanson, 1989, Ju et al., 1989, 

Dong et al., 2000, Dong et al., 2001a, Dong et al., 2001b, Dong and Swanson, 2003, 2004a, b, 

2006a, c, b). From an input-output perspective, the BST is ideally located to integrate exteroceptive, 

interoceptive, and cognitive information and trigger coordinated physiological responses aimed at 

re-establishing homeostasis in the face of various challenges (Dumont, 2009). Additionally, it plays 

a role in modulating the reinforcing effects of cocaine and other drugs of abuse (Epping-Jordan et 

al., 1998) and is critical in mediating the stress-induced relapse to drug-seeking behaviour (Erb et 

al., 2000, Shaham et al., 2000).  

  The oval region in particular receives inputs from the central and basomedial amygdala 

(Dong et al., 2001a), paraventricular nucleus of the thalamus (Moga et al., 1995), insular region 

(McDonald et al., 1999) and postpiriform transition area (McDonald, 1998, Dong et al., 2001a). It 

integrates this incoming excitatory, inhibitory and modulatory information, and sends projections to 

somatic, neuroendocrine (via fuBST projections) and autonomic motor regions as well as areas 

central to feeding and reward processing, including the NAc. (McDonald et al., 1999, Delfs et al., 

2000, Walker et al., 2000, Dong et al., 2001b, Dong and Swanson, 2004b, Li and Kirouac, 2008). 
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Furthermore, the ovBST is essential in studying the neuroadaptations that occur with addiction due 

to its dense dopaminergic terminal field (Deutch et al., 1988, Phelix et al., 1992, Freedman and 

Cassell, 1994, Hasue and Shammah-Lagnado, 2002, Meloni et al., 2006), which originates from the 

ventral tegmental area, the periaqueductal gray region, and the retrorubral field (Hasue and 

Shammah-Lagnado, 2002, Meloni et al., 2006). Although dopaminergic mechanisms have been a 

traditional focus in the field of addiction, the enduring vulnerability to relapse appears to arise from 

pervasive, long-lasting synaptic changes within cortico-striatal circuitry where these dopamine axon 

terminals are embedded (Kalivas, 2009). Accordingly, the ovBST contains several components of 

the DAergic system, including D2DRs (Krawczyk et al., 2010), high levels of DARPP-32 (Ouimet et 

al., 1984), and DA transporters (Miles et al., 2002). 

 Abundant evidence supports the notion that excitatory synaptic function within dopamine 

circuits, such as within the ovBST, is crucial for the behavioral responses to drugs of abuse (Wolf, 

1998, Kalivas, 2004). The ovBST is intimately related to the central amygdala and the shell of the 

nucleus accumbens forming a neurological continuum with those structures and playing key role in 

the addiction cycle (Koob, 2008). Finally, the ovBST is extremely rich in brain-derived neurotrophic 

factor (BDNF)(Conner et al., 1997), which is receiving a great deal of attention for its role in the 

long-term effects of drugs of abuse (Ghitza et al., 2010). Our study will thus focus on the long-

lasting alterations at excitatory synapses in the ovBST, which are thought to underlie aspects of 

drug-driven behaviors and the persistence of addiction. 
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RATIONALE 

 Drugs of abuse cause long-lasting neuroadaptations at excitatory synapses and contribute 

to the maladaptive behaviors that characterize addiction (Kauer and Malenka, 2007, Kalivas, 2009). 

The oval region of the dorsal bed nucleus of the stria terminalis is an attractive brain region to study 

drug-induced synaptic alterations due to the dense dopaminergic inputs from brain reward regions 

(Hasue and Shammah-Lagnado, 2002, Meloni et al., 2006) and its critical role in drug-driven 

behaviors, stress, and homeostasis (Epping-Jordan et al., 1998, Erb et al., 2000, Shaham et al., 

2000, Dumont et al., 2005, Dumont, 2009). Pathologically strengthened synapses in the BST have 

been linked to specific drug-driven behaviors (Dumont et al., 2005), but the mechanisms by which 

they develop and are maintained remain largely unknown. Furthermore, the role of the NMDA 

receptor and its subunits, GluN2A and GluN2B, in controlling synaptic plasticity and neuronal 

flexibility in the ovBST is unclear (MacDonald et al., 2006, Yashiro and Philpot, 2008). Identifying a 

link between dysfunctional NMDAR-mediated plasticity and the pathologically strengthened 

AMPAR-mediated transmission in the ovBST would help elucidate the mechanism by which drug-

driven behaviors develop. Additionally, by using operant control groups, a homeostatic model for 

NMDAR-mediated plasticity may be developed for reward-driven behaviors.  

HYPOTHESIS 

Deregulation of NMDAR-mediated plasticity contributes to the pathological enhancement of 

AMPAR-mediated transmission and neuronal inflexibility exhibited with cocaine self-administration 

at ovBST synapses. 
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SPECIFIC AIMS 

1.) Identify the relationship between operant behaviour for natural and drug rewards and 

potentiation at excitatory synapses in the ovBST. 

2.) Investigate the plasticity of ovBST synapses after operant training by determining the extent to 

which neurons can be electrically de-potentiated or depressed.  

3.) Examine the change in GluN2A and GluN2B subunit contribution throughout operant training to 

determine the subunits’ role in NMDAR-mediated mechanisms of plasticity. 

4.) Characterize the progressive development and prolonged effects of drug-induced impairments 

using “Acquisition” and “Protracted Withdrawal” time points, respectively.  
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CHAPTER 2 METHODS 

Animal Subjects 

 Experimentally-naïve age-matched adult male Long-Evans rats (Charles River, QC), 

weighing approximately 400g were housed individually in a climate-controlled room maintained on a 

12-hour reversed light/dark cycle (09:00 lights off – 21:00 lights on). Behavioral testing occurred 

during the active dark phase. Food pellets and water were available ad libitum. All experiments 

were completed in accordance to the Canadian Council on Animal Care (CCAC) guidelines and 

approved by the Queen’s University Animal Care Committee (UACC). 

 

Drugs 

 Cocaine HCl (Medisca Pharmaceutique, Saint Laurent, QC) was dissolved at 2.5mg/ml in 

sterile saline and the pH was adjusted to 7.4 with NaOH. Stock solution of DNQX (100mM), an 

AMPA/kainate glutamate receptor antagonist (Tocris Biosciences), was prepared in 100% DMSO. 

Picrotoxin, a GABAA receptor antagonist (Tocris Biosciences) was used to block inhibitory 

transmission. Stock solutions of Ro 04-5595 (10mM), a selective GluN2B-containing NMDAR 

antagonist, and D-AP5 (100mM), a competitive NMDAR antagonist (Tocris Biosciences) were 

prepared in double-distilled water. Every drug further dissolved in the physiological recording 

solutions at the desired concentrations (DNQX: 50µM, Picrotoxin: 100µM, Ro 04-5595: 10µM, D-

AP5: 50µM) and the final DMSO concentration never exceeded 0.1%.  

 

Surgeries 

 Rats were weighed and anesthetized with gaseous isoflurane and surgically prepared, 

including subcutaneous injections of saline (2 x 5mL) and Anafen (5mg/kg). All subjects underwent 

intravenous cannula implantation surgery for cocaine administration. The right jugular vein was 

exposed and a silastic cannula was inserted 32mm into the isolated vein, toward the right atrium. 

The cannula was secured in the vein by non-dissolvable 4-0 silk. The cannula passed 

subcutaneously toward a dorsal incision in the midscapular region where the connected port was 

secured via a hernia mesh sutured to the muscle wall using a 3-0 silk suture. The dorsal incision 
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was closed with dissolvable 3-0 silk and the neck incision was closed with dissolvable 4-0 silk. 

When the surgery was complete, all subjects were allowed to recover and were returned to the 

colony room. Subjects had a minimum of three days of recovery post-operatively, during which 

Anafen (5mg/kg) was administered subcutaneously daily.  Heparinized saline (20IU/mL) was 

administered through the catheter daily to prevent clotting and maintain patency.   

 

Behavioral Experimental Procedure 

 During each behavioral test session, rats were placed in one of six identical operant 

response test chambers (MedAssociates, St-Albans, VT). Each chamber is equipped with a 

Plexiglas front panel to permit observation, a cue light that is activated for a period of 20 seconds 

following each reward delivery, and a single operant retractable lever mounted 5cm above the floor. 

When the lever is depressed, it retracts for 20 seconds simultaneously with the illumination of the 

cue light and the delivery of one sucrose pellet (75mg) or one intravenous cocaine infusion (0.75 

mg/kg in 0.12ml sterile saline over 4 seconds). Intravenous infusions were delivered by a Razel 

infusion pump (MedAssociates) via PE50 tubing (Plastics One) shielded within a metal spring tether 

that was extended between a swivel, allowing free movement of the animal, and the intravenous 

catheter port in the midscapular region. Operant response training occurred on a fixed ratio (FR-1) 

schedule of reinforcement, whereby 1 lever press resulted in 1 reward delivery (a single cocaine 

infusion or sucrose pellet). The subject had successfully acquired the behaviour (“Acquisition”), after 

demonstrating 25 lever presses and 25 drug infusions per session over a minimum of 3 consecutive 

days in a stable, titrated manner. Upon reaching criteria for “Acquisition”, which generally took 

between 3-5 days, rats in the sucrose and cocaine groups graduated to a progressive ratio 

schedule of reinforcement (PR) in which lever pressing to obtain each subsequent reward 

exponentially increased according to the following equation: Response Ratio=5e (injection number X 0.2) - 5 

(Richardson and Roberts, 1996). PR training, known as the “Maintenance” period, was conducted 

for 15 days. Both FR and PR self-administration sessions were 4.5 hours in length and occurred 

daily.   
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Electrophysiological Experimental Procedure  

 Approximately 20h after the end of their last training session, the rats were anesthetized 

using 100% isoflurane gas and their brains were immediately extracted using ice-cold physiological 

solution containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 6 CaCl2, 1.2 NaH2PO4, 25 NaHCO3, and 

11 D-glucose at 5oC. Coronal brain slices (250 µm thickness) containing the ovBST were cut using 

a vibrating microtome in ice-cold physiological solution. Slices were incubated at 34°C for 60 min 

and transferred to a chamber that was constantly perfused (3 ml/min) with physiological solution 

(low-Mg2+ aCSF used for LTD; 1.2 MgCl2 was omitted from the ingredients) maintained at 34°C and 

equilibrated with 95%O2/5%CO2. Whole-cell voltage-clamp recordings were obtained from neurons 

in the ovBST using micropipettes filled with intracellular physiological solution containing (in mM): 

140 CH3CsO3S, 4 NaCl, 1 MgCl2, 1 EGTA, 10 HEPES, 2 MgATP, 1 P-creatine, and 0.3 GTP. 

Tungsten bipolar electrodes were placed in the stria terminalis 100-500µm dorsal to the recorded 

neurons in the ovBST in order to evoke excitatory post-synaptic currents by local fiber stimulation. 

The electrical stimuli was applied at a frequency of 0.1 Hz. Recordings were collected using 

Multiclamp 700B amplifier/software commander and digitized using a Digidata 1440-A analog/digital 

interface (Molecular Devices Scientific). Data was acquired and analyzed with Axograph X running 

on an Apple computer. Cells underwent whole-cell voltage clamp recording for 45-75 minutes total 

(depending on protocol), during which time holding current and access resistance were monitored. 

Data from cells in which the access resistance changed more than 20% over the course of the 

recording was not included in the analysis. 

 During LTD induction protocol, which was performed in low-Mg2+ aCSF, picrotoxin (100 µM) 

was added to the perfusion solution in order to pharmacologically block GABAA inhibitory currents. 

After achieving a stable EPSC baseline with 0.1Hz stimulation, the neuron was held at -50mV for 15 

minutes during the LTD induction protocol (1Hz, 900 pulses). It has been demonstrated that low-

frequency stimulation during modest depolarization of the postsynaptic cell induces LTD in the NAc 

and the hippocampus (Thomas and Malenka, 2003). After LTD induction the neuron was returned 

to -70mV holding currents and EPSCs were recorded for an additional 20-45 minutes at 0.1Hz 
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stimulation frequency. When LTD was induced in the presence of Ro 04-5595 (10 µM), the GluN2B 

antagonist was bath applied throughout the entire recording (~60min). 

 During each temporal summation protocol, DNQX (50µM) and picrotoxin (100µM) were 

added to the perfusion solution in order to pharmacologically isolate NMDAR-mediated EPSCs. 

NMDAR-mediated EPSCs were evoked at 40Hz (40pulses) with the neuron held at +40mV to 

prevent depolarization and relieve the voltage-dependent Mg2+ block. The stimulation frequency of 

40Hz was optimal for capturing a robust difference in GluN2A and GluN2B kinetics (Cull-Candy et 

al., 2001) and has been shown to also activate extrasynaptic NMDARs (Harris and Pettit, 2008). Ro 

04-5595 was applied after baseline summation values were established in order to inhibit GluN2B-

mediated component of the NMDAR currents.  The area under the evoked NMDAR-mediated 

EPSC tracing after Ro 04-5595 application was considered to be the current component mediated 

by the GluN2A subunit, and the Ro 04-5595 sensitive current component by the GluN2B subunit. 

Summation indices were measured by dividing the amplitude of the 40th EPSC of each train of 

stimuli by the amplitude of the 1st EPSC. Summation indices before and after application of Ro 04-

5595 were compared to determine the GluN2B contribution. Throughout the recordings temperature 

was maintained within physiological range at 34oC to prevent the temperature-sensitive changes in 

desensitization/resensitization of NMDARs and glutamate unbinding. Such alterations could affect 

the amplitude and time course of NMDAR-mediated currents, which subsequently disturb NMDAR-

mediated mechanism of plasticity and temporal summation values (Cais et al., 2008). 

 

Statistical Analysis 

 In total, 143 cells from approx. 60 rats were used in this study (not including data from 

appendix figures). A one-way ANOVA test was used when comparing the average LTD (from 15-25 

minutes post-induction), AMPA/NMDA ratio and percent contribution of GluN2B between groups. 

Post-hoc student t-tests were performed to explore the statistical relationship between all groups 

and Dunnet’s tests were performed to identify the significance between both operant groups and 

the control (naïve). In all experiments differences were considered statistically significant when 

*p<0.05. Data is shown as the mean +/- SEM and the ‘n’ value represents the number of neurons. 
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CHAPTER 3 RESULTS 

Sustained increase in AMPAR/NMDAR ratio with maintenance of cocaine, but not sucrose, self-

administration in ovBST neurons (Fig.1). 

 In order to characterize the relationship between reward-driven behaviour and synaptic 

plasticity we determined the changes in synaptic strength (AMPAR/NMDAR ratio) that develop 

throughout operant training. (B) Long-Evans rats learned to self-administer (S-A) either cocaine 

(i.v.) or sucrose (pellet) rewards on a fixed ratio (FR-1) schedule of reinforcement during the 

“Acquisition” phase of operant training. After the operant response was learned or “acquired”, the 

animals graduated to a progressive ratio (PR) schedule of reinforcement. Considered as the 

“Maintenance” phase of operant training, the animals responded on a reward-lean schedule of 

reinforcement for 15 days. (A) Whole-cell voltage-clamp recordings were performed in neurons from 

rat brain slices before operant training (naïve), 1 day after “Acquisition” completion and 1 day after 

“Maintenance” completion in both sucrose and cocaine S-A groups. Local fiber electrical stimulation 

reproducibly evoked excitatory postsynaptic currents (EPSCs) in ovBST neurons. (C1,2,3) AMPAR- 

and NMDAR-mediated components of the EPSCs were pharmacologically separated using NMDAR 

antagonist D-AP5 (50µM) in all groups. (D) After “Acquisition”, both sucrose and cocaine S-A 

groups exhibited significantly enhanced AMPAR/NMDAR ratios (1.93 ± 0.17; n=11 and 2.32 ± 0.33; 

n=6, respectively) compared to the naïve group (1.19 ± 0.24; n=7) (ANOVAAcquisition, F(2,21) =5.80, 

*p<0.05). (E) After “Maintenance”, the AMPAR/NMDAR ratio further increased in the cocaine S-A 

group (2.83 ± 0.35; n=11), while in the sucrose S-A group the AMPAR/NMDAR ratio declined 

slightly (1.68 ± 0.24; n=9) to be statistically insignificant compared to naïve values 

(ANOVAMaintenance, F(2,24) =8.42, *p<0.01). The average amplitudes for AMPAR- and NMDAR-

mediated currents across all groups were: Naïve: 150pA ± 20 and 136pA ± 34, Sucrose Acq: 477pA 

± 71 and 247pA ± 32, Cocaine Acq: 745pA ± 215 and 342pA ± 105, Sucrose Main: 144pA ± 22 and 

102pA ± 21,Cocaine Main: 330pA ± 29 and 128pA ± 16 (avg. ± s.e.m. for AMPAR and NMDAR 

amplitudes, respectively). Here we demonstrated that acquisition of a new operant behaviour 

potentiated ovBST excitatory synapses. Additionally, when the behavior became habitual or was 
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maintained for 15 days, cocaine rewards caused further potentiation of the synapses but sucrose 

rewards caused a return to naïve-like synaptic strength. 

Maintenance of cocaine self-administration impairs NMDAR-mediated LTD (Fig. 2).   

 Having established that chronic cocaine S-A, but not chronic sucrose S-A, caused a 

progressive increase in synaptic strength, we determined whether the synapses could be 

electrically weakened or de-potentiated using an LTD protocol. (A1,2,3) Pooled data from naïve, 

sucrose “Maintenance” and cocaine “Maintenance” groups demonstrated similarity in responses of 

ovBST neurons in each group after the NMDAR-mediated LTD induction protocol. (B) The LTD 

protocol successfully induced a sustained EPSC depression in naïve and sucrose “Maintenance” 

groups (55 ± 8%; n=5, and 51 ± 5.1%; n=6, respectively), but was unable to elicit EPSC depression 

in cocaine “Maintenance” groups (94 ± 7.6%, n=5)(ANOVA, F(2,14) =15.33, *p<0.001). Average LTD 

values reflect the average percent change from baseline EPSC between 40-50min. This time point 

was used because after 40 minutes (15 minutes post-induction) amplitudes from all cells had 

stabilized (less than 10% variation) and after 50 minutes series resistance in cells from some 

groups started to fluctuate and further recordings had to be omitted. LTD was NMDAR-mediated 

because application of NMDAR antagonist (D-AP5 50µM) completely abolished LTD in naïve rats 

(92 ± 10%; n=2; see Materials and Methods and Fig.4A) Thus, these findings suggest a decrease in 

neuronal flexibility from drug intake whereby rats engaged in chronic cocaine S-A, but not chronic 

sucrose S-A, exhibit pathologically potentiated synapses unresponsive to depotentiation by 

NMDAR-mediated mechanisms for depression.   

Operant training for cocaine, but not sucrose, exhibits resilient GluN2B-containing NMDAR 

contribution (Fig.3).  

 NMDAR-mediated plasticity underlies many learning processes and is instrumental in 

understanding voluntary reward-driven behaviour. Therefore, we sought to investigate the 

dysfunctional NMDAR-mediated depression exhibited with chronic cocaine S-A by determining the 

relative contribution of GluN2A and GluN2B subunits, which change the kinetics of the NMDAR and 
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influence bidirectional plasticity. (A, B1,2,3) We pharmacologically isolated and temporally 

summated NMDAR-mediated EPSCs (40pulses, 40Hz) at +40mV and, using a selective GluN2B 

antagonist, Ro 04-5595 (10µM), determined the changes in GluN2B contribution throughout operant 

training. (C,D) GluN2B contribution to NMDAR-mediated currents did not differ significantly from 

naïve values (18.2 ± 4.0%; n=11) in sucrose and cocaine S-A groups after “Acquisition” (13.0 ± 

5.9%; n=8 and 12.5 ± 8.9%; n=6, respectively). After “Maintenance”, GluN2B-contribution to 

NMDAR summation decreased significantly with sucrose S-A, but was retained with “Maintenance” 

of cocaine S-A (5.0 ± 4.1%; n=10 and 18.5 ± 4.9%; n=9, respectively; ANOVA, F(2,26) = 3.93, 

*p<0.05). These findings suggest there is a loss of GluN2B contribution to NMDAR-mediated 

currents with chronic S-A of a natural reward, but the GluN2B contribution is retained with chronic 

cocaine S-A. Taken altogether, we see that GluN2B-containing NMDARs accompany the initial 

potentiation exhibited with new reward-based learning, but with natural rewards a loss in GluN2Bs 

accompany the depotentiation exhibited with chronic or habitual operant behaviour. Conversely, 

with drug rewards, GluN2Bs are retained and accompany a further potentiation exhibited with the 

maintenance of operant behaviour. 

GluN2B blockade rescues impaired LTD in cocaine self-administering rats (Fig. 4).  

 To determine if the resilient GluN2B-containing NMDARs underlie the dysfunctional 

NMDAR-mediated LTD, we performed an LTD protocol in the presence of the specific GluN2B 

antagonist Ro 04-5595 (10µM).  (A,B) In both naïve and sucrose “Maintenance” groups, GluN2B 

blockade did not significantly change the magnitude of EPSC depression compared to vehicle (54 ± 

5.2%; n=6 and 58 ± 8.4%; n= 4, respectively). (C) Bath application of Ro 04-5595 (10µM) rescued 

NMDAR-mediated LTD in the cocaine “Maintenance” group (48 ± 7.2%; n=5) and caused an EPSC 

depression not significantly different from the LTD exhibited in naïve and sucrose “Maintenance” 

groups (55 ± 8%; n=5, and 51 ± 5.1%; n= 6, respectively). These results suggest a model for 

NMDAR-mediated bidirectional plasticity associated reward-driven behaviour for natural and drug 

rewards. Chronic cocaine S-A disrupts the homeostatic mechanism for natural rewards by retaining 

GluN2B-containing NMDARs thus keeping the synapses in a potentiated state. The homeostatic 
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mechanism exhibited with chronic sucrose S-A, however, involves a loss of GluN2B subunits and a 

depotentiation of AMPAR-mediated transmission.   

Drug-induced impairments in plasticity require extended withdrawal periods before normalizing to 

naïve-like values (Fig. 5).  

 In order to determine the long-lasting effects of drug-induced impairments we characterized 

the AMPAR/NMDAR ratio and GluN2B contribution long after operant training had ceased. (A) 

Known as a “Protracted Withdrawal” period, animals were returned to their home cages for 30 days 

after completion of the “Maintenance” phase of operant training. Whole-cell voltage clamp 

recordings were performed on the day after the “Protracted Withdrawal” period had been 

completed. (E) The GluN2B contribution in sucrose withdrawal groups had increased (9.2 ± 3.2%; 

n=9) to be non-significantly different from naïve values (18.2 ± 4.0%; n=11).  In cocaine withdrawal 

groups, however, the resilient GluN2B contribution had diminished to zero (0.0% ± 8.6%; n=5) 

which was significantly lower than naïve values (ANOVA, F(2,21) = 3.85, *p<0.05). (C) The 

AMPAR/NMDAR ratio, however, remained significantly elevated in cocaine withdrawal groups (2.6 

± 0.5; n=4) compared to naïve and sucrose withdrawal groups (1.43 ± 0.2; n=5) ratios (ANOVA, 

F(2,15) =6.41, *p<0.01). (C: inset) Data obtained from preliminary experiments examining the 

AMPAR/NMDAR ratio from an extended withdrawal period (doubling the withdrawal period from 30 

days to 60 days) suggest a return to naïve-like synaptic strength in cocaine withdrawal groups. The 

average amplitudes for AMPAR- and NMDAR-mediated currents across all groups were: Naïve: 

150pA ± 20 and 136pA ± 34, Sucrose Withdrawal: 247pA ± 44 and 179pA ± 45, Cocaine 

Withdrawal: 247pA ± 81 and 93pA ± 21, Cocaine Ext. Withdrawal: 270pA ± 3 and 160pA ± 26 (avg. 

± s.e.m. for AMPAR and NMDAR amplitudes, respectively). These results propose that, not only do 

drug-induced changes resist drug-free periods, but also a loss of GluN2B-containing NMDARs may 

precede the decrease in AMPAR/NMDAR ratios. 
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FIGURES 

Figure 1: 
Sustained increase 
in AMPA/NMDA 
ratio with 
maintenance of 
cocaine, but not 
sucrose, self-
administration in 
ovBST neurons.  

(A) Schematic 
demonstrating 

placement of bipolar 
stimulators dorsal to 
ovBST and 
recording electrode 
(in red). (B) Timeline 
for operant training 
and patch-clamp 
recordings. Animals 
learn self-

administration 
behaviour 

(“Acquisition”) on a 
fixed-ratio schedule 
of reinforcement 
(FR-1) and maintain 
it (“Maintenance”) on 
a progressive-ratio 
schedule. (C.1,2,3) 

Representative 
traces showing 
AMPAR- and 

NMDAR-mediated 
components of 
electrically evoked 
EPSC recordings in 
naïve rats and 
across all operant 
conditions. AMPAR 
EPSCs were 

isolated 
pharmacologically 

via the NMDAR 
antagonist D-AP5 (50µM). (D) Histogram showing a significantly increased AMPAR/NMDAR ratio 
(average ± s.e.m.) after “Acquisition” phase of either cocaine or sucrose self-administration 
compared to naïve conditions (ANOVA, F(2,21) =5.80, *p<0.05). (E) Histogram showing a significantly 
increased AMPAR/NMDAR ratio with “Maintenance” of cocaine self-administration, but not sucrose, 
compared to naïve (ANOVA, F(2,24) =8.42, *p<0.01). Other than the naïve group, at least 2 cells 
were obtained from every rat contributing to the data. Number of neurons/rats indicated within each 
bar.  

Modified from Paxinos and Watson, 2005 
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Figure 2: Maintenance of cocaine self-administration impairs NMDAR-mediated LTD. (A.1,2,3) 
Naïve and sucrose “Maintenance” groups, but not cocaine “Maintenance” group, demonstrate 
robust LTD when neurons are slightly depolarized (-50mv) and electrically stimulated for 900 pulses 
at 1Hz. Graphs show pooled data from all cells in each treatment averaged in 1 minute bins at 6 
events/min. (B.1) Dot graph displaying average percentage change in EPSC in each group after 
LTD induction (each data point represents an average from all cells in 1 minute bins for a particular 
group). LTD is robust in the naïve and sucrose groups, but impaired in the cocaine group. 
Histogram showing percent change in EPSC compared to baseline in each treatment (data from 
neurons pooled and averaged between 40-50min. ± s.e.m.). Cocaine “Maintenance” group is 
significantly different from both naïve and sucrose “Maintenance” groups (ANOVA, F(2,14) =15.33, 
*p<0.001). Number of neurons/rats indicated within each bar. (B.2) Representative traces of EPSCs 
before (5-10min) and after (45min) LTD induction in naive, sucrose “Maintenance” and cocaine 
“Maintenance” groups.  
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Figure 3: Operant training for cocaine, but not sucrose, exhibits resilient GluN2B-containing 
NMDAR contribution. (A) Schematic for measuring and analyzing the relative GluN2B contribution 
by temporally summating NMDAR currents with and without the presence of GluN2B antagonist Ro 
04-5595 (10µM). (B.1,2,3) Representative traces showing summated NMDAR currents (40pulses, 
40Hz) with and without application of Ro 04-5595 (10µM) across all operant conditions 
(“Acquisition” and “Maintenance” tracing with and without Ro 04-5595 are combined for each 
treatment). The first EPSC in the train has been normalized in each tracing. Naïve + Ro 04-5595 
tracing shows magnified views of the first and last amplitudes where measurements for determining 
summation index are taken. (C,D) Histograms showing the percent change in summation index of 
NMDAR currents summated at 40Hz (40pulses) with application of Ro 04-5595 (10µM) after 
“Acquisition” and after “Maintenance”. GluN2B contribution to NMDAR summation decreased 
significantly throughout operant training for sucrose, but was retained with “Maintenance” of cocaine 
self-administration (ANOVA, F(2,26) = 3.93, *p<0.05). At least 2 cells were obtained from every rat 
contributing to the data. 
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Figure 4: GluN2B 
blockade rescues 
impaired LTD in 
cocaine self-
administering rats.  

(A,B,C) Graphs 
showing LTD is 
blocked in naïve 
rats with bath 
application of NMDA 
antagonist, D-AP5 
(50µM), but not with 
bath application of 
GluN2B antagonist, 
Ro 04-5595 (10µM). 
Ro 04-5595 
application showed 
no significant 
difference in LTD in 
naïve and sucrose 

“Maintenance” 
groups compared to 
vehicle, but did 
cause significant 
LTD in cocaine self-
administering rats 
(*p<0.0001). LTD 
was successfully 
blocked in naïve 
rats with application 
of NMDAR 
antagonist, D-AP5 
(50µM) (ANOVA, 
F(6,24) =30.22, 
*p<0.01). Data was 
grouped by 
treatment (e.g. 
naïve + D-AP5, 
Sucrose + vehicle, 
etc.) and analyzed 
together, comparing 
all 7 groups (The p 
values reflect the 
relative significant 
difference between 
the groups 
represented by the 

histogram). 
Histograms indicate percent change in baseline EPSC with application of vehicle, Ro 04-5595 and 
D-AP5 (naïve group only) (drugs applied throughout entire recording). Number of neurons/rats 
indicated within each bar. Representative traces of EPSCs before (5-10min) and after (45min) LTD 
induction for all groups and treatments displayed to the right of their respective graphs. 
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Figure 5: Drug-induced impairments in plasticity require extended withdrawal periods before 
normalizing to naïve-like values. (A) Extended timeline of operant training schedule including 30-
day “Protracted Withdrawal” period. (B) Representative traces of both AMPAR- and NMDAR-
mediated components of EPSCs in ovBST neurons in rats 30 days following operant training for 
cocaine or sucrose rewards (completed “Acquisition” and “Maintenance” phases) compared to 
naïve rats. (C) Histogram showing a significantly increased AMPAR/NMDAR ratio (average ± 
s.e.m.) after the 30-day withdrawal from cocaine self-administration compared to naïve conditions 
and withdrawal from sucrose self-administration (ANOVA, F(2,15) =6.41, *p<0.01) Inset displays 
preliminary data showing non-significant difference between the AMPAR/NMDAR ratios for naïve 
rats and cocaine rats after an extended withdrawal period (60 days of protracted withdrawal). (D) 
Representative traces showing summated NMDAR currents (40pulses, 40Hz) with and without 
application of Ro 04-5595 (10µM) comparing both 30-day withdrawal conditions to naive. The first 
EPSC in the train has been normalized in each tracing. (E) Histograms showing the percent change 
in summation index of NMDAR currents summated at 40Hz (40pulses) with application of Ro 04-
5595 (10µM). GluN2B contribution to NMDAR summation was not significantly different from the 
naïve group after withdrawal from sucrose self-administration (increased from sucrose 
“Maintenance”), but was significantly reduced after withdrawal from cocaine self-administration 
(reduced from cocaine “Maintenance”) (ANOVA, F(2,21) = 3.85, *p<0.05). Other than the Naïve 
group, at least 2 cells were obtained from every rat contributing to the data. 
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Figure 6: Hypothetical homeostatic model of NMDAR-mediated plasticity in reward-driven 
behaviors is impaired with cocaine self-administration. This study suggests that synaptic 
GluN2B-containing NMDARs accompany the increase in glutamatergic strength (increased 
AMPAR-mediated transmission) that occurs with learning a new operant behaviour. After the 
operant behaviour is learned and the response is maintained, there is a shift in the plasticity of 
synapses in the ovBST. In the homeostatic condition, the operant behaviour for natural rewards, 
there is a loss or silencing of GluN2B-containing NMDARs and a de-potentiation (LTD) of 
glutamatergic strength. In the dysfunctional condition, the operant behaviour for cocaine rewards, 
the mechanism whereby GluN2B-containing NMDARs are silenced and the synapses are 
depotentiated is impaired. The apparent loss of synaptic GluN2B-containing NMDARs and the 
generation of GluN2B subunits perisynaptically or extrasynaptically impairs LTD and may contribute 
to the maintenance of the pathologically potentiated (LTP) synapses.  
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CHAPTER 4 DISCUSSION 

 Our results demonstrate that chronic self-administration of natural rewards cause a loss of 

GluN2B-containing NMDARs -- a process that is impaired with cocaine self-administration. The 

resilient GluN2B subunits contribute to the impairment in NMDAR-mediated LTD exhibited at ovBST 

synapses that have undergone experience-dependent increases in glutamatergic strength. These 

observations suggest that the relative amounts of GluN2A- and GluN2B-containing NMDARs 

control the flexibility of synapses in both homeostatic and pathological mechanisms underlying 

reward-driven behaviour. 

 In addressing our first specific aim, we established that cocaine S-A caused a progressive 

and robust increase in glutamatergic strength (increased AMPAR/NMDAR ratio) throughout operant 

training, which remained elevated after a 30-day withdrawal period. These results extended 

previous findings performed in the vlBST (Dumont et al., 2005) by not only implicating the oval 

region of the BST, but also adding two other time points throughout the course of operant training: 

“Acquisition” and “Protracted Withdrawal”. The strengthened AMPAR-mediated responses in the 

ovBST, which only occurred with the voluntary or contingent consumption of rewarding substances, 

serve as a neural correlate for certain motivational aspects of operant behaviour. Indeed, by 

injecting an AMPAR antagonist (2.5µg) directly into the ovBST, we were able to reduce the amount 

of responding and the rewards received by rats self-administering sucrose and cocaine rewards on 

a progressive ratio schedule of reinforcement (Appendix Fig.1). These results implicate AMPAR-

mediated transmission as an important neural correlate in the motivational response to procure 

rewarding substances, which is a significant characteristic of drug addiction. 

 The “Acquisition” time point was particularly useful in examining changes that occur with 

operant training for natural rewards (sucrose S-A). In this study, sucrose S-A rats exhibited a 

significant increase in glutamatergic strength with “Acquisition” that declined throughout 

“Maintenance” and “Withdrawal”. These results suggest that learning or acquiring a new operant 

behaviour caused an increase in the AMPAR/NMDAR ratio, however when the behaviour became 

habitual or repetitive (as it does during the “Maintenance” phase), cellular mechanisms decreased 

the AMPAR-mediated responses to more naïve values- returning flexibility to the synapses. This 
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homeostatic trend in maintaining flexibility is also exhibited in limbic subcircuits with other operant 

learning paradigms (Barnes et al., 2005, Yin and Knowlton, 2006). Conversely, this observation 

contrasts with previous work in the VTA that demonstrated the AMPAR/NMDAR ratios in sucrose S-

A rats remained elevated after at least two weeks of operant training and decreased only after 21 

days of withdrawal (Chen et al., 2008). This discrepancy may be attributed to the different brain 

region we study, the fact that we administered half as many sucrose pellets per session, or that we 

changed our operant paradigms from reward-rich to reward-lean after the “Acquisition” phase.  

Despite these differences, our findings designate the AMPAR/NMDAR ratio as a key indicator of 

cellular and molecular changes between operant behaviour for natural rewards and for drug 

rewards. Furthermore, we suggest a homeostatic and pathological model for changes in 

glutamatergic strength that occur with acquiring a new operant behaviour and maintaining it.  

 Given the strengthened AMPAR-mediated response in cocaine S-A groups and the role of 

AMPAR antagonists in reducing cocaine S-A on a progressive ratio schedule, the second specific 

aim was to artificially and electrically depotentiate these synapses and thus return flexibility to the 

neurons. Our AMPAR/NMDAR ratios suggest that the depotentiation process occurred naturally in 

the operant controls (sucrose S-A), but was impaired in cocaine groups. By using an NMDAR-

mediated LTD protocol in naïve, sucrose S-A and cocaine S-A groups, we were able to successfully 

and significantly induce LTD in both naïve and sucrose groups. Cocaine groups, however, showed 

no depotentiation or depression of the EPSC. Although similar methods of low frequency 

stimulation (pairing stimulation at 1Hz for 15min) are able to induce mGluR-mediated LTD, 

independent of NMDAR activation, (Kemp and Bashir, 1999, Huber et al., 2000), application of the 

NMDAR antagonist AP-5 (50µM) completely blocked LTD in our naïve rats. 

 Models of plasticity, such as the Bienenstock Cooper Munro (BCM) model, suggest that 

developmental, activity and experience-dependent increases in postsynaptic activity may shift the 

sinusoidal balance between LTD and LTP (Bienenstock et al., 1982)(Appendix Fig. 2). We 

hypothesized that because the synapses in our cocaine S-A groups were already potentiated (and 

would be right-shifted in the BCM model), it would be more difficult to induce further potentiation 

compared to naive rats (which are not potentiated). According to convention, an increase in 
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AMPAR/NMDAR ratio would predict reduced LTP and enhanced LTD, because already-potentiated 

synapses should have a greater dynamic range towards de-potentiation (Kalivas, 2009). Although 

reduction or loss of LTP is consistent with occlusion, due to an already potentiated synapse (high 

AMPAR/NMDAR ratio or right shifted on the BCM curve), loss of LTD is more difficult to account for. 

This observation has been noted in studies that demonstrate an occlusion or impairment in 

NMDAR- or mGluR-mediated LTD in the BST and other brain reward regions with drugs of abuse 

(Martin et al., 2006, Grueter et al., 2006). Determining the flexibility or plasticity of neurons in brain 

regions affected by drugs of abuse, especially the BST (which has an important role in maintaining 

homeostasis), is essential in understanding the mechanisms underlying the resilience of addictive 

behaviour. It should be noted that in the BST, LTD had only successfully been induced using field 

potential recordings (Grueter et al., 2006) and our study is the first to induce LTD using whole-cell 

voltage-clamp methods.  

 At this point, our results indicate that chronic and voluntarily consumption of cocaine causes 

pathologically potentiated ovBST synapses that are resistant to de-potentiation by NMDAR-

mediated mechanisms. These synapses are inflexible and represent important neural correlates for 

the persistence and resilience of many drug-driven behaviors. Given the important role of NMDARs 

in synaptic modification and the influence of the GluN2A and GluN2B subunits in controlling 

bidirectional plasticity, our third specific aim sought out the relative contribution of each subunit 

throughout operant training. Using a 40Hz temporal summation protocol (40pulses at +40mV 

holding current), we summated NMDAR currents (which had been isolated pharmacologically) with 

and without the presence of GluN2B antagonist, Ro 04-5595 (10µM). Ro 04-5595 was selected 

over another popular GluN2B antagonist, ifenprodil, to avoid ifenprodil’s additional actions as an 

alpha-1 adrenergic receptor and sigma receptor antagonist (Karbon et al., 1990, Shalaby et al., 

1992). Furthermore, recordings were performed at +40mV instead of -70mV to relieve the voltage-

dependent NMDAR Mg2+ block and avoid neuron depolarization with summation. Indeed, it had 

been shown that experience-dependent changes in temporal summation are not significantly 

different when recorded at depolarized voltages (+40mV) or hyperpolarized voltages (-70mV) 

(Yashiro et al., 2005).  
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 We discovered that in our operant controls (sucrose S-A) there is a loss of GluN2B-

containing NMDARs compared to naïve rats. Conversely, GluN2B-containing NMDARs were 

maintained in chronic cocaine self-administering rats (albeit, some rearrangement does appear to 

occur throughout operant training). When we add these observations to our model of homeostatic 

and dysfunctional plasticity that is associated with reward-based learning (Figure 6), we see that a 

loss of GluN2B subunits accompanies a decrease in glutamatergic strength with natural rewards. 

Similarly, retaining GluN2B subunits accompanies an increase in glutamatergic strength with drug 

rewards.  

 In order to substantiate this model of homeostatic and dysfunctional plasticity, we 

investigated whether artificially blocking the resilient GluN2B-containing NMDARs would return 

flexibility to the cocaine-potentiated synapses in the ovBST. Indeed, in the presence of GluN2B 

antagonist Ro 04-5595 (10µM), we were able to rescue the impaired NMDAR-mediated LTD 

exhibited with “Maintenance” of cocaine self-administration. The EPSC depression matched that of 

naïve rats and the sucrose S-A group. This observation suggests that the resilient GluN2B subunits 

had reduced the flexibility of the synapses and kept them in a potentiated state. Furthermore, 

application of Ro 04-5595 (10µM) during the LTD recordings in naïve and sucrose S-A groups 

showed similar EPSC depression as seen with the vehicle. Observations in the hippocampus 

corroborate these results by demonstrating that although GluN2B antagonists may reduce NMDAR-

mediated synaptic currents, they are unable to prevent the induction of LTD (Morishita et al., 2007). 

The relative role GluN2A or GluN2B play in governing the direction of synaptic plasticity (favoring 

potentiation or depression) is widely debating and there are conflicting interpretations from different 

brain regions (MacDonald et al., 2006). In the ovBST, however, these results suggest that a high 

GluN2A/GluN2B ratio promotes depression and a low GluN2A/GluN2B ratio promotes potentiation.  

 The existence of resilient GluN2B-containing NMDARs in cocaine S-A groups pose a 

number of questions considering that they are only “visible” at high stimulation frequencies. At 

0.1Hz (holding at -70mV), Ro 04-5595 (10µM) had no effect on NMDAR amplitude in cocaine 

groups (Appendix Fig. 3), but at 40Hz, Ro 04-5595 (10µM) reduced NMDAR summation by 18.5%. 

Additionally, in naïve rats, Ro 04-5595 (10µM) had similar reductions in NMDAR amplitude at 0.1Hz  
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(-23.2%; holding at -70mV) (Appendix Fig. 3) and in summation index at 40Hz (-18.2%). High-

frequency stimulation may result in glutamate spillover and potentially induce activation of 

perisynaptic and extrasynaptic NMDARs that are not activated by a single pulse (Scimemi et al., 

2004). Observations from studies in the hippocampus also show that extra-synaptic GluN2B-

containing NMDARS are activated only upon burst stimulation (Kopp et al., 2007) at frequencies 

greater than 25Hz with peak activity at 175Hz (Harris and Pettit, 2008). Although the existence of 

perisynaptic and extrasynaptic NR2B-containing NMDARs in our naïve rats remains unclear, the 

effect of Ro 04-5595 (10µM) at 0.1Hz suggest the existence of GluN2B subunits at synaptic sites. 

Furthermore, in cocaine S-A groups, because Ro 04-5595 had a significant effect at 40Hz but no 

effect at 0.1Hz, we propose that GluN2B-containing NMDARs have been removed from synaptic 

sites and moved or generated at perisynaptic or extrasynaptic locations. In agreement with this 

hypothesis we know that the mobility of GluN1-GluN2B receptors is greater than that of GluN1-

GluN2A receptors (Groc et al., 2006) and that, in adult cortex, GluN2B-containing NMDARs may be 

preferentially targeted to extrasynaptic sites (Stocca and Vicini, 1998, Rumbaugh and Vicini, 1999, 

Tovar and Westbrook, 1999). If chronic cocaine self-administration causes a rearrangement of 

GluN2B subunits from synaptic to extrasynaptic sites, this mechanism may contribute to 

maintaining glutamatergic synapses in a pathologically strengthened state (Figure 6). Recently, in 

the BST, it was shown that chronic ethanol exposure enhances LTP via paradoxical extrasynaptic 

NMDAR involvement and that deletion of the GluN2B-subunit using knock-out mice models 

eliminated LTP altogether (Wills et al., 2012).  

 Conflicting observations slightly distort our homeostatic and pathological models of 

NMDAR-mediated plasticity governing reward-driven behaviors in ovBST neurons. Following 

glutamate release, GluN2A-containing NMDARs tend to open and close earlier than GluN2B-

containing NMDARs, which result in faster rise times and decay times (Chen et al., 1999, Erreger et 

al., 2005).  After analyzing the NMDAR current kinetics, we found decreased decay times in 

NMDAR currents after operant training for both sucrose and cocaine rewards, which suggests a 

loss of synaptic GluN2Bs (Appendix Fig. 4A). This observation supports the homeostatic model, 

whereby synaptic GluN2Bs are lost or silenced when operant behaviour is maintained and the 
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synapses become depotentiated. Furthermore, the observation supports the pathological model by 

suggesting chronic cocaine S-A may cause a redistribution of GluN2B-containing NMDARs from 

synaptic sites to perisynaptic or extrasynaptic sites, which keep the neuron potentiated. Conversely, 

when neurons were voltage clamped at +40mV and stimulated at 0.1Hz, GluN2B antagonist Ro 04-

5595 (µM) had equal efficacy at reducing NMDAR-mediated currents (Appendix Fig.4B,C) and 

showed no differences in decay time (Appendix Fig.4D) in all treatments. These observations are 

problematic for our two models because they suggest that not only are there relatively equal 

amount of synaptic GluN2Bs in all treatments, but Ro 04-5595 (µM) is not actually acting selectively 

on GluN2Bs. Indeed, smaller GluN2B antagonist concentrations may enhance subunit selectivity 

(Bellone and Nicoll, 2007) and future experiments will examine the effect of Ro 04-5595 and 

ifenprodil (to substantiate results) at lower concentrations, both at +40mV and -70mV holding 

voltages, to elucidate the selectivity for GluN2B. Additionally, examining spontaneous NMDAR-

mediated EPSCs (Milnerwood et al., 2010) or using minimal stimulation protocols (Huang et al., 

2009) are required to reveal the synaptic or extrasynaptic location of the GluN2B-containing 

NMDARs. 

 In summary, our study suggests that synaptic GluN2B-containing NMDARs accompany the 

increase in glutamatergic strength (increased AMPAR-mediated transmission) that occurs with 

acquiring or learning a new operant behaviour and that this increase in glutamatergic strength 

reflects certain motivational aspects of reward-driven behaviour. After the operant behaviour is 

learned and when it becomes habitual or is maintained, there is a shift in the plasticity of synapses 

in the ovBST. In the homeostatic condition, the operant behaviour for natural rewards, there is a 

loss or silencing of GluN2B-containing NMDARs and a de-potentiation of glutamatergic strength. In 

the dysfunctional or pathological condition, the operant behaviour for drug rewards, the mechanism 

whereby GluN2B-containing NMDARs are silenced and the synapses are depotentiated is impaired. 

The apparent loss of synaptic GluN2B-containing NMDARs and the generation of GluN2B subunits 

perisynaptically or extrasynaptically impairs NMDA-mediated LTD and may contribute to the 

maintenance of the pathologically potentiated synapses. The dysfunctional state that is associated 

with cocaine self-administration is resistive to the withdrawal period and only after 30 days do 
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synapses start to loss their GluN2B contribution. Even longer withdrawal periods may be required to 

depotentiate the synapses and return flexibility. This neuronal inflexibility may impair further 

learning and contribute to the reduced behavioral flexibility observed in addicts. Ultimately, this 

study demonstrates a potential cellular mechanism that may underlie the motivation for drug-

seeking and the inability to stop taking drugs that are hallmark features of addiction. 
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Appendix Figure 1: Intra-BST microinjection of AMPAR antagonist DNQX reduced 
responding for cocaine and sucrose rewards. (A1,2) Graph demonstrating number of lever 
presses versus time spent in operant chamber responding for sucrose (A1) and cocaine (A2) 
rewards. Intra-BST application of DNQX (2.5µg) just before an operant training session significantly 
reduced the amount of lever presses in both sucrose and cocaine self-administering rats compared 
to vehicle. (A3) Histogram demonstrating a dose-dependent decrease in operant responding for 
rewards with application of DNQX. The “final ratio” is the difference in lever presses to reach the 
last reward of the session from the previous reward delivery. Change in final ratio pressing is the 
final ratio during operant training with intra-BST application of DNQX divided by the averaged final 
ratios of the 3 consecutive days preceding.  
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Appendix Figure 2: Bienenstock-Cooper-Munro (BCM) Model. A schematic based on the BCM 
model demonstrating that the ability of presynaptic activity to induce synaptic plasticity is a 
nonlinear function of postsynaptic activity. The x-axis is the modification threshold and serves as 
the crossover point between LTD and LTP. The modification threshold dynamically varies based on 
time-averaged post-synaptic cell firing (Ireland and Abraham, 2009). In this schematic, sufficient 
prior post-synaptic activity or experience (operant training or drug taking) drives the modification 
threshold to the right, changing the function from the grey area to the red area. 
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Appendix Figure 3: GluN2B antagonist Ro 04-5595 reduces NMDAR-mediated current in 
naïve rats, but not cocaine self-administering rats, at -70mV. (A) Whole-cell NMDAR EPSCs in 
ovBST neurons of Control (top) and Cocaine (bottom) rats before drug application (left) and after a 
10-min bath application of the selective GluN2B antagonist Ro 04-5595 (10µM) (right). (B) 
Histogram showing effect of Ro 04-5595 (10µM) (left) and of the competitive NMDAR antagonist   
D-AP5 (50µM) on evoked NMDAR EPSCs in ovBST neurons from Control and Cocaine rats 
(*p<0.001, single sample mean t-tests). Number of neurons/rats indicated above each bar. 
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Appendix Figure 4: At +40mV holding voltage, NMDAR current decay times are reduced with 
operant training, while Ro 04-5595 appears equally effective and non-selective in all 
treatments. (A1) Representative traces comparing the NMDAR EPSC decay kinetics of Control 
(light grey), Sucrose (dark grey) and Cocaine (red) groups. (A2) Bar chart summarizing the decay 
time of the three groups of rats (Control: 0.8s, n=14; Sucrose: 0.5s, n=12; Cocaine: 0.5s, n=9; one-
way ANOVA, F ratio= 6.40, p=0.0046*). (B1,2,3) Representative traces showing the effect of Ro 04-
5595 (blue trace) on NMDAR-mediated currents in Control, Sucrose and Cocaine groups. (C,D) Bar 
charts summarizing the effect of Ro 04-5595 (10µM) on NMDAR EPSC amplitude and decay time. 
No significant differences between groups was found (Amplitude: ANOVA, F ratio=0.42, p=0.6631; 
Decay Time: ANOVA, F ratio=6.82, p=0.8098). 
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