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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 AMPARmediated 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 wholecell 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 selfadminister 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 lowfrequency 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).

	
  

5	
  

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 Ca

2+

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 GluN2Acontaining 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 Ca

2+

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 longlasting 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 drugdriven 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.

	
  

9	
  

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, DAP5: 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
o

11 D-glucose at 5 C. 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-Mg

2+

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-Mg

2+

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 lowfrequency 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 Mg

2+

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 GluN2Bmediated 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 045595 were compared to determine the GluN2B contribution. Throughout the recordings temperature
o

was maintained within physiological range at 34 C 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 NMDARmediated 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, selfadministration 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) AMPARand 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 NMDARmediated 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,
selfadministration in
ovBST neurons.
(A)

Schematic
demonstrating
placement of bipolar
stimulators dorsal to
Modified from Paxinos and Watson, 2005
ovBST
and
recording electrode
(in red). (B) Timeline
for operant training
and
patch-clamp
recordings. Animals
learn
selfadministration
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
AMPARand
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.
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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 5: Drug-induced impairments in plasticity require extended withdrawal periods before
normalizing to naïve-like values. (A) Extended timeline of operant training schedule including 30day “Protracted Withdrawal” period. (B) Representative traces of both AMPAR- and NMDARmediated 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 045595 (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 AMPARmediated 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 SA 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 NMDARmediated 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 NMDARmediated 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 voltagedependent NMDAR Mg

2+

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 GluN2Bcontaining 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 NMDARmediated 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%). Highfrequency 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 GluN2Bcontaining 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 GluN1GluN2A 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 GluN2Bcontaining 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 045595 (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 NMDARmediated 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 drugseeking and the inability to stop taking drugs that are hallmark features of addiction.

	
  

31	
  

REFERENCES
Abraham WC (2008) Metaplasticity: tuning synapses and networks for plasticity. Nat Rev Neurosci
9:387.
Abraham WC, Bear MF (1996) Metaplasticity: the plasticity of synaptic plasticity. Trends Neurosci
19:126-130.
Association AP (2000) Diagnostic and Statistical Manual of Mental Disorders. Washington, D.C.:
American Psychiatry Association.
Badiani A, Robinson TE (2004) Drug-induced neurobehavioral plasticity: the role of environmental
context. Behav Pharmacol 15:327-339.
Barnes TD, Kubota Y, Hu D, Jin DZ, Graybiel AM (2005) Activity of striatal neurons reflects dynamic
encoding and recoding of procedural memories. Nature 437:1158-1161.
Barria A, Malinow R (2005) NMDA receptor subunit composition controls synaptic plasticity by
regulating binding to CaMKII. Neuron 48:289-301.
Bartlett TE, Bannister NJ, Collett VJ, Dargan SL, Massey PV, Bortolotto ZA, Fitzjohn SM, Bashir ZI,
Collingridge GL, Lodge D (2007) Differential roles of NR2A and NR2B-containing NMDA
receptors in LTP and LTD in the CA1 region of two-week old rat hippocampus.
Neuropharmacology 52:60-70.
Bellone C, Nicoll RA (2007) Rapid bidirectional switching of synaptic NMDA receptors. Neuron
55:779-785.
Berke JD, Hyman SE (2000) Addiction, dopamine, and the molecular mechanisms of memory.
Neuron 25:515-532.
Berridge KC, Robinson TE (1998) What is the role of dopamine in reward: hedonic impact, reward
learning, or incentive salience? Brain Res Brain Res Rev 28:309-369.
Bienenstock EL, Cooper LN, Munro PW (1982) Theory for the development of neuron selectivity:
orientation specificity and binocular interaction in visual cortex. J Neurosci 2:32-48.
Caille S, Guillem K, Cador M, Manzoni O, Georges F (2009) Voluntary nicotine consumption
triggers in vivo potentiation of cortical excitatory drives to midbrain dopaminergic neurons. J
Neurosci 29:10410-10415.

	
  

32	
  

Cais O, Sedlacek M, Horak M, Dittert I, Vyklicky L, Jr. (2008) Temperature dependence of
NR1/NR2B NMDA receptor channels. Neuroscience 151:428-438.
Carr GD, White NM (1986) Anatomical disassociation of amphetamine's rewarding and aversive
effects: an intracranial microinjection study. Psychopharmacology (Berl) 89:340-346.
Chen BT, Bowers MS, Martin M, Hopf FW, Guillory AM, Carelli RM, Chou JK, Bonci A (2008)
Cocaine but not natural reward self-administration nor passive cocaine infusion produces
persistent LTP in the VTA. Neuron 59:288-297.
Chen L, Bohanick JD, Nishihara M, Seamans JK, Yang CR (2007) Dopamine D1/5 receptormediated long-term potentiation of intrinsic excitability in rat prefrontal cortical neurons:
Ca2+-dependent intracellular signaling. J Neurophysiol 97:2448-2464.
Chen N, Luo T, Raymond LA (1999) Subtype-dependence of NMDA receptor channel open
probability. J Neurosci 19:6844-6854.
Conner JM, Lauterborn JC, Yan Q, Gall CM, Varon S (1997) Distribution of brain-derived
neurotrophic factor (BDNF) protein and mRNA in the normal adult rat CNS: evidence for
anterograde axonal transport. J Neurosci 17:2295-2313.
Cull-Candy S, Brickley S, Farrant M (2001) NMDA receptor subunits: diversity, development and
disease. Curr Opin Neurobiol 11:327-335.
Delfs JM, Zhu Y, Druhan JP, Aston-Jones G (2000) Noradrenaline in the ventral forebrain is critical
for opiate withdrawal-induced aversion. Nature 403:430-434.
Deutch AY, Goldstein M, Baldino F, Jr., Roth RH (1988) Telencephalic projections of the A8
dopamine cell group. Ann N Y Acad Sci 537:27-50.
Di Chiara G, Morelli M, Consolo S (1994) Modulatory functions of neurotransmitters in the striatum:
ACh/dopamine/NMDA interactions. Trends Neurosci 17:228-233.
Dong H, Petrovich GD, Swanson LW (2000) Organization of projections from the juxtacapsular
nucleus of the BST: a PHAL study in the rat. Brain Res 859:1-14.
Dong HW, Petrovich GD, Swanson LW (2001a) Topography of projections from amygdala to bed
nuclei of the stria terminalis. Brain Res Brain Res Rev 38:192-246.

	
  

33	
  

Dong HW, Petrovich GD, Watts AG, Swanson LW (2001b) Basic organization of projections from
the oval and fusiform nuclei of the bed nuclei of the stria terminalis in adult rat brain. J
Comp Neurol 436:430-455.
Dong HW, Swanson LW (2003) Projections from the rhomboid nucleus of the bed nuclei of the stria
terminalis: implications for cerebral hemisphere regulation of ingestive behaviors. J Comp
Neurol 463:434-472.
Dong HW, Swanson LW (2004a) Organization of axonal projections from the anterolateral area of
the bed nuclei of the stria terminalis. J Comp Neurol 468:277-298.
Dong HW, Swanson LW (2004b) Projections from bed nuclei of the stria terminalis, posterior
division: implications for cerebral hemisphere regulation of defensive and reproductive
behaviors. J Comp Neurol 471:396-433.
Dong HW, Swanson LW (2006a) Projections from bed nuclei of the stria terminalis, anteromedial
area: Cerebral hemisphere integration of neuroendocrine, autonomic, and behavioral
aspects of energy balance. J Comp Neurol 494:142-178.
Dong HW, Swanson LW (2006b) Projections from bed nuclei of the stria terminalis, dorsomedial
nucleus: implications for cerebral hemisphere integration of neuroendocrine, autonomic,
and drinking responses. J Comp Neurol 494:75-107.
Dong HW, Swanson LW (2006c) Projections from bed nuclei of the stria terminalis, magnocellular
nucleus: implications for cerebral hemisphere regulation of micturition, defecation, and
penile erection. J Comp Neurol 494:108-141.
Dumont EC (2009) What is the bed nucleus of the stria terminalis? Prog Neuropsychopharmacol
Biol Psychiatry 33:1289-1290.
Dumont EC, Mark GP, Mader S, Williams JT (2005) Self-administration enhances excitatory
synaptic transmission in the bed nucleus of the stria terminalis. Nat Neurosci 8:413-414.
Epping-Jordan MP, Markou A, Koob GF (1998) The dopamine D-1 receptor antagonist SCH 23390
injected into the dorsolateral bed nucleus of the stria terminalis decreased cocaine
reinforcement in the rat. Brain Res 784:105-115.

	
  

34	
  

Erb S, Hitchcott PK, Rajabi H, Mueller D, Shaham Y, Stewart J (2000) Alpha-2 adrenergic receptor
agonists

block

stress-induced

reinstatement

of

cocaine

seeking.

Neuropsychopharmacology 23:138-150.
Erreger K, Dravid SM, Banke TG, Wyllie DJ, Traynelis SF (2005) Subunit-specific gating controls rat
NR1/NR2A and NR1/NR2B NMDA channel kinetics and synaptic signalling profiles. J
Physiol 563:345-358.
Freedman LJ, Cassell MD (1994) Distribution of dopaminergic fibers in the central division of the
extended amygdala of the rat. Brain Res 633:243-252.
Ghitza UE, Zhai H, Wu P, Airavaara M, Shaham Y, Lu L (2010) Role of BDNF and GDNF in drug
reward and relapse: a review. Neurosci Biobehav Rev 35:157-171.
Groc L, Heine M, Cousins SL, Stephenson FA, Lounis B, Cognet L, Choquet D (2006) NMDA
receptor surface mobility depends on NR2A-2B subunits. Proc Natl Acad Sci U S A
103:18769-18774.
Groenewegen HJ, Wright CI, Beijer AV (1996) The nucleus accumbens: gateway for limbic
structures to reach the motor system? Prog Brain Res 107:485-511.
Grueter BA, Gosnell HB, Olsen CM, Schramm-Sapyta NL, Nekrasova T, Landreth GE, Winder DG
(2006) Extracellular-signal regulated kinase 1-dependent metabotropic glutamate receptor
5-induced long-term depression in the bed nucleus of the stria terminalis is disrupted by
cocaine administration. J Neurosci 26:3210-3219.
Harris AZ, Pettit DL (2008) Recruiting extrasynaptic NMDA receptors augments synaptic signaling.
J Neurophysiol 99:524-533.
Harris GC, Wimmer M, Byrne R, Aston-Jones G (2004) Glutamate-associated plasticity in the
ventral tegmental area is necessary for conditioning environmental stimuli with morphine.
Neuroscience 129:841-847.
Hasue RH, Shammah-Lagnado SJ (2002) Origin of the dopaminergic innervation of the central
extended

amygdala

and

accumbens

shell:

a

combined

immunohistochemical study in the rat. J Comp Neurol 454:15-33.

	
  

35	
  

retrograde

tracing

and

Heidbreder CA, Gardner EL, Xi ZX, Thanos PK, Mugnaini M, Hagan JJ, Ashby CR, Jr. (2005) The
role of central dopamine D3 receptors in drug addiction: a review of pharmacological
evidence. Brain Res Brain Res Rev 49:77-105.
Horvitz JC (2000) Mesolimbocortical and nigrostriatal dopamine responses to salient non-reward
events. Neuroscience 96:651-656.
Huang YH, Lin Y, Mu P, Lee BR, Brown TE, Wayman G, Marie H, Liu W, Yan Z, Sorg BA, Schluter
OM, Zukin RS, Dong Y (2009) In vivo cocaine experience generates silent synapses.
Neuron 63:40-47.
Huber KM, Kayser MS, Bear MF (2000) Role for rapid dendritic protein synthesis in hippocampal
mGluR-dependent long-term depression. Science 288:1254-1257.
Hyman SE, Malenka RC (2001) Addiction and the brain: the neurobiology of compulsion and its
persistence. Nat Rev Neurosci 2:695-703.
Hyman SE, Malenka RC, Nestler EJ (2006) Neural mechanisms of addiction: the role of rewardrelated learning and memory. Annu Rev Neurosci 29:565-598.
Ireland DR, Abraham WC (2009) Mechanisms of group I mGluR-dependent long-term depression of
NMDA receptor-mediated transmission at Schaffer collateral-CA1 synapses. J Neurophysiol
101:1375-1385.
Ju G, Swanson LW (1989) Studies on the cellular architecture of the bed nuclei of the stria
terminalis in the rat: I. Cytoarchitecture. J Comp Neurol 280:587-602.
Ju G, Swanson LW, Simerly RB (1989) Studies on the cellular architecture of the bed nuclei of the
stria terminalis in the rat: II. Chemoarchitecture. J Comp Neurol 280:603-621.
Kalant H (2010) What neurobiology cannot tell us about addiction. Addiction 105:780-789.
Kalivas PW (2004) Glutamate systems in cocaine addiction. Curr Opin Pharmacol 4:23-29.
Kalivas PW (2009) The glutamate homeostasis hypothesis of addiction. Nat Rev Neurosci 10:561572.
Kalivas PW, Alesdatter JE (1993) Involvement of N-methyl-D-aspartate receptor stimulation in the
ventral tegmental area and amygdala in behavioral sensitization to cocaine. J Pharmacol
Exp Ther 267:486-495.

	
  

36	
  

Karbon EW, Patch RJ, Pontecorvo MJ, Ferkany JW (1990) Ifenprodil potently interacts with [3H](+)3-PPP-labeled sigma binding sites in guinea pig brain membranes. Eur J Pharmacol
176:247-248.
Kash TL, Matthews RT, Winder DG (2008) Alcohol inhibits NR2B-containing NMDA receptors in the
ventral bed nucleus of the stria terminalis. Neuropsychopharmacology 33:1379-1390.
Kauer JA (2004) Learning mechanisms in addiction: synaptic plasticity in the ventral tegmental area
as a result of exposure to drugs of abuse. Annu Rev Physiol 66:447-475.
Kauer JA, Malenka RC (2007) Synaptic plasticity and addiction. Nat Rev Neurosci 8:844-858.
Kelley AE, Berridge KC (2002) The neuroscience of natural rewards: relevance to addictive drugs. J
Neurosci 22:3306-3311.
Kemp N, Bashir ZI (1999) Induction of LTD in the adult hippocampus by the synaptic activation of
AMPA/kainate and metabotropic glutamate receptors. Neuropharmacology 38:495-504.
Kitamura O, Wee S, Specio SE, Koob GF, Pulvirenti L (2006) Escalation of methamphetamine selfadministration in rats: a dose-effect function. Psychopharmacology (Berl) 186:48-53.
Koob GF (2008) A role for brain stress systems in addiction. Neuron 59:11-34.
Koob GF, Le Moal M (1997) Drug abuse: hedonic homeostatic dysregulation. Science 278:52-58.
Kopp C, Longordo F, Luthi A (2007) Experience-dependent changes in NMDA receptor composition
at mature central synapses. Neuropharmacology 53:1-9.
Krawczyk M, Georges F, Sharma R, Mason X, Berthet A, Bezard E, Dumont EC (2010) Doubledissociation of the catecholaminergic modulation of synaptic transmission in the oval bed
nucleus of the stria terminalis. J Neurophysiol.
Li S, Kirouac GJ (2008) Projections from the paraventricular nucleus of the thalamus to the
forebrain, with special emphasis on the extended amygdala. J Comp Neurol 506:263-287.
Lingford-Hughes A, Nutt D (2003) Neurobiology of addiction and implications for treatment. Br J
Psychiatry 182:97-100.
Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, Sheng M, Auberson YP, Wang YT (2004)
Role of NMDA receptor subtypes in governing the direction of hippocampal synaptic
plasticity. Science 304:1021-1024.

	
  

37	
  

Lu HC, Gonzalez E, Crair MC (2001) Barrel cortex critical period plasticity is independent of
changes in NMDA receptor subunit composition. Neuron 32:619-634.
MacDonald JF, Jackson MF, Beazely MA (2006) Hippocampal long-term synaptic plasticity and
signal amplification of NMDA receptors. Crit Rev Neurobiol 18:71-84.
Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches. Neuron 44:5-21.
Malenka RC, Nicoll RA (1999) Long-term potentiation--a decade of progress? Science 285:18701874.
Malinow R, Malenka RC (2002) AMPA receptor trafficking and synaptic plasticity. Annu Rev
Neurosci 25:103-126.
Martin M, Chen BT, Hopf FW, Bowers MS, Bonci A (2006) Cocaine self-administration selectively
abolishes LTD in the core of the nucleus accumbens. Nat Neurosci 9:868-869.
Martin SJ, Grimwood PD, Morris RG (2000) Synaptic plasticity and memory: an evaluation of the
hypothesis. Annu Rev Neurosci 23:649-711.
McDonald AJ (1998) Cortical pathways to the mammalian amygdala. Prog Neurobiol 55:257-332.
McDonald AJ, Shammah-Lagnado SJ, Shi C, Davis M (1999) Cortical afferents to the extended
amygdala. Ann N Y Acad Sci 877:309-338.
McEwen BS (1998) Stress, adaptation, and disease. Allostasis and allostatic load. Ann N Y Acad
Sci 840:33-44.
Meloni EG, Jackson A, Gerety LP, Cohen BM, Carlezon WA, Jr. (2006) Role of the bed nucleus of
the stria terminalis (BST) in the expression of conditioned fear. Ann N Y Acad Sci
1071:538-541.
Miles PR, Mundorf ML, Wightman RM (2002) Release and uptake of catecholamines in the bed
nucleus of the stria terminalis measured in the mouse brain slice. Synapse 44:188-197.
Milnerwood AJ, Gladding CM, Pouladi MA, Kaufman AM, Hines RM, Boyd JD, Ko RW, Vasuta OC,
Graham RK, Hayden MR, Murphy TH, Raymond LA (2010) Early increase in extrasynaptic
NMDA receptor signaling and expression contributes to phenotype onset in Huntington's
disease mice. Neuron 65:178-190.

	
  

38	
  

Moga MM, Weis RP, Moore RY (1995) Efferent projections of the paraventricular thalamic nucleus
in the rat. J Comp Neurol 359:221-238.
Monyer H, Burnashev N, Laurie DJ, Sakmann B, Seeburg PH (1994) Developmental and regional
expression in the rat brain and functional properties of four NMDA receptors. Neuron
12:529-540.
Morishita W, Lu W, Smith GB, Nicoll RA, Bear MF, Malenka RC (2007) Activation of NR2Bcontaining NMDA receptors is not required for NMDA receptor-dependent long-term
depression. Neuropharmacology 52:71-76.
Morris RG (2006) Elements of a neurobiological theory of hippocampal function: the role of synaptic
plasticity, synaptic tagging and schemas. Eur J Neurosci 23:2829-2846.
Moussawi K, Pacchioni A, Moran M, Olive MF, Gass JT, Lavin A, Kalivas PW (2009) NAcetylcysteine reverses cocaine-induced metaplasticity. Nat Neurosci 12:182-189.
Neyton J, Paoletti P (2006) Relating NMDA receptor function to receptor subunit composition:
limitations of the pharmacological approach. J Neurosci 26:1331-1333.
Ouimet CC, Miller PE, Hemmings HC, Jr., Walaas SI, Greengard P (1984) DARPP-32, a dopamineand adenosine 3':5'-monophosphate-regulated phosphoprotein enriched in dopamineinnervated brain regions. III. Immunocytochemical localization. J Neurosci 4:111-124.
Paoletti P, Neyton J (2007) NMDA receptor subunits: function and pharmacology. Curr Opin
Pharmacol 7:39-47.
Phelix CF, Liposits Z, Paull WK (1992) Monoamine innervation of bed nucleus of stria terminalis: an
electron microscopic investigation. Brain Res Bull 28:949-965.
Philpot BD, Cho KK, Bear MF (2007) Obligatory role of NR2A for metaplasticity in visual cortex.
Neuron 53:495-502.
Rehm J, Gnam W, Popova S, Baliunas D, Brochu S, Fischer B, Patra J, Sarnocinska-Hart A, Taylor
B (2007) The costs of alcohol, illegal drugs, and tobacco in Canada, 2002. J Stud Alcohol
Drugs 68:886-895.
Richardson NR, Roberts DC (1996) Progressive ratio schedules in drug self-administration studies
in rats: a method to evaluate reinforcing efficacy. J Neurosci Methods 66:1-11.

	
  

39	
  

Rumbaugh G, Vicini S (1999) Distinct synaptic and extrasynaptic NMDA receptors in developing
cerebellar granule neurons. J Neurosci 19:10603-10610.
Saal D, Dong Y, Bonci A, Malenka RC (2003) Drugs of abuse and stress trigger a common synaptic
adaptation in dopamine neurons. Neuron 37:577-582.
Schenk S, Valadez A, Worley CM, McNamara C (1993) Blockade of the acquisition of cocaine selfadministration by the NMDA antagonist MK-801 (dizocilpine). Behav Pharmacol 4:652-659.
Scimemi A, Fine A, Kullmann DM, Rusakov DA (2004) NR2B-containing receptors mediate cross
talk among hippocampal synapses. J Neurosci 24:4767-4777.
Shaham Y, Erb S, Stewart J (2000) Stress-induced relapse to heroin and cocaine seeking in rats: a
review. Brain Res Brain Res Rev 33:13-33.
Shalaby IA, Chenard BL, Prochniak MA, Butler TW (1992) Neuroprotective effects of the N-methylD-aspartate receptor antagonists ifenprodil and SL-82,0715 on hippocampal cells in culture.
J Pharmacol Exp Ther 260:925-932.
Sobczyk A, Scheuss V, Svoboda K (2005) NMDA receptor subunit-dependent [Ca2+] signaling in
individual hippocampal dendritic spines. J Neurosci 25:6037-6046.
Stocca G, Vicini S (1998) Increased contribution of NR2A subunit to synaptic NMDA receptors in
developing rat cortical neurons. J Physiol 507 ( Pt 1):13-24.
Tovar KR, Westbrook GL (1999) The incorporation of NMDA receptors with a distinct subunit
composition at nascent hippocampal synapses in vitro. J Neurosci 19:4180-4188.
Ungless MA, Whistler JL, Malenka RC, Bonci A (2001) Single cocaine exposure in vivo induces
long-term potentiation in dopamine neurons. Nature 411:583-587.
Walker JR, Ahmed SH, Gracy KN, Koob GF (2000) Microinjections of an opiate receptor antagonist
into the bed nucleus of the stria terminalis suppress heroin self-administration in dependent
rats. Brain Res 854:85-92.
Weitlauf C, Egli RE, Grueter BA, Winder DG (2004) High-frequency stimulation induces ethanolsensitive long-term potentiation at glutamatergic synapses in the dorsolateral bed nucleus
of the stria terminalis. J Neurosci 24:5741-5747.

	
  

40	
  

Wills TA, Klug JR, Silberman Y, Baucum AJ, Weitlauf C, Colbran RJ, Delpire E, Winder DG (2012)
GluN2B subunit deletion reveals key role in acute and chronic ethanol sensitivity of
glutamate synapses in bed nucleus of the stria terminalis. Proc Natl Acad Sci U S A
109:E278-287.
Wolf ME (1998) The role of excitatory amino acids in behavioral sensitization to psychomotor
stimulants. Prog Neurobiol 54:679-720.
Yashiro K, Corlew R, Philpot BD (2005) Visual deprivation modifies both presynaptic glutamate
release and the composition of perisynaptic/extrasynaptic NMDA receptors in adult visual
cortex. J Neurosci 25:11684-11692.
Yashiro K, Philpot BD (2008) Regulation of NMDA receptor subunit expression and its implications
for LTD, LTP, and metaplasticity. Neuropharmacology 55:1081-1094.
Yin HH, Knowlton BJ (2006) The role of the basal ganglia in habit formation. Nat Rev Neurosci
7:464-476.
Zhao MG, Toyoda H, Lee YS, Wu LJ, Ko SW, Zhang XH, Jia Y, Shum F, Xu H, Li BM, Kaang BK,
Zhuo M (2005) Roles of NMDA NR2B subtype receptor in prefrontal long-term potentiation
and contextual fear memory. Neuron 47:859-872.
Zoghbi HY, Gage FH, Choi DW (2000) Neurobiology of disease. Curr Opin Neurobiol 10:655-660.

	
  

41	
  

APPENDIX

@=

3*4*0+50*11+,6!&&2

@"

% 7/80.1*

7/80.1*

9HKLFOH

9.8:(;*+

$

@#

"
'14; J
&

&

?

!

"
'()*+,-./012

#

9.8:(;*
9HKLFOH

%

¨)LQDO5DWR3UHVVLQJ 

3*4*0+50*11+,6!&&2

@!

&

B?
<"&

A

<$&

$
'14; J
"

>> >B

&

A

A

!="> "=>
'14; J

&
&

!
"
#
'()*+,-./012

$

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; oneway ANOVA, F ratio= 6.40, p=0.0046*). (B1,2,3) Representative traces showing the effect of Ro 045595 (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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